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Scaling of WBG/UWBG Power Devices3

C, AlN, BN
>10 MV/cm

Si
~0.3 MV/cm

SiC, GaN
~3 MV/cm

Thinner drift layers 
for increasing EC

Vertical unipolar device:
• Unipolar Figure of Merit, 

UFOM = VB
2/Ron,sp = emnEB

3/4
• EB scales roughly as EG

2

• UFOM scales roughly as EG
6

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)

D. Meyer, NRL

Possible additional scaling of UWBG 
devices relative to SiC and GaN!

UWBG

For equivalent breakdown voltage, get lower 
RonA for (U)WBG device
• For same Ron, (U)WBG device can have

smaller area
• Smaller area results in less capacitance
• Gives a faster switching transient and lower 

loss per switching cycle



Scaling of WBG/UWBG Power Converters4

Relative Figures of Merit:
• Vertical UFOM = emnEB

3

• Huang Material FOM = EBmn
1/2

• HM-FOM seems to be a good predictor of power density

UWBG

WBG

Si
WBG

UWBG

R. J. Kaplar, J. C. Neely, et al., IEEE Power Electronics Magazine (March 2017) 300 K, 50% duty cycle, 500 A/cm2

J. Flicker et al., WiPDA 2017; analysis based on method 
in Morisette and Cooper, TED 49(9), 1657 (2002) 

➢ GaN and AlN preferred to 
SiC at higher voltages 
(frequency dependent)

Analysis of preferred materials 
and device structures for 
various operating ranges 

Higher switching frequency allows reduction in size of passive components



5 UWBG Working Group Studies
• Five workshops/events held (Oct. 2015 / April 2016 / May 2019 

/ October 2021 / April 2022)

– Government, academia, industry, national lab participants

– Subset formed a working group

• Study on material parameters, growth, physics, applications, extreme 
environments, and processing/packaging

• Goals

– Establish (refresh) best materials parameters and physics

– Evaluate applications and projected performance spaces

• Power switching, RF power/switching, optoelectronics, quantum 
information sciences, extreme environments

– Articulate Research Challenges and Opportunities  

• Compiled information distributed via multiple outlets

• Out-brief at GOMAC special session (2017)

• Comprehensive Advanced Electronic Materials article (2018)

• Army Research Lab report (2021)

• DARPA Electronics Resurgence Initiative Summit session (2021)

• DARPA-sponsored GOMAC special session (2022)



6 UWBG Opportunities and Challenges
Four topical areas resulting from April 2016 workshop in 
Arlington, VA (sponsored by NSF and AFOSR):

1. Materials: Bulk and epitaxial growth, point and 
extended defects, doping, materials characterization, 
fundamental theory and DFT 

2. Physics: Electronic transport at low and high fields, 
optical properties, phonon transport, electrical 
breakdown, carrier confinement

3. Devices: Device architectures, fundamental limits to 
device performance, device fabrication and processing 
techniques, co-design for thermal packaging

4. Applications: New applications enabled by UWBGs, 
device performance targets, power switching needs, RF 
needs, UV emitter & detectors, quantum information

J. Y. Tsao et 
al., Adv. 
Elec. Mat.
4, 1600501 
(2018)

Combined topics in 
report; 26 research 
challenges identified



7 UWBG Opportunities and Challenges

1. AlN Substrates: Large (>5 cm) diameter 
single-crystal AlN substrates with low 
(<104 cm-2) dislocation densities and 
negligible bowing (>30 m radius of 
curvature)

2. Predictive vapor-surface-film 
kinetic/thermodynamic framework for 
the atomic-scale co-evolution of 
morphology and composition during 
AlGaN heteroepitaxy

3. A complete set of synthesis and 
processing tools for control of substrate 
diameter, defects, doping, carrier 
confinement, contacts, and 
heterostructures in diamond

Materials

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)

