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Disclaimer

This work was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, nor any of their contractors, subcontractors or their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or any third party’s use or the results of such use of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof or its contractors or
subcontractors. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency thereof, its
contractors or subcontractors.
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Executive Summary

This U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable
Energy, Advanced Materials and Manufacturing Technologies Office (AMMTO) strategic
framework identifies and elucidates the necessary technological innovations for wide
bandgap (WBG) and ultra-wide bandgap (UWBG) power conversion technologies to
advance America’s energy independence and secure our power grid. WBG and UWBG
materials offer performance and efficiency advantages over their silicon-based
counterparts, and the opportunities for design and manufacturing improvements are
significant that the future of the power electronics industry is mainly through leveraging
WBG and UWBG materials. This framework is divided into specific areas of focus,
considering the needs of 1) the various applications that use PE and the infrastructures
they make up, 2) the common materials and devices shared across many PE
technologies, 3) the packaging and passive elements that support PE devices and build
full systems, and 4) nontechnical needs for the PE industry to grow and thrive. In order
to meet these needs, it encourages those working to advance these areas to follow the
recommendations and goals laid out in this framework, including sharing information
and partnering with each other and the DOE on research, development, demonstration
and integration activities where appropriate. AMMTO also encourages readers of this
strategic framework to work with the DOE to build detailed roadmaps that industry can
collectively follow to achieve the ambitious goals set forth in this framework.

Background

PE are essential to the conversion and control of electrical power in U.S. critical
infrastructure. As this infrastructure—including grid-integrated power, industrial
manufacturing, transportation, and digital networking and communications—brings more
innovative technologies online to meet changing market demands and improve grid
resiliency, it also places significantly higher performance demands on PE technologies.
Silicon (Si) PE have been relied on for decades to meet infrastructure’s power
conversion and control needs, but these intensifying performance requirements have
surpassed what traditional Si PE can offer.

Wide bandgap semiconductor (WBG) PE offer a replacement that has the potential to
address U.S. infrastructure’s changing needs, advancing America’s energy
independence and securing our power grid. To achieve this potential, technological
innovation is needed across the entire PE system—at the material level, in the devices
that allow these high-performance materials to function, and in the packaging that builds
these devices into end-use applications.

In addition, the size, weight, power, cost (SWaP-C), and reliability requirements differ
across PE applications as well as the infrastructure sector in which they are
implemented. These “levers” need to be carefully considered and adjusted appropriately
in the design phase to ensure that end products meet their sector-specific needs. The
ability to source materials and manufacture advanced PE technologies at scale and at
the differing volumes needed by each sector are also critical considerations in the
innovation stage.
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AMMTO supports the enhancement of economic competitiveness of U.S. manufacturing
through increased energy efficiency and improved energy conversion technologies, and
improving PE technologies is a crosscutting way to accomplish these goals. Improving
PE technologies means not just increasing the efficiency and performance of PE in
multiple application areas to meet future industry demands, such as supporting the
reliability of the grid under expected future conditions, improving the efficiency and
performance of the transportation infrastructure, enabling continued electrification of
industrial processes to improve industrial flexibility and efficiency, and improving the
efficiency of data centers and communication networks to handle ever increasing
demand. It also means strengthening the PE innovation ecosystem through increased
collaboration and information sharing, to shorten the time from idea to impact in the
industry. To best focus the office’s efforts to support the U.S. power electronics industry
and to provide a vision for the future that can inspire coordinated action, AMMTO set
out in creating a document that provides a strategic overview of the PE industry, its
current trends, challenges, and pathways of opportunity to further growth and
competitiveness.

The AMMTO Wide Bandgap Power Electronics Strategic Framework aims to address
the challenges and considerations above by examining them in relation to different
aspects of the PE landscape (e.g., application, materials and devices, passives and
packaging, and nontechnical) and identifying the pathways and recommendations
necessary for high-performance PE advance America’s energy independence and
secure our power grid.

Framework Overview and Summary of Recommendations

This framework begins by providing necessary context of the importance of PE to many
major modern infrastructures as well as an overview of the ecosystem that drives PE
innovation and manufacturing, and trends driving the growing shift to WBG PE, which
also signal possible future demand for UWBG PE. Following this, the framework is
divided into four main sections, each addressing a major focus area of the PE industry.
Each focus area highlights some current challenges and innovation pathways to
address them. Focus Area 1 takes a market needs perspective, looking at the variety of
applications, grouped by major infrastructure type, for power electronics. Focus Area 2
looks at the core devices that make up PE and the growing and emerging materials
systems upon which they are built. Focus Area 3 expands the technical scope from
active devices to the supporting passive devices and the packaging materials &
methods that work together with the active PE devices to build complete, fully
functioning PE modules and systems. Finally, Focus Area 4 looks at non-technical
aspects that the PE industry needs to thrive, such as a well-trained workforce and a
robust understanding of full lifecycle and techno-economic drivers of the PE supply
chain.

Each section also provides targeted recommendations, both technical and nontechnical

in nature, to accelerate the innovations and impacts mentioned in that section. Here the
recommendations from each section are listed.
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S

Grid Infrastructure

Support pre-competitive R&D activities for
advanced PE technologies

Focus on further development of the
emerging WBG technologies such as
solid-state transformers, multilevel modular
converters for MVDC and HVDC systems, and
PE Building Blocks

Support innovation in passive components &
packaging to handle higher frequency PE
operation

Identify and support opportunities for
field-relevant demonstration projects for
emerging PE technologies

r

.

Transportation Infrastructure

Focus on durability and reliability of WBG PE
for transportation applications

Strengthen supply chain resilience for EV
components

Encourage hybrid power management
systems for heavy-duty vehicles

Develop WBG systems for electric rail
infrastructure

,

gital Infrastructure

Promote R&D for developing
high-efficiency power
converters for data centers

Work with industry partners
to explore a transition to DC
distribution systems in data
centers

Support the development of
grid-interactive data
centers

Develop efficiency metrics
and benchmarks

Increase partnerships &
co-design opportunities
with end-users

Py

Industrial Infrastructure

Leverage demonstration
projects for WBG PE in
industrial applications

Establish standards and
guidelines for PEs in
industrial applications
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7~

Silicon Carbide

Develop novel gate
dielectric approaches for
SiC devices

Develop SiC IGBTs for high
voltage applications

Develop SiC superjunction
MOSFETSs for high voltage
applications

Ultrawide Bandgap Materials: Aluminum
Gallium Nitride and Aluminum Nitride

Develop processes for reliably producing

AlGaN on virtual substrates for PE applications

Innovate on device designs that leverage
AlGaN characteristics for high-voltage
applications

Identify optimal gate dielectrics for use with
AlGaN

. Reduce material costs for

SiC technologies 1

Gallium Nitride

Increase domestic GaN
supply chain presence in the
United States

Increase operational voltage
ranges for GaN devices

Ultrawide Bandgap Materials: Gallium Oxide

‘ Improve and scale up Ga,0, manufacturing
processes for high voltage applications

Develop doping approaches and device
architectures to overcome existing material
system limitations

Innovate device design to overcome Ga,0O,
thermal conductivity limitations

Passive Components

. Focus on increasing the
operational temperatures of
inductors and capacitors for PE
applications

Integrate new materials into
inductor and capacitor designs to
improve performance and system
energy densities

Increase scale of electro-thermal
analysis and modeling

Packaging

Focus on process improvement &
scale-up for double sided cooling
designs

Innovate and integrate new
materials to improve PE
packaging across all measures
of performance

Explore alternative and
complementary manufacturing
techniques
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Expand industry and academic
partnerships

Support work visas for foreign
students

. Develop alternative educational
pathways

Create partnerships with
international institutions and the
U.S. Department of Labor

Improve hands-on training and
early exposure to PE

Reduce education costs and
expand scholarships

. Implement employer-based
training programs and career
pathways

Broaden outreach to underrepresented
groups and veterans

Address barriers to employment and
improve hiring practices

Increase early STEM exposure and PE
awareness

Increase data collection and sharing
for embodied carbon and energy of
WBG PE technologies

Support supply chain transparency
initiatives

Encourage case studies and real-world
demonstrations

Promote collaboration between
industry, academic, and government
R&D resources

Strategic Goals for WBG PE

The collected recommendations summarized above were also analyzed together to
identify common themes and connections among recommendations. In alignment with
the different aspects of the PE landscape and AMMTO’s vision for a competitive U.S.
manufacturing sector supporting American energy independence, the Office has
identified six specific strategic goals for advancing WBG PE, which are outlined below.
Three of these strategic goals are technical in nature, and three are focused more
broadly on supporting the growth of the U.S. power electronics manufacturing
ecosystem. AMMTO and the authors of this framework hope that readers follow
individual recommendations most relevant to their work in the PE ecosystem, described
in the sections of this framework and summarized above, but we especially encourage
the industry to work towards accomplishing the six goals described below. AMMTO
welcomes input and engagement from industry to help develop a commonly supported
roadmap to lay out timelines and estimated levels of coordination and effort to help
achieve these goals.
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Table ES-1. PE Strategic Framework Goals and Areas of Focus

T1. Increase system power density

Increasing system power density is the most
impactful single metric for most PE applications
and will in most cases lead to cost reductions
and other performance improvements. Nearly all
major applications for PE will benefit from the
impacts of improving system power density.
Higher frequency operations are the most
promising pathway to achieve this, as higher
frequency operation results in more compact and
efficient PE systems. Significant effort is needed
to optimize materials, manufacturing processes,
and system designs (including device, passives,
and even packaging) to support high-frequency
performance while maintaining system reliability
and stability.

T2. Enable higher voltage and power
operation for grid applications

Achieving higher voltage and power operation
will facilitate the integration of renewable
energy sources, advanced grid management
systems, and emerging high-power
applications in areas like energy storage and
transportation electrification. The need for PE
systems that can operate at higher voltages
and power delivery is acute.

E1. Collaborate on pre-competitive R&D
and innovation

Achieving the full potential of WBG PE
demands a unified effort across the entire
innovation ecosystem. Unlocking the
transformative benefits of WBG
technologies requires collaboration on pre-
competitive R&D that brings together
industry leaders, academic researchers,
government agencies, and research
institutions. Leveraging the strengths and
resources of all stakeholders will accelerate
advancements in WBG PE technologies,
drive down costs, overcome critical
technical barriers, and encourage broader
adoption.

E2. Quantify and validate the full
lifecycle costs & benefits of WBG PE

Leverage techno-economic analysis (TEA)
methodologies as tools for strategic
planning and resource allocation in PE
innovation. By systematically analyzing
costs, benefits, and potential barriers, TEA
can pinpoint specific areas where
investment is needed to optimize
performance, reduce costs, improve
efficiency, overcome technical challenges,
and expand market adoption for WBG-PE
systems.

Conduct comprehensive lifecycle
assessments (LCAs) to demonstrate the
performance, environmental, and
economic benefits of WBG technologies
over traditional Si-based PE. Utilize LCAs
to baseline environmental impacts,
promote sustainable practices, and target
advancements that foster circularity and
waste reduction.
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T3. Integrate and commercialize materials
advancements to improve PE devices &
systems

Identification, development, and improvement
of the fundamental materials in PE devices
and packages are the most impactful pathway
to improving the performance of the overall
systems themselves. Complete integration
and commercialization also require
improvements in manufacturing processes
and scale-up of the technologies that
incorporate these materials, as well as supply
chain optimization to ensure reliable access
to them. Driving the largest impacts in WBG
PE technologies will happen through
materials innovation.

E3. Increase educational and workforce
training activities across the country to
support PE industry growth

Expand educational programs and
workforce training initiatives at all levels—
ranging from technical training for
manufacturing roles to advanced research
programs for engineering and design
positions. Establish partnerships with
academic institutions, industry, and
government to ensure a steady pipeline of
skilled workers to meet the growing
demands of the domestic PE industry.
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1 Introduction

Power electronics (PE) are essential to the conversion and control of electrical power in
U.S. critical infrastructure. Innovations in PE will help the United States meet rising
energy demands and improve grid resiliency goals through more efficient energy
conversion, grid stability and reliability, and integration of renewable energy sources.
Modern society has been rapidly changing over the past 50 years, which has also
impacted how energy is produced, transmitted, and used. These changes have led to
an overall increase in conversion, transmission, and use of energy in the form of
electricity, as well as the complexity and volatility of demand on all levels of the nation’s
electric grid. Ever higher demand is placed on the PE that enable and control the
conversion, transmission, and use of electricity throughout our nation. This section
provides context of what PE are as a technology category, current trends driving the PE
industry, and relevant details of how wide-bandgap (WBG) PE compare to the legacy
Silicon (Si)-based PE in wide use today.

1.1 What are PE?

PE enable the manipulation of electricity, allowing it to be delivered and used when and
how it is wanted and needed. They control power flow at both the point of generation
and usage, convert electrical energy from one form to another (e.g., from alternating
current [AC] to direct current [DC]), and change voltage levels as needed. Roughly 70%
of all electrical energy today is handled by PE devices at some point between
generation, transmission, and usage, with that percentage expected to reach 100% in
the future.’

Compared with microelectronics, which process and control electricity for the purpose of
storing, transforming, and transmitting data and therefore only need to operate at a
narrow range of power and frequency, PE operate at the milliwatt (mW) or megawatt
(MW) level? with up to a few megahertz (MHz) switching frequency.® This makes PE
essential to the larger scale conversion and control of electrical power across a range of
U.S. critical infrastructures:

e Grid infrastructure — Enables electric grids to process and deliver power with
efficiency and reliability. Example: Advanced PE—including solid-state
transformers, fault current limiters, high-voltage direct current systems, and
power flow controllers—can reduce transmission and distribution (T&D) losses,
optimize power delivery, protect critical assets, and enhance resilience.*

¢ Industrial infrastructure — Helps power large-scale manufacturing, including
use within equipment for enhanced control. Example: Variable speed drives
(VSDs) improve productivity and energy efficiency by allowing operators to
optimize motor speed based on loading conditions for industrial equipment
including pumps, fans, and compressors.®

e Transportation infrastructure — Allows for faster and more reliable charging of
electric vehicles (EVs)® and use of power within vehicles. Example: PE circuits
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including battery packs, power actuators, and traction motors help to facilitate the
efficient conversion, transformation, and transfer of electrical power through the
powertrain.”

o Digital infrastructure — Facilitates seamless, modern communication networks
including enabling signal processing and transmission through circuits to
enhance signals, improving system performance through digital signal
processing (DSP) and power-efficient amplifiers, and enabling wireless power
transfer technologies.

While both microelectronics and PE are essential to critical infrastructure,
microelectronics are essential in the same way to all infrastructures (i.e., electricity for
data) while PE are essential in different ways to different infrastructures. This means
that microelectronics have traditionally relied on fewer fundamental system components
(e.g., CPU, GPU, memory, and storage, all built on Si complementary metal-oxide-
semiconductors [CMOS]), while PE require different core technologies for different
application areas (e.g., high voltage direct current [HVDC] vs micro-inverters vs electric
motors, etc.).

1.2 Hierarchical Nature of PE

In addition to requiring different core technologies for different applications, PE
innovation must also occur at many levels—including at the material, device, and circuit
(packaging and thermal management) level—to have the desired effect at the
application level. Similarly, the needs at the application level determine the necessary
parameters at lower hierarchical levels. This tight coupling between the needs of the
application area and the capabilities of subsequent technologies is known as the “atoms
to applications” concept, which is demonstrated in the DOE/AMMTO-developed figure,
shown below (see Error! Reference source not found.).
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Figure 1. The “atoms to applications” hierarchical nature of PE, in which the capabilities of lower levels of
the pyramid determine the capabilities at the apex, or application-level

While each application has its own hierarchical structure, there is significant overlap at
lower levels of the hierarchy with differentiation occurring mainly at the end-use
application level. As a result, fundamental research in materials, devices, circuits, and
subsystems can impact multiple end-use applications levels. For example, power
converters that interface solar energy resources to the grid and power converters that
interface wind turbines to the grid have significantly different application areas, while the
underlying technologies (e.g., the power conversion circuits, switching and passive
elements, and materials systems) may be identical. Fundamental innovations in, for
example, silicon carbide (SiC) switching elements, may impact multiple application
levels simultaneously.

Because the innovations and usages at lower hierarchical levels are closely linked,
there can be significant commonality between circuit architectures, devices, and
materials systems supporting similar applications. As a result, the isolated hierarchy
shown in Figure 1 actually becomes nested pyramidal hierarchies with significant areas
of overlap at the lower levels, so that some innovations at lower hierarchies can impact
multiple application areas, as shown in the DOE/AMMTO-developed figure, shown
below (see Figure 2). For example, both photovoltaics and energy storage require
medium voltage interconnects moderated through PE converters. Doing this efficiently
and economically requires the advent of modular, medium voltage PE in certain cases
that can be sized for specific system voltages and power levels arbitrarily.
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Figure 2. The “atoms to applications” hierarchical pyramid only differentiates at an end-use application

1.3 Trends Driving WBG PE Adoption

To date, silicon (Si) has been the primary semiconductor used in PE devices across all

industries—in 2022, Si-based PE accounted for 96% of the market share by value.? But

the following trends have been driving a search for alternatives:

¢ Increasing demand for higher performing PE to ease the adoption of

distributed energy resources (DERs). The future resilient and reliable grid of
2035 requires the addition of 100s of GW of solar, wind, and other renewable
resources. Wind energy specifically requires higher voltage PE to enable the
operation of larger wind turbines (e.g., 34.5 kV, AC is considered a medium
voltage rating for 100+ MW wind plants). Wind energy also requires simpler,
more efficient PE to connect to the electric grid, since wind energy inherently
relies more on the transmission system to deliver power due to the best wind
resource areas often being far from load centers. In addition, solar and energy
storage need better performing PE to achieve better SWaP and longer lifetimes.
The modernization of the electrical grid is projected to require 20-50% of all
electricity generation to come from photovoltaic (PV) sources. To achieve this,
DOE has set aggressive cost goals to lower the levelized cost of electricity
(LCOE) of utility-scale solar energy (< 0.03 $/kW-hr for utility-scale installations
by 2030), which requires significant reductions in inverter costs and
improvements in service lifetimes.

¢ Increasing need for responsiveness of the electric grid due to faster
changing and less predictable electric loads. The electrification of daily life in
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the United States—such as household electronics, electric buildings systems
(e.g., HVAC, heat pumps), data centers, and the growth of EV charging and
distributed solar—has resulted in a shift from more stable electric loads and
sources to faster switching, less predictable loads and sources. Advanced PE
technologies that can handle higher frequencies and have increased reliability
are essential to enabling this transition.

¢ Increasing priority of efficiency for power solutions in growing markets.
Demands for higher efficiency technology in data and transportation markets are
increasing pressure to develop advanced PE technologies. The advent of cloud
computing has resulted in an explosion of systems that store, process, and
network data, all of which are inherently electrical processes—estimated global
data center electricity consumption in 2022 was 240-340 TWh, or around 1-1.3%
of global electricity demand. New methods of power routing and usage enabled
by advanced PE are essential to ensuring that the grid can continue meet these
rapidly expanding electricity usage needs. In the EV market, there is a push to
make electric powertrains even more efficient to reduce component footprint and
improve overall vehicle performance. Increasing PE switching frequency can help
reduce the size and weight of PE components but also relies on greater
improvements and reliability in PE technologies.

Demand for conventional and wide band semiconductors is projected to increase by
more than an order of magnitude by 2050.° The $20.9B 2022 power electronic market
(including discrete and modules) is expected to reach $33.3B by 2028, with the 1200V
voltage range expected to have the largest increase.'® Yole further projects that WBG
materials such as SiC and GaN will go from an 8% market share in 2022 to 28% in
2028. Additional details concerning market dynamics are described in the application
areas chapter of this document.

1.4 Advantages of WBG and UWBG Semiconductors

PE technologies rely on semiconductor-based devices, which directly influence the
overall size, weight, cost, and efficiency of subsequent power systems. While Si has
been the predominant semiconductor in PE systems for many decades, application
requirements have exceeded the material limits of Si and demand a more suitable
alternative. WBG and UWBG material systems have a significantly wider energy gap
between the valence and conduction bands (Figure 3), which results in significantly
higher breakdown strength and operating temperature for these materials. Thus, for a
given breakdown voltage rating, these materials provide lower specific on-resistance
(Figure 4).

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 5



DRAFT — Wide Bandgap Power Electronics Strategic Framework

Eonsuction Eans |
onduction Band | -~

A

Conduction Band |
tBandgap 2.9x |Bandgap 4.4x | Bandgap
Valence Band | . d

Valence Band | d
Valence Band I

Electron Energy

Conventional Wide Bandgap Ultrawide Bandgap
Semiconductors Semiconductors Semiconductors
(e.g.Sil.1eV) (e.g. SiC3.3 eV) (e.g. Ga,0;4.8 eV)

Figure 3. Energy bandgap comparison of conventional semiconductors (e.g., Si), WBG (e.g., SiC), and
UWBG (e.g., gallium oxide)
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Figure 4. Contours of constant Baliga figure-of-merit (BFOM) showing relationship between on-resistance
and breakdown voltage for various conventional, WBG, and UWBG semiconductors!"

Achieving lower specific on-resistance for a given voltage rating ultimately enables
reduced chip area (die size) and correspondingly lower device capacitance, which
increases switching frequency and reduces losses. In total, WBG and UWBG materials
offer significant improvements in power handling, switching speed, and temperature
robustness in a smaller form factor. These benefits allow the use of smaller passive
components and reduce the external cooling requirements, which are both major factors
in the overall size, weight, and cost of the system. The increased frequency of operation
and power density of WBG-based devices can advance efficiency and reduce chip-size
requirements beyond what is possible with Si-based devices. Thus, overall system
performance can be increased while costs can be reduced by transitioning to WBG-
based devices. Furthermore, in some cases (U)WGB devices enable operation in
environments that are not supported with legacy Si-based devices. For example, SiC
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devices have been demonstrated to operate up to 500°C,"? and (U)WBG devices can
offer significantly more resilience in radiation environments.'® Additionally, from a
systems perspective, some applications are simply not viable without the benefit derived
from (U)WBG devices (e.g., pulsed-power and solid-state transformers). As the push
toward modernization and the demand for reliable, efficient electricity continue to ramp
up across U.S. critical infrastructure, this strategic framework aims to identify
recommended actions that will enable the replacement of Si in PE at scale.
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1.5 Strategic Framework Structure and Organization

The PE industry draws from a small number of core technologies to ultimately serve a
large number of end-use markets with an extremely wide range of performance and
cost requirements. Therefore, this framework aims to examine the technical landscape
from both the “market pull” and “technology push” perspectives. Furthermore, this
framework also considers a few nontechnical but nevertheless critical needs the
industry will have over the next decade. The document is thus broken down into the
focus areas that follow.

These four focus areas create a comprehensive framework for understanding both the
technical and nontechnical needs required to drive the adoption and advancement of
WBG PE in critical sectors. In cases where these impactful technologies overlap, this
framework intends to:
¢ Introduce the research needs for areas with overlapping lower-level hierarchies
only once where they first occur and then refer back to that section in specific
application writeups.

¢ I|dentify targets and goals specific to the given application area

Focus Area 1: WBG PE Applications to Infrastructures

This section explores how WBG PE are transforming key sectors of
infrastructure. WBG devices, which offer superior performance in terms of
efficiency, power density, and high-temperature operation compared to
traditional silicon-based technologies, are now being applied to a wide range
of end-use markets:

e Grid infrastructure: As power grids evolve to accommodate renewable energy
and electric vehicles, WBG PE play a critical role in enhancing grid efficiency,
enabling HVDC interconnections, and integrating distributed generation and
energy storage systems.

e Transportation infrastructure: Electrification of vehicles, from light-duty to
heavy-duty, relies heavily on WBG PE for efficient power conversion, fast
charging, and managing high-power drive systems. These technologies help
overcome key challenges such as electricity demand management and energy
efficiency in electric vehicles.

e Digital infrastructure: With the rising demand for data centers and digital
communication systems, WBG devices are pivotal in reducing energy
consumption and improving efficiency in powering data centers,
telecommunication systems, and Al-driven infrastructure.
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¢ Industrial infrastructure: WBG technologies improve energy efficiency and
process control across manufacturing and industrial sectors, reducing energy
consumption and improving the performance of industrial drives, motors, and
heavy equipment. WBG technologies also serve as a key enabler for hydrogen
generation technologies, which are key in modernizing hard-to-electrify
industries.

Focus Area 2: Materials and Devices for WBG PE

The foundation of WBG PE lies in the materials and semiconductor devices
used to create high-performance power components. This section outlines the
different materials that drive advancements in WBG technologies:

e Silicon carbide (SiC): Known for its high breakdown voltage, thermal
conductivity, and efficiency, SiC is widely used in power converters, especially in
high-voltage and high-power applications such as electric vehicles and grid
systems.

e Gallium nitride (GaN): GaN is ideal for high-frequency and high-efficiency
applications, making it a key enabler in power supplies, RF amplifiers, and
consumer electronics.

e Aluminum gallium nitride (AlGaN) and aluminum nitride (AIN): These
materials are emerging for applications that demand extreme power density,
thermal performance, and reliability, particularly in aerospace, military, and other
high-stress environments.

¢ Gallium oxide: This newer WBG material offers extremely high breakdown
voltages, which could enable future breakthroughs in ultra-high voltage
applications like solid-state transformers and HVDC power transmission.

Focus Area 3: Passive Devices and Packaging for WBG PE

While WBG semiconductors are critical, the devices’ ultimate performance
depends heavily on the passive components and packaging technologies that
surround them. This section focuses on:

o Established packaging and passives: Traditional packaging solutions and
passive components like inductors, capacitors, and transformers are being
adapted to handle the higher frequencies, power densities, and temperatures
associated with WBG devices.

¢ Emerging packaging and passives: Novel approaches to packaging, such as
advanced thermal management techniques and 3D packaging, along with
passives designed for ultra-high-speed operation, are being developed to further
maximize the performance of WBG technologies.
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Focus Area 4: Nontechnical WBG Development Support Areas

In addition to technical innovations, there are crucial nontechnical factors that
will drive the successful adoption of WBG technologies. This section
examines these broader support areas:

e Education and workforce development: As WBG technologies proliferate,
there is an urgent need for training programs to develop a skilled workforce
proficient in the unique properties and applications of WBG semiconductors. This
will ensure that companies can scale and implement WBG technologies
effectively.

e Lifecycle assessment (LCA): Assessing the environmental impact of WBG PE
throughout their lifecycle is essential for promoting sustainable development and
meeting global energy efficiency and energy security goals.

e Technoeconomic analysis: The widespread adoption of WBG technologies
hinges on their cost-competitiveness with established technologies. This area
focuses on cost reduction strategies, manufacturing scale-up, and economic
models to drive the market penetration of WBG PE.
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Focus Area 1: WBG PE Applications to
Infrastructures

This chapter is split into four broad Infrastructure Areas: Grid Infrastructure,
Transportation Infrastructure, Digital Infrastructure, and Industrial Infrastructure. In each
area, this chapter discusses the current state of PE, the technical challenges for WBG
PE that need to be overcome, and technological innovation pathways available for
addressing those challenges.

The following tables summarizes the key metrics driving innovation in each
infrastructure where PE has application. While it can be argued that SWaP-C, reliability,
and scalability are critical in all PE applications, some metrics matter more in certain
contexts. Table 1 below summarizes the priority metrics for each application area
discussed in this chapter.

Table 1. Priority Metrics for PE Used in Various Infrastructures and Applications

Grid Infrastructure

Photovoltaics X X X X
Wind Energy X X X X
Energy Storage X X X X X
Solid-State Transformers X X X
Transportation
Infrastructure
Light-Duty Vehicles X X X
Heavy-Duty Vehicles X X X
Electric Rail X X X
Digital Infrastructure
Datacenters X X X X
Industrial Infrastructure
Hydrogen Production X X X

2.1 Grid Infrastructure

Since its formulation in the late 1800s, the electrical grid has been dominated by
generation, transmission, and conversion equipment that is electromechanical in nature
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rather than PE-based. This has yielded the grid that we know today, which is frequently
called the largest and most complex machine that mankind has ever devised.'

The existential threat of climate change and the subsequent need for a modern and
secure electrical grid require a more efficient, resilient, and cost-efficient electrical grid
that enables flexibility at both load and generation.

