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• Explosive growth of semiconductor industry changing the very fabric of society.
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Motivation

Technology: Growth and Impact, MM. Crapis, (2019). Zeutek.com

3 Tech Growth Strategies for 2021 to Navigate Uncertainty, M. Kopelman (2021), www.apiro.com



• Lots of reasons…

• Key Fuel - faster and cheaper fundamental building blocks (transistors).

3

How?

2003 2010
now

*technology node has become a marketing tool rather than a real physical feature description



Transistor operation for logic (MOSFET)
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• Metal-oxide-silicon/semiconductor field-effect-transistor.

• Basic operation all comes down to 1’s and 0’s (on and off).

CMOS: Complimentary metal-oxide-semiconductor – mix of MOSFET “flavors” (nMOS & pMOS).

Insulator
n+ Source n+ Drain

p+ Substrate

Gate
Electrode

OFF – No Current

Insulator

p+ Substrate

Gate
Electrode

n+ Source n+ Drain

On – Yes Current
What makes a 

“better” transistor?



Why defects matter
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• Impede transistor operation (partial or complete).

• Individual atoms matter (channel only few nanometers long).

X

Start 
(source)

End

(drain)

channel



Defects or “traps”
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Quantum Mechanical 
Tunneling Defect

Available or Forbidden Energy Levels

Interface Defect or
Interface Trap

New device, technology, material, etc. (if you're lucky).
Ex. badly damaged due to radiation.

Only getting more complicated.
Practice makes perfect.



The Semiconductor Industry – Defect Problem

• Do bad things.

• Unavoidable.

• Increasingly Important.
• Scaling (individual atoms matter).
• Materials (more complicated species).
• Design (more complicated interactions).
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X X

X

X
XNormal Use*

*Includes intrinsic/extrinsic wear-out mechanisms, 

including various radiation induced reliability issues 

(different for various environments/exposures).

“So it is said that if you know your 
enemies and know yourself, you can 
win a hundred battles without a single 
loss.”—Sun Tzu



Electron Paramagnetic Resonance; an Imperfect Analogy…

Photo Credit: gehealthcare.com

Photo Credit: medicaldevice-network.com

Photo Credit: youtube.com
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Experimental Modes…

• Conventional Electron 
Paramagnetic/Spin Resonance

• Unrivaled access to atomic scale chemical 
and physical nature.

• Large area/volume samples.
• Great for “simple” material structures.

• Electrically Detected Magnetic 
Resonance (EDMR)

• Detect EPR via resonance induced change in 
device current.

• Fully processed nanoscale devices.
• Same EPR information directly linked to 

device operation.
• Many modes of operation (specialized 

information).

What information are we after?
9
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Example 1: Conventional EPR, Interface Defects Si/SiO2 

X
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Example 2: Conventional EPR, oxide defects Si/SiO2 

X
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Example 3: Conventional EPR, interface and oxide defects Si/SiO2/HfO2 

n+ Source n+ Drain
Interfacial (SiO2)

Gate

p Substrate (silicon)

High-k (HfO2)
X

X
X X

X

*much more complicated system 
due to “smeared” interfacial region 
and presence of hafnium.
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Example 4: EDMR, variety of modes 
and device structures 

Planar Si/SiO2
HKMG - SiGe HKMG - FinFET

a-SiOC:H Flowable oxide



Integral to many alternative computing schemes including neural 
networks and memory classes.

Example 5: Resistive Memory Applications

Photo Credit: nanowerk.com

• Predictable behavior and adaptability require much broader physical 
understanding.

• Fundamental details regarding defect kinetics are still not resolved.

• Effects of traditional “reliability” problems not well understood in 
neural network applications.

Select Publications: M.A. Anders, et. al., Appl. Phys. Lett, in prep, 
2021., 1004, 573-580, 2020; M.A. Anders et. al., J. Appl. Phys, 128 
(24), 244501, 2020; JP Ashton, et. al., IEEE Intl. Reliab. Phys., 2019; 
M Anders, et. al., APL, 2019; D.J. McCrory, et. al., Rev. Sci Inst., 90, 
014708, 2019; D.J. McCrory, et. al., IEEE Trans. Nuc. Sci., 65 (5), 
2018; G. Bersuker, et. al., J. Comp. Elec., 16 (4), 2017. 14



• Bruker ELEXSYS spectrometer.
• Conventional X-band ESR or EDMR.

• Cryogen-free helium and nitrogen 
variable temp. (4 K - 1000 °C).

• Programable goniometer.

• In-situ UV irradiation.  

• 1.5x homemade EDMR 
spectrometers.

• Multipurpose/reconfigurable.

• Zero field through X band.

• SDR, SDT, SDCP, BAE, etc…

• Semiauto wafer prober w/ full 
IV, pulsed, and CV hardware.

• Manual wafer prober w/ full IV, 
pulsed, and CV hardware.

• Configurable to wafer-level EDMR 
system.

• Staff
• Jason Ryan (PI) and Steve moxim 

(NRC PD).

• Countless int./ext. collaborators.

Resources
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Summary

• Explosive growth of semiconductor industry changing fabric of society.
• fueled by “faster-cheaper-better” fundamental building blocks 

• As technology advances defects become increasingly more important.
• Individual atomic-scale defects matter (size).

• Extremely complex materials systems.

• Generated through normal use, including radiation exposure.

• Electron paramagnetic resonance a very powerful tool.
• Understand chemical and physical nature.

• Link back to actual device performance and operation.

• Many examples of utilizing EPR to understand radiation damage at device/material level.

• Many example of utilizing EPR to understand radiation damage at 
device/material level.

• Simple planar Si/SiO2 MSOFETs through modern highly-complex 3D transistors.
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Example 5: EDMR, specialized per needs due to increased complexity…



• Size and control (design).
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How?

2003 2010
now

*technology node has become a marketing tool rather than a real physical feature description



Magnetic 
Field 

En
e

rg
y

Hr

Physical Basis For ESR (simplified)
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+ mIA

Electron-Nuclear Hyperfine Interactions: Due to 
nearby nucleus with magnetic moment a second term 
is added where mI is the nuclear spin quantum 
number and A is the hyperfine tensor (second rank).

Deviations provide more useful information:

hν = ge β Hr

Physical Basis For ESR (simplified)

hν = g β Hr

Spin-Orbit Coupling: Due to electron’s orbital angular 
momentum about the nucleus ge becomes a second 
rank tensor.
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