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Motivation

Problem Setup

Reduced Order Models and
Neural Nets

Results

Benefits

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
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@ == | We use an existing mathematical framework for the models
High Fidelity Calculation of device Compact Model Calculation of device
operation and device response to and device response to radiation
radiation
Poisson Eqn V-eVp=—(p—n+ N+ — ND) Set of physics based analytic equations
b A describing electrical behavior of semiconductor i
on 1 device under normal environmental conditions
—— ==V ']n; + Un
Continuity Eqgns gt q 1 plUS
a—? =—-=V-h+U, Ambipolar diffusion equation (ADE)
! a(sm) 2 5n
dn 3t = D*(6n)V<én — u*(dn)E - Vén — - +g
o= qn(@)unE(x) + qDp —
CEL::Irgsnt Density (tii; \ We will modify this model
= x E(x)— gD, — = tive ch iers (electrons) component to reduce complexity
p = WOHE) = aby g B ot oo ot ey ond mérease effcioncy.

dn = excess electron concentration

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.
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Jur process improveiment oegins witn reduced oradcer

Full Featured Model (u = excess carrier densities)
: : ; — DN* — n* — * Methods of obtaining Full Order
Start with PDE linear version of ADE Uy D'pumx 'upEum u/Tp t9g Model: obtain from TCAD n| Full state space
Discretize ADE - use MOL to xform PDE to ODE simulation or a system of circuit R
. simulator DAEs or measured data
Full order model of ADE as ODE ~ u(t) = (A + E()B)u(t) + g(t), if carrier densities were known FFM
. 2 — u vector contains carrier densities
SmgUlar Vz.;\l.ue u(t) - (A + E(t)B) u(t) + g(t), as function of position. Each u
Decom pos]t]on vector corresponds to a particular ¢ Reduced state space

- ~ , : ; R™
- - b T time. X is a matrix of u vectors fo p
X = [U U.mn] ~ L Y T all sampled times. Compress this LCM R
AU e fj’T Aﬁ' = RTXT 0 Yumm Vtmn full order model using customary _

process SVD. i is the projected

—

T RTT rXT ~ A n\ = T ROM
B:=UTBU e R i(t) = (A+E@®)B) () + UTe(t)

Projection Based reduced order model of ADE wu(t) = (}T+ E(t)é) )+ U'glt)

Full State Restoration

Expand solution to full state space using adjoint transform PT=U The reduced order model is

expanded to full state space
(position and time) and the

Converrt carrier densities to currents carrier densities are converted to

Produce piecewise differential approximation

currents.

/] H,

Classic example of
| system that can be
Ay modeled with

A& reduced order

b system

The physics expertise and data calibration effort is associated with the full featured model - step 1 above.
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1D ROM captures response comparable

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

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

B 3 T T
= Shot 444, Mean device
7 I v 55 ——T. Fjeldly madel simulation
! ROM model simulation
6
' [——Shot 435, Mean device 27
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E" ] ROM model simulation 5t
Edrt |
3
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ROM matches data better than compact model in long and short pulse

to existing models

Ry, = 1k

%

—— Shot 444, Mean device
—T. Fjeldly model simulation |
ROM model simulation

“stretched time axis”
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Zener Diode is intrinsically 2D (or 3D) structure

: Simulated with 2D
Guard Ring process simulation,
used as input into 2D
device simulator.

3 distinct physical

structures -
‘ m
P+ to N+ vertical diode 80 '\\\_ e gﬂmm Guard Ring
« P to N vertical diode

Zener Diffusion

* P to N lateral diode

‘ ASI 10.0kV 12.1mm x2.50k SE(M)

Zener Junction

3 distinct >
mathematical
descriptions 200

0 20 40 60 80 100 120 140 160 180 200

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.
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:021 | ROMs
B 60 um o 107 um R
1 ) P type
2.1 uml
3 P type P type 5e19 4618
S 4e18 Periphery Diode
3 |
nction intersects die surface
Zener Diode down voltage is greater than
g breakdown voltage.
& | || Guard Ring Diode

PN junction constrained to a constant depth
reduces breakdown voltage variation.

N type Backside of die is the cathode contact for the

1e14 / diode(s).

v

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
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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 Each low cost model contains non ]

« QOutput is mixed ROM that is converted back to currents near elements of the other low
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» Use feedback architecture with NN nonlinearities f;(x) to learn the interactions. ‘
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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

Long « train - Short predict - Medium [
8- 2.5- 6-
Input Input Input
7= —————— e Atlas sim 1 e Atlassim - N Atlas Sim E
—— ROM + NN 2.0- —— ROM + NN —— ROM + NN
o --- ROM --- ROM --- ROM
S ~ 15 =
E - £ E
E 3- E 1.0 E
S . S 3
0.5
1 -
0 0.0 -
- ?EI I2 le EIS IE 1ICI 1I2 ll-f-l !I:I :II. 2I I3 r;l 5 0 2 ;1 6 B 10
Time (us) Time {us) Time (us) I
3 blended 1D ROM results compared to 2D high fidelity model results |

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

Potential work flow further reduces the calculation expense

» 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

Low cost ROM compact

model

|deal End Goal:
Work at ROM or NN level
and apply directly to end

Neural Net

application

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

Tal WP
Future Energy Sources (ITER,ICF, SPARC)

li
L

Energet1c Part1cles

~Spafe Environments
- High Energy Protons
« T6tal Dose of lonizing Radiation

Electronics sensing,
measuring, controlling, or
enduring radiation
environments require modeling
for efficient system design and
manufacturing.
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