The future grid of 2035 requires the addition of hundreds of GW of solar, wind, and
other renewable resources. Much of this energy will be generated locally, near load
centers, and will be interfaced into the electrical grid through PE converters. Significant
portions of this new renewable generation will be focused in high-value areas with
abundant resources, such as the desert Southwest (for solar), Midwest (for on-shore
wind), and Atlantic seaboard (for off-shore wind). Efficient transmission of electricity
from these areas to load centers will require multi-terminal HVDC interconnections,
which are enabled by PE conversion. To mitigate short-term and long-term variability,
generation resources will need hundreds of GW and GW-hrs of both short-term and
long-duration (> 4 hour) energy storage. Each generation and storage asset will be
interfaced into the electrical grid via PE.

The PE uptake in generation and transmission will be matched by PE penetration at the
load side. Increased efficiency has driven PE-mediated load over the past 10 years, and
this trend will continue until all loads are PE-based. Additionally, as transportation (light-
and heavy-duty EVs, aviation, etc.) and heavy industry become increasingly electrified,
the amount of load on the system will significantly increase over the next several
decades. The growth of high-power loads—through charging stations to support
electrified transportation, proliferation of data centers, and increased industrial
electrification—combined with more extreme weather events will also mean that the
level of flexibility and resiliency in the grid will need to significantly increase.

2.1.1 Grid Infrastructure Application Areas
Application Area 1: Photovoltaics

The modernization of the electrical grid is projected to require 20-50%'° of all electricity
generation to come from PV sources for a total power level of 1 TWAC. While 15 GW of
PV was installed in 2020,'¢ an increase in rate of 2-5 times is required to achieve 1 TW.

To achieve this sort of year-over-year increase in PV installation economically requires
an extreme reduction in the LCOE of PV implementations through the reduction of Day
1 costs for PV installations, reduction in long-term operations and maintenance costs,
and extension of lifetime for PV system. The DOE Solar Energy Technology Office
(SETO) targets an LCOE of < 0.03 $/kW-hr for utility-scale installations by 2030."” This
requires a PV Balance of System cost of 0.54 to 0.62%/W with a fielded service lifetime
of 30-50 years.

Application Area 2: Wind Energy

Wind energy currently supplies more than 10% of U.S. electricity and is now the largest
single technology contributor to U.S. renewable electricity after wind generation
surpassed hydroelectric generation in 2019.'® While land-based wind generation is
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predominant, offshore wind development is growing as the ability to generate wind
energy near coastal population centers and site plants in areas with excellent capacity
factors promises future economical deployment. Significant additional capacity of both
land-based and offshore wind is expected to meet clean energy targets for the U.S.
electrical grid by 2035 and beyond.

Application Area 3: Energy Storage

The deployment of energy storage in the U.S. electric grid is experiencing a near-
exponential rise, as measured and reported by the U.S. Energy Information
Administration and shown in Figure 5.

Figure 1. Growth in Energy Storage Deployments1®
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Figure 5. Growth in Energy Storage Deployments2°

Prior analyses have indicated that the PE used to interconnect batteries to the grid
constitute the primary energy loss mechanism in grid-scale battery energy storage
systems.?! This conclusion is represented in Figure 6. In the figure referenced, PCR
(primary control reserve), SCR (secondary control reserve), and PV-B (storage of
surplus photovoltaic power) represent different applications for energy storage that were
tested as a part of the published analysis.
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Figure 6. Losses in Battery Energy Storage Systems (BESSs)??

BESSs are growing in number, size, and scale. Systems installed in the United States
through 2022 ranged in size from less than 1 MW to over 400 MW.2® Systems
scheduled for deployment through 2025 have planned capacities exceeding 600 MW .24
As power capacities increase, BESS developers and utilities look to operate battery
systems at higher voltages to reduce system losses. Advancements in PE will be critical
to ensuring that energy storage can be successfully deployed in support of grid
modernization efforts. This section explores the challenges, innovation pathways, and
recommendations related to WBG PE advancements for energy storage systems.

Application Area 4: Solid-State Transformers

Solid-state transformers offer the functional benefits of large power transformers (high
voltage conversion ratios, galvanic isolation) with the added benefit of being lightweight
and offering small physical footprints. In addition, solid-state transformers provide
functionality that cannot be performed by conventional transformers. Though solid-state
transformers have vast potential for impacting the future grid, they have mainly been

deployed in niche applications, and have challenges to overcome regarding cost and
integration.

2.1.2 Challenges
Challenges for Solar PE Systems

The aggressive cost goals for lowering the LCOE of a utility-scale solar energy system
are relevant to PE in that the upfront capital costs of the inverter must be as low of
possible, presenting a number of challenges to today’s inverter technologies. Reducing
inverter costs is typically achieved through simplifying circuit architectures to use a
minimum of components to achieve the required power conversion. As such, PV
inverters typically are some of the primary beneficiaries from basic component
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improvements, as there is a distinct trade-off between component and circuit
complexity. For example, complex circuits are often used to minimize voltage stress on
PE switches. When using WBG PE switches with higher voltage handling capabilities,
simpler circuit architectures can be employed.

Similar benefits are achieved from high frequency switching, as this allows for
significant decreases in filtering components. Not only do the primary inverter
component costs decrease with smaller filtering, but secondary costs also decrease due
to the significantly smaller size and weight of the unit. This can reduce both shipping
and installation costs. For these reasons, PV inverters were one of the first major entry
points for 1.2 kV SiC metal-oxide-semiconductor field-effect transistors (MOSFETSs), as
they allowed for a significant increase in switching frequency.

Another driver for lowering LCOE is through the increase in service lifetime, which
allows for a longer timeframe and extends the operation of the unit beyond the payback
period. In general, the simple circuit architectures tend to reduce the number of
components that can fail. However, they also tend to exacerbate stresses compared to
complex architectures or switching schemes. For example, the H-bridge configuration is
the simplest DC/AC architecture, but also requires hard switching, which can
exacerbate failure mechanisms compared to soft-switching techniques.

Aside from reducing inverter costs, additional PE devices are being used in more
complex PV systems. PV is an inherently variable generation source and is increasingly
being paired with energy storage to mitigate both short term and seasonal variability as
well as to enable enhanced dispatchability. This PV and energy storage (PV+Storage)
concept, which has become increasingly dominant over the past decade, typically
integrates PV and energy storage in a DC-coupled manner, where the energy storage
and PV have independent DC/DC converters, but flow through the same inverter. These
multi-terminal or multi-source power converters are beginning to propagate through new
PV plants, and significant research is needed to increase performance and reduce costs
in these converter topologies.

Other challenges result from the consequences of leveraging the ability of WBG PE to
operate at higher switching frequencies. These higher switching frequencies can reduce
passive component sizing, leading to size and cost savings in the converter. However,
the increased switching frequency can also introduce added complication due to the
higher dv/dt than is experienced in Si-based insulated-gate bipolar transistor (IGBT)
devices. This can exacerbate electromagnetic interference (EMI) issues as well as
lowering the effective hold-off voltage of the circuit and leading to partial discharge at
lower voltages. So, while high voltage switches can enable simpler, more cost effective
medium voltage and high voltage power converters, a simple drop-in replacement for Si
based devices may not be practical, due to other factors involved in system design and
optimization.

Challenges for Wind Energy PE Systems

PE converters for wind energy are high-capacity devices because individual wind
turbine generators (WTGs) benefit from an economy of scale from a mechanical
perspective and thus individual machine capacities have increased over the past
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decade to 3-5 MW for individual turbines. Wind plants also tend to have higher capacity
from a collector system and total plant perspective. Due to their high capacities, the
common standard voltages are higher. For instance, 34.5kV, AC is considered a
medium voltage rating for 100+ MW wind plants.

Grid interconnection becomes increasingly difficult as more wind energy is integrated
onto the system. Wind energy inherently relies more on the transmission system to
deliver power due to several factors, including that the best wind resource areas are
often far from load centers, wind energy’s relative difficulty to integrate into the urban or
suburban environments compared to solar PV, and the economy of scale realized with
100+ MW wind plants.

As more wind energy systems are being deployed offshore, their power conversion
systems also require high power density and small footprints. Even more, they must
operate with high reliability in harsh environments, as serviceability becomes difficult in
remote environments. For these reasons, wind energy systems benefit from higher
voltage PE switches, smaller passive devices and filters, low parts count systems, and
simple thermal management approaches.

Challenges for Energy Storage PE Systems

In BESSs, higher voltage operation is achieved conventionally by connecting battery
modules in a series configuration. Achieving higher voltage operation requires more
modules. System reliability decreases with the addition of new components, and when
connected serially, a single battery module failure can compromise the operation of the
entire system. For these reasons, new approaches are needed to enable higher voltage
operation for BESSs to support system efficiency, reliability, and scaling.

Lithium-based electrochemical batteries, which are most commonly applied in grid-scale
applications, are manufactured using highly flammable materials. Thermal management
is a primary concern when conducting BESSs with high power densities and small
footprints. PE are key in the development of protection and control systems that ensure
the safety of battery energy storage systems.

Challenges for Solid-state Transformer PE

Current solid-state transformer technologies rely on four quadrant switches (FQS),
which can be made using two drain connected MOSFETSs controlled as one switch. This
back-to-back configuration of MOSFETs enables the full operation of the FQS. Even
though this functional workaround meets the performance need, it is not currently cost
effective, because there are twice as many switches needed to do the same job as a
single FQS. In addition, the parasitic elements that exist between the pair of devices
affect the switching characteristics of the topology as a whole, which means more
protection and filtering circuitry is needed to achieve acceptable levels of power quality.
The development of new PE switches and simplified topologies can drive innovations in
solid-state transformer technology.

Conventional large power transformers are designed to operate for 30 years, and many
transformers exceed their expected lifetime. Efforts to date to develop solid-state
transformers have not yet resulted in devices that exceed the reliability of conventional
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transformers.?® Furthermore, solid-state transformers developed to date suffer from high
costs and poor efficiencies. Continued research is needed to realize the promise of
solid-state transformers.

2.1.3 Innovation Pathways

The advent of WBG devices such as SiC and gallium nitride (GaN) have allowed for
converter topologies to significantly increase operational switching frequencies
compared to that of Si-based switches. WBG-based circuits can operate at very high
frequencies (hundreds of kHz to a few MHz). The requirements for energy storage,
which buffer on-off switch transitions, ideally decrease with the square of the switching
frequencies. So, the high switching frequencies of WBG devices significantly shrink the
requirements of passive components (capacitors and inductors) at a very rapid rate.
Smaller passives and more power dense circuits means less materials have to be used,
which inevitably leads to reduced costs.

Most three-phase grid-connected devices operate at < 20 kHz switching frequencies. To
impact the grid, high frequency operation must be demonstrated in operational units at
higher power level with an ideal of > 500 kHz at power levels > 500 kW demonstrated
by 2035. However, high frequency operation enabled by semiconductor switches can
shift issues over to passive components, so passive components that can operate with
low-loss at high switching frequencies are required. More detail is given in the
Packaging and Passives Section of this framework.

An alternative approach for scaling PE to achieve higher power and voltage levels
involves the use of PE Building Blocks, wherein PE circuits are developed for providing
specific functions. These circuits can be combined to stack functions, producing more
complex systems.?® Each circuit represents a building block with a distinct purpose,
known operating parameters, and a standardized interface. Building blocks can be
stacked to achieve higher voltage and power levels with reduced component stress.?’
By standardizing simple components, PE Building Blocks can be manufactured in bulk,
supporting scalability, reliability, and cost effectiveness. Hot-swappable PE Building
Blocks increase reliability and lower O&M costs. PE Building Blocks reduce supply
chain risk and enhance manufacturability at scale.

To overcome the impact of a constrained transmission system, more transmission
capacity will be needed in some regions to further develop wind resources. HVDC
systems will play an important role in overcoming this challenge but present their own
challenges too. The development of affordable HVDC conversion technology and
controls for multi-terminal HVDC systems (MTDC) could allow regional HVYDC
backbones to become a reality, particularly if built using existing AC transmission rights-
of-way. Advancing MTDC technology will require breakthroughs in DC protection and
control systems, including solid-state DC circuit breakers that operate at transmission
voltages and power levels. Furthermore, HVDC system costs need to improve. To this
end, DOE has established an initiative to reduce the levelized cost of HVDC converter
stations by 35% by 2035.28 Broader adoption of HVDC technology will also require
improvements to voltage-source converter technology, including improvements in power
capacity, voltage limits, size and power density, lifespan, and reliability.2°
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Innovative voltage conversion approaches can support efficiency, reliability, and scaling
for energy storage systems. Approaches are needed to increase the DC operating
voltage of energy storage systems without increasing the number of series-connected
battery models. In addition, approaches are needed for interconnecting BESSs at higher
AC system voltages (e.g., medium voltage, direct grid interconnection). WBG PE
devices can enable higher voltage operation with lower losses, compared to Si-based
switching devices.

String converters represent an option for increasing series voltage. High voltage ratio
converters, including those that utilize high-frequency transformers, can be used to
achieve MV interconnection, while improving overall system cost and footprint through
elimination of the 60 Hz step-up transformers that are common in grid-connected
BESSs and PV installations. This can reduce overall system cost while maintaining
reliability and facilitating interconnection.

In MV and HV grid applications, the use of high voltage power electronic switches will
enable power conversion at higher voltage levels, driving efficiency through lower
current losses, and driving reliability by reducing the overall number of circuit
components needed. Recently, 3.3 kV devices have been commercialized for a variety
of power converter applications to increase system power density and efficiency. It is
expected that SiC MOSFETs will follow a natural progression of increasing voltage
ratings over time, as driven by industry needs.

Reductions in switching and conduction losses can be achieved by using WBG PE
switches in BESSs. Doing so can reduce the BESS conversion losses attributed to PE,
increasing overall roundtrip efficiency, a key metric for evaluating the effectiveness of
BESSs. Loss reductions also improve operating costs for BESSs.

Improvements are needed in BESS protection and control systems. PE converters can
work in tandem with battery management systems to identify thermal issues, quickly
isolating impacted battery modules, preventing cascading thermal management
incidents. In addition, PE and controls can be used to quickly re-optimize the
performance of a BESS when individual battery modules are taken out of service. PE
improvements may enable the development of hot-swappable battery modules,
improving system reliability and serviceability.

There are current R&D efforts intended to provide short-term and long-term solutions to
the challenges facing current solid-state transformer technologies. In particular,
appropriate switching devices, magnetic materials, and circuit topologies are needed, as
well as control systems that provide appropriate functionality for tailored applications.
Technoeconomic analysis is important for promoting solid-state transformer adoption,
as solid-state transformers can provide unique benefits to end-users, and these benefits
require proper accounting when considering solid-state transformer deployment.

2.1.4 Recommendations

The following recommendations outline actions the U.S. government, AMMTO, and the
broader ecosystem can support to advance the adoption and integration of PE to
modernize and secure the nation’s electric grid:
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. Support pre-competitive R&D activities for advanced PE technologies

WBG devices offer superior performance at high switching frequencies and
voltages, enabling more compact and efficient power converters. Pre-
competitive R&D support from both the public and private sectors can accelerate
the deployment of WBG-based PE across the grid infrastructure, improving grid
stability and lowering the costs of integrating renewable energy.

Focus on further development of the emerging WBG technologies such as
solid-state transformers, multilevel modular converters for MVDC and
HVDC systems, and PE Building Blocks

Solid-state transformers can facilitate the seamless integration of distributed
energy resources (DERs), enhance fault management, and reduce power
losses. Supporting solid-state transformer technology will help overcome the
limitations of conventional transformers and enable greater flexibility in grid
operations.

HVDC systems are crucial for transmitting large volumes of renewable energy
from remote generation sites (e.g., offshore wind and desert solar) to urban load
centers. MVDC technology can support medium-voltage interconnections and
improve efficiency in distributed grid applications.

PE Building Blocks offer the potential for hot-swappable modules, enhancing
system reliability, reducing operation and maintenance (O&M) costs, and
decreasing supply chain risks. Promoting their adoption will enable faster
deployment of PE solutions and enhance grid resilience.

Support innovation in passive components & packaging to handle higher
frequency PE operation

High-frequency operation enabled by WBG devices reduces the size and cost of
passive components, making power converters more compact and efficient.
Developing passives that match the performance of advanced semiconductors is
essential for achieving optimal system performance.

Identify and support opportunities for field-relevant demonstration
projects for emerging PE technologies

Demonstration projects can validate the performance and reliability of new
technologies, providing critical data for widespread deployment. They also offer
a platform for testing interoperability and scalability in real-world grid conditions.
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2.2 Transportation Infrastructure

The U.S. Environmental Protection Agency (EPA) reported in 2021 that the
transportation sector accounted for the largest portion, nearly one-third, of greenhouse
gas emissions.3% Automobiles account for over 80% of the transportation portfolio, which
is mostly light-duty personal vehicles. There are many reasons that led to the
dominance of the automotive sector in the United States, including early advances in
assembly line manufacturing, globalization of the automotive industry, tight coupling
with the oil industry and its political influence, suburban sprawl, a shift from single-
earner to dual-earner households, and a rise of consumer goods home-deliveries,
among other important factors. Efforts are underway to modernize, secure, electrify, and
balance U.S. transportation technologies.®' PE are a key enabler for electrified
transportation systems: both on-board to enable electric powertrains as well as an
interface into the electrical grid for charging those systems. Given the scale of
transportation needs, the incremental improvement of advanced components like
semiconductors and passives will have the most significant impact to improve our
transportation technologies.

2.2.1 Transportation Infrastructure Application Areas
Application Areas 1: Light-Duty Vehicles

Light-duty vehicles lead the transportation sector with 58% of the emissions profile.3? At
present, light-duty vehicle electrification is well underway with 1.1 million units being
sold in 2023 in the North American market, accounting for 7.2% of new light duty vehicle
sales.®3 Full-year 2023 global light duty vehicle sales are projected to reach nearly 86
million units with a 2024 forecast to exceed 88 million.3* Even though the EV market
share is still a small percentage of the overall light duty vehicle market, safe and reliable
mass production of EVs and their PE components will be critical to achieve a zero-
emission future. PE are at the heart of this shift to battery electric vehicles (BEVs). They
are responsible for the control of the electric powertrain, battery pack utilization and
management, and charging interface.

Application Area 2: Heavy-Duty Vehicles

According to Figure 7, medium and heavy-duty vehicles currently account for nearly one
quarter of transportation-based emissions. Due to the more demanding workloads of
heavy-duty vehicles, a pure BEV with current battery technology is very challenging
given the range/weight trade off. From a PE standpoint, the needs are similar to the
light-duty vehicle sector, although scaled up to meet the higher torque and power
demands. Furthermore, charging/refueling infrastructure must be frequent and robust to
account for the high throughput needs of heavy-duty vehicles.
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Figure 7. Share of transportation sector emissions by source3®

Application Area 3: Electric Rail

Although the rail industry only accounts for 2% of the transportation greenhouse gas
(GHG) emissions, considerations must be made to the freight industry’s reliance on
diesel and the effect extreme climate events can have on critical rail infrastructure.3®
While electric rail infrastructure is ubiquitous worldwide, the United States is almost
exclusively reliant on diesel locomotives. This is partially due to the fact that the United
States has the largest rail network in the world, much of which covers long-distance,
low-population areas.3’ Electric passenger rail, on the other hand, represents less than
5% of the current rail network. Rail modernization in the United States can leverage
infrastructure electrification and electric powertrain technologies, as well as hydrogen
and biofuel options.3®

2.2.2 Challenges

Meeting the demands of the consumer automotive market—safety, cost, range, and
charge times—presents significant challenges for automakers. Some of the key barriers
to the widespread adoption of EVs are the current limitations within the semiconductor
supply chain, as well as gaps in EV infrastructure, particularly in charging and grid
capabilities. Additionally, high-voltage, high-power, and high-frequency components are
still in development, and these factors will likely slow the adoption timeline for EVs.

Another critical challenge is managing thermal loads and cycling effectively to ensure
the safety and reliability of passenger vehicles. These concerns are closely related to
the performance of batteries, which remain the most significant barrier to further
technological progress. Batteries will need sophisticated electronics and control
systems to ensure they are safe and long-lasting, which is essential for consumer
confidence and the vehicle's lifespan.
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Automakers must also secure a reliable supply chain not only for lithium-based batteries
but also for semiconductors and high-rated passive components, which are needed for
building various power converters (see Figure 8). Among these critical technologies,
WBG semiconductors, particularly SiC and GaN, are in high demand for large-scale
production and are crucial for achieving the reliability and efficiency needed in electric
powertrains.

High power modules  Medium and low power modules

Charging system

AC/AC
DC/AC | | AC/DC
L;_;‘ inverter 1
pcac | | PODC [ Battery
inverter converter (300V)
300V->650V
Motor/ DC/DC
Generator converter 14V
300V->14V
E/G load

Figure 8. PE components in a BEV?3°

In the electric powertrain, PE will need to prioritize high performance with effective
thermal management, switching frequencies in the 10-50 kHz range, and maximum
efficiency, all while keeping costs low. Onboard charging modules will also need to
support DC fast-charging capabilities to address consumer concerns about range. Since
these modules are not constrained by the dynamics of electric motors, their switching
frequencies should ideally operate in the hundreds of kHz range, significantly improving
charging performance (see Figure 9).
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Figure 9. Power vs frequency comparison of different semiconductor technologies for EV power
converters*0

The PEs used in battery management systems will be pivotal for the safety and
longevity of battery packs, which, in turn, are critical to the overall lifetime of the vehicle.
These systems must ensure proper monitoring and management of the batteries to
maximize their performance and ensure they meet stringent safety standards. As such,
improving PEs across these areas will be essential for overcoming the current barriers
to EV adoption and ensuring the industry can meet future market demands.

WBG semiconductors and passive components will need to meet the higher power
demands, particularly in terms of current, required by heavy-duty vehicles. In addition to
these electrical demands, thermal management systems must also be designed to
handle the increased power loads, ensuring safe and efficient operation under heavy-
duty conditions. For hybrid systems, different solutions will be necessary to balance the
use of secondary propulsion or energy sources, which may require distinct power
management strategies.

Fast-charging technology will also play a crucial role in enabling the transition to a more
electrified heavy-duty vehicle fleet, especially for high-throughput applications that
require minimal downtime. Ensuring that these charging systems can deliver high power
efficiently and quickly is critical for the practical use of electric heavy-duty vehicles.
Lastly, reliability will be a significant factor in the success of these future technologies.
Both the electrical and thermal systems must be highly durable and capable of
withstanding the demanding operating conditions of heavy-duty applications to ensure
long-term vehicle performance and safety.
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Figure 10. Heavy duty vehicle charging technologies overview*!

A significant hurdle to heavy-duty vehicle electrification is the charging infrastructure.
Some bottlenecks to address include lack of standardization, maximum achievable
power, and safety concerns.*? From a PE perspective, an industry standard would help
better define the design space for the associated on-board charging PEs. Figure 10
illustrates the variety of charging solutions that exist for heavy-duty vehicles. The
electric powertrain PEs will have overlapping needs from the light duty sector—high-
frequency WGB devices that shrink the overall footprint and power density and thermal
management of the converter.

2.2.3 Innovation Pathways

Improvements in electrified transportation will come from a combination of factors,
including increasing domestic manufacturing capacity, further reducing the size and
weight of drivetrain components, increasing power levels for EV charging equipment,
extending service lifetimes for all PE components, and reducing costs in every way
possible.

Improving the efficiency of electric powertrains is a critical step in advancing zero-
emission vehicle technologies. Currently, electric powertrains are more than 90%
efficient, a significant improvement compared to the roughly 30% efficiency of internal
combustion engine (ICE) vehicles. Future efficiency improvements will primarily come
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from increasing the switching frequency of PE components, which reduces their size
and weight. WBG semiconductors, such as SiC and GaN, offer superior performance at
higher switching frequencies, making them key to further advancements in electric
powertrain efficiency. In addition to WBG semiconductors, improvements in passive
components such as magnetics and capacitors will further drive system-level
improvements.

To achieve the vision of zero-emission transportation, the focus must be on maturing
WBG semiconductors and advancing battery technologies. As electric powertrains trend
towards faster switching speeds and reductions in size and weight, the mass production
of highly reliable components will be critical. Currently, 800V electric powertrain systems
are available to consumers, addressing concerns about range and charging times. By
moving to higher voltage levels and increasing switching frequencies, manufacturers
can reduce the size and mass of PE components, optimizing overall system integration.

High-reliability WBG semiconductors will also play a crucial role in electric powertrains
and onboard charging modules. Additionally, PE converters must manage high-cycle
battery packs both safely and efficiently, which is essential for the electrification of
heavy-duty vehicles. Much like light-duty vehicles, the electrification of medium- and
heavy-duty vehicles will depend on the continued development of electric powertrains,
onboard chargers, battery technology, and a robust national charging infrastructure.
However, heavy-duty vehicles confront higher torque and power demands and have
longer performance lifetime expectations, though they may be less sensitive to cost
pressures.

Because many of these advancements are contingent upon improvements in the
underlying materials and devices, further research and development pathways for
achieving these innovations are discussed in the materials and devices section of this
framework (see Focus Area 2: Materials and Devices for WBG PE). This continued
focus on R&D will be pivotal in ensuring that the necessary advancements in PEs and
battery technology can support the future of electrified transportation.

2.2.4 Recommendations

Given the transportation sector's substantial contribution to GHG emissions, supporting
the successful application of PEs is critical to advancing vehicle electrification and
modernizing transportation infrastructure. The U.S. government can help accelerate the
shift towards electric and zero-emission vehicles by considering the following
recommendations:

Focus on durability and reliability of WBG PE for transportation
applications

Support research that improves the durability and efficiency of battery
technologies, PEs, and thermal management systems for light-, medium-, and
heavy-duty vehicles. An inherent strength of WBG PE is their smaller footprint,
higher efficiency, and ability to provide power at levels most useful for
transportation applications. By developing more robust battery management
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systems and efficient power converters, EVs can achieve longer lifespans,
improved safety, and better overall performance, especially in high-throughput
applications such as freight and logistics.

. Strengthen supply chain resilience for EV components

Ensuring a reliable supply of critical materials and power components for the
industry will mitigate bottlenecks in EV production, prevent delays in the
electrification transition, and support national energy security.

- Encourage hybrid power management systems for heavy-duty vehicles

Hybrid power management strategies will provide flexibility for heavy-duty
applications, optimizing performance while reducing emissions, especially in
sectors where full electrification is not yet feasible due to weight or range
limitations.

. Develop WBG systems for electric rail infrastructure

Rail modernization will expand the transportation sector’s range of power
options while increasing the energy efficiency of freight and passenger rail
systems.

By implementing these recommendations, the U.S. government can accelerate the
adoption of electric and hybrid technologies across the transportation sector, reducing
GHG emissions, enhancing energy efficiency, and ensuring the reliability of PEs for
future electric transportation systems.

2.3 Digital Infrastructure

Electricity is the lifeblood of the digital economy. As more aspects of consumer life and
modern industry are digitized, electricity demand continues to increase as well as
reliance on PE technologies. This section explores PE needs for powering the digital
economy.

2.3.1 PE Applications for Data Centers

In recent years, the use of electricity by data centers has seen sharp growth, driven by
ongoing efforts such as cloud-based computing, Al language models, and
cryptocurrency mining. Estimated global data center electricity consumption in 2022
was 240-340 TWh,*3 or around 1-1.3% of global electricity demand. This is the
equivalent to 0.9% of energy-related GHG emissions (or 0.6% of total GHG
emissions).** These numbers for data centers exclude energy used for cryptocurrency
mining, which was estimated to be around 110 TWh in 2022, or an additional 0.4% of
annual global electricity demand, according to the University of Cambridge Bitcoin
Energy Consumption Index.#® This proportion does not even encompass the electricity
use of the entire digital communication infrastructure (e.g., data transmission, wireless
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and satellite communication, mobile consumer devices, autonomous and other Internet
of Things [loT] systems) and is expected to continue growing significantly over the next
few years as data collection and analysis, aided by Al and ML, is leveraged in
increasing aspects of modern life. Mitigation of the electricity usage of these digital
information communication networks to ensure the electrical grid can meet future
requirements will necessitate, at a minimum, more energy-efficient data centers that
utilize new methods of power routing and usage, enabled by advancements in PEs.

The advent of cloud computing has resulted in an explosion of systems that store,
process, and network data, all of which are inherently electrical processes and none of
which are 100% energy efficient. Fundamentally, the power architecture of a data center
is that of multiple levels of series voltage down conversion from the sub-transmission
level to the chip level. Data centers couple into the electrical infrastructure at the
medium voltage level. However, the majority of energy is utilized at the 5V logic level,
requiring multiple stages of conversion in which voltage is decreased and current is
increased and at least one stage where AC is rectified to DC. Depending on where
these conversion stages occur and how long routing distances are at lower voltages,
this can lead to significant Ohmic losses, especially on the low voltage side where
current draw can be significant.