I. Bryan et al., J. Cryst. 
Growth 451, 65 (2016)

C. I. Pakes et al., MRS 
Bull. 39, 542 (2014)

Z. Sitar, R. 
Collazo, NCSU



8 UWBG Opportunities and Challenges

4. Novel synthesis, processing, and 
architectural routes for circumventing 
the low thermal conductivity of Ga2O3

5. Exploration of novel UWBG materials 
including h-BN for 2D devices, wz-BN for 
forming heterostructures with AlGaInN, 
and c-BN for forming heterostructures
with diamond and as a stand-alone 
material

6. A first-principles theory of doping in 
UWBG semiconductors in conjunction 
with new synthesis and doping 
approaches (e.g. based on broken 
symmetries at surfaces and hetero-
interfaces)

Materials

Al% in AlGaN

M. Higashiwaki, 
NICT

Z. Sitar, R. 
Collazo, NCSU

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



9 UWBG Opportunities and Challenges

7. Exploration of extreme high field and non-
equilibrium physics regimes in UWBG 
semiconductors – likely to lead to re-
evaluation of standard models for the 
fundamental properties and interactions of 
electrons, holes, phonons, and photons 

8. A comprehensive understanding of the 
carrier and lattice dynamics underlying 
electron and hole transport – at low and 
high fields, including breakdown – across 
the range of polar and non-polar UWBG 
semiconductors

9. New theoretical descriptions and models 
of avalanche breakdown and high-energy 
carrier transport in UWBG materials, 
coupled with experimental verification

Temperature dependence of the drift mobility 
calculated for Ga2O3. IO and NI indicate ionized and 
neutral impurity scattering; DP, NOP and PO indicate 
non-polar acoustic, non-polar optical and polar 
optical phonon scattering; the dotted line (NOP) 
represents the single NOP mobility. The bold solid line 
is the total drift mobility for all scattering 
mechanisms. (Figure courtesy of Antonella Parisini
and Roberto Fornari, University of Parma, and IOP 
Publishing.)

Physics

A. Parisini and  R. 
Fornari, Semi. Sci. Tech.
31, 035023 (2016)

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



10 UWBG Opportunities and Challenges

Physics

10. Exploration of the physics of carrier 
confinement under extreme 
conditions (e.g. ultrathin 
heterostructures whose confinement 
requires UWBG semiconductors)

11. High-k dielectrics with low trap-
density interfaces to UWBG 
semiconductors

12. New techniques for co-designing 
devices for combined electrical and 
thermal performance, including 
techniques for modeling and 
measuring space- and time-varying 
thermal and electrical transport

J. Robertson and B. 
Falabretti, J. Appl. Phys. 
100, 4111 (2006)

J. Garg et al., Phys Rev. 
Lett. 106, 045901 
(2011); W. Liu and A. A. 
Balandin, J. Appl. Phys.
97, 73710 (2005).

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



11 UWBG Opportunities and Challenges

Devices and 
Applications

13. Normally-off vertical power switches
that combine ultra-high breakdown 
voltages with ultra-low on-resistance

14. Photoconductive UWBG 
semiconductor switches for pulsed 
power applications

15. New dielectric and magnetic materials 
and architectures that enable high-
frequency, ultra-compact integrated 
passive elements for overall power 
system miniaturization

16. Thermally managed UWBG RF 
transistors that generate higher output 
powers and power densities than 
present Si, III-V, SiC, and GaN devices

(Mg,Ca)O/GaN heterovalent interface

20 nm

Fe nanoparticle-based magnetic core material

Dale Huber, 
SNL

J. Ihlefeld, SNL

F. Zutavern, 
SNL

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



12 UWBG Opportunities and Challenges

Devices and 
Applications

17. High-voltage, low on-resistance 
UWBG RF switches that can stand-off 
the voltages generated by UWBG RF 
sources

18. Single crystal AlGaN and AlN electro-
mechanical RF filters with very high 
bandwidth and power-handling, small 
size and weight, and potential for 
integration with UWBG electronics

19. Negative electron-affinity and/or 
ultra-low work-function surfaces for 
robust high electron emission 
efficiency cold cathodes and/or 
electron collector surfaces

