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Slide Titles in Talk

Our goal is to calculate semiconductor device radiation 
response

We include the response in models for use in circuit calculations

We use an existing mathematical framework for the models

The existing approach expense calls for an improved process

Our process improvement begins with reduced order models

1D ROM captures radiation response comparable to existing 
models

An example points to a useful model application strategy

We map physical subsystems into separate ROMs

Multiple ROMs combined using Neural Nets promises better 
models

Multiple combined ROMS produce predictive results

Potential work flow further reduces the calculation expense

There are many potential beneficiaries from this work
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Our goal is to calculate semiconductor device radiation 
response
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We include the response in models for use in circuit calculations

Radiation facilities produce test data on Semiconductor Devices

High Fidelity 
Models

Circuit Calculations 
describe device behavior 
under normal operation and 
in radiation environments

High Fidelity Models consisting of
Systems of PDE’s 
Physics Discovery – important 
responses of semiconductor device

Compact Models
Systems of ODE’s 
Physics Implementation 
– 
Some physics discovery 
when coupled with other 
device models

Annular Core Research Reactor Sandia Z Machine Accelerator National Ignition Facility

C a l i b r a t i o n    D a t a

2D Diode Model
Compact models range from industry standard to 
artisanal projects requiring extensive tuning and 
calibrations
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We use an existing mathematical framework for the models

Ambipolar diffusion equation (ADE)

High Fidelity Calculation of device 
operation and device response to 
radiation

Compact Model Calculation of device 
and device response to radiation

The high fidelity models apply generally to any semiconductor device since the equations are naturally distributed spatially due to 
being partial differential equations.  The compact model analytic descriptions are application specific and generally apply to specific 
regions or devices with set regions. A key point here is that these mathematical descriptions are solving for charge carrier densities 
or excess charge carrier densities as a function of position and time in the semiconductor devices.  These charge carrier densities are 
converted to currents to compare to experimental data.

Set of physics based analytic equations 
describing electrical behavior of semiconductor 
device under normal environmental conditions

We will modify this model 
component to reduce complexity 
and increase efficiency.

Poisson Eqn

Continuity Eqns

Current Density
 Eqns

plus

n = negative charge carriers (electrons)
P = positive charge carriers (holes)
dn = excess electron concentration



The existing approach expense calls for an improved process

Full Order Model
(FOM)

Current Work Flow

Improved Work Flow 1

High Fidelity model 
development and model 
calibration from data

Compact model 
development 
and model 
calibration 
from data

Application: Circuit and 
system analysis – timeframe 
should be months not years

ROM’

pre existing compact 
or ROM models

Data – 
6 months-1 year High Fidelity Model – 6 months-1 year Compact Model – 6 months-1 year Application in Circuit Model – 6 months-1 year

Potential Work Flow

Compact Model

ROM 

Enhance with 
Neural Net

Improved Work Flow 2
Compact Model

ROM 

Full Order Model
(FOM)

Enhance with 
Neural Net
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Our process improvement begins with reduced order 
models

Projection Based reduced order model of ADE

Full order model of ADE as ODE

Start with PDE linear version of ADE

Discretize ADE – use MOL to xform PDE to ODE

Methods of obtaining Full Order 
Model: obtain from TCAD 
simulation or a system of circuit 
simulator DAEs or measured data 
if carrier densities were known

The physics expertise and data calibration effort is associated with the full featured model – step 1 above.

Expand solution to full state space using adjoint transform

Produce piecewise differential approximation

Converrt carrier densities to currents

The reduced order model is 
expanded to full state space 
(position and time) and the 
carrier densities are converted to 
currents.