2.3.2 Challenges

The needs for transitioning from a medium voltage interconnect (either AC or DC) to
logic level voltages (5V) in an energy-efficient manner requires the use of high efficiency
DC/DC and AC/DC converters. Additionally, the number of these conversion stages
should be minimized as much as possible, which requires the highest conversion ratio
for each stage that can be achieved. High conversion and low-loss converters require
very fast switching, in the pseudo-radio frequency (RF) regime.

2.3.3 Innovation Pathways

High-voltage conversion ratios above ~4x are difficult for non-isolated converters.
Achieving higher conversion ratios typically requires isolated topologies where very high
conversion ratios can be accommodated using high frequency transformers. These
isolated topologies (such as a dual active bridge) that can achieve high frequency
switching operation simultaneously with high-voltage conversion are ideal pathways for
future data centers. Medium voltage direct current (MVDC) applications utilizing
multiple modules of these dual active bridge topologies can also achieve high voltage
input with high current output via series input, parallel output (SIPO) circuit
configurations.

Very high voltage ratio conversion in a single stage from MVDC to chip-level voltages is
the highest efficiency configuration possible for a data center. However, the maximum
conversion ratio is ultimately determined by voltage isolation at the high-frequency
transformer. Achieving even higher voltage conversion ratios may require new high-
frequency transformer designs or isolation methods. Additionally, to increase power
density while simultaneously maximizing efficiency, the converter must operate at high
switching frequency and little loss under all operational loading levels. Certain
topologies may have difficulty in maintain zero-voltage or zero-current switching under
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all operational conditions, which may require either methods to ensure they remain in
the low-stress switching regime (e.g., by altering the system to change their loading) or
new switching algorithms that can extend this region.

The Advanced Research Projects Agency—Energy (ARPA-E) and other organizations
have suggested that turning the distribution system inside of data centers from an AC-
based system into DC-based system could significantly decrease total energy
consumption by leveraging on-site DERs, reducing the number of conversion stages,
and utilizing higher efficiency converters. The main goal of data center advancement is
to make the data center more efficient while maintaining effectively zero downtime.

The use of DC distribution would allow for 1) DC lighting and loads to reduce conversion
losses and 2) the coupling of on-site DERSs, which could reduce the effective CO2
emissions of data centers, enable higher reliability through microgrids, and allow for
providing grid-support services during low-load conditions. Due to the large amount of
power required for modern data centers, this DC-bus would most likely be at the MVDC
level. This approach would require advances in DC protection and control.

2.3.4 Recommendations

As data centers continue to grow in number and energy consumption, driven by the
rapid expansion of cloud computing, Al, ML, and the rise of digital communications,
advancements in PEs will be crucial to meeting future energy efficiency and
sustainability goals. The U.S. government can play a pivotal role in fostering the
development and application of PEs in these critical areas by considering the following
recommendations:

. Promote R&D for developing high-efficiency power converters for data
centers

High-efficiency converters with fewer conversion stages, including high-
efficiency AC/DC and DC/DC converters with high voltage conversion ratios
such as high-frequency transformers and isolated topologies like dual active
bridges, will reduce energy losses in data centers, lowering overall power
consumption as demand continues to grow.

Work with industry partners to explore a transition to DC distribution
systems in data centers

A DC distribution system would improve energy efficiency and reliability in data
centers, allowing them to contribute to grid stability without curtailing their use.
This switch would need to be paired with improvements in DC protection and
control technologies. Support for DC fault detection, isolation, and control
systems will be essential to ensure safety and operational continuity through
such a transition.
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- Support the development of grid-interactive data centers

Work with industry partners to develop WBG PE technologies that enable
integrating data centers in a more flexible and responsive way, i.e., through
microgrid configurations that leverage on-site DERs. Grid-interactive data
centers will enhance grid reliability, provide additional revenue streams for data
center operators, and reduce overall CO2 emissions by optimizing energy use.

. Develop efficiency metrics and benchmarks

Establish industry-wide standards for PE performance in data centers, including
efficiency benchmarks for power converters and energy metrics for facilities.
Standardizing efficiency metrics and performance benchmarks will drive
innovation and ensure that data centers implement the most energy-efficient
solutions, accelerating progress toward sustainability targets.

. Increase partnerships & co-design opportunities with end-users

Collaboration, especially with current and potential customers of WBG PE
systems, will accelerate the development of advanced PE technologies that can
be implemented in data centers, helping to meet the growing energy demands of
digital infrastructure while improving sustainability.

By implementing these recommendations, the PE industry can help ensure that data
centers and other digital infrastructure evolve to meet the increasing demands of
modern computing while minimizing their environmental impact. Advancements in PEs
will play a crucial role in improving energy efficiency, reliability, and sustainability in this
critical sector.

2.4 Industrial Infrastructure

As the industrial sector transitions toward greater electrification to meet global
sustainability goals, PE is emerging as a critical enabling technology. PEs serve as the
backbone for converting, controlling, and managing electrical power across a wide
range of industrial applications, including renewable energy integration, EVs, grid
modernization, and hydrogen production. The adoption of WBG semiconductors, such
as SiC and GaN, is accelerating this transition by offering higher efficiency, improved
thermal management, and the ability to operate at higher voltages and frequencies
compared to traditional Si-based devices.

In industrial applications, such as hydrogen production via water electrolysis, PEs are
fundamental to achieving the necessary energy efficiency and cost reductions required
for large-scale deployment. Electrolyzers, which are key to producing green hydrogen
from renewable electricity, require efficient conversion of AC to DC. Innovations in PEs
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are critical for optimizing these processes and reducing the overall energy consumption
of the industrial sector. As the demand for clean energy solutions continues to grow, the
development and deployment of advanced PEs will be crucial for ensuring the industrial
sector can meet its electrification and modernization goals.

DOE and other government agencies have an important role to play in supporting the
PE industry as it develops the technologies and infrastructure necessary for this
transition. Ensuring the U.S. remains a leader in PEs will not only strengthen the
country’s energy independence but also position it to lead in the global clean energy
market.

2.41 Hydrogen Technologies in Industrial Applications

In sectors where electrification is difficult due to the need for high heat, such as in blast
furnaces and kilns, hydrogen can serve as a direct replacement for fossil fuels.
Additionally, hydrogen can be used as a feedstock in processes like ammonia
synthesis, further broadening its potential applications in industrial settings. As the
production of green hydrogen through renewable energy-powered electrolysis becomes
more cost-competitive, the adoption of hydrogen as a clean alternative to fossil fuels is
expected to accelerate, helping industries meet ambitious emissions reduction targets
while ensuring energy reliability and security.

According to a roadmap by the Hydrogen and Fuel Cell Technology Office (HFTO),46
clean hydrogen production is expected to increase to 10 million metric tons (MMT) by
2030 and 20 MMT by 2040. The production costs are also expected to reduce to $1 per
kg by 2031. The onboard storage costs are expected to reduce to $9 per kWh (700-bar)
by 2030 and delivery and dispensing costs are expected to be around $2 per kg by

2030.
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Figure 11. Architecture of power-to-hydrogen (P2H) with renewable energy input for industrial utilization4”
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Hydrogen can be produced at high purity utilizing water electrolysis but has high cost of
electrolyzer and electricity, as well as low energy efficiency. The electrolyzers require a
supply of DC voltage (ranging from tens to hundreds of volts) and DC currents
(hundreds to thousands of amperes). To obtain DC power from an AC power grid
requires the utilization of an AC-DC converter/rectifier. The rectifiers needed for this
application require careful design with consideration of reactive power compensation
due to power quality issues. However, they provide the advantage of adjustable DC
output voltages by changing the firing angle. Other types of electrolyzers that use diode-
based rectifiers can only provide fixed DC voltages dependent on the AC voltages
requiring an additional DC chopper circuit.

2.4.2 Challenges

The main challenges for hydrogen technologies relate to the efficiency and the cost of
the system. Efficiency can be achieved through improvement in device and converter
technologies enabled by medium voltage WBG technologies such as 10kV SiC and
upcoming device technologies such as UWBG devices, including Ga203. For hydrogen
to be an enabler for energy transition at high energy volumes, the cost of the above-
mentioned devices and the power conversion designs enabled by these devices must
mature for the needs of the industry.

2.4.3 Innovation Pathways

To support adoption of hydrogen, it will be important to demonstrate active power
conversion using WBG technology to replace conventional diode-thyristor based
rectification at medium voltage scale at power levels in excess of 100kW.

2.4.4 Recommendations

. Leverage demonstration projects for WBG PE in industrial applications

Demonstration projects can de-risk new technologies and provide real-world
data that helps accelerate commercialization and adoption across the industrial
sector.

. Establish standards and guidelines for PEs in industrial applications

PE and industrial equipment manufacturers should work with industrial users as
well as government and academic stakeholders to establish standards and
guidelines for the application of WBG and UWBG devices in industrial settings.
This includes creating frameworks for reliability testing, performance evaluation,
and safety in mission-critical applications like hydrogen production and
manufacturing processes. Standardization will reduce barriers to adoption by
ensuring that new PE technologies meet the needs of industrial users and
comply with regulatory requirements.
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Through these strategic initiatives, the PE industry can ensure that electrification of the
industrial sector happens quickly and efficiently, supporting both economic growth and
environmental sustainability.
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3 Focus Area 2: Materials and Devices for
WBG PE

The purpose of the following section is to identify critical areas in research of
semiconductor materials and devices expected to be key aspects of next-generation PE
systems. Error! Reference source not found. presents a brief introduction to some
key topics discussed in the following sections, along with a general framework for
maturity and application space for each material system based on voltage class and
Technology Readiness Level (TRL). The framework starts with higher-maturity materials
like SiC and GaN, which are categorized as Established Materials and Devices.
Following this, the framework will discuss Next-Generation Materials and Devices,
which include Al(Ga)N and Ga20s. This framework does not reflect cost, nor does it
account for other performance parameters such as frequency range.

3.1 Silicon Carbide

Within the next decade, several performance and manufacturing gaps must be targeted
to expeditiously maximize the modernization impacts of the SiC material system (see
Figure 12).484% Compared to Si-based devices, SiC systems offer faster switching
capabilities and enhanced chip-level thermal conductivity, leading to increased system
efficiency and reduced costs of the system passives and cooling. In addition, SiC
MOSFETSs are less prone to thermal runaway than Si IGBTs, possibly offering a
reliability improvement in harsh operating environment applications, such as electrified
transportation and other high-voltage motor drives. However, the lack of SiC-specific
packaging strategies limits device operating temperatures to ranges similar to Si-based
devices, thereby throttling one of the most promising aspects of SiC technology.
Nevertheless, overall system performance and reliability can be increased while costs
can be reduced by transitioning to SiC-based devices. Recently, 3.3 kV devices have
been commercialized for a variety of power converter applications to increase system
power density and efficiency. SiC MOSFETSs will likely follow a natural progression of
increasing voltage rating led by industry.

3.1.1 Challenges

Despite these advantages, SiC MOSFETSs only claim a small portion of the commercial
market. This is, in part, due to the higher associated device cost, which is a function of
the growth and fabrication processes as well as the substrate size. These areas are
under continuous improvement by industry and will naturally reduce costs over time.
With a vested interest in increasing profits, SiC device manufacturers are the primary
drivers of increasing wafer size and improving material quality (i.e., reducing the defect
density and increasing yield). Consequently, these issues will not be discussed at
length. However, in addition to industry, numerous research groups are working to
address the device design related challenges required to achieve high-performance SiC
MOSFETs and IGBTs. Such performance challenges related to device-level
architectures are the primary focus of this section, which is divided into several thrusts:
1) improvement of the SiC MOSFET on-resistance for < 10 kV applications where it is
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primarily limited by the channel and substrate resistances; 2) an overview of > 10 kV
architectures (i.e., IGBT and superjunction MOSFET) where the MOSFET on-resistance
becomes problematic; and 3) advancing SiC-specific ion implantation techniques to
reduce manufacturing costs.

TRL | Hatchesindicate research level technology
® Solid fillsindicate commercially available devices

Lowest For ultra-high voltage apps. > %//%’%//%

& MC-HEMTs may be viable to
significantly higher voltages
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* Mobile chargers
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Figure 12. Technology maturity and application space chart for various material systems
showing select highlighted research areas considered to be impactful

For 600 V — 1.7 kV SiC MOSFETSs, key limiting factors in reducing on-resistance to
increase on-state performance include the channel resistance (RCH) and substrate
resistance (RSUB).* These resistances increasingly dominate the overall device on-
resistance as the voltage rating is reduced. For n-type SiC, bulk mobilities of 600-1000
cm?/V's corresponding to doping levels of 10'"—10'* are common in the drift region.
However, issues at the SiO2/SiC interface reduce the effective channel mobility to
around 25cm?/Vs in SiC DMOSFETSs and around 35 cm?/Vs in SiC trench MOSFETS for
practical doping levels.®! While this parameter has been improved through various
methods,%?53 there is still substantial room for impactful improvement of the channel
mobility. For either device type, this would enable a substantial reduction in device on-
resistance at the 1.2 kV voltage class. These benefits become more pronounced as the
voltage class reduces.? SiC substrates offer mechanical strength during the fabrication
process but add extra electrical and thermal resistances. The typical resistivity of 4H-
SiC substrates is in the range of 0.015-0.025 Ohmxcm? for a thickness of
approximately 360 pm.

As the voltage rating increases, the on-resistance of a MOSFET increases
proportionally and is dominated by the thickness of the drift region. This trade-off can no
longer be ignored or accommodated in SiC beyond 10 kV®° where the increased device
on-resistance leads to excessive heat-dissipation and electrical losses in the on-state
due to the drift region resistance. Furthermore, a simple scaling up of the device area to
reduce the resistance leads to high chip costs and capacitances. Thus, device
applications that rely on voltage ratings well beyond 3.3 kV would critically benefit from
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a less resistive device architecture. To this end, SiC-based IGBTs and superjunction
MOSFETS could alleviate the performance degradation issues.%6:5"

An additional challenge to the materials costs facing the SiC industry is that of the
relatively higher cost of ion implantation. Current ion implantation techniques require
high-temperature implants that necessitate a time-consuming temperature ramp-up and
ramp-down, which throttles manufacturing throughput.

3.1.2 Innovation Pathways
Pathway 1: Channel Mobility

Thermally deposited SiOz2 is universally used as the gate dielectric due to high reliability
and ease of manufacturing. However, to overcome the low channel mobility issue, a
paradigm shift in the gate dielectric may prove helpful. Although there have been many
iterations on doping SiO2,% there have been limited studies on atomic layer deposited
(ALD) high-k dielectrics,®®6%-61 and research on laminate stacks is nearly non-existent.
Further investigation of novel gate-dielectrics coupled with improved batch
manufacturing of ALD dielectrics may prove fruitful for improving channel mobility
without sacrificing device reliability. In addition, emerging device architectures with
deeply scaled dimensions that rely on the FinFET effect have been shown to improve
channel mobility by as much as 18-fold.626364 There have also been reports of devices
that reduce on-resistance by increasing the channel density or providing additional
current-carrying pathways, such as the IMOSFET and tri-gate MOSFET.6%66
Nevertheless, it is important to note that demonstrated devices still have mobilities
significantly lower than the bulk material and current SiC foundries do not operate at the
necessary node sizes for sub-100 nm device features. Hence, further research into
these architectures should parallel that of the gate dielectric material.

Pathway 2: Substrate Resistance

Grinding and polishing of the substrate is widely used to reduce both electrical and
thermal resistance contributions of native SiC substrates by about 70%. However, this
severely compromises the mechanical strength leading to yield issues from wafer
breakage. Taking the research into a new direction, recent engineered substrates based
on polycrystalline SiC with a bonded crystalline layer to facilitate epi-growth has been
shown to reduce the substrate resistance by around threefold with less wafer
deformation, enabling both mechanical robustness and low resistivity.6” Additional
research into the durability of devices on such wafers is of great interest, as well as
research into other engineered substrate types.

Pathway 3: Superjunction MOSFETs

For superjunction MOSFETS, increased control during manufacturing over the doping
precision and width of the n- and p-pillars to achieve < 10% charge imbalance and novel
methods for forming deep pillars are required for > 10 kV devices.®8 Due to this
requirement, superjunction MOSFET designs at these voltages are challenging. The
repeated implant epi-growth method used for Si-based devices would require over 30
cycles for 10 kV class SiC-based devices, making this method impractical. For
implanted devices, as the required implant depth increases, so too does the energy and
the associated damage to the SiC material, resulting in performance and reliability
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concerns. Both the pillar width and doping precision difficulties must be handled for
commercialization of such devices. Hence, there is a desire for research in the direction
of advanced implantation schemes like channeled implants, as well as sidewall
implantation to reduce associated damage while maintaining a high degree of dose
precision.®®70 Alternatively, a revolutionary advancement of the trench-refill technique
enabling precise charge balance may lead to commercial viability of such devices.

Pathway 4: IGBTs

In recent years, improved epitaxial growth quality of the drift region layer and a
reduction in carrier lifetime killers has increased the ambipolar carrier lifetime from < 1
us (as-grown) to over 30 ys, a requirement for 10-30 kV class IGBTs with low
conduction losses.”! However, as the carrier lifetime increases, the modulation
frequency decreases. In addition, the resistance contribution of p-type substrates to the
overall device on-resistance is significant, and there are limited commercial offerings.
Hence, for SiC IGBTs, studies on the performance trade-offs associated with these
devices coupled with bespoke device architectures and methods for producing large
diameter, low-resistance, and low-defect density p-type substrates are necessary to
rapidly commercialize. Flip-wafer IGBTs utilizing an n-type substrate were reported as
an alternative approach to p-type substrates.”?> However, for such devices, foundry
efforts must be made to develop a mass manufacturable fabrication process. For either
substrate type, the turn-on voltage of SiC devices is roughly 2V higher than their Si-
based counterparts, leading to comparatively higher power losses in the on-state for the
same current level. This, in conjunction with the ambipolar carrier lifetime consideration,
leads to a design trade-off between faster-than-Si switching times and extremely high
conductivity modulation to minimize losses.”® Considering this trade-off, further
application-specific research into IGBT architectures that minimize either the switching
or conduction losses is of great interest. To address the relatively high p-type substrate
resistance, research toward improved doping methods, dopant activation, hole mobility,
or techniques like waffle patterning to reduce substrate resistance are desired.

Pathway 5: Room-Temperature Implantation

Room-temperature ion implantation is needed to reduce manufacturing costs; however,
limited research on the topic exists.”*7%76 Further research on this process and the
resulting device characteristics could reduce SiC chip cost.

3.1.3 Recommendations

1 Develop novel gate dielectric approaches for SiC devices

For 600-1700 V class SiC MOSFETSs, channel and substrate resistance inhibit
these devices from reaching their theoretical maximum performance. Novel gate
dielectrics including high-k materials and laminate stacks, which are ubiquitous
in modern Si technology, are a relatively unexplored pathway for improving the
quality of the dielectric-SiC interface.
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2 Develop SiC IGBTs for high voltage applications

For future applications that would benefit from devices with a voltage rating of 10
KV and higher, like advanced grid systems, wind energy, and railway traction
drives, development of SiC IGBTs is critical. Low-resistance, low-defect p-type
substrates are needed for these devices.

3 Develop SiC superjunction MOSFETSs for high voltage applications

In addition to IGBTs, SiC superjunction MOSFETs would also enable 10 kV+
applications. Various approaches to fabricating a SiC superjunction drift region
have been investigated using epitaxial regrowth, trench etching, and ion
implantation processes. Continued investment in alleviating the fabrication
difficulties and improving manufacturability can help.

4 | Reduce material costs for SiC technologies

Despite clear performance and reliability advantages over Si-based PE, SiC
adoption continues to be slowed by its significantly higher costs compared to Si
and even GaN technologies. Development and integration of process
innovations to lower the costs and increase the yield of SiC device
manufacturing will significantly improve market adoption.

SiC MOSFETs are continuously expanding their market share in electrified
transportation and industrial motor drive applications and are expected to be a key
enabling technology of grid-based inverters as the voltage class of commercialized
components continues to increase. SiC devices and power modules offer not only the
opportunity to reduce our nation’s carbon footprint, but also significant systems-level
cost savings due to reduced size, weight, and increased power density. If these
challenges are addressed, SiC technology will provide significant benefits in the areas
of carbon reduction, energy efficiency, and system-level costs across the application
sectors of electrified transportation, the electrical grid, and industrial motor drives.

2.1 Gallium Nitride

GaN has higher-saturation electron drift velocity, electron mobility, and a lower dielectric
constant than both Si and SiC. These features of GaN facilitate faster switching speeds
and low conduction losses.””"8 In addition to performance benefits, GaN-on-Si has
potential to reduce overall system costs when compared to SiC. While SiC devices
currently have smaller dies than GaN, yielding more chips per wafer, this attributes to
only part of the total cost.”® SiC substrates account for 50% of device cost, while GaN
devices are often grown on standard and readily available Si substrates.80.81.82.83
Additionally, SiC devices generate a larger carbon footprint during fabrication, attributed
to high-temperature processing.®* In addition, the transparent substrates necessitate
specialized metrology equipment.8
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GaN technologies have implications across a broad range of industries. With the high
switching speeds and low losses of GaN-based wall chargers, GaN has already
solidified itself as a leading material in lower-power markets.® In 2022, a GaN-based
charger made through a collaboration between Anker and Infineon achieved 21% lower
loss compared to Si-based counterparts with a 53% reduction in size.?”:88 High-
frequency switching and low parasitic loss make GaN an excellent candidate to improve
system-level power density and efficiency in on-board charging applications.8%% As
inverters for photovoltaics, the two-dimensional electron gas (2DEG) channel of GaN
transistors allows them to behave in the reverse direction like a conventional diode,
eliminating the need for an additional freewheeling diode.®'-°? This enables a single-
stage inverter instead of the conventional two-stage inverter, reducing costs and lending
a smaller form factor. In server and telecom applications, currently dominated by Si-
based superjunction devices,®® GaN is predicted to represent almost 45% of the total
market by 2028 according to Yole group.®* GaN transistors can also be configured as
bidirectional switches, which are used for overvoltage protection, switching circuits with
multiple power sources, and high side load switches. Commonly, two n-type Si
MOSFETSs in common source connection form the switch (Figure 13).95%.97 The 2DEG
channel of a GaN HEMT is current bi-directional. In 2022, Innoscience Technology
announced their Bi-GaN series of bi-directional GaN HEMTs. One Bi-GAN replacing
back-to-back MOSFETSs reduces on-state resistance by 50%, chip size by 70%, and
temperature rise by 40%.%

-

Si MOSFET
Solution Solution

Figure 13. Innoscience BiGaN can replace two back-to-back Si MOSFETs9%

3.1.4 Challenges

Despite the advantages of GaN, the material system is several steps behind SiC in
terms of achievable power levels and standardization, hindering its integration in several
real-world applications.

Commercially available power GaN is based on lateral transistors and is successful due
to the incredibly fast 2DEG channel that forms at the interface between GaN and
AlGaN. The 2DEG channel of GaN HEMTs forms spontaneously without external gate
bias resulting in normally-on depletion-mode devices that require a negative gate
voltage to cut-off the channel and turn off the transistor. As lateral devices, GaN HEMTs
are voltage limited by gate-to-drain spacing. The device size necessary for higher
blocking voltages results in increased on-resistance, chip real-estate, and production
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costs, effectively limiting the usefulness of HEMTs to low-voltage applications (<650 V).
Because of the voltage limitations imposed by lateral architectures, commercial
adoption of GaN has lagged SiC MOSFETSs outside of mobile charging applications. To
compete in EV and power grid applications, the voltage capabilities of GaN must extend
to 1.2 kV and beyond. Vertical GaN transistors have the potential to operate at higher
voltages but have a low technology level readiness and high cost, largely due to the
challenges associated with GaN substrates. While the primary challenge for vertical
GaN is cost, another concern relates to the performance advantage of GaN over SiC.
Recent reports on WBG material characteristics suggest that the advantage in unipolar
figure-of-merit (UFOM) for GaN over SiC is less than what was thought a decade ago
(Figure 14). Early reports on the UFOM reported a favorable outlook for GaN, % while a
recent updated UFOM from Kaplar'®' showed little advantage for GaN over SiC. Even
when comparing the aggregate of data reported for SiC and GaN from Cooper,'%? there
appears to be a negligible performance difference between the two. Based on this, it
becomes evident that for UFOM-limited devices, GaN may offer little or no advantage
over SiC. In addition, differences in how these materials behave can further compound
the challenge in reaching the theoretical performance limit of vertical GaN. For example,
currently there are significant challenges in selective area doping for GaN, and no
processes yet for self-aligned ohmic contacts analogous to the silicide process in SiC.
Both challenges have a direct negative impact on cell pitch, and every disadvantage
pushes the technology farther from the theoretical limit.
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Figure 14. Comparison of various unipolar figure-of-merit (UFOM) plots: (a) “classic” plot,'% which shows
an incredibly favorable outlook for GaN, (b) an updated UFOM, %4 and (c) direct comparison between the
classic and updated UFOMs05

The other major hurdle confronting GaN HEMTs is a lack of a standard structure. Most
applications require power switches to be normally-off or enhancement-mode (e-mode).
SiC MOSFETSs operate in e-mode and are controllable with +15/-5V gate standards
imposed by IGBT devices, easing adoption in applications occupied by Si.'% There are
two avenues to normally-off GaN: 1) the cascode structure, where a low-voltage Si
MOSFET is used to modulate the gate of the GaN HEMT, and 2) e-mode HEMTs with a
modified gate structure. Cascode GaN is favored by industry for safe threshold voltages
(2.5-4 V), automotive grade ratings, and standard gate drivers. However, the Si
MOSFET in the cascode structure increases the achievable on-resistance and
introduces significant switching loss.'%7:1% This makes cascode GaN particularly difficult
to use in hard-switching applications like motor drive.09.110.111.112 The alternative to the
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cascode structure is e-mode HEMTs with gate architectures that are modified to reduce
the charge density of the 2DEG channel to yield a positive threshold voltage. The
threshold voltages of e-mode HEMTs are still quite low (1-2 V) and often require a
negative gate drive that causes additional power loss and design challenges. Diverse
packaging and gate drive solutions add complexity to industry adoption of e-mode
HEMTSs.

A significant supply chain issue affecting all gallium (Ga)-based devices is the United
States’ dependence on the foreign supply of Ga with China accounting for 98 percent of
the world’s raw supply.''3114.115 |n July 2023, China’s Ministry of Commerce announced
plans to impose new restrictions on exports of Ga. These measures went into effect in
August and require exporters to request a government license explicitly naming the end
users.'"® The new Ga export controls will likely have major economic implications in the
United States. A 2022 analysis by U.S. Geological Survey (USGS) found that a 30%
supply disruption of Ga could cause a $602 billion decline in U.S. economic output, or
2.1% of GDP."7.118 |n addition, impacts on industrial production could cause major
setbacks for defense firms as many of the U.S. military’s key suppliers of GaN chips rely
on revenue from sales to civilian customers [36]. However, while export controls could
likely have major economic implications in the United States, new policy in China is
unlikely to kill the Ga supply.

Chinese efforts to develop Ga-based chips are aimed at leapfrogging the United States,
Europe, and Japan. As the semiconductor industry shifts from Si to Ga, China is
preparing to take the lead position accounting for over 40% of all related patent
applications between 2019 and 2020 (compared to 23% for the United States).'"®

3.1.5 Innovation Pathways
Pathway 1: Gallium sourcing and domestic GaN HEMT manufacturing capacity

Dependence on foreign sources of Ga and overseas mature node Si foundries for GaN-
on-Si capacity are both economic and national security risks. Improving GaN HEMT
device performance is a risk to the large investment already made in SiC devices.
These supply chain issues must be addressed to mitigate the risks associated with
ever-improving GaN devices.

Pathway 2: Optimization and standardization of single-channel HEMTs

Single-channel GaN HEMTs trail SiC devices in terms of TRL level. This is partly due to
the different approaches being taken to achieve normally-off operation. Further
development of e-mode GaN HEMTSs to achieve robust operation would mitigate the
need for a cascode topology while improving performance. Alternatively, optimization of
cascode GaN to reduce on-resistance and switching losses could expand adoption in
new applications.