R. Wolf, Global 
Foundries

D. Takeuchi, Phys. 
Status Solidi A 210, 
1961 (2013)

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



13 UWBG Opportunities and Challenges

Devices and 
Applications

20. LEDs at l < 260 nm and high beam-
quality compact laser diodes at l < 
320 nm, both with >10% wall plug 
efficiency 

21. Photonic integrated circuits 
incorporating all building blocks 
necessary for a single chip quantum 
information processing system (based 
on trapped ions, neutral atoms, 
photons or defect centers)

22. Rad-hard UWBG power devices that 
exhibit essentially no performance 
degradation nor single-event upsets 
in radiation environments

N. Johnson, 
PARC

M. Crawford et al., 
Appl. Phys. Exp. 8, 
112702 (2015)

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



14 UWBG Opportunities and Challenges

Devices and 
Applications

23. A new generation of 
extreme-environment-
operable sensors with 
co-located power and data 
processing electronics

24. An UWBG materials and device processing 
toolkit: Selective area doping, low resistance 
Ohmic contacts, and materials integration

25. Incorporation of emerging UWBG physics 
into parameterized TCAD models for physics 
validation and new device design

26. New packaging materials and low-
inductance interconnects compatible with 
high-T, high-voltage, and high dV/dt operation

R. Collazo et al., Appl.
Phys. Lett. 91, 212903 
(2007)

Y. Lei et al., Proc. APEC
1512 (2016)

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



15 Table of Best-Known Material Parameters

➢ Working group study 
reviewed the literature and 
determined best-known 
parameters for WBG and 
UWBG materials

➢ Materials included are:
• GaN (reference)
• AlGaN
• AlN
• AlGaN/GaN HEMT
• b-Ga2O3

• c-BN
• Diamond
• Diamond MOS

GaN example

J. Y. Tsao et al., Adv. Elec. Mat. 4, 1600501 (2018)



16 Information Updated in ARL Workshop and Report

• Group re-convened May 14-16, 2019 at 
the Army Research Lab in Adelphi, MD

• Updated research opportunities and 
challenges for key UWBG materials

• ARL published report in June 2021
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UWBG Advantages
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2021 ERI 
Summit

M. Hollis, A. Lelis, et al.



18 Candidate UWBG Materials for Power Switching

Material Technical Pros Technical Cons Maturity

Cubic BN • Widest bandgap material considered (expected highest Ebk)

• Both n- and p-type dopants demonstrated

• Very high thermal conductivity

• Difficult to grow phase-pure material 
(metastable) 

• No alloys

• Low TRL-2

Diamond • Both n- and p-type doping demonstrated with very high bulk 
mobility (>2000 cm2/V-s)

• Highest thermal conductivity

• Diodes and switches demonstrated

• Poor dopant ionization at room T (especially 
n-type)

• Conductivity via hopping mechanism 
requires high doping (low VBD )

• No alloys

• Mid TRL-2

Al-rich

AlxGa1-xN

• AlGaN alloys enable heterojunctions and bandgap 
engineering

• Both n- and p-type polarization doping available over entire 
alloy range (impurity-free doping with no carrier freeze out)

• High quality epitaxy of AlGaN alloys is routine (MOCVD, 
MBE) on large-area, high-quality established substrates 
(sapphire, Si, SiC, GaN, AlN)

• Demonstrated diodes (5 kV), HEMTS (500°C), HFETs, Pol-
FETS in working power and logic circuits

• Alloy scattering results in low and 
composition-dependent thermal 
conductivity (~50-300 W/m-K) and mobility 
(~200-600 cm2/V-s)

• Polarization doping couples conductivity 
and type to compositional grading and 
lattice constant

• Lateral devices 

mid TRL-3

• Vertical devices 

mid TRL-2

Ga2O3
• Large-area substrates with TDD ~104 cm−2 available
• High quality epitaxy possible (MOCVD, MBE, HVPE) with 

excellent n-type doping control (<1014 to >1020 cm-3) and low 
background compensation (<2x1013 cm-3)

• Shallow donors in both Ga2O3 and AlGaO
• Lateral/vertical MOSFETs, HFETs, diodes demonstrated

• Can only be doped n-type (p-type not 
possible)

• Extremely low thermal conductivity (11-27 
W/m-K)