VS
UX

Classic example of 
system that can be 
modeled with 
reduced order 
system

Full Featured Model

Singular Value 
Decomposition

Full State Restoration
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1D ROM captures response comparable to existing models

Blue – measured device response from ionizing radiation pulse
Red – State of Art compact model
Gold – ROM derived from ADE

ROM matches data better than compact model in long and short pulse

The system being modeled here is a semiconductor diode exposed 
to radiation embedded in a test circuit



An example points to a useful model application strategy
9

Guard Ring

Zener Diffusion
Zener Junction

P+ P

N+

N

N

Guard Ring

Zener Diode is intrinsically 2D (or 3D) structure

3 distinct physical 
structures 

Each region of diode has characteristic electrical behavior and also characteristic ionizing radiation response.  It is natural to regard the 
overall structure as a superposition of simpler structures with some interaction between structures.  This perspective leads to a 
mathematical description also consisting of separate elements with corresponding functionalities.

• P+ to N+ vertical diode
• P to N vertical diode
• P to N lateral diode

3 distinct 
mathematical 
descriptions

Simulated with 2D 
process simulation, 
used as input into 2D 
device simulator.
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PN junction constrained to a constant depth 
reduces breakdown voltage variation.

PN junction intersects die surface 
breakdown voltage is greater than 
Zener breakdown voltage.

N type
1e14

Periphery Diode

Zener Diode

Guard Ring Diode

Backside of die is the cathode contact for the 
diode(s).

Strategy of breaking a semiconductor device into separate regions according to function. 
Separate regions are represented as separate models (high fidelity model or compact models).

Example: a photocurrent model for Zener diode

• Physics-based approach: break the device into three 1D PN-diodes
• Approximates the PN junction geometry by simple 1D representations
• Geometry simplification discards some interaction physics
• Auxiliary Dynamics (next slide) recovers the discarded interactions

We map physical subsystems into separate 
ROMs 1D high fidelity simulations



Multiple ROMs combined using NN promises better models

The separate ROMs are useful for describing pieces of the whole semiconductor devices.  The 
interaction and relationships between the ROMs are discovered using trained neural nets.  

• Neural net input is the ROM model in compact form not after it has been lifted to describe 
currents

• This results in a much smaller neural net, input layer or the order of 10 instead of 100 inputs
• Three ROMs each with 5 degrees of freedom are input layer
• ROM models are combined with some nonlinear combination mixing 
• Output is mixed ROM that is converted back to currents

Each low cost model contains non 
linear elements of the other low 
cost models



Multiple combined ROMS produce predictive results
• These pulse responses are calculated by a 2D high fidelity TCAD calculation.
• 3 1D TCAD or ADE models are then compressed into 3 separate ROMs
• The three separate ROMS are blended using a neural net to achieve optimal admixturing to match long and short pulses 

shapes as calculated using the full featured 2D models
• The blended ROMs are then used to predict a medium pulse shape that is compared to a medium 2D TCAD pulse shape

The result is that three 1D ROMS combined with NN overlay the 2D full featured model results in a scenario 
that the NN was not trained on.  The NN preserves (discovered) some physics of the full featured interactions 
in 2D and adds these interactions to the 3 1D models.

3 blended 1D ROM results compared to 2D high fidelity model results



Potential work flow further reduces the calculation expense

High Fidelity Full 
Featured Modeling

Low cost ROM compact 
model

Artisanal compact 
modeling

Circuit Analysis 
Calculations

Neural Net 

• Replace artisanal compact models with ROM 

• Utilize low dimensionality of ROM to associate 

models with physical characteristics

• Eliminate need for Full Featured Model if new ROMs 

are derivable from physical characteristics and 

preexisting ROMs

Ideal End Goal:
Work at ROM or NN level 
and apply directly to end 
application

Elimination of these steps 
removes a year in the 
hypothetical development 
process



There are many potential beneficiaries from this work

Space Environments
• High Energy Protons
• Total Dose of Ionizing Radiation

Physics Experiments (CERN, FermiLab)
Energetic Particles 
Ionizing Radiation

Future Energy Sources (ITER,ICF, SPARC)
Energetic Particles 
Ionizing Radiation

DOD and DOE Nuclear DeterrenceElectronics sensing, 
measuring, controlling, or 
enduring radiation 
environments require modeling 
for efficient system design and 
manufacturing.

Diagnostics and Therapy in 
Medicine

Digital Photography

Users of models range from space industry and  experimental physics to consumer product manufacturers
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