Pathway 3: Polarization Super Junction and Multi-Channel HEMTs

Like SiC, a charge balanced drift region has also been proposed for GaN HEMTs that
reduces the on-resistance of the device for a given breakdown voltage. In the
polarization super junction (PSJ) concept, either two-dimensional gas charge (electrons
and holes) or ionized doping (n-type and p-type) within the heterostructure are balanced
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to flatten the electric field profile within the drift region thus improving the figure of
merit."?® Another method to improve the figure of merit is the multi-channel HEMT (MC-
HEMT), which integrates multiple vertically stacked 2DEG channels. The multiple
channels of MC-HEMTs allow for much higher total carrier densities without impeding
mobility. This results in excellent on-resistance for a wide range of blocking voltage
classes up to 10 kV and a FOM that exceeds the SiC material limit.'2" Traditional planar
gates used in single-channel HEMTs are unable to deplete the multiple channels of MC-
HEMTs due to field shielding from the topmost channels and distance from the lower
channels.'?? The result is very negative threshold voltages and early breakdown of the
gate.'? Three-dimensional or FinFET gate architectures can more effectively modulate
the gate and have been used to demonstrate positive threshold (Vth=1.8 V) e-mode
operation. The fin width must be extremely narrow (15 nm) to realize threshold values in
this range, which is an unrealistic expectation for industrial scale manufacturing.'?4125
An alternative approach to e-mode MC-HEMTs was demonstrated in 2021 using an
integrated Cascode structure.’?® The structure, called Multi-Channel Monolithic-
Cascode HEMT (MC2-HEMT), monolithically integrates a high-voltage MC-HEMT and
low-voltage single-channel HEMT in a Cascode connection. MC2-HEMTs relax the
lithography requirement presented by fin-gate architectures. This is the first report of e-
mode operation in 3kV+ GaN devices and has set a new record in Baliga’s FOM for
medium-voltage transistors.

Traditional AlIGaN based barriers are lattice mismatched to GaN and introduce strain. In
MC-HEMTSs, the lattice-mismatch effectively limits the total number of channels. InAIN
barriers present an interesting opportunity, as it can be lattice-matched with GaN and in
principle enable the growth of as many channels as desired without strain-related issues
or cracking.'?7-128 |n the case of FinFET gate architectures, the number of channels
would then be limited only by the minimum stack height necessary to facilitate
fabrication of the narrow trenches. To this point, the larger polarization fields of InAIN or
AIN barriers can achieve larger carrier densities with reduced stack thickness.'?° If the
number of channels is unrestricted, it would enable devices with an on-resistance that is
arbitrarily small.’3° Developments in Metal-Organic Chemical Vapor Deposition
(MOCVD) growth of INAIN and AIN barriers in MC-HEMTSs, particularly improvements in
channel mobility and growth quality, have tremendous potential to further the already
impressive qualities of MC-HEMTs.

Pathway 4: Vertical GaN Device Architectures

Vertical architectures enable much higher voltage ratings by increasing the drift layer
thickness without enlarging the device size. While some companies claim to be able to
manufacture vertical normally-off GaN transistors, they are not commercially available.
The primary hurdle is the cost of native substrates. Compared to SiC, GaN wafers are
not yet competitive in terms of cost ($100/cm? for 2-in GaN wafers compared to $10/cm?
for 4-6 in SiC) and quality (dislocation densities of 104-10% cm-2).131.132133 Engineers at
Nagoya University, Japan have demonstrated vertical GaN diodes grown by hydride
vapor-phase epitaxy (HVPE), a technique conventionally used to grow free-standing
GaN substrates.'3* They estimate a switch from MOCVD growth to HVPE has the
potential to yield a near sevenfold reduction in total manufacturing costs if reactors can
be developed for high-volume manufacturing.'3®
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Vertical GaN-on-Si can dramatically reduce material costs and enable large-area
processing.'38.13” The difficulties of epitaxial growth of thick layers on foreign substrates
has led to much of the research of vertical GaN-on-Si to focus on quasi-vertical
structures with thin drift layers and low breakdown voltage.38.139 The first fully vertical
GaN-on-Si MOSFET was demonstrated in 2019 with a 520 V blocking voltage.'4°

Regardless of substrate, recent analysis has questioned the performance advantage of
a unipolar vertical GaN device relative to SiC.'4".42 Demonstration of an actual
advantage, either theoretically or experimentally, is needed to validate vertical GaN as
viable pathway.

3.1.6 Recommendations

1 Increase domestic GaN supply chain presence in the United States

The ease of manufacturing GaN-on-Si wafers within Si foundries has resulted in
significant GaN foundry capacity outside of the United States. GaN foundries
within the country should be supported to ensure competitiveness in this
material system.

2 Increase operational voltage ranges for GaN devices

To compete in EV and power grid applications, the voltage capabilities of GaN
must extend to 1.2 kV and beyond while maintaining competitive on-resistance
and cost. Vertical architectures can serve to improve the voltage capabilities of
GaN. Polarization super junction (PSJ) and multi-channel (MC) HEMTs are
promising approaches for extending the voltage range of lateral single-channel
HEMTs by providing excellent on-resistance for a wide range of blocking
voltages. These innovations have the potential to reframe GaN from a low-
voltage material to one that competes with SiC in medium- and high-voltage
power applications.

GaN HEMTs have established a niche in mobile charging and are predicted to take
significant space in server and telecom applications in the coming years. Additionally,
the bi-directional nature of the 2DEG channel enables unique opportunities for single-
stage inverters and improved bi-directional switches. However, application of GaN
devices at voltages greater than 650V requires innovations at the device level.

3.2 Ultrawide Bandgap Materials: Aluminum Gallium Nitride and Aluminum
Nitride

AIN has a bandgap of 6.0-6.2 eV (depending on the reference), placing it at the high
end of the UWBG semiconductor bandgap range, resulting in commensurately higher
breakdown electric field in the 10-15 MV/cm range (similarly, depending on the
reference and method of evaluation).’#3144 A recent analysis that expands upon the
unipolar FOM approach indicates that AIN has the lowest specific on-resistance for a
given breakdown voltage among several UWBG semiconductors (Figure 15).14°
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Figure 15. Calculated unipolar figure of merit lines for Si and several WBG and UWBG semiconductors'46

AIN also has reasonable electron mobility (~425 cm?/Vs) and good thermal conductivity
(~320 W/m-K)." In addition, UWBG nitride semiconductors may be alloyed (e.g.
AlGaN), allowing for great flexibility in device design, including the formation of
heterostructures and graded-composition structures. In general, heterostructure-based
devices have lateral geometries similar to traditional AIGaN/GaN HEMTs, although
details such as layer compositions and thicknesses may vary significantly. Structures
with continuously graded regions rather than abrupt heterojunctions are also possible.
Much progress has been made in recent years on the fundamental building blocks of
such devices, such as low-resistivity Ohmic contacts (discussed below) and positive
threshold gate structures, and a key challenge now is to effectively combine these
pieces.

3.2.1 Challenges

It is critical to continue experimental validation of the key material parameters, such as
mobility, thermal conductivity, and the impact ionization coefficients / critical electric
field, and their dependence on factors such as alloy composition (to be discussed
below), doping, and temperature. The predicted performance metrics such as shown in
Figure 15 sensitively depend on these.

AIN substrates are readily available at price parity with 2 in. diameter GaN substrates,
and 4 in. diameter AIN substrates are being sampled; however, the substrates are
insulating, which limits vertical device architectures. No true vertical Al-rich, AlGaN
power devices have been demonstrated; rather, they are limited to quasi-vertical
structures with the cathode contact on the top surface of the wafer laterally displaced
from the main portion of the device. Such quasi-vertical devices are ultimately not viable
due to the additional resistance of the lateral transport path.

Key challenges for Al(Ga)N can be grouped into the following categories: 1) doping and
contacts, 2) gate dielectrics, and 3) novel/virtual substrates.

Historically, n- and p-type impurity doping is challenging for Al-rich nitride materials.
However, significant progress has recently been made in this area. The UWBG nitride
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semiconductors may be alloyed (e.g., AlGaN), allowing for great flexibility in the
formation of heterostructures and graded-composition structures. This, coupled with the
polar nature of these materials, allows them to be polarization-doped, providing a
means to circumvent the difficulties with impurity doping common to all UWBG materials
to achieve both n-type'#® and p-type'® conductivity. Such properties have resulted in
very impressive results for Al-rich AIGaN heterostructure-based devices. A
comprehensive review of AlIGaN-channel transistors is provided in the review article “Al-
rich AlGaN based transistors”.’®® The formation of Ohmic contacts on Al-rich AlGaN
(and other UWBG semiconductors) has also historically been a challenge, due to the
high barrier heights of most metals on the semiconductor.

UWBG semiconductors inherently have challenges with integrating gate dielectrics that
exhibit low leakage and high capacitance. Bandgap and dielectric constant for
dielectrics are inversely proportional, leading to lower dielectric constant films at higher
and higher bandgaps. This poses a challenge, as a dielectric needs a sufficiently high-
band offset from the semiconductor to suppress leakage. At the same time, a high
dielectric constant is required for MOS devices to get sufficient channel inversion (gate
capacitance).

There are several suitable substrates for laterally conducting transistors (HEMTs,
polarization-doped field effect transistors [POLFETS], metal-semiconductor field-effect
transistors [MESFETS], etc.) including commercially available AIN substrates, SiC, Si,
and sapphire. However, SiC and AIN offer significantly higher thermal conductivity but
are more costly. Unfortunately, realizing vertically conducting device architectures is a
significant research challenge that has not been resolved. The insulating nature of AIN
substrates precludes the typical approach of using conducting, native substrates. While
vertical device structures using n-SiC are possible, the combination of several micron
thick AlGaN device layers and the mismatch in the coefficient of thermal expansion
(CTE) results in highly cracked films. In addition, while conducting GaN substrates are
commercially available, the smaller lattice constant of UWBG AlGaN epilayers results in
highly tensile strained films and highly cracked films.

3.2.2 Innovation Pathways
Pathway 1: Experimental validation of material parameters

The experimental validation of the key material parameters must be continued, as the
predicted performance metrics such as those shown in Error! Reference source not
found. are strongly dependent on these parameters.

Pathway 2: Novel/Virtual Substrates

AIN substrates are insulating; thus, new approaches (e.g., epi-layer liftoff/substrate
removal, heteroepitaxy on strain relief patterned substrates, conductive substrates) are
required to realize vertical device architectures based on Al-rich AlGaN materials.
However, Al(Ga)N may be grown on non-native substrates such as sapphire and SiC,
making it compatible with existing processing lines and providing an advantage in terms
of manufacturability compared to other UWBGs. For example, AlGaN-based ultra-violet
light emitting diodes (UVC-LED) are in commercial production in the United States,
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Europe, and Asia, demonstrating manufacturability of high Al content AlGaN alloys that
would be used in UWBG AlGaN power devices.

Pathway 3: Doping and Contacts

For n-type doping in AlGaN, the Si dopant becomes deep for Al compositions greater
than approximately 85%, and compensation effects can significantly influence the free
carrier density. Si ion implantation followed by annealing has been successfully used to
achieve shallow n-type dopants (70 meV) in near-surface regions.'®".152 Further, metal-
modulated epitaxy (MME, a variant of MBE) has been utilized to achieve Si doping of
bulk AIN films.%3.154 Perhaps even more significantly, MME has been used to achieve p-
type conductivity of AIN using Be doping,'%%1%6.157 which is an alternative to the standard
Mg doping in nitrides (Mg has an activation energy of 500-600 meV in AIN, compared to
37 meV estimated for Be). These approaches to doping have resulted in the
demonstration of AIN p-n diodes. A key advantage of AIGaN compared to other UWBG
semiconductors is that as an alternative to impurity doping, compositional grading can
be used to induce conductivity via polarization, which has successfully been utilized to
demonstrate both n-type'®® and p-type'® conductivity and a variety of devices such as
polarization-doped field-effect transistors. %161 Significant progress related to contacts
has also been made in the past few years, primarily through the use of grading from Al-
rich to Ga-rich material and very high n-type doping concentrations. For example, recent
work utilizing regrowth has resulted in specific contact resistivities in 10 - 10 Ohm
cm? range, 92163164 which is an improvement of several orders of magnitude compared
to work published several years earlier and compares favorably to the resistivity of
ohmic contacts to conventional GaN-channel HEMTs.

Pathway 4: Gate Dielectrics

More research is required to identify the best dielectric thin films that optimize the
tradeoff between band offset and dielectric constant. These dielectrics also have other
uses in AlGaN-based devices. For example, a high-breakdown electric field of 8.5
MV/cm has been demonstrated in a BaTiO3s/Alo.ssGao.42N heterostructure. 6%

3.2.3 Recommendations

Develop processes for reliably producing AlGaN on virtual substrates for
1" PE applications

The ability to grow AlGaN on non-native substrates such as sapphire and SiC
using industrially relevant processes is a significant opportunity to create devices
that leverage this UWBG material system. Focused R&D on leveraging known
processes and developing new devices made with them for high-voltage
applications could accelerate the expansion of PE technologies into higher
voltage ranges.

Innovate on device designs that leverage AlGaN characteristics for high-
2 voltage applications
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The unique characteristics of the Al(Ga)N material system offer the potential for
high performance, high voltage devices. Increasing the understanding of
processes critical to device architecture and fabrication such as doping,
contacts, and dielectrics will allow practical devices to be conceived and
developed.

3 | Identify optimal gate dielectrics for use with AlGaN

The development of gate dielectrics for UWBG semiconductors presents unique
challenges due to the tradeoff between band offset and dielectric constant.
UWBG materials in general will benefit from the development of advanced gate
dielectrics suitable for use with these material systems.

In summary, Al(Ga)N is a promising UWBG semiconductor that builds upon more
mature GaN technology.

3.3 Ultrawide Bandgap Materials: Gallium Oxide

B-Ga20s3 stands out with an UWBG of nearly 5 eV, with a higher breakdown electric
field (8 MV cm-)'67.168 and improved Baliga’s figure of merit (BFOM).'6%.170 This unique
combination has sparked enthusiasm in power devices with a potential to outperform
SiC and GaN. Advancements in materials synthesis and design optimization are now
essential for large-scale production. Being the only WBG material grown from a melt, "
B-Ga203 enables cost-effective production with exceptional crystalline quality compared
to (bulk) GaN, SiC, AIN, and diamond. Besides cost effectiveness, theoretical
calculations indicate roughly three times higher Ron*Qoss and Ron*Eoss compared to
4H-SiC, and approximately 1.2 times higher than GaN,'”? where Ron is on-resistance,
Qoss is output charge, and Eoss is output energy.

Figure 16 shows an example of one such device, a vertical transistor employing a p-
type oxide layer to form a junction field-effect transistor (JFET) or an extreme high-k
dielectric layer to form a MOSFET.'”3 Detailed understanding of the interfaces in -
Gaz20s3 based heterostructures can further improve device performance by controlling
the deleterious effect of interface recombination and misfit dislocation on the device
transport properties. Demonstrated Ga,O; device types include Schottky barrier
diodes,'”#175.176 NiO and NiGa204 heterojunction p-n diodes,'””'7® |ateral 3-doped 79180
and modulation doped FETs,'8".182 including those with B-(AlxGa1x)203 heterojunctions,
and HEMTs. 83
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Figure 16. Schematic of vertical B-Ga203 based transistor'® employing an integrated epitaxial p-type
layer (JFET) or an extreme k-dielectric oxide (MOSFET) towards > 5kV breakdown voltages

3.4.1 Challenges

Despite the potential for high performance, challenges exist for economically viable [3-
Gaz20s3-based power devices in real-life power switching applications. The notably low
thermal conductivity (eight times lower than bulk GaN and around 30 times lower than
SiC)'85.186 necessitates extensive research into better thermal stability of the Ga203
device interfaces, and new heat removal techniques and wafer thinning, especially as
Gaz203-based devices are expected to have significantly smaller die size. The next
challenge is to enable normally-off operation and avalanche dielectric breakdown by
functional p-type doping and full active layer depletion, achieved through heteroepitaxial
growth and/or heterogeneous integration. The absence of native p-type doping'®’ of
Ga203 requires novel approaches to overcome this fundamental limitation. Finally,
large-area substrates with different orientations and thick low-doped epitaxial layers are
needed for circuit and application demonstrations (Figure 17). Advances in MOCVD and
HVPE are expected to yield improved epitaxial growth rates and thicknesses while
maintaining low unintentional doping concentration and high mobility. Advances in bulk
growth will yield large-area (010) oriented gallium oxide wafers. Commercialization of
very high voltage gallium oxide devices for advanced energy distribution, grid-tied
storage, and heavy vehicle drive applications requires thick and homogeneous drift
layers to be manufactured at scale. High epitaxial growth rates and large-area
substrates are both necessary for large-scale deployment. An additional challenge is
the need for controllable low n-type doping (~1x10'® cm3) to achieve high breakdown
voltages.
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Figure 17. Advances in Ga203 epitaxy and bulk growth are both necessary for large-scale deployment

3.4.2 Innovation Pathways
Pathway 1: Ga20s3 bulk crystal growth

Advances in bulk growth, including Czochralski (CZ), edge-defined film-fed growth
(EFG), and vertical Bridgman techniques '8 are expected to scale substrates from the
currently commercially available 100 mm, through the 150 available in R&D stage, and
eventually to 200 mm diameter8? in the (010) orientation required for large-scale
commercialization. A key aspect of this effort will be sourcing suitable crucible materials
and extending their working life, as many bulk growth techniques currently utilize rare
and expensive elements such as Ir, Rh, and Pt,'® and since Ga itself has been recently
emphasized as a critical element by DOE.

Pathway 2: Ga:0s3 epitaxy

Advances in MOCVD'®" and HVPE'92193 gre expected to address the need for high
Ga,0; growth rates and low doping, enabling economical production of 40 - 50 pm thick
layers.

Pathway 3: Novel approaches to p-type doping

Controllable and reproducible heterostructural?94195.196.197.198 qr jso-structural alloying to
tune the valence band of B-Ga203 to promote shallow acceptor doping is required to
achieve p-type conducting B-Ga203 (with p ~10"7 -1020 cm-3)."%°® Material exploration can
also focus on heterogenous integration to achieve developing novel lattice-matched p-
type materials that can be epitaxially integrated to n- B-Ga203.200.201,202,203

Pathway 4: Extreme permittivity dielectrics

Advances in extreme permittivity oxide dielectrics with breakdown strength higher than
B-Ga20s3 to enable breakdown fields approaching the theoretical limit in 3-Ga20s3 are
required to achieve high performance devices as outlined in the section on dielectrics
for UWBG devices.
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Pathway 5: Thermal management

Advances needed in semiconductor material science include thermodynamically stable
and electrically conductive interfacial modifications?%4 that would prevent reaction and
interdiffusion of adjacent layers up to 400-600 °C junction temperature. Progress is also
required in development of high-temperature package components such as metalized
ceramic casing, as well as electrically insulating epoxies and electrically conducting
solders that can withstand 200-400 °C package temperature. Aggressive thermal
management solutions, such as double-sided water cooling or single-sided water
ethylene glycol cooling are needed.?% Potentially attractive options to improve the
reliability include elimination of some of the packaging layers to minimize the number of
high thermal resistance and low-reliability interfaces and moving from wire-bonded to
wire-free packaging solutions. Device removal from the native Ga203 substrate and
high-yield transfer on the foreign support with high thermal conductivity may be also
beneficial.?%

3.4.3 Recommendations

Improve and scale up Ga203 manufacturing processes for high voltage
1 applications

Ga20s ranks highest among the emerging UWBG materials for TRL, with
commercially available 100 mm diameter substrates grown from melt and
epitaxial thin film growth demonstrated by techniques including high-throughput
HVPE and MOCVD processes. Continuing to improve and scale up
manufacturing processes to yield large-area Ga203 wafers and epitaxial growth
rates exceeding 10 ym/hr are critical to unlocking the commercial potential of
this UWBG material and enable a new option for PE technologies in higher
voltage applications.

Develop doping approaches and device architectures to overcome existing
2| material system limitations

For Ga20s3 to realize its full potential in grid and industrial applications,
fundamental limitations in doping must be overcome. These limitations cannot
be addressed by incremental improvements to existing processes and instead
require the adoption of novel device architectures, such as those utilizing
heterogeneous integration with p-type materials and/or isovalent alloying.

Innovate device design to overcome Ga203 thermal conductivity
3 limitations

Many innovations in the area of thermal control can help address the largest
weakness of Ga20s3 devices for PE applications. Thinner device active regions
and improved interfacial stability offer synergistic benefits to high-temperature
device operation.
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4 Focus Area 3: Passive Components and
Packaging for WBG PE

Passive components (sometimes called “passives”) and device packaging
are critical for realization of power conversion systems. Passive components provide
functions such as storage, filtering, and dissipation of electrical energy. Examples of
passives include resistors, capacitors, inductors, and transformers. Packaging, at the
most basic level, provides an enclosure to give mechanical stability and protect
semiconductor chips from the environment. But packaging also plays a vital role in
electrical interconnection, thermal management, voltage isolation, and several other
functions central to the overall function of the power device. Because of this, packaging
has become one of the most important elements of PE product-level design.

Passive components and packaging technology must advance at a pace at least
commensurate with WBG power device technology to avoid limiting performance of
practical PE systems. More specifically, with WBG semiconductors enabling increases
in switching frequency, operating temperature, and power density, a concerted focus on
capacitors, inductors, heat sinks, die attach, and system-level cooling is required.

4.1 Passive Components

To meet the needs of PEs and electric machines in the next 10 years, the following
need to be addressed: 1) reduction in losses, 2) reduction of mass, and 3) higher
temperature operation. In some applications, requirements for tunability (particularly in
the case of inductors) also exist. These challenges can in many cases be at least
partially met through improvements to existing materials. However, significant
breakthroughs and advances will require new materials and/or manufacturing
processes.

Inductors, sometimes called inductor coils, are passive components consisting of wire
wrapped around a ferrite core. Inductors are used to remove current and voltage
fluctuations, ensuring a stable DC power supply.

Capacitors play a crucial role for PEs and are vital for power decoupling and filtering, as
well as gate-driver and signal-conditioning circuits.

Printed circuit board (PCB) inductors are distinct from conventional discrete magnetic
components since they feature traces as windings and onboard planar-shaped cores.
PCBs greatly facilitate efforts for compactness and the streamlining of fabrication and
are a major focus of research and development in PE applications.

4.1.1 Challenges

Core losses such as hysteresis and eddy current increase exponentially with frequency
and can greatly reduce the efficiency of power inductors. High-frequency designs thus
require optimization of magnetic core materials. Magnetically, soft ferrites remain
competitive because of their low cost and near-insulating properties (electrical resistivity
orr=10 - 108 uQxm).2%” However, ferrites suffer from low saturation magnetizations.
Most efforts to improve soft ferrite performance at high frequency are through grain
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boundary engineering approaches.?°®¢ Amorphous and nanocrystalline alloys are
considered state-of-the-art material at frequencies in the tens of kHz due to their
relatively high magnetizations, modest resistivities, and very thin (5 to 50 ym)
laminations.?%° At even higher frequencies (hundreds of kHz and into the MHz range),
materials with high resistivities are desired. Soft magnetic composites (SMCs) show
promise in this frequency range, with values of r ranging from 0.1 to 1200 uQxm.210.211
However, these electrical resistivities still fall short of what is required, sometimes
significantly, at the highest frequencies. In this case, improved approaches to SMC
fabrication and magnetic feedstock are required. Additive manufacturing (AM)
processes can streamline fabrication but present challenges in achieving the desired
microstructures and therefore material performance targets.

Thermal design is a related challenge. While passive miniaturization is a key benefit of
high-frequency WBG power systems, the reduced component size means higher heat
flux and presents challenges for thermal management.

PCB inductors present several challenges to designers. Their compactness implies less
exposed surface area for cooling, making thermal analysis and optimization particularly
important. On the other hand, onboard layout may lead to alternative geometries for
both windings and cores to conventional designs, and board dielectric materials are
often coupled with the magnetic loops, all complicating the electromagnetic (EM)
footprint. Also, other circuit elements in the vicinity are more susceptible to EM
interference (EMI).

The growing demand for high-temperature capacitors in, for example, downhole drilling,
aerospace, defense, and automotive applications, necessitates advancements in
capacitor technologies. Moving capacitors closer to WBG semiconductor active
components can minimize trace equivalent series resistance (ESR) and equivalent
series inductance (ESL), but often leads to increased operating temperature. Further,
ambient temperatures found in downhole drilling, industrial electrification, and some
military applications can exceed 200 °C. WBG semiconductor devices are increasingly
able to handle such higher junction temperatures, but common capacitor technologies
are often limited to 125 °C or below. Thus, the capacitors can impact overall power
system design and/or require additional cooling, degrading some of the advantages of
WBG PEs.

Polymer films are under investigation and development for commercialization, which
should allow for higher temperature capability. However, even capacitors made with
these “high temperature” dielectrics typically are rated to no greater than ~150 °C.
Polyimide and polytetrafluoroethylene (PTFE) film capacitors are rated to 200 °C and
may offer attractive energy density, although a critical challenge is designing high-
temperature films that retain self-clearing capabilities.?'?

There is extensive academic research on approaches to higher-temperature, higher-
energy-density polymer dielectrics. Unfortunately, many of these approaches are not
suitable for scale-up and commercialization, whether due to cost, infeasible
manufacturing techniques, or materials complexity.
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High temperature multilayer ceramic capacitors focusing on Bi(M)O3-BaTiOs dielectrics
are under investigation. These dielectrics retain high dielectric constants at
temperatures exceeding 300 °C; however, challenges exist regarding component
lifetime and integration of cost-effective electrodes. Despite these advancements,
ceramic capacitors lack self-healing capabilities and fail short.

Electrolytic capacitors have found primary use as DC-link capacitors in multistage
power converters for power decoupling and also find applications in renewable energy
applications and motor-drive systems,?'* but reliability issues of electrolytic capacitors?'®
have led to increased use of film capacitors in power conversion applications.

4.1.2 Innovation Pathways

The greatest opportunity for reduction in losses is through improved core materials.
Existing or emerging materials that show promise for low loss over frequencies ranging
from tens of kHz to several MHz include soft ferrites, amorphous and nanocrystalline
alloys, soft magnetic composites (SMCs), and SMCs based on nano-sized magnetic
powders (nanocomposites).?'6217 Pathways for these materials include grain boundary
engineering in ferrites, improving magnetization in amorphous and nanocrystalline
alloys while increasing maximum tape thickness, and increasing magnetization while
decreasing losses in SMCs. Some present work has enabled better integration, such as
ferrites compatible with low-temperature co-fired ceramic processes. Also, utilization of
magnetic nanoparticles as shown in Figure 18 (versus mm-sized particles) can
significantly reduce both hysteresis and eddy current losses.?'8

In the area of mass reduction, there is some overlap between the requirements for
lightweight inductors and those of low-loss inductors. However, the need for lightweight
inductors places greater emphasis on high magnetization. In addition to inductor core
materials, other factors that can also have a significant impact on inductor mass include
compact, integrated, and on-chip inductor designs.?'® Due to their low magnetizations,
soft ferrites are no longer a leading candidate core material for lightweight devices.
Amorphous alloys, nanocrystalline alloys, and SMCs??° do remain strong candidate core
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materials in the design of lightweight inductors. Owing to their high magnetization, high
Si (up to 6.5 wt.%)-content steels are an additional possible core material.??!

To perform at high temperatures, magnetic core materials must not exceed their Curie
temperature (Tc). Therefore, inductors operating at high temperatures often require
cobalt or Co-based alloys since Co has the highest Tc of the magnetic transition
elements (Tc = 1,121 °C).222223 |f the maximum operating temperature can be limited to
a few hundred °C, many more options become available. For example, some SMCs can
operate at temperatures 2500 °C. Additionally, some approaches for the fabrication of
integrated or on-chip inductors have also addressed high-temperature operation.?24.225

Rapid consolidation methods that preserve desired SMC microstructures, such as spark
plasma sintering, have demonstrated some initial benefits to both performance and
manufacturing efficiency. However, these methods should be further developed.

Future trends include the development and implementation of new materials such as
nitrides and superparamagnetic nanocomposites. Work to date in this area has been
rather limited. The relatively nascent push toward greater integration and compact on-
chip designs should gain momentum due to the requirements for improved SWaP.