• Low mobility ≤ 250 cm2/V-s

• Lateral and 

vertical devices 

low TRL-3

2021 ERI Summit
M. Hollis, MIT-LL, et al.



19 UWBG Power Switching Challenges and Solutions

Material Technical Challenges Potential Solutions

Cubic BN • Difficult to grow (not the most stable phase)

• No alloys

• Optimize growth of c-BN on diamond substrates

• Utilize c-BN / diamond heterostructures

Diamond • Presently limited to p-type doping (unipolar devices only)

• Conductivity via hopping mechanism requires high doping 
(results in low VBD)

• No alloys

• Operate at higher temperatures

• Leverage other observed transport mechanisms (Mott-Gurney)

• Utilize c-BN / diamond heterostructures

Al-rich

AlxGa1-xN

• Alloy scattering limits mobility and thermal conductivity

• Vertically conducting devices are difficult to fabricate, 
particularly due to lack of native AlGaN substrates

• Ohmic contacts are challenging on Al-rich AlGaN

• n-type material has deep dopants for Al > ~85%.

• Utilize highest Al compositions for transport layers

• Develop HVPE AlGaN substrates, compositional alloy grading to 
relieve strain due to substrate mismatch, heteroepitaxy on 
patterned conductive substrates, or epitaxial lift-off and transfer

• Use compositional-grading-induced polarization doping

• Integrate lower Al compositions by grading and regrowth

Ga2O3
• Lack of bipolar doping limits device architecture options

• Low mobility

• Very poor thermal conductivity

• Use unipolar devices or develop heterojunctions with other 
UWBG p-type materials

• Use thin layers of material, top-side cooling, or wafer bonding to 

other high thermal-conductivity materials

2021 ERI Summit Analogous tables exist for RF (thermal limit)

M. Hollis, MIT-LL, et al.



20 Additional Opportunities for UWBG Semiconductors

D. Meyer, NRL, et al.

• UWBGS breakdown strength and electric properties 
offer advantages for RF and power switching 
devices

• However, UWBGS have other materials properties 
that may benefit in other application areas:

Optical bandgap & non-linear aspects
 Optoelectronics
 Photonic integrated circuits (PICs)

Defect quantum spin
 Magnetometry

Electron affinity
 Field emission in vacuum

Thermal conductivity
 Heat extraction in electronic devices

2021 ERI 
Summit



21

DOE Office of Science Workshop on Basic 
Research Needs for Microelectronics 
(October 23-25, 2018)

https://science.osti.gov/-
/media/bes/pdf/reports/2019/BRN_Microelectronics_rpt.pdf

“…these advances must be conceived and developed 
collectively, in a spirit of co-design, where each scientific 
discipline informs and engages the others, with multi-
directional information flow, to achieve orders of magnitude
improvements in system-level performance.
…Among the greatest challenges will be to establish a multi-
disciplinary culture and language of information exchange
while maintaining expertise and innovation in each of the
necessary disciplines.”

DOE/SC Basic Research Needs Workshop and Report

https://science.osti.gov/-/media/bes/pdf/reports/2019/BRN_Microelectronics_rpt.pdf


22 DOE/BES UWBG Energy Frontier Research Center

Ultra Materials for a Resilient, Smart Electricity Grid (ULTRA)
Lead Institution: Arizona State University (Bob Nemanich, Director)

https://science.osti.gov/bes/efrc/Centers/ULTRA

https://ultracenter.asu.edu/

https://science.osti.gov/bes/efrc/Centers/ULTRA
https://ultracenter.asu.edu/


23 Co-Design Applied to Power Electronics

Computing: Co-design of 
software and hardware

UWBGs:
• Integration of bulk/interfacial and 

electronic/thermal properties
• Ultimate impact of material properties on the grid 

(material ↔ device ↔ circuit ↔ grid)

“Substation in a suitcase”



24 Summary: Resources for UWBG Research Directions

AFOSR/NSF UWBG Workshop ARL UWBG Workshop DOE/SC Microelectronics Workshop

UWBG sessions at DARPA ERI Summit (2021) and GOMAC (2022)



Thank you for your attention!
Bob Kaplar: rjkapla@sandia.gov
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