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Abstract:

The objective of this project is to utilize computaodel to simulateand explorethe

effects of a higkpermittivity (k) barrier located between capacitor plates on dielectric
breakdown propertiesBy improving our knowledge of electric breakdo and
degradationin composite dielectrics it is hopetlat a more reliable capacitor with a
graceful failure mechanism can be developgds i ng Mat h s d3software, Mat h Ca
Monte Carlo basedomputer simulation was developed to model the treeing phenomena
found in capacitor breakdown. The model explored the electrostatic effects of adding a
high-k barrier within an existing dielectric causingliglectriccontrast and distorting the
electricfield. In the programnormalized local fields are compared to a random number
between 1 and O to determine breakdown evéftbull statistics were applied the
collected data and characteristic number of breakdown steps was compared between runs.
Runconditions exploredlielectriccontrasts of 2, 10, 50, 100 and a homogeneous matrix.
Barrier location was varietom %4 to % of the distance between capacitor plates and
occupied 2 of 60 vertical spaces (3.3%) of capacitor thick@egacteristic breakam

steps for each condition did not show significant trematsl higher contrast valuest

was noted that avage time spent within the barrigrcreased with barrier distance from

the initiation point and the contrast between the barrier and the miatmas also
observed that lateral growth occurred with higllélectric contrast valuesFurther
development of the model to incorporate more material properties affecting breakdown

would be highly beneficial in understanding current experimental olisersa
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Chapter 1: Introduction
The objective of this project is to utilize computaondel to simulateand explore the

effects on dielectric breakdowrof a highk barrier incorporated into the dielectric

between capacitor plates

1.1 Capacitor Basics
Capacitors are energgtorage devices made up tfo electrically chargedolates

separated by a small distance. Energy is stored in the electric field established between
the oppositely charged plates. The amtoof energy stored is proportional to the
Capacitance and trejuae of applied Voltage as given lquationl. The capatance

of a device is given irEquation2 and the charge on each plate for a given voltage is

given byEquation3. [

Equation 1. Energy in a Capacitor

E=%C*V

Equation 2: Capacitance

c #0Q8%,

Equation 3: Charge on Capacitor Plate

g=C*V

* Where E is energy in Joules, C is capacitance in Farads, V is voltage in(slfrmittivity relative to

vacuum, A is area in Meters, t is thickness in Meters, and q is charge in Coulombs
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Figure 1. Schematic of aCapacitor

As energy storage devicethere are many advantages and disadvantages to capacitors.
As illustrated inFigure 21 they store relatively low levels of energy, but their fast
response times allow them to delivtheir energy quickly giving them exceptional power
per unit mass. In applications such as hybrid vehicles, both high power and high energy

density are necessary in order to be an effective energy storage system.
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Figure 2: Ragone Plot of Typical Energy Storage Devices

from http://www.mpoweruk.com/images/ragone_alternatives.gif

To increase energstorage one can increase the capacitance of the device or increase the

voltage. Capacitancésquation2 above can be improved three ways; increasing the



dielectric constant of the material between the plates, increasing the surface area of the
electrodes, or reducing the distance between glawith the spatial limitations
commonly encountered in capacitor applications, the easiest mistitoplace aigh

permittivity dielectricmaterialbetween the two platés.

Dielectrics are insulating materialhich havenegligible charge transportgpertiesand
become polarized in an electric field. This polarization is possible bedaleetricsare
made of atoms possessing both a positively charged nucleus and aahtggduarged
electron cloud. The polarization of a dieledsiatoms and iongs what makesthem
useful in capacitors. As the charge distributions shift within the bulk of the material
charges begin to appear ¢ime surface of the dielectric. These new surface charges
require that even more charge be present on the capacitor gategintain a given
voltage, a relation which can be seerktguation3, as C increases, SO must g to maintain
a given VP This increased charge dety at a given voltage is why inserting a dielectric

between capacitor plates increases the energy storage

Dielectric materials can undergo multiple types of polarization, often depending on the
frequency of the applied field. These polarization medmsi include electronic
polarization of the electron cloud relative to the nucleus, atomic polarization of positively
and negatively charge ions, dipole orientation with the field, and build up of space
chargé” The relation between these polarization hsdsms and frequency is

illustrated inFigure3 shown below.



Figure 3: Relative Permittivity Vs Frequency adapted fromSolymar and Walsh [

Another method of increasing capacitancisise high surface area materfdl¥ This

method is used in ultreapacitors also known as electrochemical double layer
capacitors,which make use of high surface area carlabrthe electrodesfor charge
storageThis allows for significant size reduction of the capacitor while at the same time
improving the capacitance. While this method increases capacitance and energy density it

is expensive and often has lower voltage limits.

The easiest way to improve energy storage is to incré@seoltage across the plat8s.
Higher voltages however increase the likelihood of electrical boeakaf the dielectric
material. Simply put, dielectric breakdown is when the electric field calonger be
sustained within the dielectric material and it begins to act as a conducting material.
Because the dielectric begins to conduct, once breakdown occurs the two capacitor
electrodesare effectively shorted. This short can cause catastrophic damatpyices
andconnectedcomponents because it results in a high power release of the energy stored
in the capacitorThe destruction of other componentsadrentire systems can become

extremely costly, especially in high power and high energy appliatio applications



such as electric vehicles, energy guotion, or pulsed poweapplicationsmuch of the

system could be damagdde toa capacitor failure and the resulting dischafye.