The entire design space for soft magnetic materials has not been explored and could
potentially open up broader operational windows for inductors. High-entropy alloys are
one example of complex compositions with much potential as soft-magnetic-core
materials.?? Computational tools could be quite helpful in exploring the space of
potential soft magnetic materials.??” Additionally, some new promising compositions
have recently emerged using nitrides and carbides??28:229.230.231.232 gnd should be
explored.

High-cost elements, such as cobalt, should be used sparingly and only when absolutely
necessary to achieve performance targets. For example, the limited use of cobalt may
be acceptable in soft magnetics for aviation. Implementing materials and processes that
streamline integration of soft magnetic materials with other components (PCBs or other
substrates, capacitors, and semiconductors) or into overall electrical machine design
should be further explored.

Polymer multilayer capacitors represent a critical technology development pathway. The
extreme thinness of the dielectrics combined with relatively high dielectric constants (for
polymers) enable significantly improved energy densities relative to polymer film
capacitors while maintaining high operating voltages, reliability, and self-clearing
capabilities.?33

Aluminum (Al) electrolytic capacitor with polymer electrodes is another alternative,
decreasing ESR and increasing the high-temperature operability.

Adaptation of successful innovations to new materials will also have the potential to
provide breakthroughs that can have near-term impact for commercial applications. For
example, developing approaches to deposition of low defect density, ultrathin variants of
existing dielectric polymers, in a scalable manner, could enable adaptation of the PML
geometry to new dielectrics.
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High-temperature capacitor technologies will be of benefit to PE systems for multiple
industries and should be an area of concerted research focus. Operating temperatures
above 200 °C with suitable energy density should be targeted such that capacitor and
WBG active component junction temperature ratings are similar. This will avoid the
need for de-rating below the inherent capabilities of WBG power devices and may also
reduce the need for cooling, thus increasing overall system efficiency.

Approaches to develop new, high-performance dielectric materials that also provide a
feasible path to commercialization are needed. Polymer film capacitors are promising,
and synthesis of high-temperature films with suitable energy density and self-clearing
capabilities should be pursued. Cost remains an issue for certain novel polymeric
materials of interest, and cost-effective manufacturing methods should be further
explored.

Self-healing materials are a bio-inspired class of synthetic materials that can repair and
spontaneously recover functionality. Currently, these materials are being primarily
investigated for applications in the field of flexible electronics, sensors, energy
harvesting, and storage devices.?3* The introduction of self-healing materials as bonded
interfaces in PEs could lead to significant reliability improvements and additional
research is warranted.

4.1.3 Recommendations

Focus on increasing the operational temperatures of inductors and
1 capacitors for PE applications

The maximum operational temperature of passive components is becoming a
performance bottleneck in some PE applications. Innovations, whether through
new material development and integration or improved design, to enable higher
temperature operation of inductors and capacitors can have significant impacts
on the performance improvement of overall WBG PE systems, in some cases
enabling the use of WBG devices in new cases/environments.

Integrate new materials into inductor and capacitor designs to improve
2 performance and system energy densities

R&D and design innovation, including high-throughput computational and
experimental approaches to identify and integrate new materials such as those
mentioned in the above section will help increase the lifetime and performance
capabilities of inductors and capacitors. These improvements, in turn, will help
match some of the higher voltage, higher temperature, and more stringent
application requirements, as well as enable decreases in inductor sizes. This
would help improve the overall energy density and SWaP of WBG PE systems,
making them more commercially competitive, and would help accelerate their
adoption across a range of applications, particularly those with volumetric
constraints.
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3 Increase scale of electro-thermal analysis and modeling

Large-scale electro-thermal co-analysis and co-optimization have been scarce in
the PE stakeholder community and should be a focus of upcoming research and
development. Additionally, modeling, analysis, and optimization of passive EM
properties is of critical importance for their implementation in WBG power
systems. The larger scale understanding of electro- and thermal- dynamic
interactions between devices can lead to more accurate prediction of expected
performance and failure mechanisms and can enable system-level design
innovations.

4.2 Packaging

PE designs are rapidly evolving to achieve high power density, high efficiency, high
temperature operation, minimal parasitics, and improved reliability under harsh
operating conditions. All of these are impacted by packaging technology. Figure 19
illustrates components of a typical power device package and defines some of the
package-related requirements/advancements required for WBG PE systems.

Encapsulants: high temperature operation, improved thermal conductivity,
reliable operation above 200°C.

Dielectrics: improved thermal conductivity (this component can be the
largest resistance in the package), reliable operation above 200°C.

Heat exchanger and baseplate materials: matched CTE to devices and
baseplate dielectrics, improved thermal conductivity (especially for metal matrix
composites, e.g., AlSiC). Eliminate thermal grease

coolaM
Heat exchanger designs: double-side cooled configurations, designs that

enable the use of driveline fluids as coolants.

Figure 19. Power device package with associated requirements

Thermal design is of paramount importance for PE packaging due to high dissipated
power. Single-sided cooling designs have low material costs and high technical
maturity, but limit heat dissipation capacity and exhibit relatively high-power loop
parasitic inductance, limiting power density potential.235.236.237.238,239 Doyble-side cooled
power devices use both sides of the semiconductor surfaces for heat dissipation and
therefore have significantly higher heat dissipation capacity. Double-side cooled power
devices also offer the potential for lower parasitic inductance layouts and, as a result,
much higher power density potential.240.241,242.243244 These aspects are summarized in
Table 2 and Figure 20.
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Table 2. Comparison of Single-Sided and Double-Sided Cooling Designs
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Figure 20. Comparison of heat flux capacity and thermal resistance of different cooling designs24®

4.2.1 Challenges

Applications requiring high-voltage capabilities, such as solid-state transformers
currently being developed for grid-level power conversion, have significant challenges in
managing the electric field in not only the semiconductor device, but also inside the
package. Standard direct bond copper (DBC) substrates often used in power modules
are prone to partial discharge at the point where the ceramic insulator, electrical
contacts, and top passivation material meet. Partial discharge can degrade the contacts
and material, causing reliability concerns. Additionally, the peak field can often exceed
the dielectric breakdown strength of the electrically insulating material, causing

catastrophic failure.

The primary motivation for double-sided cooling designs (i.e., higher power density)
leads to compactness, which brings new challenges to the layout and fabrication of
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various internal components. Eliminating material layers between the semiconductor
chip and coolant is critical to improve thermal performance and reduce volume (i.e.,
increase power density). Circulating coolant near or within the devices is a solution that
eliminates layers and brings the coolant closer to the heat source and has been shown
to provide significant thermal performance enhancements.?46.247.248 This approach also
enables 3D packaging of components for improved power density. The challenge with
implementing inter/near-device cooling strategies requires collaboration between
manufacturers and likely necessitates changes to manufacturing processes and flows.

Production-friendly solutions for PE modules with 3D layouts and multiple
heterogeneous materials present major challenges to fully realizing the potential of
ultra-compact and high-power density modules. While focus is clearly shifting towards
double-sided layout and cooling designs, current power devices mostly have low device
count per module, and the electrical layout is still largely based on conventional
bonding.?4°

The co-design and co-fabrication of power modules and motherboards presents another
major challenge. To achieve converter-level high power density and low loss, designs of
the motherboard (PCB) and, especially, the interconnection, are critical for low parasitic
inductance and capacitance along with thermal and mechanical benefits. Optimized
terminal layout and module orientation bring significant improvements in parasitic
performance and converter footprint,?%° and interconnect design has significant
implications on both parasitic and thermal performances.?®' The co-optimization of
power modules and motherboards is technically challenging and, accordingly,

integrated manufacturing is difficult.

AM of thermally conductive polymers has enabled highly optimized baseplate designs
that can perform as well as traditional Cu/Al alternatives.?52253 AM has also been shown
to produce intricate packaging structures that allow for electrical isolation while
maintaining highly thermally conductive ceramic material in unique 3D architectures.?%*
However, the application of AM techniques to power device packaging is currently
limited to lab-scale development. Also, metallic and ceramic 3D-printed parts cannot
achieve the surface quality offered by conventional manufacturing methods.2%°

Reduction in the weight/volume ratio is crucial for the continued electrification of
transportation (e.g., for aviation). However, lightweight components often result in a
thermal sacrifice that can lead to de-rating. In some cases, this can outweigh the
benefits of the lightweight components.

The reliability of any PE module is, in general, dictated by the performance of the
bonded materials and electrical interconnects under harsh conditions. Power device
package design has been trending toward configurations without wire bonds, 26257
which has placed more significant reliability requirements on bonded interfaces.
Although sintered silver (Ag), a promising bonded material for high-temperature
operation, is now used in SiC-based power modules in electric vehicles,?%8 factors such
as electromigration, cost, and reliability as a substrate-attach are still a concern.259.260
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4.2.2 Innovation Pathways

Figure 21 illustrates different packaging schemes adopted for high-temperature SiC
device operation. It is evident that all these packages are low-profile, compact, and are
amenable to double-sided cooling, with additional benefits such as reduced parasitics
and lower thermal resistance. Also, the elimination of the substrate/attach interface
improves the reliability of the package, particularly from a thermal cycling standpoint.
With respect to insulating substrates, silicon nitride (SisNa4) is the preferred choice over
aluminum oxide (Al203) and aluminum nitride (AIN) due to its high flexural strength,
which becomes critical at very high temperatures.

f 4

i > Double-sided DBC

oS
Component Integration

k\ /’m d; > 3D Power Integration

Figure 21. Advanced power module designs for SiC [16]

Standard

Compared to single-sided-cooled designs with similar materials, double-sided-cooled
designs can usually achieve >=50% lower module-level thermal resistance.?6! This type
of design often features replacement of bond wires and novel layouts such as stacking.
With the advancement of material and fabrication technologies, more intricate and
reliable layouts have been made possible. The resulting high-power density has
provided double-sided-cooled modules advantages in power conversion applications for
electrified transportation. The use of dielectric fluids as coolants for PEs is a path to
improve thermal performance and increase power density. Dielectric fluid coolants
enable elimination of the dielectric solid layers (typically ceramics) found in module
substrates that can be the single largest thermal resistance in the package. This allows
moving the coolant closer to the heat sources (e.g., semiconductor devices) to reduce
the junction-to-fluid thermal resistance. Additional thermal performance enhancements
can be achieved using dielectric fluids in two-phase heat transfer (e.g., boiling heat
transfer). Two-phase heat transfer coefficients can be more than an order of magnitude
greater than single-phase heat transfer coefficients, allowing for further reductions to the
thermal resistance.

Ceramics are the most common dielectric materials for PE packaging and are most
often used as part of the metalized ceramic substrate. Metalized ceramic substates can
be DBC, direct-bond-aluminum (DBA), or active metal brazing (AMB).26? Al2O3, AIN, and
Si3sN4 are the most used ceramics. AIN is ideal due to its relatively higher thermal
conductivity (170 W/m-K [32]) while Al2O3is a lower-cost solution. Ceramics sheets (i.e.,
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not part of metalized ceramic substrate) have also been used in power modules, and
non-ceramic materials have also been used as dielectric materials.

Several trends in packaging design have focused on improving the expected lifetime of
packaging components; this is expected to continue in the upcoming decade. Based on
historical field failure data, the most common failure locations and failure mechanisms
are well understood. Manufacturers have focused on improving several components in
PEs to improve overall reliability. Wirebond-free interconnects, solder-free attachment
layers, higher-fracture-toughness substrates, and thermal-cycling-resistant thermal
interface materials have contributed to additional package lifetime.263264.265 Additionally,
recent power module designs have focused on simplifying or reducing the complexity in
power module construction, such as combining a module baseplate with a cold plate.
Designing for CTE mismatches between components greatly relieves thermal stresses
that are the most common source of failures.?%6:267 While traditional metallized ceramic
substrates like Al,O3, AIN, or SizN, have been used in power module design for many
years, alternative organic dielectrics promise higher reliability under thermal cycling
stresses while also providing improved electrical performance in terms of lower parasitic
inductance.268269

The volumetric power density of state-of-the-art commercial inverters lies in the range of
50 kW/L and is projected to reach 200 kW/L in high-frequency power converters. To
reach this level, aggressive thermal management solutions will be required, including
optimized baseplate materials and cooling solutions. Al and copper (Cu) are still the
most used power module baseplate materials. Novel and low-cost materials are needed
to improve reliability (e.g., better CTE match to the package), reduce junction
temperature (e.g., higher thermal conductivity), and achieve volumetric power density
targets. 3D packaging designs with integrated cooling should be explored to bring the
coolant close to the devices/chips for improved thermal performance and greater power
density. This approach will likely require the use of dielectric fluids as coolants.?”°
Package designs that integrate thermal metamaterials (e.g., those that exhibit extreme
anisotropy in thermal properties)?’! and electrically insulating, yet thermally conducting
substrate materials should also be explored.?72:273

Package designs that integrate components (e.g., capacitors, gate drivers) on the same
substrate to improve electrical and thermal performance can enable cost, efficiency, and
weight savings [16] and should continue to be developed. AM at scale may be a viable
option to drive down packaging costs by allowing for time-saving benefits when slight
modifications from prototype to finished product are required. Multi-material AM should
be improved and further explored for the synthesis of PE packages and integration of
components.

4.2.3 Recommendations

Focus on process improvement and scale-up for double sided cooling
1 designs

To fully support future WBG device operations, especially in grid and industrial
applications, thermal management capabilities will need massive improvements.
Double-sided cooling approaches show great promise in providing these
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improvements and focused R&D in this area will enable packaged WBG PE
solutions that are not thermally limited (or are much less limited), thereby
maximizing the benefits of the wide bandgap semiconductor materials
themselves.

Innovate and integrate new materials to improve PE packaging across all
2 measures of performance

Packaging performance is closely linked to the performance characteristics
intrinsic to the packaging materials. Many candidate material systems, like those
mentioned in this section, could significantly improve the performance.
Specifically, thermally conductive materials and self-healing materials for
improving thermal and mechanical performance appear promising for WBE PE
applications of interest.

3 Explore alternative and complementary manufacturing techniques

Following the advanced packaging and heterogeneous integration trends in the
microelectronics industry, as well as other advanced manufacturing platforms
like AM, there are multiple techniques that can greatly increase the range of
system designs and the ability for packages to improve key system performance
aspects such as power density, EM shielding, thermal energy dissipation, and/or
structural stability. Further work to develop these for PE manufacturing and/or
integrate them with current packaging techniques can significantly advance the
capabilities of this key stage of the manufacturing supply chain.
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~\ 9 Focus Area 4: Non-Technical WBG
\ “+ ) Development Support Areas

The growth and advancement of the U.S. PE industry, particularly in the
WBG semiconductor sector, depends not only on technical innovations but also on a
robust ecosystem of non-technical support. To ensure the successful development and
commercialization of WBG PE technologies, various key support areas must be
addressed. These areas focus on fostering cooperation, expanding market
opportunities, strengthening industry leadership, setting standards, and providing
regulatory and infrastructure support.

1. Ecosystem Support

The PE industry requires a well-connected and cooperative innovation ecosystem. This
involves fostering collaboration across industry, academia, government labs, and other
stakeholders to create a broad network that supports innovation beyond just
semiconductor technology. To achieve this, industry consortia and forums should be
established or strengthened to bring experts together, encourage knowledge sharing,
and facilitate joint projects. Leveraging existing organizations and enhancing alignment
between government labs and industry stakeholders will be key to bridging the gap
between academic research and real-world applications. Workshops and other
collaborative events can play a critical role in engaging small and medium enterprises
(SMEs) and addressing industry challenges.

2. Market Development

Supporting the commercialization of new PE technologies is essential for the industry’s
growth. Startups and early-stage companies in this sector often face significant
challenges during the commercialization process. To help overcome these challenges,
dedicated incubators and targeted funding opportunities can assist startups in scaling
up their innovations. Developing a long-term domestic manufacturing strategy is also
critical, with a focus on bringing PE production back to the United States through
investments in advanced device manufacturing.

3. Standards and Reliability

Standardization and reliability are critical for the widespread adoption of new
technologies. Collaborating with industry stakeholders to establish standards and
guidelines, particularly for emerging technologies such as ultra-wideband gap (UWBG)
PE, will help manufacturers align their product development efforts with future market
demands. Sharing reliability data, including field failures and testing outcomes, can
promote best practices and ensure that new technologies meet the high safety and
performance requirements necessary for mission-critical applications.

4. Policy and Regulatory Support

Effective policy and regulatory frameworks are essential to support the PE industry’s
growth. Strengthening U.S. industrial policy by providing incentives and regulatory
support for the domestic supply chain can help stimulate manufacturing and improve
supplier diversity. Simplifying the regulatory environment can reduce barriers to
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innovation and help U.S. companies compete more effectively in the global market. This
includes streamlining processes to reduce lead times and making it easier for
companies to bring new technologies to market.

5. Availability of Equipment and Facilities

Access to fabrication and testing facilities is crucial for early-stage development and
commercialization of PE technologies. The establishment of low-cost prototype
fabrication facilities and the expansion of access to national lab foundries will enable
companies to move from research and development to production more efficiently.
Additionally, supporting specialized boutique fabs that cater to the unique needs of the
PE industry will be important for smaller production runs and custom solutions.

By addressing these non-technical needs, the U.S. PE industry will be better positioned
to accelerate innovation, improve competitiveness, and contribute to national energy
and economic goals.

In addition to the areas described above, particular challenges exist in relation to the
U.S. PE workforce, the use of lifecycle assessment within the PE industry, and the
application of technoeconomic analysis tools. These topics are described in more detail
in the subsequent sections.

5.1 Education and Workforce Development for the U.S. PE Industry

The PE sector is poised for significant growth, as it plays a critical role in advancing
American energy independence and securing our power grid. As demand rises for PE
development and integration, the industry faces a pressing need for a skilled workforce
capable of driving innovation in EVs, renewable energy, and PE manufacturing.
However, education and workforce development (EWD) challenges pose a substantial
barrier to meeting this demand. From gaps in technical skills and practical experience to
barriers in recruitment and retention, the industry struggles with cultivating and
sustaining a talent pipeline that can support its rapid evolution. These challenges
require a multi-faceted approach, integrating academic partnerships, industry
collaboration, and government support to develop solutions that align with the sector’s
long-term goals.

Addressing these challenges will involve a concerted effort to expand educational
pathways, improve hands-on training, and create clearer career trajectories for workers
in the field. The industry would benefit from programs that offer alternative credentials,
such as trade schools and certification programs, alongside traditional four-year
engineering degrees. Additionally, engaging younger students in STEM fields and
exposing them to PE concepts early on is essential for building a sustainable workforce
pipeline. Industry partnerships are also vital to ensure that curricula keep pace with
technological advancements and that employers have access to a pool of workers who
are prepared to meet the specialized demands of PE roles. By addressing these
education and workforce gaps, the PE sector can better position itself for sustained
growth and long-term success in supporting the clean energy transition.
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5.1.1 Challenges

The following EWD challenges for the PE industry have been identified through a series
of stakeholder engagements held during the development of this framework.

1. Skills Gaps Across the PE Supply Chain

Significant skills gaps exist across various segments of the PE supply chain. This
includes gaps in key areas such as the design of experiments, data analysis, work
organization, and lab safety. Additionally, there is a shortage of workers skilled in
modeling PEs from a power systems perspective, which is an essential skill for
understanding PE product behavior, response, and abilities. This shortage makes it
difficult for companies to find employees capable of performing these specialized roles.

2. Limitations in Engineering Education

Engineering undergraduates often do not gain sufficient experience outside their core
disciplines. PE production requires an integrated knowledge of materials science,
chemical engineering, mechanical engineering, and electrical engineering. PE design
requires an understanding of modeling and simulation, electricity and magnetism, circuit
and control systems design, and other specializations. Existing curricula do not
adequately prepare students to work across engineering domains, limiting their flexibility
in applying their knowledge to various roles in PEs.

3. Inadequate Preparation in Manufacturing Fundamentals

Another challenge lies in the lack of exposure to fundamental manufacturing concepts
and technologies. Current educational programs do not provide sufficient grounding in
manufacturing techniques, particularly those applicable to the electronic and non-
electronic sectors. This gap affects professionals’ readiness to work in advanced
manufacturing environments, where an understanding of both electronic and general
manufacturing principles is crucial.

4. Disconnect Between Operator and Technician Training Requirements

There is a clear distinction between the skills required for operators and technicians in
the PE industry. Current training pathways do not adequately prepare workers for entry
or advancement to higher roles. Employers are often looking for workers with basic skill
sets who can be internally trained, but they face challenges in identifying, certifying, and
advancing these individuals through a structured career path.

5. High Cost of Education and Limited Access to Specialized Training

The high cost of higher education is a major barrier to entry into the PE workforce. This
is especially true for learners from underrepresented populations and for smaller
companies that cannot afford to hire many engineers or provide ongoing training. There
are also funding limitations for training in specialized areas like semiconductors,
cleanrooms, and advanced manufacturing processes, making it difficult for students and
workers to acquire necessary hands-on skills.
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6. Lack of Early Exposure to PEs in Early Education

A significant challenge is the lack of early exposure to PE careers, especially for middle
and high school students. Early exposure empowers students to make educational
choices that will prepare them for future STEM careers.

7. Barriers to Hiring

Potential candidates who may possess relevant skills but lack traditional qualifications,
such as a four-year degree, are often automatically filtered from consideration by
automatic employment screening tools. These systems often reject applicants who do
not meet rigid requirements, even if they have valuable skills gained from other
industries or on-the-job training during prior employment. This is particularly challenging
for workers transitioning into the PE sector or veterans returning to the civilian
workforce.

8. Insufficient Recruitment for PE Positions

Employers in the PE sector face recruitment challenges, particularly in finding qualified
technicians. While there is no shortage of candidates for entry-level operator roles,
technicians with specialized training are in short supply.

9. Retention of Skilled Workers and Limited Career Advancement Opportunities

Workers in the PE sector often do not see a clear path for career advancement. This
results in high turnover rates, with workers leaving jobs for marginally higher pay in non-
technical industries. Workers and managers report that many employers fail to provide
skill development and career growth opportunities, or competitive wages. Without
structured training and defined career paths, employees are less likely to remain in the
industry long-term.

10. Veterans Struggling to Transition to Civilian Roles in PEs

Many veterans with relevant technical skills face difficulties transitioning into the PE
industry. Navigating civilian hiring systems and finding pathways into roles that match
their military training can be daunting. There are limited programs that help employers
tap into this workforce, and without clear guidelines, many veterans are overlooked
despite having the technical foundation needed for success in PE roles.

11. Low Engagement Between Industry and Education on Curriculum
Development

There is insufficient collaboration between industry and academic institutions to ensure
that educational programs meet the evolving needs of the PE sector. Many university
programs do not adequately prepare students for the specific technical skills required in
PEs. More direct feedback from industry is needed to help universities adjust their
curricula to include hands-on training, modeling, and manufacturing fundamentals that
are critical for success in the sector.

Addressing these challenges through coordinated efforts among industry, academic
institutions, and government bodies will be crucial for growing a skilled workforce to
support the future of PEs and the clean energy transformation.
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4.1.2 Current DOE PE EWD Efforts

The U.S. government is actively supporting EWD in the PE industry through various
initiatives led by DOE/AMMTO. A key strategy under development by AMMTO aims to
inspire individuals to pursue and grow careers in advanced manufacturing, including
PEs, as part of a broader clean energy transformation. To achieve this, AMMTO is
leveraging partnerships with institutes and high-growth industry programs to provide
targeted support. For example, ongoing workforce initiatives are being implemented in
the battery sector, with similar programs in the early stages for the PE industry. These
efforts include identifying skills gaps, gathering input from the industry, and testing
employer-based training programs to address workforce needs.

5.2 Techno-Economic Development and Lifecycle Assessment for the
U.S. PE Industry

Despite the known benefits of WBG semiconductors, their widespread adoption requires
a comprehensive understanding of both their economic viability and environmental
impacts. Techno-economic analysis (TEA) and lifecycle assessment (LCA) serve as
essential tools for evaluating the overall performance, cost-effectiveness, and
sustainability of PE technologies. TEA provides a framework for assessing the cost
structures, economic trade-offs, and market competitiveness of WBG devices across
different applications. It helps quantify the potential benefits of new technologies in
terms of lifecycle cost reductions, system-level performance improvements, and long-
term economic impacts. By analyzing key factors such as material costs, manufacturing
processes, and operational efficiency, TEA supports decision-making on whether to
invest in or scale up WBG technologies.

Meanwhile, LCA examines the environmental footprint of PEs throughout their lifecycle,
from raw material extraction to manufacturing, operation, and end-of-life disposal or
recycling. This is especially important as industries prioritize sustainability goals and
move toward circular economies. LCA allows stakeholders to assess the embodied
energy and carbon emissions associated with WBG devices and compare them to
traditional Si-based alternatives. Furthermore, it enables the identification of
opportunities to reduce environmental impacts by optimizing manufacturing processes,
improving material efficiency, or exploring alternative technologies.

Together, TEA and LCA provide a holistic view of both the economic and environmental
dimensions of PE technologies. By integrating these analyses, stakeholders—including
manufacturers, investors, policymakers, and researchers—can make informed
decisions that balance performance improvements with cost reductions and
sustainability objectives. For industries like transportation, renewable energy, data
centers, and the power grid, where the need for high-efficiency, high-performance PEs
is growing, TEA and LCA are invaluable in guiding the path toward a more sustainable
and economically viable energy future.

The following sections present preliminary findings related to TEA and LCA for PEs.
They then discuss challenges and limitations in performing analyses for PEs and
discuss potential solutions and recommendations. By leveraging these insights, the PE
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industry can accelerate the transition to cleaner, more efficient technologies and help
achieve long-term energy security goals.

5.2.1 Current TEA and LCA findings for WBG PE
Embodied Energy and Energy Savings at the Device Level

WBG power semiconductors currently require more energy per unit device area to
fabricate compared to conventional Si PEs, but this is vastly offset by the use phase
energy savings.

Front-end processing energy inputs for PE and similar architecture devices, which
include epitaxial layer growth, lithography, etching, doping, etc., are estimated to range
from 7-22 MJ/cm2.274.275

A light duty EV application requires on the order of ~20 cm2 of Si semiconductor, which
translates to 150-200 MJ of embodied energy in the semiconductor devices (this
excludes the large Si diodes needed). For WBG PEs, using SiC as an upper limit, the
embodied energy in SiC could be as large as 730 MJ. This is a conservative estimate—
the higher operating voltage and efficiency typically require a much smaller total area of
WBG power device for a given power application, partially offsetting the differences in
energy per area of Si compared to SiC or GaN. However, the total energy within the
semiconductor, irrespective of the technology, is negligible when the use-phase is taken
into account. Over the lifetime of the EV, a total energy savings of 50 GJ was estimated
— a 250x difference between initial energy costs versus operational energy savings.
Thus, the additional energy to manufacture SiC PEs makes up, at most, a mere 1.5% of
the total energy that is saved by the gain in efficiency. This is demonstrated by Warren
et al.’s analysis demonstrating WBGs could have a cumulative energy savings ranging
from 2-20 billion GJ between 2015-2050 in light-duty vehicle use.?"®

Similarly, one can estimate the total energy savings for other applications. For example,
a 1 MW uninterruptable power supply (UPS) operating at 500 kW continuously over the
course of a year would supply approximately 16,000 GJ of energy. Si could provide this
power at 94% efficiency, while WBG PEs could operate at 96% efficiency, translating to
350 GJ in energy savings. Again, comparing these savings to 1 GJ or less difference in
the embodied energy of the semiconductors highlights that the operational advantages
of WBG PEs greatly exceed any differences in embodied energy needed to produce the
materials and devices.

Embodied Energy and Energy Savings at the Systems Level

Further energy saving insight is gained by considering the system, not limited to passive
components such as additional diodes, capacitors, inductors, and heat sinks as well as
active components like fans or pumps for temperature control. Overall, the PE
component is a very small component within a full system. WBG PEs operate at higher
frequencies than Si devices. The reactance/impedance of inductors and capacitors
scale with frequency, so the capacitances and inductances can be proportionally
smaller. This translates to physically smaller components with vastly reduced volume
and mass of the system. Lower mass means less embodied energy in the overall
system (e.g., reducing the ferrite and Cu in the inductor/transformer from 10 kg to 1 kg
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or less). Additionally, higher efficiency reduces energy lost in the form of heat (up to
50% reductions in heat dissipated in the semiconductor die), meaning less energy
needed to cool the system. Third, operating at higher voltages reduces the amount of
current for a given power (P = IV). Resistive losses in Cu wire increase more
significantly with current than voltage (Ploss = 12/R). Therefore, WBG PEs operating at
higher voltages reduce the total mass of Cu needed for a given system. This non-
exhaustive list of indirect energy savings is where the major energy, and materials
savings lie. Future analysis work is needed to better quantify the benefits of WBG PEs
compared to traditional Si PEs accounting for the many knock-on impacts of WBG
components from a broader industrial ecology perspective to understand their role in the
energy transition.

