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Outline

o GaN for High-temperature applications

o GaN resistive switching memory status

o Discovery of memory behavior in GaN p-n diodes

o Mechanism for the threshold switching behavior

o Enhanced GaN memory behavior up to 500 C

o Summary
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John D. Cressler, H. Alan Mantooth, Extreme Environment Electronics, 2013 by Taylor & Francis Group

High Temperature Applications

automotive

aircraft engine

space exploration

Geothermal
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Pradhan, D.K., Moore, D.C., Francis, A.M. et al. Materials for high-temperature digital electronics. Nat Rev Mater 9, 790–807 (2024)

Intrinsic Carrier Density

ni =   Nc Nv e
−Eg / 2kT

GaN for High Temperature Applications

Semiconductor Electronics
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Pearton et al. , Appl. Phys. Rev. 5, 011301 (2018)  

GaN for High Temperature Applications
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https://www.semiconductor-today.com/news_items/2023/jun/yole-210623.shtml

GaN for High Temperature Applications

❑ Size

❑ Cost

❑ Maturity
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https://www.semiconductor-today.com/news_items/2023/jun/yole-210623.shtml

GaN for High Temperature Applications

❑ Size

❑ Cost

❑ Maturity

12’’

GaN-on-Si
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Unique Potential of GaN Electronics and Photonics
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Current Status of High-temperature Semiconductor Devices (Transistors)

Pradhan, D.K., Moore, D.C., Francis, A.M. et al. Materials for high-temperature digital electronics. Nat Rev Mater 9, 790–807 (2024)
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C. Chen, Y. C. Yang, F. Zeng, and F. Pan, "Bipolar resistive switching in Cu/AlN/Pt

nonvolatile memory device," Appl. Phys. Lett., vol. 97, 2010.

Y. Chen et al., “Reproducible bipolar resistive switching in entire nitride AlN/n-GaN metal-

insulator-semiconductor device and its mechanism,” Appl. Phys. Lett., vol. 105, 2014.

❑ Limited work on selector or memory before 2019: <150 °C, endurance problem

Topic: GaN Resistive Switching Memory

• resistance-switching 

random access memory 

(RRAM)

• nonvolatile memory

• high response speed

• high scalability

• high density
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• resistance-switching 

random access memory 

(RRAM)

• nonvolatile memory

• high response speed

• high scalability

• high density

C. Chen, Y. C. Yang, F. Zeng, and F. Pan, "Bipolar resistive switching in Cu/AlN/Pt

nonvolatile memory device," Appl. Phys. Lett., vol. 97, 2010.

Y. Chen et al., “Reproducible bipolar resistive switching in entire nitride AlN/n-GaN metal-

insulator-semiconductor device and its mechanism,” Appl. Phys. Lett., vol. 105, 2014.

❑ Limited work on selector or memory before 2019: <150 °C, endurance problem

• trap-controlled space charge limited current theory

• Nitrogen vacancies of AlN serving as electron traps that form/rupture 

electron transport channel by trapping/detrapping electrons 

• → high resistance state (HRS) and low resistance state (LRS)

Topic: GaN Resistive Switching Memory
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S. Yu, “Resistive Random Access Memory (RRAM): From Devices to Array Architectures,” in Synthesis Lectures on Emerging

Engineering Technologies. vol. 2, 2016.

M. Wang et al., "Robust memristors based on layered two-dimensional

materials," Nat. Electron., vol. 1, 2018.

C. Chen, C. Song, J. Yang, F. Zeng, and F. Pan, "Oxygen migration induced resistive switching effect and its thermal stability

in W/TaOx/Pt structure," Appl. Phys. Lett., vol. 100, 2012

❑ 2D graphene/MoS2−xOx/graphene → 340 °C

❑ Wide variety of material systems for RRAM, such as NiO, TiOx,

CuOx, ZrOx, ZnOx, HfOx, TaOx, AlOx…

❑ Almost all reported < 200 °C

mechanicall

y exfoliated 

Other Materials
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K. Fu, et al., IEEE Transactions on Electron Devices 71.3 (2023): 1641-1645.

Discovery of Memory Behavior in GaN p-n Diodes

G. Koblmüller, J. S. Speck, et al., Journal of Applied Physics, 107, 043527 (2010)
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Discovery of Memory Behavior in GaN p-n Diodes

K. Fu, et al., IEEE Transactions on Electron Devices 71.3 (2023): 1641-1645.
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K. Fu, et al., IEEE Transactions on Electron Devices 71.3 (2023): 1641-1645.

