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Project Overview

Research Purpose and Scope:

Electronics technologies available for present day, in-service nuclear reactor sensing and communications
are unsuitable due to high radiation and high temperature environments

This project will investigate and demonstrate the suitability of gallium nitride (GaN) HEMT-based
electronics for reactor sensor interfacing and wireless communications

Validation of custom designs will be performed in both high temperature and high radiation environments

Successful completion will advance the state-of-the-art in harsh environment electronics technologies for
present and future advanced reactor applications
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Technology Impact: Why Radiation-Hardened Electronics?

* Placing sensors and associated electronics closer to a nuclear reactor core will improve reactor
control and operation through increased signal accuracy, precision, and fidelity resulting in safer
and more efficient energy production

» Electronics placed closer to sensors can multiplex and/or processes signals, reduce bandwidth
for transmission, and reduce cabling and penetration requirements lowering costs and
Increasing infrastructural integrity
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Technology Overview

Investigate and demonstrate the suitability of gallium nitride (GaN) HEMT-based
electronics for reactor sensor interfacing and wireless communications.

« Designing low complexity, cost effective, and radiation robust sensor signal conditioning and
wireless transmission circuitry will increase safety and reliability while reducing maintenance
costs associated with nuclear reactors, spent fuel casks, and emergency robotics

o Complex algorithms can be performed in a low-radiation environment
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Radiation Effects on Semiconductor Devices

* Neutrons

— Neutrons will transfer energy to interstitial
atoms displacing atoms which may recombine
with dopant or impure atoms producing stable
defects

— Minority carrier removal and increased
material resistivity are associated with neutron
displacement damage
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A. Dawiec, Developmentofan ultra-fast X-ray camera using hybrid pixel detectors,
HumanComputer Interaction [cs.HC], Universite de la Mediterranee — Aix-Marseille Il
Marseille France (2011)




Si-Based Electronics Components Radiation Limits

Neutron Displacement Damage [1]

Total lonization Dose (TID) Damage [2]

Maz(nz;i)n . Displacement effect TID (rad) TID effect
Diodes/ 13.1n15 | 1 leakage current; s
Photodiodes 1018 1 forward voltage threshold o (\PIQICEEESHS
LEDs 1012-1014 | lightintensity 107-108 0.25 dB attenuation
BJTs 1013 Current gain degradation 10°-107 Currenigainiaegeeoiiolh
1 leakage current
JFETs 1014 I ccaﬁ?igrzgebflli?ig\gty; >108 Minimal effects
SiC JFETs 1028 I ccaﬁ?igrzgebflli?ig\gty; >108 Minimal effects
MOSFETS 1015 1 channel resistivity; 106 T threshold voltage;
| carrier mobilities T leakage current
CMOS 1015 1 channel resistivity; 108 variation in threshold voltage;

| carrier mobilities

[1] Neamen, Donald A. Semiconductor physics and devices: basic principles. New York, NY: McGraw-Hill,, 2012.
[2] H. Spieler, "Introduction to radiation-resistant semiconductor devices and circuits.”" AIP Conference Proceedings. Vol. 390. No. 1. American Institute of Physics, 1997.

variations in leakage current



* High bonding in binary and ternary nitrides makes GaN devices intrinsically resistant to
displacements

 Enhancement-mode (E-mode) and depletion-mode (D-mode) device fabrication and operation is
possible without requiring gate insulation for the field effect devices

* The 2D electron gas (2DEG) allows for channel charges as high as 3x10'3 cm-2 without
Introducing dopants, which allows for high channel mobilities by reducing impurities

« GaN HEMTs have been shown to withstand 600 Mrad ionizing dose (neutron limits are under

Investigation)
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Early GaN HEMT Fabrication

o AlGaN/GaN HEMTs with 0.7 um gate
length were fabricated at OSU and
delivered to ORNL

e Devices were fabricated on commercially
obtained AlGaN/GaN epitaxial layers

* Devices show good on-current (> 900
mA/mm), f:/fyax (=19 GHz/40 GHz)
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GaN HEMT Fabrication Process

e Process flow for monolithic
enhancement-depletion mode circuits
IS being developed on commercially
obtained epitaxial wafers
(p-GaN/AlGaN/GaN/sapphire)