Circular Economy

In general, the small mass of WBG semiconductors used in a PE device do not make
recycling the semiconductor within a package a priority at end-of-life (EoL). However,
there are other options to recycle, or rather downcycle, within the semiconductor
fabrication process. For example, the large fraction of SiC and sapphire lost as kerf can
be downcycled as abrasives, even to be used in the manufacturing of Si. More
importantly, the failure mode of WBG PEs does not always damage the semiconductor.
Instead, the device fails at various interfaces such as the ceramic/semiconductor
interface due to thermal expansion mismatch or repeated partial discharge at high
voltages. Therefore, foundational research priority could be given to remanufacturing
devices that prematurely reach EoL where the semiconductor die can be recovered, or
specifically designing packages to be easily remanufactured.

Implications for TEA and LCA Findings

The opportunities for WBG are well covered by reputable market reports, such as those
cited. However, there are areas that could benefit from additional analysis or tools.

As new materials are found to have potential, a full supply chain analysis should be
considered. It is important to understand the implications of potentially transformational
material choices.

Researchers could benefit from additional bottoms-up cost models provide insights into
system-level implications for device-level cost changes. The cost models could be used
to explicitly generate a roadmap of research opportunities for cost reduction and inform
system-level cost models to determine if higher device capabilities/efficiencies lead to
lower system cost.

The current focus on lifecycle impacts highlights the need for either analysis or tools
that could be utilized to quantify proposed research’s potential impact over the expected
lifetime of the device or system. As with cost, the analysis and tools should demonstrate
the impact beyond just a material level but extending to embodied and operational
energy. Considerations could include questions such as: 1) What is the energy
reduction with the footprint shrinkage? 2) What does the efficiency increase enable?

Lastly, circularity and recycling should be more fully evaluated. Given the magnitude of
the deployment anticipated to incorporate WBG, the strategies for recycling,
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remanufacturing, and related activities need to be evaluated to guide where additional
research is needed for optimization.

5.2.2 TEA and LCA Challenges for the U.S. PE Industry
1. Lack of Reliable and Standardized Data for Embodied Carbon and Energy

Power sector stakeholders have indicated that they struggle with obtaining accurate and
trustworthy data related to the embodied carbon and energy of WBG devices. This lack
of reliable data from upstream suppliers, particularly the semiconductor industry,
complicates efforts to conduct full LCAs.

Without reliable data, companies cannot accurately compare the environmental impact
of different materials or components, such as SiC versus GaN, which hampers their
ability to meet corporate sustainability goals or make informed decisions about material
selection.

2. Difficulties in Quantifying Use-Phase and Embodied Carbon Comparisons

While the industry has a relatively strong understanding of use-phase energy savings
(such as efficiency improvements during operation), quantifying the embodied energy or
carbon remains challenging for PE technologies. The lack of standardized methods to
compare embodied energy across different materials adds complexity to conducting
meaningful comparisons between traditional Si-based devices and WBG materials.

Companies want to understand the trade-offs between the environmental impacts of
manufacturing a more efficient WBG device versus its use-phase benefits. Without
robust methods to assess embodied energy, organizations risk making decisions based
on incomplete or inaccurate information.

3. Cost and Complexity of LCA for PE Manufacturing

Performing a full LCA is resource-intensive, especially when accurate data is lacking.
Many companies indicated that the level of effort required to gather comprehensive LCA
data (spanning from raw materials to end-of-life recycling) is not always justified by the
quality or precision of the results. This complexity increases when considering multi-use
factories, where energy and carbon allocation for specific products (e.g., individual PE
components) is difficult to assess.

Companies struggle with allocating resources for in-depth LCA studies that have a high
margin of error due to data quality issues. This may discourage companies from fully
committing to LCAs for their products, which may hinder efforts to make data-driven
decisions regarding sustainability and carbon reduction strategies.

4. Granularity of Data Needed for Decision-Making

There is a need for clear guidance on what level of data granularity is most useful for
companies in different sectors. While some prefer high-level global averages of carbon
and energy data (for easier integration into their own models), others require more
granular, component-level data to better understand specific manufacturing impacts.

Without clarity on the appropriate level of granularity (component, system, or application
level), DOE and industry stakeholders may invest in data collection that either provides
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insufficient detail for decision-making or overwhelms users with unnecessary
complexity.

5. Difficulty in Applying TEA to Emerging WBG Applications

As PEs become increasingly vital across various sectors (e.g., transportation,
renewable energy, data centers), the specific techno-economic benefits of WBG
devices are not always clear or well-documented. For example, in some sectors, TEA
may focus too narrowly on efficiency improvements without capturing secondary
benefits like thermal management or EMI reduction, which are equally important in
driving WBG adoption.

Insufficient or incomplete TEA data makes it difficult for industries to justify investments
in WBG technologies, especially for high-cost sectors like electric aviation or HYDC
systems, where reliability and performance across multiple metrics are crucial.

6. Unclear Metrics and Benchmarks for WBG Adoption

Power sector stakeholders have expressed uncertainty about the specific cost targets or
performance metrics that would enable widespread WBG adoption across different
applications. While some industries, like EVs, have seen clear trends and projections for
cost reduction, other sectors (such as solid-state transformers or Al servers) lack
defined benchmarks or targets that would make the adoption of WBG technologies
more economically feasible.

Without clear techno-economic metrics, companies may delay WBG adoption because
they are uncertain of the long-term cost-effectiveness or whether industry goals can
realistically be achieved. This is particularly important for industries looking at long-term
sustainability and energy security goals.

7. Uncertainty in Assessing Supply Chain Impacts

Several power sector stakeholders indicated that their ability to perform thorough LCAs
is hampered by uncertainty in the supply chain. The price fluctuations of critical
materials (such as iridium for crucibles or rare earth materials for WBG devices) add
complexity to cost and environmental impact calculations. This is especially important
as the industry aims to move toward a circular economy and improve domestic supply
chains.

Uncertainty in supply chain availability and pricing makes it difficult to assess the long-
term viability of WBG materials. This affects both cost competitiveness and
environmental sustainability, making it harder to plan for large-scale adoption.

8. Variability in Use Cases and Applications

WBG materials are used in a wide range of applications, each with different
requirements for performance, efficiency, and cost. For example, the needs of EVs
differ from those of data centers or the power grid. This variability complicates the
development of one-size-fits-all TEA or LCA analyses, as different use cases may
prioritize different metrics (e.g., power density vs. efficiency vs. lifecycle cost).
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Industries may struggle to apply generalized TEA/LCA results to their specific use
cases. This challenge could slow down WBG adoption if companies cannot easily see
how the technology will perform in their specific applications.

9. Need for Real-World Case Studies and Prototypes

While TEA and LCA can provide valuable insights, many power sector stakeholders
have emphasized the need for specific, real-world case studies and practical
demonstrations. These examples would help validate performance claims, such as
improvements in efficiency, size reduction, and total cost of ownership (TCO). Without
real-world examples, it is difficult to fully capture benefits like improved thermal
management or long-term reliability, especially for high-stakes applications like HVDC
or aerospace.

Data from TEA/LCA alone may not be sufficient to convince stakeholders or investors to
adopt new technologies. Practical demonstrations that quantify secondary benefits
could bridge the gap between theory and market adoption, particularly for risk-averse
industries.

10. Need for Standardization in TEA/LCA Methodologies

Participants highlighted the need for standardized methodologies for conducting TEA
and LCA. Currently, different organizations may use different assumptions or models,
leading to inconsistent results that are difficult to compare across the industry. A
standard framework for evaluating embodied energy, lifecycle costs, or supply chain
impacts would benefit the industry by providing consistency and improving confidence in
the results.

Without standardized methods, companies may invest in their own analyses that
produce inconsistent or incomparable data, making it harder for the industry to make
informed decisions or align with government-led initiatives and roadmaps.

These challenges illustrate the need for more comprehensive and standardized
approaches to TEA and LCA in the PE industry, particularly as WBG materials become
more critical to achieving energy efficiency and security goals.

5.3 Recommendations to Address Non-Technical WBG Development
Challenges

1 Expand industry and academic partnerships

Strengthening partnerships between the PE industry and academic institutions
is a critical solution to addressing workforce gaps. Collaboration through
cooperative educational programs can align curricula with real-world industry
needs and provide students with practical, hands-on experiences. Universities
can work closely with companies to offer apprenticeships, internships, and
application labs where students and workers can engage in solving real industry
problems. Advisory boards with industry leaders can also ensure that programs
stay up-to-date with technological advancements and workforce requirements.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 70



DRAFT — Wide Bandgap Power Electronics Strategic Framework

2 Support work visas for foreign students

Incentivizing the participation of foreign students in U.S. engineering and PE
programs is another important strategy. Expanding support for work visas for
international students can help fill critical gaps in the domestic workforce. This
will allow the United States to tap into a global talent pool and support diversity
in the workforce. Work visa support efforts can ensure that talented individuals
are able to enter the PE sector.

3 | Develop alternative educational pathways

Creating alternative educational pathways is essential to meet the diverse needs
of the PE workforce. Trade school tracks, community college programs, and
certification programs should be developed as alternatives to the traditional four-
year degree, especially for roles like operators and technicians. These programs
can provide targeted skills training and allow for upward mobility within the
industry. For example, partnerships with local community colleges can develop
bootcamps, certification courses, and micro credentials to help individuals
quickly upskill and transition into the PE sector.

Create partnerships with international institutions and the U.S. Department
4" of Labor

Collaborating with respected international institutions and engaging the U.S.
Department of Labor is vital to enhancing workforce development efforts in PEs.
These partnerships can facilitate the exchange of best practices, create global
standards for workforce training, and ensure that U.S. programs are competitive
on a global scale. Moreover, by involving the Department of Labor, industry and
academia can work together to ensure that high school curricula and career
technical education (CTE) programs are adequately preparing students for
careers in the PE industry.

5 Improve hands-on training and early exposure to PEs

Providing more hands-on training opportunities is crucial for preparing students
and workers for the technical demands of PE roles. Programs should focus on
integrating cleanroom experience, lab safety, and real-world manufacturing
challenges into engineering and technical education. Increasing middle and high
school STEM workshops and offering hands-on internships at the
undergraduate level will help students gain practical skills early on. Additionally,
specialized training for community college instructors and the use of virtual
reality (VR) simulations can help create accessible, low-cost training
opportunities that scale across the country.
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¢ | Reduce education costs and expand scholarships

To address financial barriers to entering the PE field, the government and
industry should continue to expand scholarships and initiatives that reduce the
cost of education. Funding should support not only tuition assistance for
students but also cover the development of specialized courses and training
programs that focus on the emerging needs of the PE sector. Financial
incentives can also be extended to companies that sponsor internships and
cooperative programs to train students while they complete their education.

7 Implement employer-based training programs and career pathways

Encouraging companies to develop employer-based training programs that are
aligned with industry needs is an effective way to close the skills gap. These
programs can be validated through partnerships with academic institutions and
should focus on providing training in emerging technologies and technical skills
like semiconductor manufacturing and power systems modeling. Additionally,
creating clear career pathways for workers will help improve retention by
offering growth opportunities within companies. This is particularly important for
addressing workforce shortages and reducing turnover.

g Broaden outreach to underrepresented groups and veterans

A key solution for workforce expansion is increasing outreach to
underrepresented communities and veterans. Programs that help veterans
transition from military roles into civilian positions in the PE industry, such as
targeted training and clearinghouses for veteran hiring, should be prioritized.
Additionally, recruiting more women, minorities, and workers from
disadvantaged backgrounds into STEM fields through outreach programs can
diversify the talent pool and bring new perspectives into the industry.

g9 | Address barriers to employment and improve hiring practices

Employers should address barriers to employment by reforming hiring practices
and improving how they identify and evaluate skill sets. Automated screening
systems that reject applicants based on rigid qualifications should be adjusted to
recognize relevant transferable skills from other industries, veterans, or non-
traditional backgrounds. Moreover, creating industry-recognized certifications
and skill tags will help workers demonstrate their qualifications even if they lack
traditional four-year degrees. Employers should also engage in cross-training
workers from adjacent fields to expand the available workforce.
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10| Increase early STEM exposure and PE awareness

Broadening STEM outreach efforts in middle and high schools is essential for
building long-term interest in PE careers. Supporting high school teachers in
incorporating PE-related topics into the curriculum, along with providing
exposure to cleanroom environments, manufacturing techniques, and real-world
engineering problems, can inspire students to pursue STEM degrees. Creating
awareness through industry visits, hands-on projects, and workshops will help
students envision future careers in the PE sector and ensure a steady pipeline
of future talent.

Increase data collection and sharing for energy and environmental
1 footprint of WBG PE technologies

More activities to specifically track and understand energy and environmental
footprint of WBG PE production and use — and standardizing such methods --
will improve data reliability and make it easier to compare the environmental
impacts of different materials and manufacturing processes across the industry.
It also reduces variability in assessments, leading to more trustworthy LCA
results. Furthermore, building data repositories and sharing such resources
would provide industry stakeholders with an easy-to-use reference for
conducting their own analyses, reducing the need for each company to gather
data independently. It would also provide a starting point for those conducting
more detailed, application-specific LCAs. Tools like the Manufacturing Energy
Consumption Survey (MECS), Greenhouse gases, Regulated Emissions, and
Energy use in Transportation (GREET), and Techno-economic, Energy, &
Carbon Heuristic Tool for Early-Stage Technologies (TECHTEST) could be
adapted to PEs to help estimate energy use and carbon emissions across
manufacturing processes.

12 Support supply chain transparency initiatives

Improved supply chain transparency would help companies assess the
environmental and economic risks associated with their material choices,
allowing for more informed decision-making in both LCA and TEA analyses.

13 Encourage case studies and real-world demonstrations

Demonstrating WBG performance in real-world applications would give the
industry concrete examples of how these technologies can be applied
successfully. This could help overcome skepticism about theoretical TEA/LCA
results and encourage wider adoption by highlighting tangible benefits.
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Promote collaboration between industry, academic, and government R&D
14 (esources

Collaboration across industries and with university and government national labs
would give industry access to a wider range of useful data & knowledge, cutting-
edge R&D, and advanced analytical tools, speeding up the development of
more accurate and comprehensive TEA/LCA methods. This could also foster
innovation by creating opportunities for joint research and development, and for
sharing best practices.

By implementing these solutions, the PE industry can overcome the current challenges
associated with TEA and LCA analyses and accelerate the adoption of WBG
technologies. This will help to meet key sustainability and efficiency goals while
providing clear, actionable data for decision-making across multiple sectors. Many of
the suggested solutions require collaboration between industry, academic institutions,
and government agencies, which can enable the PE sector to build a workforce that is
prepared to meet the challenges of the rapidly evolving energy and manufacturing
landscapes.
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6 Path Forward

The power electronics (PE) strategic framework has laid out a clear vision for the
transformative potential of wide bandgap (WBG) semiconductor technologies across
multiple sectors, from grid infrastructure to industrial applications. Continued
advancements are needed to achieve the high-performance, cost-effective, and reliable
PE systems required for an energy independent economy.

To drive this progress, this framework highlights several key areas for focus, including
the need for pre-competitive research and development, more robust collaboration
across sectors, and scaling of manufacturing processes for new materials and devices.
WBG power electronics are poised to play a crucial role in enhancing the efficiency of
energy systems, reducing greenhouse gas emissions, and supporting the electrification
of transportation, industry, and other critical infrastructure sectors.

Overall, this strategic framework identifies the critical importance of collaboration among
industry leaders, academic researchers, and government entities to address the
technical challenges and non-technical barriers facing the PE sector. By continuing to
advance innovation through collaboration, investing in education and workforce
development, and implementing supportive policies, the U.S. can ensure its leadership
in this vital area and meet its ambitious energy and environmental goals. The future of
power electronics will be shaped by these collective efforts, setting the foundation for a
cleaner, more efficient, and resilient energy infrastructure.

6.1 Call to Action

The power electronics (PE) industry stands at a pivotal moment, as rapid advancements
in wide bandgap (WBG) technologies offer transformative potential for sectors like
energy, transportation, and digital infrastructure. To fully realize this potential, a unified
and collaborative approach across the entire innovation ecosystem is critical.
Researchers, industry leaders, academic institutions, and government agencies must
come together to prioritize pre-competitive research and development (R&D) initiatives.
This collaboration will not only accelerate the pace of technological breakthroughs but
will also enable the broader commercialization of WBG power electronics.

The entire power electronics ecosystem must now take an active role in shaping this
future. By focusing on collective innovation, sharing knowledge, and addressing
common challenges, we can unlock new capabilities that will drive economic growth,
enhance grid stability, and help advance American energy independence. This strategic
framework is a call to action for stakeholders to engage in cross-sector partnerships,
invest in pre-competitive R&D, coordinate with each other and the DOE to develop a
detailed roadmap with timelines and levels of effort needed, and to collectively work
toward building a resilient, high-performing power electronics industry that will be
essential to the future energy landscape.
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This document is a framework to enable industries in different sectors to share what
they are learning and in turn accelerate power electronics progress. Collaboration within
the broader community will support effective life cycle assessments and techno-
economic analysis, which can be useful in defining metrics, targets, and timelines
related to the goals laid out in this framework. This can only be achieved through data
sharing and cooperative analyses.

Part of this effort will also include finding and/or developing forums for information
sharing and collective decision making. In addition, industry also must communicate its
nontechnical needs, especially regarding EWD (e.g., hiring, skills, how workers need to
be trained, resources needed) to the broader community as well as DOE so that
effective support can be provided.

By following the recommendations outlined in this strategic framework and collaborating
to share knowledge and communicate industry needs, the PE community can achieve
the critical technological innovations and robust nontechnical support framework
needed to enable the energy independent economy of future.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 76



DRAFT — Wide Bandgap Power Electronics Strategic Framework

End Notes

Introduction

! B. K. Bose, "Global Energy Scenario and Impact of Power Electronics in 21st Century," IEEE Transactions on
Industrial Electronics 60, no. 7 (2013): 2638-2651, hitps://ieeexplore.ieee.org/document/6214597.

2 Eduard Muljadi, “The Roles of Power Electronics in Renewable Energy Deployment,” NREL/PR-5D00-61378
(Washington, DC: NREL, 2013), https://www.nrel.gov/docs/fy140sti/61378.pdf.

3 Minjie Chen and H. Vincent Poor, “High Frequency Power Electronics at the Grid Edge: A Bottom Up Approach
towards the Smart Grid,” IEEE Electrification Magazine 2020, 2021,
https://www.princeton.edu/~minjie/files/chen-pesmg-2021.pdf.

4 U.S. Department of Energy, Office of Electricity, “Power Electronics Systems for the Electric Grid,” March 2015,
https://www.energy.gov/sites/prod/files/2016/06/f32/OE %20Factsheet%20Power%20Electronics 0.pdf.

5 Diana Bauer et al., 2023 Critical Materials Assessment, INL/RPT-23-72323-Revision-1 (Idaho Falls, ID,
Idaho National Laboratory, 2023), https://inldigitallibrary.inl.gov/sites/sti/sti/Sort 66849.pdf.

¢ Frede Blaabjerg and Simon Round, “Power Electronics: Revolutionizing the World’s Future Energy Systems,”
Hitachi Energy, August 26, 2021, https://www.hitachienergy.com/news-and-
events/perspectives/2021/08/power-electronics-revolutionizing-the-world-s-future-energy-systems.

7 Anushree Ramanath, “Understanding the Importance of Power Electronics in Electrified Transportation,” Wurth
Electronik, October 25, 2021, https://eepower.com/technical-articles/understanding-the-importance-of-
power-electronics-in-electrified-transportation/.

8 U.S. Department of Energy, Office of Electricity, “Power Electronics Systems for the Electric Grid,” March 2015,
https://www.energy.gov/sites/prod/files/2016/06/f32/OE %20F actsheet%20Power%20Electronics 0.pdf.

° E. Larson et al., Net-Zero America: Potential Pathways, Infrastructure, and Impacts, Interim Report V2
(Princeton, NJ: Princeton University, 2020),
https://netzeroamerica.princeton.edu/img/Princeton NZA Interim Report 15 Dec 2020 FINAL.pdf.

10Yole Développement, Status of the Power Electronics Industry 2023 Market and Technology Report (Paris,
France: Yole Développement, 2023).

1], Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

12 David Esler, “GE SiC Semiconductor Device Operation at Extreme Temperatures,” Journal of Microelectronics
and Electronic Packaging 19, no. 3 (2022): 83-88, https://imapsjmep.org/article/3864 1-ge-sic-semiconductor-
device-operation-at-extreme-temperatures.

13'S. I. Pearton et al., “Review-Radiation Damage in Wide and Ultra-Wide Bandgap Semiconductors,” ECS Journal
of Solid State Science and Technology 10, no. 5 (2021), https://pure.psu.edu/en/publications/review-radiation-
damage-in-wide-and-ultra-wide-bandgap-semiconduc.

Focus Area 1: Wide Bandgap Power Electronics Application Areas

1.1 Grid Infrastructure

14 Phillip F. Schewe, The Grid: A Journey Through the Heart of Our Electrified World (Washington, DC: Joseph
Henry Press, 2007), https://doi.org/10.17226/11735.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 1



DRAFT — Wide Bandgap Power Electronics Strategic Framework

15 Paul Denholm et al., Storage Futures Study: The Four Phases of Storage Deployment: A Framework
for the Expanding Role of Storage in the U.S. Power System, NREL/TP-6A20-77480 (Golden, CO: NREL,
2021), https://www.nrel.gov/docs/fy210sti/77480.pdf.

16 «

Electric Power Monthly,” U.S. Energy Information Administration, April 2020,
https://www.eia.gov/electricity/monthly/current _month/epm.pdf.

17 Timothy J. Silverman and Henry Huang, Solar energy technologies office multi-year program plan, DOE/EE-
2346 (Washington, DC: EERE Publication and Product Library, 2021),
https://www.energy.gov/sites/default/files/2021-
06/Solar%20Energy%20Technologies%200ffice%202021%20Multi-Year%20Program%20Plan%2006-

21.pdf.

18 U.S. Energy Information Administration, Preliminary Monthly Electric Generator Inventory, based on Form EIA-
860M. https://www.eia.gov/todayinenergy/detail.php?id=61202.

19 U.S. Energy Information Administration, Preliminary Monthly Electric Generator Inventory, based on Form EIA-
860M. https://www.eia.gov/todayinenergy/detail.php?id=61202.

20 U.S. Energy Information Administration, Preliminary Monthly Electric Generator Inventory, based on Form EIA-
860M. https://www.eia.gov/todayinenergy/detail.php?id=61202.

21 Michael Schimpe et al., “Energy efficiency evaluation of a stationary lithium-ion battery,” Applied
Energy 210 (January 15, 2018): 211-229,
https://www.sciencedirect.com/science/article/abs/pii/lS0306261917315696.

22 Michael Schimpe, Maik Naumann, Nam Truong, Holger C. Hesse, Shriram Santhanagopalan, Aron Saxon,
Andreas Jossen, “Energy efficiency evaluation of a stationary lithium-ion battery container storage system via
electro-thermal modeling and detailed component analysis,” Applied Energy, 210, (2018): 211-229,
https://doi.org/10.1016/j.apenergy.2017.10.129.

23 “Electricity explained: Energy storage for electricity generation,” U.S. Energy Information
Administration, August 28, 2023, https://www.eia.gov/energyexplained/electricity/energy-storage-for-
electricity-generation.php.

24U.S. Energy Information Administration, Preliminary Monthly Electric Generator Inventory, based on Form EIA-
860M,
https://www.eia.gov/todayinenergy/detail.php?id=61202#:~:text=Planned%20and%20currently%20operati
onal%20U.S.,Preliminary%20Monthly%20Electric%20Generator%20Inventory.

2 y.s. Department of Energy, Office of Electricity Transformer Resilience and Advanced Components
(TRAC) Program, Solid State Power Substation Technology Roadmap, June 2020,
https://www.energy.gov/oe/articles/solid-state-power-substation-technology-roadmap.

26 Terry Ericsen, Narain Hingorani, and Yuri Khersonsky, “PEBB - Power Electronics Building Blocks from
Concept to Reality,” 2006 Record of Conference Papers - IEEE Industry Applications Society 53rd Annual
Petroleum and Chemical Industry Conference, (2006): 1-7, https://ieeexplore.ieee.org/document/4199066.

27 Mostafa Abarzadeh et al., “Chapter 6 — Power electronics building blocks: Control and applications,” Control of
Power Electronic Converters and Systems 4, ed. Frede Blaabjerg (Denmark: Elsevier Inc., 2024), 155-180,
https://www.sciencedirect.com/science/article/abs/pii/B9780323856225000110.

2 “HVDC COst REduction (CORE) Initiative,” U.S. Department of Energy, Office of Electricity,
https://energy.gov/oe/CORE-Initiative.

2 “Innovative DEsigns for high-performAnce Low-cost HVDCConverters (IDEAL HVDC),” FOA Number: DE-
FOA-0003141, U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy and Office of

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 2



DRAFT — Wide Bandgap Power Electronics Strategic Framework

Electricity, September 27, 2023, https://eere-exchange.energy.gov/FileContent.aspx?FilelD=2cc6d19f-15a6-
4a42-b616-c12a2ba79d48.

1.2 Transportation Infrastructure

30 «Fast Facts on Transportation Greenhouse Gas Emissions,” U.S. Environmental Protection Agency, May 2024,
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions.

31'U.S. Department of Energy et al., The U.S. National Blueprint for Transportation Decarbonization, DOE/EE-267
(Washington, DC: U.S. Department of Energy, 2023), https://www.energy.gov/sites/default/files/2023-01/the-
us-national-blueprint-for-transportation-decarbonization.pdf.

32 “Fast Facts on Transportation Greenhouse Gas Emissions,” U.S. Environmental Protection Agency, May 2024,
https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions.

33 National Automobile Dealers Association, “NADA Market Beat,” https://www.nada.org/nada/market-
beat.

34 PR Newswire, “S&P Global Mobility forecasts 88.3M auto sales in 2024,” December 14, 2023,
https://www.prnewswire.com/news-releases/sp-global-mobility-forecasts-88-3m-auto-sales-in-2024--
302015649.html.

35 U.S. Environmental Protection Agency, Fast Facts: U.S. Transportation Sector Greenhouse Gas Emissions 1990-
2021, EPA-420-F-23-016 (Washington, DC: U.S. Environmental Protection Agency, 2023),
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P1018JNG.pdf.

36 U.S. Department of Transportation, Federal Railroad Administration, “FRA’s Climate and Sustainability
Program,” updated September 2024, https://railroads.dot.gov/rail-network-development/environment/rail-
climate-considerations.

37U.S. Department of Energy et al., The U.S. National Blueprint for Transportation Decarbonization, DOE/EE-267
(Washington, DC: U.S. Department of Energy, 2023), https://www.energy.gov/sites/default/files/2023-01/the-
us-national-blueprint-for-transportation-decarbonization.pdf.

38 Siddiq Khan, “Rail Decarbonization — VTO Strategy and R&D,” presentation, U.S. Department of Energy, June
2023, https://railroads.dot.gov/sites/fra.dot.gov/files/2023-
06/US%20DOE%20Vehicles%20Technology%200ffice%20%E2%80%93%20Approach%20to%20Advan
cing%20Clean%20Energy%20Technologies%20for%20Rail.pdf.

39 Niloufar Keshmiri et al., “Current Status and Future Trends of GaN HEMTs in Electrified Transportation,” IEEE
Access 8 (2020): 70553-70571, https://ieeexplore.ieee.org/document/9063442.

40 Niloufar Keshmiri et al., “Current Status and Future Trends of GaN HEMTs in Electrified Transportation,” /EEE
Access 8 (2020): 70553-70571, https://ieeexplore.ieee.org/document/9063442.

4 Mehrnaz Farzam Far et al., “Pre-Normative Charging Technology Roadmap for Heavy-Duty Electric Vehicles in
Europe,” Energies 15, no. 7 (2022): 2312, https://www.mdpi.com/1996-1073/15/7/2312.