Discovery of Memory Behavior in GaN p-n Diodes
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K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.

Discovery of Memory Behavior in GaN p-n Diodes
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K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.
❑ Reverse breakdown served as the forming process → resistive switching

Discovery of Memory Behavior in GaN p-n Diodes
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❑ Direct voltage scanning mode

❑ Reliably switched more than 1000 cycles at room temperature with very small fluctuation of the set 

voltage and the current at HRS

➢ Room temperature performance

K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.

Discovery of Memory Behavior in GaN p-n Diodes
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➢ High temperature performance

K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.

❑ The set voltage increases with 

temperature

❑ The device performance returns to its 

initial values as the temperature 

decreases to room temperature.

Discovery of Memory Behavior in GaN p-n Diodes
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➢ High temperature performance

only HRS if > 300 C

K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.

HRS I-V curves: trap-assisted space charge

limited current (SCLC) theory (the Ohmic region

I~V, and the Child’s square law region I~V2

followed by a steep increase in current)

Discovery of Memory Behavior in GaN p-n Diodes
2025 Joint HiTEC/CICMT/APPE Conferences | Albuquerque, New Mexico | April 14-17, 2025

000133



21kai.fu@utah.edu https://sites.google.com/view/kaifu-group

❑ Reliably switched more than 1000 cycles at 300 °C with very small fluctuation of the 

set voltage and the current at HRS

❑ The fabrication is repeatable

➢ High temperature performance

Discovery of Memory Behavior in GaN p-n Diodes
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❑ The traps-based conductive path

could be maintained when the stop

voltage was a little higher than the

turn-on voltage of the GaN p-n diode

→ Memory behavior, with high

temperature stability!

K. Fu et al., IEEE Electron Device Letters, vol. 40, 2019.

Discovery of Memory Behavior in GaN p-n Diodes
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P

N

Mechanism for Resistive Switching Behavior
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Mechanism for Resistive Switching Behavior
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Mechanism for Resistive Switching Behavior
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LRS LRS → HRS High temperature

Mechanism for Resistive Switching Behavior
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P

N

P

N

HRS

HRS LRS

LRS LRS → HRS High temperature

trapping vs de-trapping

K. Fu, et al., IEEE Transactions on Electron Devices 71.3 (2023): 1641-1645.

Mechanism for Resistive Switching Behavior
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Enhanced GaN Memory Behavior up to 500 C

K. Fu, et al., IEEE Transactions on Electron Devices 71.3 (2023): 1641-1645.
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❑ The Ga2O3 interlayer was found to be effective in improving the high-temperature 

performance up to 500 C, but...

Enhanced GaN Memory Behavior up to 500 C
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❑ 25 C–300 C: the detrapping from interfacial traps increased Vth at. 

❑ 300 C–500 C: thermally activated intrinsic carrier densities in p-GaN and n-GaN increase. The injection of 

thermal activation carriers into traps could decrease the Vth

❑ The device performance returns to its initial values as the temperature decreases to room temperature.

Enhanced GaN Memory Behavior up to 500 C
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https://science.nasa.gov/science-research/science-enabling-technology/hottech-attempts-to-tackle-venus/

NASA Glenn Extreme Environments Rig (GEER) for Venus

(460 C, ∼ 92 atm., containing CO2/N2/SO2 etc.)

after 10 days

❑ Memory behavior; Vth and Vhold are significantly increased 

❑ Possible reasons (no passivation): p-GaN conductivity degradation, 

surface damage, increased trapping density at the regrown 

interface, and/or electrode metal degradation 

Venus

Enhanced GaN Memory Behavior up to 500 C
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❑ Observed resistive switching and memory

behaviors in GaN p-n diodes with regrowth

interface.

❑ Endurance and high temperature test: 1000

cycles; up to 300 C; small fluctuation.

❑ Mechanism: trapping vs de-trapping.

❑ Ga2O3 insertion is effective to enhance the

operation temperature up to 500 C.

❑ The GaN/Ga2O3 memory survived in Venus

environment for 10 days but shows severe

degradation; passivation may improve the

performance.

❑ New materials for high temperature...
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