* Process parameter optimization for
etch, contacts is underway

OSU GaN Inverter Fabrication Process
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Empirically Derived Compact GaN Device Models (Verilog-A)

Verilog-A Model Derived by Fitting Measured Data Model Development Process Flow
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Empirically Derived Compact GaN Device Models (Verilog-A)

Drain Current Empirical Model
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Binary Modulation Schemes

On-Off Keying Frequency-Shift Keying Chirp Keying

e Simple implementation * Increasing complexity  Significant complexity
« Narrowband method * Robust narrowband method e Spread spectrum method
« Binary values represented « Constant envelope » Constant envelope

presence of carrier f, _
* Binary values representedby < Values represented by

differing frequencies f, and f; Increasing or decreasing
Instantaneous frequency
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Encoding Schemes

Pulse-Width Encoding Pulse-Density Encoding Binary Encoding

o Simple implementation  Increasing complexity  Significant complexity
* Analog values encoded in * Leverages delta-sigma « Traditional binary analog-to-
duty cycle of rectangular modulation to encode analog digital converter
waveform values
« Enables integration with fully
» A form of temporal encoding « A form of rate encoding digital systems and digital
error-correcting codes
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Frequency-Shift Keying with Pulse Width Encoding Simulation

« Continuous-time simulations of transmitter and discrete-time simulation of receiver designs

 Noise introduced to sensor measurements and transmitted waveform
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Depletion-Load Logic Circuits and Layouts (Magic)

Voo ol NOT Truth Table
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Select Analog Circuits and Layouts (Magic)
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Selected Circuit Simulations

o Simulations of the GaN HEMT-based circuits were performed in QucsStudio (http://qucsstudio.de/)
 Models do not converge with voltages beyond 4 V
« Digital devices require D-mode devices to have W/L = 3 compared to their E-mode input device

 The simulated oscillators (RC-phase, Colpitts, and ring) resonate near their theoretical resonance

« The simulated current mirror output current scales linearly with ratioed widths and lengths I, = Wallz |
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Assorted Analog and Digital Cells and Associated Device Sizes

-l Device sizes (W/L)
Cell e D-mode (um) E-mode (um)
NOT gate Logic inverter 10/4 30/3
NAND gate 2-input NAND gate 10/4 30/3
AND gate 2-input AND gate 10/4 30/3
NOR gate 2-input NOR gate 10/4 30/3
OR gate 2-input OR gate 10/4 30/3
Ring Oscillator S-stage logic inverter topology 10/4 30/3
D-mode differential pair 4 pairs 4%%4 8: 2’;; /- 4
5 "
E-mode differential pair 4 pairs -Lz}?f&jg/g/%
E-mode current mirror S:1 ratio 10/4 : 50/4
D-mode Gilbert cell Balanced mixer 50/4
E-mode ELT Single device with annular gate 30/3
Interdigitated E-mode ELT 4 interdigitated with annular gate 30/3




Recent GaN Device Fabrication

* Anew GaN process run of devices (E-mode, D- \ o E—— |
mode, resistors, differential pairs, and current Eﬁ i Ej= oAy
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Concluding Remarks

« State-of-the-art silicon-based electronics are not suitable for high temperature radiation
environments associated with nuclear reactors and spent fuel storage

 Wide bandgap GaN is a promising semiconductor material for these harsh conditions
 Test GaN E-mode and D-mode devices have been fabricated at OSU and tested
 Compact circuit models for OSU’s GaN HEMT process have been developed

» Digital wireless communication protocols of different complexities have been investigated

* An assortment of analog and digital circuits have been simulated in QucsStudio, and their
corresponding cell layouts have been designed in Magic

Looking ahead:

« Fabrication of new circuit cells (analog and digital) is underway at OSU

« Additional layers are being added to the OSU process (and layout/extraction tools)

A GaN device irradiation is planned for January 2023 in the OSU research reactor

» Circuits of increasing complexity will be designed and validated in the OSU GaN process
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