42 Mehrnaz Farzam Far et al., “Pre-Normative Charging Technology Roadmap for Heavy-Duty Electric
Vehicles in Europe,” Energies 15, no. 7 (2022): 2312, https://www.mdpi.com/1996-1073/15/7/2312.

1.3 Digital Infrastructure

43 Eric Masanet et al., “Recalibrating global data center energy-use estimates,” Science 367, no. 6481
(2020): 984-986, https://www.science.org/doi/10.1126/science.aba3758.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 3



DRAFT — Wide Bandgap Power Electronics Strategic Framework

4 “Data Centres and Data Transmission Networks,” International Energy Agency (IEA),
https://www.iea.org/energy-system/buildings/data-centres-and-data-transmission-networks.

45 “Cambridge Bitcoin Electricity Consumption Index,” University of Cambridge, https://ccaf.io/cbnsi/cbeci.

46 U.S. Department of Energy et al., U.S. National Clean Hydrogen Strategy and Roadmap (Washington, DC: U.S.
Department of Energy Hydrogen Program Library, 2023),
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/us-national-clean-hydrogen-
strategy-roadmap.pdf.

47 Mengxing Chen et al., “Overview of Power Electronic Converter Topologies Enabling Large-Scale Hydrogen
Production via Water Electrolysis,” Applied Sciences 12, no. 4 (2022): 1906, https://www.mdpi.com/2076-
3417/12/4/1906.

Focus Area 2: Materials and Devices for Wide Bandgap Power Electronics

2.1 Silicon Carbide

4 Adam White and Johannes Schoiswohl, “WBG solutions drive decarbonization” (PowerUp Virtual Expo 2023,
August 16, 2023), Power Electronics News, https://www.powerelectronicsnews.com/wbg-solutions-drive-
decarbonization/.

P us. Energy Information Administration, https://www.eia.gov.

30 Patrick Fiorenza, Filippo Giannazzo and Fabrizio Roccaforte, "Characterization of SiO2/4H-SiC interfaces in 4H-
SiC MOSFETSs: a review," Energies 12, no. 12 (2019): 2310, https://www.mdpi.com/1996-1073/12/12/2310.

3! Tsunenobu Kimoto, "High-voltage SiC power devices for improved energy efficiency," Proceedings of the Japan
Academy, Series B 98, no. 4 (2022): 161-189, https://pubmed.ncbi.nim.nih.qov/35400694/.

52 Patrick Fiorenza, Filippo Giannazzo and Fabrizio Roccaforte, "Characterization of SiO2/4H-SiC interfaces in 4H-
SiC MOSFETSs: a review," Energies 12, no. 12 (2019): 2310, https://www.mdpi.com/1996-1073/12/12/2310.

33 Dethard Peters et al., Performance and ruggedness of 1200V SiC—Trench—MOSFET, 2017 29th International
Symposium on Power Semiconductor Devices and IC's (ISPSD) (Sapporo, Japan: IEEE, 2017),
https://ieeexplore.ieee.org/document/7988904.

4 Tsunenobu Kimoto, "High-voltage SiC power devices for improved energy efficiency," Proceedings of the Japan
Academy, Series B 98, no. 4 (2022): 161-189, https://pubmed.ncbi.nim.nih.qov/35400694/.

35 T. Kimoto and Y. Yonezawa, "Current status and perspectives of ultrahigh-voltage SiC power devices," Materials
Science in Semiconductor Processing 78 (2018): 43-56,
https://www.sciencedirect.com/science/article/abs/pii/S1369800117319066.

56 Peng Luo and Sankara Narayanan Ekkanath Madathil, "Theoretical analysis of ON-state performance limit of 4H-
SiC IGBT in field-stop technology," IEEE Transactions on Electron Devices 67, no. 12 (2020): 5621-5627,
https://ieeexplore.ieee.org/document/9249647.

57 Compound Semiconductor, “Addressing production of SiC super-junction MOSFETSs,” April 18, 2019,
https://compoundsemiconductor.net/article/106962/Addressing production of SiC super-
junction MOSFETSs.

38 Patrick Fiorenza, Filippo Giannazzo and Fabrizio Roccaforte, "Characterization of Si02/4H-SiC interfaces in 4H-
SiC MOSFETs: a review," Energies 12, no. 12 (2019): 2310, https://www.mdpi.com/1996-1073/12/12/2310.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 4



DRAFT — Wide Bandgap Power Electronics Strategic Framework

59 Emanuela Schilird et al., “Negative charge trapping effects in AI203 films grown by atomic layer
deposition onto thermally oxidized 4H-SiC,” AIP Advances 6, no. 7 (2016),
https://pubs.aip.org/aip/adv/article/6/7/075021/564903/Negative-charge-trapping-effects-in-Al203-films.

60 Takuji Hosoi et al., “Performance and Reliability Improvement in SiC Power MOSFETs by Implementing AION
High-k Gate Dielectrics,” 2012 International Electron Devices Meeting (San Francisco, CA: IEEE, 2012),
https://ieeexplore.ieee.org/document/6478998.

' F. Arith et al., "Increased mobility in enhancement mode 4H-SiC MOSFET using a thin SiO 2/A12 O 3 gate
stack," IEEE Electron Device Letters 39, no. 4 (2018): 564-567, https://ieeexplore.ieee.org/document/8294203.

62 F. Udrea et al., "Experimental demonstration, challenges, and prospects of the vertical SiC FinFET," 2022 IEEE
34th International Symposium on Power Semiconductor Devices and ICs (ISPSD) (Vancouver, Canada: IEEE,
2022), https://ieeexplore.ieee.org/document/9813617.

63 T. Kato et al., "Enhanced performance of 50 nm ultra-narrow-body silicon carbide MOSFETSs based on FinFET
effect," 2020 32nd International Symposium on Power Semiconductor Devices and ICs (ISPSD) (Vienna, Austria:
IEEE, 2020), https://ieeexplore.ieee.org/document/9170182.

% F. Udrea et al., "Experimental demonstration, challenges, and prospects of the vertical SiC FinFET," 2022 IEEE
34th International Symposium on Power Semiconductor Devices and ICs (ISPSD) (Vancouver, Canada: IEEE,
2022), https://ieeexplore.ieee.org/document/9813617.

5 Madankumar Sampath, Dallas Morisette and James A. Cooper, "A Fully Self-Aligned SiC Trench MOSFET with
0.5 pum Channel Pitch," Key Engineering Materials 946, (2023): 95-102.

66 Rahul P. Ramamurthy et al., "The tri-gate MOSFET: a new vertical power transistor in 4H-SiC," IEEE Electron
Device Letters 42, no. 1 (2021): 90-93, https://ieeexplore.ieee.org/document/9268099.

7 Hugo Biard et al., “Tailored Polycrystalline Substrate for SmartSiCTM Substrates Enabling High Performance
Power Devices,” Solid State Phenomena 344, (2023): 47-52, https://www.scientific.net/SSP.344.47.

% James A., Cooper and Dallas T. Morisette, "Revolutionary Innovation in SiC Power Devices," AD1082306 (Santa
Fe, NM: Sonrisa Research, Inc., 2019), 63, https://apps.dtic.mil/sti/pdfs/AD1082306.pdf.

% Dongyoung Kim and Woongje Sung, "Improved short-circuit ruggedness for 1.2 kV 4H-SiC MOSFET using a
deep P-well implemented by channeling implantation," IEEE Electron Device Letters 42, no. 12 (2021): 1822-1825,
https://ieeexplore.ieee.org/document/9585457.

"0 Hengyu Wang et al., "4H-SiC super-junction JFET: Design and experimental demonstration," IEEE Electron
Device Letters 41, no. 3 (2020): 445-448, https://ieeexplore.ieee.org/document/8970572.

"I Tsunenobu Kimoto et al., "Promise and challenges of high-voltage SiC bipolar power devices," Energies 9, no. 11
(2016): 908, https://www.mdpi.com/1996-1073/9/11/908.

2 X. Wang and J. A. Cooper, “High-voltage n-channel IGBTSs on freestanding 4H-SiC epilayers,” IEEE
Transactions on Electron Devices 57, (2010): 511-515.

73 Lubin Han et al., "A review of SiC IGBT: models, fabrications, characteristics, and applications," IEEE
Transactions on Power Electronics 36, no. 2 (2020): 2080-2093, https://ieeexplore.ieee.org/document/9130161.

*S. A. Mancini et al., "Static Performance and Reliability of 4H-SiC Diodes with P+ Regions Formed by Various
Profiles and Temperatures," 2022 IEEE International Reliability Physics Symposium (IRPS) (Dallas, TX: IEEE,
2022), https://ieeexplore.ieee.org/document/9764538.

75'S. A. Mancini et al., "Edge Termination Design Considerations for 1.2kV 4H-SiC MOSFETs While Utilizing
Room Temperature Ion Implantations," 2023 IEEE 10th Workshop on Wide Bandgap Power Devices &
Applications (WiPDA) (Charlotte, NC: IEEE, 2023), 1-6, https://ieeexplore.ieee.org/document/10382208.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 5



DRAFT — Wide Bandgap Power Electronics Strategic Framework

76 S. A. Mancini et al., “Investigation of Static Performances of 1.2kV 4H-SiC MOSFETs Fabricated Using All
‘Room Temperature’ lon Implantations,” IEEE Journal of the Electron Devices Society 12, (2024): 150-158,
https://ieeexplore.ieee.org/document/10416803.

2.2 Gallium Nitride

7 Xiaofeng Ding, Yang Zhou and Jiawei Cheng, “A review of gallium nitride power device and its applications in
motor drive,” CES Transactions on Electrical Machines and Systems 3, no. 1 (2019): 54-64,
https://doi.org/10.30941/cestems.2019.00008.

78 Ander Udabe, Igor Baraia-Etxaburu and D. Garrido, “Gallium Nitride Power Devices: A State of the Art Review,”
IEEE Access 11 (2023): 48628-48650, https://doi.org/10.1109/access.2023.3277200.

7 U. K. Mishra, “Gallium Nitride Versus Silicon Carbide: Beyond the Switching Power Supply [Industry View],”
Proceedings of the IEEE 111, no. 4 (2023): 322-328, https://doi.org/10.1109/jproc.2023.3254279.

80 Masoud Beheshti, “Wide-bandgap semiconductors: Performance and benefits of GaN versus SiC,” Analog Design
Journal, 2020,

https://www.ti.com/lit/an/slyt801/slyt801.pdf?ts=1709161070908&ref url=https%253A%252F %252F www.
google.com%252F.

81 Mark Lapedus, “SiC Foundry Business Emerges,” Semiconductor Engineering, January 23, 2020,
https://semiengineering.com/sic-foundry-business-emerges/.

82 Min Lu, “Being Unstoppable, the Application of Silicon Carbide Power Devices in Electric Vehicles,” SEMI,
June 03, 2021, https://www.semi.org/en/standards-watch-2021June/sic-power-devices-in-electric-vehicles.

8 Chris Chen, “Third Generation Semiconductors—Fabrication Process and Analysis of Silicon Carbide Materials,”
MA-tek, May 20, 2022, https://www.matek.com/Tech_Article/detail/all/all/202205-IAR.

84 Masoud Beheshti, “Wide-bandgap semiconductors: Performance and benefits of GaN versus SiC,” Analog Design
Journal, 2020,

https://www.ti.com/lit/an/slyt801/slyt801.pdf?ts=1709161070908&ref url=https%253A%252F %252F www.
google.com%252F.

85 Mark Lapedus, “Inspection, Metrology Challenges Grow For SiC,” Semiconductor Engineering, June 11, 2019,
https://semiengineering.com/inspection-metrology-challenges-grow-for-sic/.

8 Masoud Beheshti, “Wide-bandgap semiconductors: Performance and benefits of GaN versus SiC,” Analog Design
Journal, 2020,

https://www.ti.com/lit/an/slyt801/slyt801.pdf?ts=1709161070908&ref url=https%253A%252F %252Fwww.
google.com%252F.

87 Adam White and Johannes Schoiswohl, “WBG solutions drive decarbonization” (PowerUp Virtual Expo 2023,
August 16, 2023), Power Electronics News, https://www.powerelectronicsnews.com/wbg-solutions-drive-
decarbonization/.

88 Infineon, “Infineon hybrid flyback controller XDPTM combined with CoolGaNTM IPS enable Anker to achieve
higher efficiency and power density in charger designs,” July 25, 2022, https://www.infineon.com/cms/en/about-
infineon/press/market-news/2022/INFPSS202207-102.html.

8 U. K. Mishra, “Gallium Nitride Versus Silicon Carbide: Beyond the Switching Power Supply [Industry View],”
Proceedings of the IEEE 111, no. 4 (2023): 322-328, https://doi.org/10.1109/jproc.2023.3254279.

% Adam White and Johannes Schoiswohl, “WBG solutions drive decarbonization” (PowerUp Virtual Expo 2023,
August 16, 2023), Power Electronics News, https://www.powerelectronicsnews.com/wbg-solutions-drive-
decarbonization/.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 6



DRAFT — Wide Bandgap Power Electronics Strategic Framework

1 Adam White and Johannes Schoiswohl, “WBG solutions drive decarbonization” (PowerUp Virtual Expo 2023,
August 16, 2023), Power Electronics News, https://www.powerelectronicsnews.com/wbg-solutions-drive-
decarbonization/.

92 David Derix, Andreas Hensel and Rémi Freiche, “Highly efficient and compact single phase PV inverter with
GaN transistors at 250 kHz switching frequency,” 2017 19" European Conference on Power Electronics and
Applications (EPE’17 ECCE Europe) (Warsaw, Poland: IEEE, 2017),
https://doi.org/10.23919/epe17ecceeurope.2017.8099081.

9 Gerald Deboy, Matthias Kasper and Juan Sanchez, “Gallium nitride technology in server and telecom
applications,” B152-10733-V1-7600-EU-EC (Neubiberg, Germany: Infineon Technologies AG, 2022),
https://www.infineon.com/dgdl/Infineon-

3_WhitePaper Gallium nitride technology in server and telecom applications EN-Whitepaper-
v02 00-EN.pdf?fileld=5546d46266a498f50166ab0f77f80eb1&da=t.

% “RF GaN: Telecom Infrastructure Takes the Lead,” Microwave Journal, June 21, 2023,
https://www.microwavejournal.com/articles/40454-rf-gan-telecom-infrastructure-takes-the-
lead?gad source=1&qgclid=EAlalQobChMI70ewygHPhAMVPzGtBh1WHQ3eEAAYASAAEgKylvD BwE.

%5 Ander Udabe, Igor Baraia-Etxaburu and D. Garrido, “Gallium Nitride Power Devices: A State of the Art Review,”
IEEE Access 11 (2023): 48628-48650, https://doi.org/10.1109/access.2023.3277200.

% Carsten Kuring et al., “Novel monolithically integrated bidirectional GaN HEMT,” 2018 IEEE Energy
Conversion Congress and Exposition (ECCE) (Portland, OR: IEEE, 2018),
https://doi.org/10.1109/ecce.2018.8557741.

97 Thomas Zhao et al., “Bidirectional GaN switches are disrupting power management,” Power Electronics World,
April 6, 2023,

https://powerelectronicsworld.net/article/116489/Bidirectional GaN switches are disrupting power man
agement.

% “Innoscience’s Bi-GaN bi-directional GaN HEMTs used inside smartphones save space, increase efficiency and
lower temperature rise,” Innoscience, September 1, 2022, https://www.innoscience.com/site/details/440.

9 Thomas Zhao et al., “Bidirectional GaN switches are disrupting power management,” Power Electronics World,
April 6, 2023,

https://powerelectronicsworld.net/article/116489/Bidirectional GaN switches are disrupting power _man
agement.”

100 J Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced

Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

101 R, Kaplar et al., “A Co-Design Approach to Understanding the Impact of Ultra-Wide-Bandgap Semiconductor
Material Properties on Power Device Performance,” 2-22 6" IEEE Electron Devices Technology & Manufacturing
Conference (EDTM) (Oita, Japan: IEEE, 2022), https://ieeexplore.ieee.org/document/9798255.

127, A. Cooper and D. T. Morisette, “Performance Limits of Vertical Unipolar Power Devices in Ga N and 4H-SI
C,” IEEE Electron Device Letters 41, no. 6 (2020): 892-895.

1037, Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

104 R, Kaplar et al., “A Co-Design Approach to Understanding the Impact of Ultra-Wide-Bandgap Semiconductor
Material Properties on Power Device Performance.”

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 7



DRAFT — Wide Bandgap Power Electronics Strategic Framework

105 J. A. Cooper and D. T. Morisette, “Performance Limits of Vertical Unipolar Power Devices in Ga N and 4H-SI
C,” IEEE Electron Device Letters 41, no. 6 (2020): 892-895.

106 Ander Udabe, Igor Baraia-Etxaburu and D. Garrido, “Gallium Nitride Power Devices: A State of the Art
Review,” IEEE Access 11 (2023): 48628-48650, https://doi.org/10.1109/access.2023.3277200.

197 Ander Udabe, Igor Baraia-Etxaburu and D. Garrido, “Gallium Nitride Power Devices: A State of the Art
Review,” IEEE Access 11 (2023): 48628-48650, https://doi.org/10.1109/access.2023.3277200.

108 X Huang et al., “Evaluation and application of 600V GaN HEMT in cascode structure,” 2013 Twenty-Eighth
Annual IEEE Applied Power Electronics Conference and Exposition (APEC) (Long Beach, CA: IEEE, 2013),
https://doi.org/10.1109/apec.2013.6520464.

109 C. Zhang et al., “Investigation on the Degradation Mechanism for GaN Cascode Device Under Repetitive Hard-
Switching Stress, ” IEEE Transactions on Power Electronics 37, no. 5 (2022): 6009-6017,
https://doi.org/10.1109/tpel.2021.3125428.

119 V]adimir Dj. Vukié, J. Mrvié and V. A. Kati¢, “Comparison of the Switching Energy Losses in Cascode and
Enhancement-Mode GaN HEMTs,” 2019 20" International Symposium on Power Electronics, (Novi Sad, Serbia:
IEEE, October 2019), https://doi.org/10.1109/pee.2019.8923198.

'R Hou, J. Lu and D. Chen, “Parasitic capacitance Eqoss loss mechanism, calculation, and measurement in hard-
switching for GaN HEMTs,” 2018 IEEE Applied Power Electronics Conference and Exposition (APEC) (San
Antonio, TX: IEEE, 2018), https://doi.org/10.1109/apec.2018.8341124.

12 Wolfspeed, Inc., “Session 1: Silicon Carbide (SiC) vs GaN vs Silicon,” video, 28:28, YouTube, March 11, 2022,
https://www.youtube.com/watch?v=8KjADV9kC94.

3 M. Funaiole, B. Hart and A. Powers-Riggs, “De-risking Gallium Supply Chains: The National Security Case for
Eroding China’s Critical Mineral Dominance” (Washington, DC: Center for Strategic & International Studies
[CSIS], 2023), https://www.csis.org/analysis/de-risking-gallium-supply-chains-national-security-case-
eroding-chinas-critical-mineral.

114 A Holderness et al., “Understanding China’s Gallium Sanctions,” Center for Strategic & International Studies
(CSIS), July 07, 2023, https://www.csis.org/analysis/understanding-chinas-gallium-sanctions.

115 B, Jaskula, Gallium, 2022 Mineral Commodity Summaries (Washington, DC: U.S. Geological Survey, 2023),
https://pubs.usgs.gov/periodicals/mcs2023/mcs2023-gallium.pdf.

116 «“China export curbs choke off shipments of gallium, germanium for second month,” Reuters, October 20, 2023,
https://www.reuters.com/world/china/china-export-curbs-choke-off-shipments-gallium-germanium-second-
month-2023-10-20/.

"7 M. Funaiole, B. Hart and A. Powers-Riggs, “De-risking Gallium Supply Chains: The National Security Case for
Eroding China’s Critical Mineral Dominance.”

M8 R L. Manley, E. Alonso and N. T. Nassar, “A model to assess industry vulnerability to disruptions in
mineral commodity supplies,” Resources Policy 78, (2022): 102889,
https://doi.org/10.1016/j.resourpol.2022.102889.

119 M. Funaiole, B. Hart and A. Powers-Riggs, “De-risking Gallium Supply Chains: The National Security Case for
Eroding China’s Critical Mineral Dominance” (Washington, DC: Center for Strategic & International Studies
[CSIS], 2023), https://www.csis.org/analysis/de-risking-gallium-supply-chains-national-security-case-
eroding-chinas-critical-mineral.

120 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,”
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 8



DRAFT — Wide Bandgap Power Electronics Strategic Framework

i}

121 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,’
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

i}

122 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,’
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

123 |  Nela et al., “Multi-channel nanowire devices for efficient power conversion,” Nature Electronics 4
(2021): 284—290, https://doi.org/10.1038/s41928-021-00550-8.

124 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,”
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

125 Yuhao Zhang, “Stretching GaN power devices to 10 kV,” Compound Semiconductor, October 12, 2022,
https://compoundsemiconductor.net/article/115524/Stretching GaN_ power devices to 10 kV.

126 M. Xiao et al., “Multi-Channel Monolithic-Cascode HEMT (MC2-HEMT): A New GaN Power Switch up to 10
kV,” 2021 IEEE International Electron Devices Meeting (IEDM) (San Francisco, CA: IEEE, 2021),
https://doi.org/10.1109/iedm19574.2021.9720714.

127 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,”
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

128 p, Sohi et al., “High conductivity InAIN/GaN multi-channel two-dimensional electron gases,” Semiconductor
Science and Technology 36, no. 5 (2021): 055020, https://doi.org/10.1088/1361-6641/abf3a7.

129 L. Nela et al., “A perspective on multi-channel technology for the next-generation of GaN power devices,”
Applied Physics Letters 120, no. 19 (2022): 1905011, https://doi.org/10.1063/5.0086978.

130 p, Sohi et al., “High conductivity InAIN/GaN multi-channel two-dimensional electron gases,” Semiconductor
Science and Technology 36, no. 5 (2021): 055020, https://doi.org/10.1088/1361-6641/abf3a7.

131 Taofei Pu et al., “Review of Recent Progress on Vertical GaN-Based PN Diodes,” Nanoscale Research Letters
16, (2021): 101: https://doi.org/10.1186/s11671-021-03554-7..

132 Yuanhang Zhang, “Comparison Between Competing Requirements of GaN and SiC Family of Power Switching
Devices,” IOP Conference Series: Materials Science and Engineering 738, (2020): 012004,
https://doi.org/10.1088/1757-899x/738/1/012004.

133 Tohru Oka, “Recent development of vertical GaN power devices,” Japanese Journal of Applied Physics 58, no.
SB (2019): SB0805, https://doi.org/10.7567/1347-4065/ab02e7.

134 Kazuki Ohnishi et al., “Vertical GaN p+-n junction diode with ideal avalanche capability grown by halide vapor
phase epitaxy,” Applied Physics Letters 119, no. 15 (2021), https://doi.org/10.1063/5.0066139.

135 “HVPE yields vertical GaN p-n diodes,” Compound Semiconductor, January 07, 2022,
https://compoundsemiconductor.net/article/114027/HVPE vields vertical GaN_ p-n_diodes.

136y, Zhang, A. Dadgar and T. Palacios, “Gallium nitride vertical power devices on foreign substrates: a review and
outlook, ” Journal of Physics D: Applied Physics 51, no. 27 (2018): 273001, https://doi.org/10.1088/1361-
6463/aac8aa.

137 K. Mukherjee et al., “Challenges and Perspectives for Vertical GaN-on-Si Trench MOS Reliability: From
Leakage Current Analysis to Gate Stack Optimization,” Materials 14, no. 9 (2021): 2316,
https://doi.org/10.3390/ma14092316.

138y, Zhang, A. Dadgar and T. Palacios, “Gallium nitride vertical power devices on foreign substrates: a review and
outlook, ” Journal of Physics D: Applied Physics 51, no. 27 (2018): 273001, https://doi.org/10.1088/1361-
6463/aac8aa.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 9



DRAFT — Wide Bandgap Power Electronics Strategic Framework

139y, Zhong et al., “A review on the GaN-on-Si power electronic devices,” Fundamental Research 2, no. 3 (2022):
462-475, https://doi.org/10.1016/j.fmre.2021.11.028.

140 M. Abdul et al., “Fully Vertical GaN-on-Si power MOSFETs,” IEEE Electron Device Letters 40, no. 3, (2019):
443-446, https://doi.org/10.1109/l1ed.2019.2894177.

MR Kaplar et al., “A Co-Design Approach to Understanding the Impact of Ultra-Wide-Bandgap
Semiconductor Material Properties on Power Device Performance,” 2-22 6™ IEEE Electron Devices
Technology & Manufacturing Conference (EDTM) (Oita, Japan: IEEE, 2022),
https://ieeexplore.ieee.org/document/9798255.

142 J. A. Cooper and D. T. Morisette, “Performance Limits of Vertical Unipolar Power Devices in Ga N and 4H-SI
C,” IEEE Electron Device Letters 41, no. 6 (2020): 892-895.

2.3 Ultrawide Bandgap Materials: Aluminum Gallium Nitride and Aluminum Nitride

143 0. Slobodyan et al., “Analysis of the Dependence of Critical Electric Field on Semiconductor Bandgap,” Journal
of Materials Research 37, (2022): 849-865.

144 J.Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

145 R, Kaplar et al., “A Co-Design Approach to Understanding the Impact of Ultra-Wide-Bandgap
Semiconductor Material Properties on Power Device Performance,” 2-22 6™ IEEE Electron Devices
Technology & Manufacturing Conference (EDTM) (Oita, Japan: IEEE, 2022),
https://ieeexplore.ieee.org/document/9798255.

146 R, Kaplar et al., “A Co-Design Approach to Understanding the Impact of Ultra-Wide-Bandgap
Semiconductor Material Properties on Power Device Performance,” 2-22 6™ IEEE Electron Devices
Technology & Manufacturing Conference (EDTM) (Oita, Japan: IEEE, 2022),
https://ieeexplore.ieee.org/document/9798255.

147J. Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

48 D. Jena et al., “Realization of Wide Electron Slabs by Polarization Bulk Doping in Graded I11-V Nitride
Semiconductor Alloys,” Applied Physics Letters 81, no. 23 (2002): 4395, https://arxiv.org/abs/cond-
mat/0204487.

149 J. Simon et al., “Polarization-Induced Hole Doping in Wide-Bandgap Uniaxial Semiconductor Heterostructures,”
Science 327, (2010): 60.

130 A G. Baca et al., “Al-Rich AlGaN-Based Transistors,” Journal of Vacuum Science & Technology A 38, (2020):
020803, https://pubs.aip.org/avs/jvalarticle/38/2/020803/247677/Al-rich-AlGaN-based-transistors.

131 M. H. Breckenridge et al., “Shallow Si Donor in Ion-Implanted Homoepitaxial AIN,” Applied Physics Letters
116, (2020): 172103.

152 M. H. Breckenridge et al., “High n-type Conductivity and Carrier Concentration in Si-Implanted Homoepitaxial
AIN,” Applied Physics Letters 118, (2021): 112104.

153 H. Ahmad et al., “Realization of Homojunction PN AIN Diodes,” Journal of Applied Physics 131, (2022):
175701.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 10



DRAFT — Wide Bandgap Power Electronics Strategic Framework

154 W. A. Doolittle et al., “Prospectives for AIN Electronics and Optoelectronics and the Important Role of
Alternative Synthesis,” Applied Physics Letters 123, (2023): 070501.

155 H. Ahmad et al., “Realization of Homojunction PN AIN Diodes,” Journal of Applied Physics 131, (2022):
175701.

156 W, A. Doolittle et al., “Prospectives for AIN Electronics and Optoelectronics and the Important Role of
Alternative Synthesis,” Applied Physics Letters 123, (2023): 070501.

157 H. Ahmad et al., “Substantial p-type Conductivity of AIN Achieved via Beryllium Doping,” Advanced Materials
33, (2021): 2104497.

158 D. Jena et al., “Realization of Wide Electron Slabs by Polarization Bulk Doping in Graded III-V Nitride
Semiconductor Alloys,” Applied Physics Letters 81, no. 23 (2002): 4395, https://arxiv.org/abs/cond-
mat/0204487.

159 J. Simon et al., “Polarization-Induced Hole Doping in Wide-Bandgap Uniaxial Semiconductor Heterostructures,”
Science 327, (2010): 60.

160 A, M. Armstrong and A. A. Allerman, “Polarization-Induced Electrical Conductivity in Ultra-Wide-Bandgap
AlGaN Alloys,” Applied Physics Letters 109, (2016): 222101,
https://pubs.aip.org/aip/apl/article/109/22/222101/31942/Polarization-induced-electrical-conductivity-in.

161 A. M. Armstrong et al., “Ultra-Wide-Bandgap AlGaN Polarization-Doped Field Effect Transistor,” Japanese
Journal of Applied Physics 57, (2018): 074103, https://iopscience.iop.org/article/10.7567/JJAP.57.074103/pdf.

162 H. Xue et al., “Alo75Gao2sN/Alp¢Gao 4N Heterojunction Field Effect Transistor with fr of 40 GHz,” Applied
Physics Express 12, (2019): 066502.

163 H. Xue et al., “All-MOCVD-Grown Al 7Gao3N/AlysGaosN HFET: An Approach to Make Ohmic Contacts to
Al-Rich AlGaN-Channel Transistors,” Solid-State Electronics 164, (2020): 107696.

164 B, Klein et al., “Al-Rich AlGaN Transistors with Regrown p-AlGaN Gate Layers and Ohmic Contacts,”
Advanced Materials Interfaces, (2024): 2301080.

165 T, Razzak et al., “BaTiO3/AlgssGag 42N Lateral Heterojunction Diodes with Breakdown Field Exceeding 8
MV/cm,” Applied Physics Letters 116, (2020): 023507.

2.4 Ultrawide Bandgap Materials: Gallium Oxide

166 T, Matsumoto et al., "Absorption and Reflection of Vapor Grown Single Crystal Platelets of B-Ga,0s,” Japanese
Journal of Applied Physics 13, no. 10 (1974): 1578, https://iopscience.iop.org/article/10.1143/JJAP.13.1578.

167 M. Higashiwaki et al., “Gallium oxide (Ga,03) metal-semiconductor field-effect transistors on single-crystal p-
Gay03 (010) substrates,” Applied Physics Letters 100, no. 1 (2012): 013504, https://pubs.aip.org/aip/apl/article-
abstract/100/1/013504/1058938/.

168 A, Kuramata et al., “High-quality B-Ga,Os single crystals grown by edge-defined film-fed growth,” Japanese
Journal of Applied Physics 55, no. 12 (2016): 1202A2,
https://iopscience.iop.org/article/10.7567/JJAP.55.1202A2.

169 J.Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

170 5. J. Pearton et al., “A review of Ga-O3 materials, processing, and devices,” Applied Physics Review 5,
no. 1 (2018): 011301, https://pubs.aip.org/aip/apr/article/5/1/011301/570474/.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 11



DRAFT — Wide Bandgap Power Electronics Strategic Framework

1715, J. Pearton et al., “A review of Ga203 materials, processing, and devices,” Applied Physics Review 5,
no. 1 (2018): 011301, https://pubs.aip.org/aip/apr/article/5/1/011301/570474/.

1725 J. Pearton et al., “A review of Ga-O3 materials, processing, and devices,” Applied Physics Review 5,
no. 1 (2018): 011301, https://pubs.aip.org/aip/apr/article/5/1/011301/570474/.

173 7. Hu et al., “Enhancement-Mode GaO; Vertical Transistors With Breakdown Voltage >1kV,” IEEE Electron
Device Letters 39, no. 6 (2018): 869-872.

174 N. Allen et al., “Vertical Ga203 Schottky Barrier Diodes With Small-Angle Beveled Field Plates: A Baliga’s
Figure-of-Merit of 0.6 GW/cm2,” IEEE Electron Device Letters 40, no. 9 (2019): 1399-1402,
https://ieeexplore.ieee.org/document/8779668.

175 K. Heinselman et al., “Performance and reliability of B-Ga>O; Schottky barrier diodes at high temperature,”
Journal of Vacuum Science & Technology 39, (2021): 040402.

176 Zeng Liu et al., “Review of gallium oxide based field-effect transistors and Schottky barrier diodes,” Chinese
Physics B 28, no. 1 (2019): 017105, https://iopscience.iop.org/article/10.1088/1674-1056/28/1/017105.

177 K. Egbo et al., “NiGa,O4 interfacial layers in NiO/Ga,Os heterojunction diodes at high temperature,” Applied
Physics Letters 124, no. 17 (2024): 173512, https://pubs.aip.org/aip/apl/article/124/17/173512/3284871.

178 S. H. Sohel, “Gallium Oxide Heterojunction Diodes for 400 °C High-Temperature Applications,” Physica Status
Solidi (A) Applications and Materials Science 220, no. 20 (2023), https://research-
hub.nrel.gov/en/publications/gallium-oxide-heterojunction-diodes-for-400-degree-c-high-tempera.

179 S, Krishnamoorthy et al., “Delta-doped B-gallium oxide field-effect transistor”, Applied Physics Express 10, no.
051102 (2017).

180 C. Joishi et al., “Deep-Recessed B-Ga,O; Delta-Doped Field-Effect Transistors With /n Situ Epitaxial
Passivation,” IEEE Transactions on Electron Devices 67, no. 11 (2020).

181 E. Ahmadi et al., “Demonstration of B-(AlyGai.x)203/B-Ga,03 modulation doped field-effect transistors with Ge
as dopant grown via plasma-assisted molecular beam epitaxy,” Applied Physics Express 10 (2017): 071101.

182§, Krishnamoorthy et al., “Modulation-doped B-(AloGao )>03/Ga,0; field-effect transistor,” Applied Physics
Letters 111 (2017): 023502.

183 R. Singh et al., “The dawn of Ga,0O; HEMTs for high power electronics - A review,” Material Science in
Semiconductor Processing 119, (2020): 105216.

184 7. Hu et al., “Enhancement-Mode GaO; Vertical Transistors With Breakdown Voltage >1kV,” IEEE Electron
Device Letters 39, no. 6 (2018): 869-872.

185 J.Y. Tsao et al., “Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,” Advanced
Electronic Materials 4, no. 1 (2017): 1600501,
https://onlinelibrary.wiley.com/doi/full/10.1002/aelm.201600501.

186 7. Cheng et al., “Thermal conductance across -Ga20s3 - diamond van der Waals heterogeneous
interfaces,” APL Materials 7, (2019): 031118.

187 A. Kyrtsos, M. Matsubara and E. Bellotti, “On the feasibility of p-type Ga>03” Applied Physics Letters 112
(2018): 032108.

188 S. J. Pearton et al., “A review of Ga,O3 materials, processing, and devices,” Applied Physics Review 5, no. 1
(2018): 011301, https://pubs.aip.org/aip/apr/article/5/1/011301/570474/.

189 «“World’s first successful epitaxial deposition of gallium oxide on a 6-inch wafer using the HVPE method,” Novel
Crystal Technology, Inc., March 1, 2022, https://www.novelcrystal.co.jp/eng/2022/1107/.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 12



DRAFT — Wide Bandgap Power Electronics Strategic Framework

190 K.N. Heinselman et al., “Projected Cost of Gallium Oxide Wafers from Edge-Defined Film-Fed Crystal Growth,”
Crystal Growth & Design 22, (2022): 4854-4863, https://www.nrel.gov/docs/fy220sti/81844.pdf.

91y, Zhang et al., “MOCVD grown epitaxial B-Ga>Os thin film with an electron mobility of 176 cm?/V s at room
temperature,” APL Materials 7 (2019): 022506.

192 H, Murakami et al., “Homoepitaxial growth of p-Ga,O; layers by halide vapor phase epitaxy,” Applied Physics
Express 8, (2015): 015503.

193 K. Nitta et al., “Investigation of high speed B-Ga203 growth by solid-source trihalide vapor phase
epitaxy,” Japanese Journal of Applied Physics 62 (2023): SF1021.

194 H. Gong et al., “Band Alignment and Interface Recombination in NiO/B-Ga,O3 Type-II p-n Heterojunctions,”
1IEEE Transactions on Electron Devices 67, no. 8 (2020): 3341-3347,
https://ieeexplore.ieee.org/document/9121673.

195 ], Zhang et al., “Fabrication and Interfacial Electronic Structure of Wide Bandgap NiO and Ga,Os; p—n
Heterojunction,” ACS Applied Electronic Materials 2, no. 2 (2020): 456—463,
https://pubs.acs.org/doi/10.1021/acsaelm.9b00704.

196 K. Egbo et al., “NiGa,O4 interfacial layers in NiO/GaO; heterojunction diodes at high temperature,” Applied
Physics Letters 124, no. 17 (2024): 173512, https://pubs.aip.org/aip/apl/article/124/17/173512/3284871.

197 K. Uead et al., “Epitaxial growth of transparent p-type conducting CuGaO: thin films on sapphire (001)
substrates by pulsed laser deposition,” Journal of Applied Physics 89, no. 3 (2001): 1790-1793,
https://www.researchgate.net/publication/234857633.

198 S. H. Sohel, “Gallium Oxide Heterojunction Diodes for 400 °C High-Temperature Applications,” Physica Status
Solidi (A) Applications and Materials Science 220, no. 20 (2023), https://research-
hub.nrel.gov/en/publications/gallium-oxide-heterojunction-diodes-for-400-degree-c-high-tempera.

199 E. Chikoidze et al., “P-type B-gallium oxide: A new perspective for power and optoelectronic devices,” Materials
Today Physics 3, 118-126, https://www.sciencedirect.com/science/article/abs/pii/S2542529317301712.

200 H. Gong et al., “Band Alignment and Interface Recombination in NiO/B-Ga,O3 Type-II p-n Heterojunctions,”
1IEEE Transactions on Electron Devices 67, no. 8 (2020): 3341-3347,
https://ieeexplore.ieee.org/document/9121673.

201 . Zhang et al., “Fabrication and Interfacial Electronic Structure of Wide Bandgap NiO and Ga203 p-n
Heterojunction,” ACS Applied Electronic Materials 2, no. 2 (2020): 456-463,
https://pubs.acs.org/doi/10.1021/acsaelm.9b00704.

202 K. Egbo et al., “NiGaO; interfacial layers in NiO/Ga,Os heterojunction diodes at high temperature,” Applied
Physics Letters 124, no. 17 (2024): 173512, https://pubs.aip.org/aip/apl/article/124/17/173512/3284871.

2038, H. Sohel, “Gallium Oxide Heterojunction Diodes for 400 °C High-Temperature Applications,” Physica Status
Solidi (A) Applications and Materials Science 220, no. 20 (2023), https://research-
hub.nrel.gov/en/publications/gallium-oxide-heterojunction-diodes-for-400-degree-c-high-tempera.

204 K. Egbo et al., “NiGayOy interfacial layers in NiO/Ga,Os heterojunction diodes at high temperature,” Applied
Physics Letters 124, no. 17 (2024): 173512, https://pubs.aip.org/aip/apl/article/124/17/173512/3284871.

205 Faisal Khan et al., “A Smart Silicon Carbide Power Module with Pulse Width Modulation Over Wi-Fi
and Wireless Power Transfer-Enabled Gate Driver, Featuring Onboard State of Health Estimator and
High-Voltage Scaling Capabilities,” NREL/CP-5400-83691 (Golden, CO: NREL, 2023),
https://www.nrel.gov/docs/fy230sti/83691.pdf.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 13



DRAFT — Wide Bandgap Power Electronics Strategic Framework

206 7. Cheng et al., “Thermal conductance across -Ga20s3 - diamond van der Waals heterogeneous
interfaces,” APL Materials 7, (2019): 031118.

Focus Area 3: Passive Components and Packaging for Wide Bandgap PE
5.1 Passive Components

207 3. M. Silveyra et al., “Soft magnetic materials for a sustainable and electrified world,” Science 362, no. 6413
(2018): eaa00195, https://www.science.org/doi/10.1126/science.aao0195.

208 p. Andalib, V. G. Harris, “Grain boundary engineering of power inductor cores for MHz applications,” Journal
of Alloys and Compounds 832, (2020): 153131.

209 P, Andalib, V. G. Harris, “Grain boundary engineering of power inductor cores for MHz applications,” Journal
of Alloys and Compounds 832, (2020): 153131.

210 J, M. Silveyra et al., “Soft magnetic materials for a sustainable and electrified world,” Science 362, no. 6413
(2018): eaa00195, https://www.science.org/doi/10.1126/science.aao0195.

2ILE. A. Périgo et al., “Past, present, and future of soft magnetic composites,” Applied Physics Reviews 5, no. 3
(2018), https://pubs.aip.org/aip/apr/article-abstract/5/3/031301/123950/.

212D, S. Gardner et al., “Review of On-Chip Inductor Structures with Magnetic Films,” IEEE Transactions on
Magnetics 45, (2009): 4760-4766.

213 J, Watt et al., “Gram scale synthesis of Fe/FexOy core—shell nanoparticles and their incorporation into matrix-
free superparamagnetic nanocomposites,” Journal of Materials Research 33, (2018): 2156-2167.

214 Yehui Han et al., “Evaluation of Magnetic Materials for Very High Frequency Power Applications,” IEEE
Transactions on Power Electronics 27, no. 1 (2012): 425-435, https://ieeexplore.ieee.org/document/5893949.

215 A. J. Hanson et al., “Measurements and Performance Factor Comparisons of Magnetic Materials at High
Frequency,” IEEE Transactions on Power Electronics 31, no. 11 (2016): 7909-7925,
https://ieeexplore.ieee.org/abstract/document/7370781.

216 Yehui Han et al., “Evaluation of Magnetic Materials for Very High Frequency Power Applications,” IEEE
Transactions on Power Electronics 27, no. 1 (2012): 425-435, https://ieeexplore.ieee.org/document/5893949.

217 A. J. Hanson et al., “Measurements and Performance Factor Comparisons of Magnetic Materials at High
Frequency,” IEEE Transactions on Power Electronics 31, no. 11 (2016): 7909-7925,
https://ieeexplore.ieee.org/abstract/document/7370781.

218 J. Watt et al., “Gram scale synthesis of Fe/FexQOy core—shell nanoparticles and their incorporation into matrix-
free superparamagnetic nanocomposites,” Journal of Materials Research 33, (2018): 2156-2167.

29 D. S. Gardner et al., “Review of On-Chip Inductor Structures with Magnetic Films,” IEEE Transactions on
Magnetics 45, (2009): 4760-4766.

220 C. Jiang et al., “Nanocrystalline Powder Cores for High-Power High-Frequency Power Electronics
Applications,” [EEE Transactions on Power Electronics 35, (2020): 10821-10830.

221 G. Ouyang et al., “Review of Fe-6.5 wt%Si high silicon steel—A promising soft magnetic material for sub-kHz

application,” Journal of Magnetism and Magnetic Materials 481, no. 1 (2019): 234-250,
https://www.sciencedirect.com/science/article/pii/S0304885318331330.

222 J. M. Coey, Magnetism and Magnetic Materials (Cambridge University Press, 2010).

223 J. Long et al., “Nanocrystalline material development for high-power inductors.” Journal of Applied Physics
103, (2008).

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy

14



DRAFT — Wide Bandgap Power Electronics Strategic Framework

224D. S. Gardner et al., “Review of On-Chip Inductor Structures with Magnetic Films,” IEEE Transactions on
Magnetics 45, (2009): 4760-4766.

225 M. Paesler, T. Lisec and H. Kapels, “High Temperature Magnetic Cores Based on PowderMEMS Technique for
Integrated Inductors with Active Cooling,” Micromachines 13, (2022): 347.

226 V. Chaudhary et al., “Accelerated and conventional development of magnetic high entropy alloys,” Materials
Today 49, (2021): 231-252.

227 K. A. Darling et al., “Mitigating grain growth in binary nanocrystalline alloys through solute selection based on
thermodynamic stability maps,” Computational Materials Science 84, (2014): 255-266.

228 G. Scheunert et al., “A review of high magnetic moment thin films for microscale and nanotechnology
applications,” Applied Physics Reviews 3, no. 1 (2016): 011301,
https://pubs.aip.org/aip/apr/article/3/1/011301/123683/.

229 A. Du, S. Sanvito and S. C. Smith, “First-Principles Prediction of Metal-Free Magnetism and Intrinsic Half-
Metallicity in Graphitic Carbon Nitride,” Physical Review Letters 108, (2012): 197207.

230 J. M. D. Coey and P. A. 1. Smith, “Magnetic nitrides,” Journal of Magnetism and Magnetic Materials 200, no. 1-
3 (1999): 405-424, https://www.sciencedirect.com/science/article/abs/pii/S0304885399004291.

BT, C. Monson et al., “Synthesis and behavior of bulk iron nitride soft magnets via high-pressure spark plasma
sintering,” Journal of Materials Research 37 (2022): 380-389.

232 Xiaowei Zhang and Jian-Ping Wang, “High saturation magnetization and low magnetic anisotropy Fe-CN
martensite thin film,” Applied Physics Letters 114, no. 15 (2019): 152401,
https://pubs.aip.org/aip/apl/article/114/15/152401/36516.

233 A. Yializis, G.L. Powers and D.G. Shaw, "A New High Temperature Multilayer Capacitor with Acrylate
Dielectrics," IEEE Transactions on Components, Hybrids, and Manufacturing Technology 13, no. 4 (1990).

234 Yehui Han et al., “Evaluation of Magnetic Materials for Very High Frequency Power Applications,” IEEE
Transactions on Power Electronics 27, no. 1 (2012): 425-435, https://ieeexplore.ieee.org/document/5893949.

3.2 Packaging

235 M. Chinthavali, et al., "50-kW 1kV DC bus air-cooled inverter with 1.7 kV SiC MOSFETSs and 3D-printed novel
power module packaging structure for grid applications," (paper presented at the 2018 IEEE Applied Power
Electronics Conference and Exposition [APEC], San Antonio, TX, March 4-8, 2018): 133-140,
https://ieeexplore.ieee.org/abstract/document/8340999.

236 T, Ueda, et al., "Simple, compact, robust and high-performance power module T-PM (transfer-molded power
module)," (paper presented at the 22nd International Symposium on Power Semiconductor Devices & IC's [ISPSD],
Hiroshima, Japan, June 6-10, 2010): 47-50.

237 N. Marenco, et a., "Copper ribbon bonding for power electronics applications," (paper presented at the 2013
European Microelectronics Packaging Conference [EMPC], Grenoble, France, September 9-12, 2013): 1-4.

233 B. N. An et al., "A highly integrated copper sintered SiC power module for fast switching operation," (paper
presented at the 2018 International Conference on Electronics Packaging and iMAPS All Asia Conference [ICEP-
IAAC], Mie, Japan, April 17-21 2018): 375-380, https://ieeexplore.ieee.org/document/8374327.

239 C. Chen, et al., "An SiC-Based Half-Bridge Module With an Improved Hybrid Packaging Method for High
Power Density Applications," IEEE Transactions on Industrial Electronics 64, no. 11 (November 2017): 8980-
8991, https://ieeexplore.ieee.org/document/7968407.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 15



DRAFT — Wide Bandgap Power Electronics Strategic Framework

240 R, Fisher, et al. "High frequency, low cost, power packaging using thin film power overlay technology," (paper
presented at the 1995 IEEE Applied Power Electronics Conference and Exposition - APEC'95, Dallas, TX, March 5-
9, 1995): 12-17, https://ieeexplore.ieee.org/document/468955.

241'S. Jones-Jackson, et al., "Overview of Current Thermal Management of Automotive Power Electronics for
Traction Purposes and Future Directions," IEEE Transactions on Transportation Electrification, 8, no. 2 (June
2022): 2412-2428, June 2022, https://ieeexplore.ieee.org/document/9698055.

242 M. Liu, et al., "Comprehensive Review and State of Development of Double-Sided Cooled Package Technology
for Automotive Power Modules," IEEE Open Journal of Power Electronics 3 (2022): 271-289, 2022,
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=9769770.

243 G. Moreno, et al., "Single-Phase Dielectric Fluid Thermal Management for Power-Dense Automotive Power
Electronics," IEEE Transactions on Power Electronics 37, no. 10 (October 2022): 12474-12485,
https://ieeexplore.ieee.org/document/9767749.

24 F, Yang, et al., "Electrical Performance Advancement in SiC Power Module Package Design With Kelvin Drain
Connection and Low Parasitic Inductance," IEEE Journal of Emerging and Selected Topics in Power Electronics 7,
no. 1 (March 2019): 84-98, https://ieeexplore.ieee.org/document/8466582.

245 3 Jones-Jackson, et al., "Overview of Current Thermal Management of Automotive Power Electronics
for Traction Purposes and Future Directions," IEEE Transactions on Transportation Electrification, 8, no.
2 (June 2022): 2412-2428, June 2022, https://ieeexplore.ieee.org/document/9698055.

246 K. Vladimirova, et al., “Drift Region Integrated Microchannels for Direct Cooling of Power Electronic Devices:
Advantages and Limitations,” IEEE Transactions on Power Electronics, 28, no. 5 (2013): 2576-2586.

247 F. Zhou, et al., “Near-Junction Cooling for next-Generation Power Electronics,” International Communications

in Heat and Mass Transfer 108 (2019): 104300.

248 L. M. Boteler, et al., “Stacked Power Module with Integrated Thermal Management,” (paper presented at 2017
IEEE International Workshop On Integrated Power Packaging [IWIPP], Delft, Netherlands, April 5-7, 2017): 1-5.

249 M. Liu, et al., "Comprehensive Review and State of Development of Double-Sided Cooled Package Technology
for Automotive Power Modules," IEEE Open Journal of Power Electronics 3 (2022): 271-289, 2022,
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=9769770.

250 R, Alizadeh and H. Alan Mantooth, "A Review of Architectural Design and System Compatibility of Power
Modules and Their Impacts on Power Electronics Systems," IEEE Transactions on Power Electronics 36, no. 10
(October 2021): 11631-11646, https://ieeexplore.ieee.org/document/9385950.

231 R, S. Krishna Moorthy et al., "Estimation, Minimization, and Validation of Commutation Loop Inductance for a
135-kW SiC EV Traction Inverter," IEEE Journal of Emerging and Selected Topics in Power Electronics 8, no. 1
(March 2020): 286-297, https://ieeexplore.ieee.org/document/8896208.

252 M. Smith et al., "Maximizing the performance of a 3D printed heat sink by accounting for anisotropic thermal
conductivity during filament deposition," (paper presented at 2019 18th IEEE Intersociety Conference on Thermal
and Thermomechanical Phenomena in Electronic Systems [[Therm], Las Vegas, NV, July 11, 2019): 626-632.

23 R, Liet al., "Review on polymer composites with high thermal conductivity and low dielectric properties for
electronic packaging," Materials Today Physics 22 (2022): 100594.

234 S, Akbari et al., "Ceramic Additive Manufacturing Potential for Power Electronics Packaging," IEEE
Transactions on Components, Packaging and Manufacturing Technology 12, no. 11 (2022): 1857-1866.

255 S. Akbari, et al., “Ceramic Additive Manufacturing Potential for Power Electronics Packaging,” IEEE
Transactions on Components, Packaging and Manufacturing Technology, 12, no. 11 (2022): 1857—1866.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 16



DRAFT — Wide Bandgap Power Electronics Strategic Framework

256 M. Liu, et al., "Comprehensive Review and State of Development of Double-Sided Cooled Package Technology
for Automotive Power Modules," IEEE Open Journal of Power Electronics 3 (2022): 271-289, 2022,
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=9769770.

257 F. Hou et al., “Review of Packaging Schemes for Power Module,” IEEE Journal of Emerging and Selected
Topics in Power Electronics 8, no. 1 (March 2020): 223-238. https://ieeexplore.ieee.org/document/8869891.

258 «“Die Attach Materials for Power Electronics in Electric Vehicles 2020-2030,” IDTechEx,
https://www.idtechex.com/en/research-report/die-attach-materials-for-power-electronics-in-electric-
vehicles-2020-2030/692.

29 R. Riva, et al., “Migration issues in sintered-silver die attaches operating at high temperature,” Microelectronics
Reliability 53, no. 9 (September 2013): 1592-1596,
https://www.sciencedirect.com/science/article/abs/pii/S0026271413002795.

260 S, Daryanani, “Large-area sintering advances improve power module performance,” Power Electronics News
(October 30, 2023), https://www.powerelectronicsnews.com/large-area-sintering-advances-improve-power-
module-performance/.

261'S. Jones-Jackson, et al., "Overview of Current Thermal Management of Automotive Power Electronics for
Traction Purposes and Future Directions," IEEE Transactions on Transportation Electrification, 8, no. 2 (June 2022):
2412-2428, June 2022, https://ieeexplore.ieee.org/document/9698055.

262 J. Schulz-Harder, J., “Advantages and New Development of Direct Bonded Copper Substrates,” Microelectronics
Reliability 43, no. 3 (2003): 359-365.

263 W, -H. Chi, H. -C. Chen and H. -K. Liao, "High Reliability Wire-Less Power Module Structure," (paper
presented at the 2018 13th International Microsystems, Packaging, Assembly and Circuits Technology Conference
[IMPACT], Taipei, Taiwan, October 24-26, 2018): 71-74, hitps://ieeexplore.ieee.org/document/8625789.

264 M. Knoerr, S. Kraft and A. Schletz, "Reliability assessment of sintered nano-silver die attachment for power
semiconductors," (paper presented at the 2010 12th Electronics Packaging Technology Conference, Singapore,
December 8-10, 2010): 56-61, https://ieeexplore.ieee.org/document/5702605.

265 C. Durand, et al., "Power Cycling Reliability of Power Module: A Survey," IEEE Transactions on Device and
Materials Reliability 16, no. 1 (March 2016): 80-97, https://ieeexplore.ieee.org/document/7377071.

266 C. Durand, et al., "Power Cycling Reliability of Power Module: A Survey," IEEE Transactions on Device and
Materials Reliability 16, no. 1 (March 2016): 80-97, https://ieeexplore.ieee.org/document/7377071.

267 M. Steiner, E. Motto and J. Donlon, "New industrial module package with matched CTE materials," (paper
presented at the 2017 IEEE Energy Conversion Congress and Exposition [ECCE], Cincinnati, OH, November 7,
2017): 4019-4021, https://ieeexplore.ieee.org/document/8096701.

268 E. Gurpinar, et al., “Analysis and Optimization of a Multi-Layer Integrated Organic Substrate for High Current
GaN HEMT-Based Power Module,” (paper presented at the [IEEE Workshop on Wide Bandgap Power Devices and
Applications in Asia [WiPDA], Suita, Japan, September 23-25, 2020), https://research-
hub.nrel.gov/en/publications/analysis-and-optimization-of-a-multi-layer-integrated-organic-sub-2.

269 “Nitride Global AION Coatings,” Nitride Global, https://www.nitrideglobal.com/products/aluminum-
oxynitride.

270 G. Moreno, et al., “Electric-Drive Vehicle Power Electronics Thermal Management: Current Status, Challenges,
and Future Directions,” ASME Journal of Electronic Packaging 144, no.1 (2022): 011004.

211 B, Dede, et al., “Thermal Metamaterials for Heat Flow Control in Electronics”, ASME Journal of Electronic
Packaging 140 (2018): 010904.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 17



DRAFT — Wide Bandgap Power Electronics Strategic Framework

272 Power Electronics Module with Integrated Ceramic Heat Exchanger, Non-Provisional Patent Application
63/483,041 (filed 2023), https://patentscope.wipo.int/search/en/detail.jsf?docld=W02024163848.

273 Douglas DeVoto, “Thermomechanical Reliability Aspects of Automotive Power Electronics: Current Status and
Future Trends”, (paper presented at the 2023 IEEE Applied Power Electronics Conference [APEC], Orlando,
Florida, March 19-23, 2023), https://www.nrel.gov/docs/fy240sti/85209.pdf.

Focus Area 4: Non-Technical WBG Development Support Areas

4.2 Techno-Economic Development and Lifecycle Assessment for the U.S. PE
Industry

24 E. D. Williams, R. U. Ayres and M. Heller, “The 1.7 kilogram microchip: Energy and material use in the
production of semiconductor devices,” Environmental science & technology, 36, no. 24 (2002): 5504-5510.
https://doi.org/10.1021/es02564 30.

275 M. Scholand and H. E. Dillon, “Life-cycle assessment of energy and environmental impacts of LED lighting
products part 2: LED manufacturing and performance,” PNNL-21443 (Richland, WA: Pacific Northwest National
Lab [PNNL], 2012).

276 . A. Warren et al., “Energy impacts of wide band gap semiconductors in US light-duty electric vehicle fleet,”
Environmental science & technology 49, no. 17 (2012): 10294-10302, https://doi.org/10.1021/acs.est.5b01627.

U.S. Department of Energy | Office of Energy Efficiency & Renewable Energy 18