Because of the high cost and extreme danger associatedapdahitor breakdown, much
research has gone into improving breakdown characteristics of cap&&ftoResearch

has been looking for ways to improve breakdown strength and secrgae to
breakdown. By improwmg breakdown strength the capacitor can rafee at higher
voltages more safely. This can help compensate for unexpected voltage spikes, or
extended periods of operation at elevated voltages. By increasing the time for full
breakdown to occur a more graceful failure can be obtained. As breakdogregses,
energy is dissipated by the material and it becomes possible to detect breakdown through
degraded performance of the deviceirlg) able to dete@ graceful failure allows for the
faulty component to be replaced before it has a chance to daoagsctedequipment.

For this reason, being able to detect a failing component can result in large amounts of

savirgs and cut down production of new components thesalijng materials.

One method of improving the breakdown strength of a capacitor is ¢e plahigher
permittivity (k) dielectric barrier within the lower permittivity matrief the capacitoff’ -

(2 As breakdown occurs, this barrier hinders the progress of electrical trees forcing them
to go aroundhe highk layeror slowing them as theyneer the barrier This has been
experimentally proven bymultiple groups of researchers includimggoris, Gelfe,
Auckland, et al. It is this method of improving capacitor properties that this model

explores.



1.2 Previous Work

There has been previotiseoretical andexperimentalwork in the field of improving
breakdown strength through barrier introductf3Ai*”™! Theoretical simulations have
been done by Faat al, in which barriers with higher breakdown strength were shimwv
impact the pattof a breakiown tred?®! A stochastic model that assumed a conductive
tree and local growth probabilityas presented, based on the NPW mo@eklopedby
Niemeyer et al'** Bushlike structures for homogeneous dielectrics were observed while
diverging $ructures that branched laterally were observed in the presence of a high

breakdown strength barrier. These differing structures are illustrakédure4 below.




Figure 4: No Barrier Simulation (top), 100x Breakdown Strength Barrier Simulation (mid), Glass

Embedded in Epoxy Experiment (botton) from Farr et al™**

The barrier used in their simulations was a matevitl a breakdown strengti00 times
greater tharthatof the rest of the matrix. In their simulations breakdown stre¢aghof

the cellswas related to both time and electric field as showkdnation4. This time

effect resulted in different tree shapes depending on the ratio of the electrical potential
across the capacitor and the critical field)(Encluding the time domain alssccounted

for material degradation over timédditionally when using a higher field the model

became more deterministic and less deviation between simulations was observed.

Equation 4: Breakdown Strength ™!

-
FE() - E)“dt=Dbs

0

*E. is critical field, andk was set to 1

Results demonstrated branching of the tree along the high strength barrier and turning
toward the electrode once reaching the outer edges. The time for breakdown with a
barier present was about twice the time as lthenogeneous matrix. They determined

that the barriers prolonged the capacitor lifespan by increasing the mean tree path



between electrodes and that stronger interfaces between matrix and barrier lead to a more

drastic improvenent in time to breakdowf’

Experimentaktonfirmation of barrier deflection of tree propagati@s beembtainedby
Gelfe, Agors et al®™! |n their work they have explored thesults fromvarious
influences ofbarrier introductionInfluences from factors including mecheatli strain,
position in the gap, space charge, permittivity and conductivity gradiers observed
Their studies looked diarrier effects on breakdown field, atiche for breakdown to
occur. Breakdown timeincreasedas a result ofncreases irboth the overaltime for
growth and in large part in tree initiation time. The changes in breakdown voltage,
breakdown time, and time until initiation were all associated with the redistribution of the

field during failure initiation stage’!

Gelfe, et al studied the effect of a solid three layer dielectric structure on breakdown in
high electric fieldin other experimental workPermittivity contrast was obtained by
introducing ferroelectric PZPparticles(lead zirconatditanate) with average spfieal

size of approximately inicron into a polymeribarrier layer.Their tests were run using

a 50Hz alternating current, with a voltage ramp rate of 2kMtss also noted that the
use of suspended particles in the barrier material to obtain atdetantrast resulted in
field enhancement in the polymer between the PZT partadesa result of the nen

homogeneous barrier



They roted an effect from position of the boundary layer, the ratio of permittivity of
materials and the homogeneity barrier materialsThey concluded thafpolarization

plays the main role in the barrier effeContrast refers to the ratio of the permittivity of

the barrier to the permittivity of the matrix. The variablgsvas taken as the ratio of the
distance beteen the center of the barrier and the lower capacitor plate where breakdown
was initiated to the total distance between the two capacitor Platesigure11 below,

d1 represents the distance between plates and d2 is the distance between the barrier and

the point of breakdown initiation. Using these valugge, @ computed in Equation 5.

Figure 5: Schematic of Capacitor with Barrier Present

Equation 5: dyatio definition

oo = d%l

Agoris et al. looked at contrasts of 1, 2, 10, and 15 aotkd a peak atO and 15 with
datic Of .25. There was dimit in effectivenessnoted such that there wasinimal
difference betweethe breakdown values when the barrier had a contrald aind 15.
This is shown irFigure6™® below. In addition to the increase in breakdown strength, they

optically observed Lichtenberg figures of breakdown pd#monstrated below irigure

7. [
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Figure 7: Lichtenberg Figures of Breakdown Pathfrom Agoris Experiments®
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They concluded that the efficiency a¥oidingthe breakdown depends on the ratio of
permittivities as well as the specific energy released in the BD channel. The maximum
increases in l@akdown field occurred at minimum barrier thickness and with
homogenous barrier material. Main reason for the barrier effect is due to the change in

conditionsduringbreakdown initiatiort”

1.3 Fundamentals of Analysis Tools
Two analytic methods used inhis simulation study are th#onte Carlo methodf

sampling, and Weibull Statistical anabis The fundamentals of tke methods are

discussedbelow.

1.3.1 Monte Carlo Method
The Monte Carlo Method is the practice of utilizingdam numbers to simulateal

results™ It is not a specific algorithm or method of applying the random points but
rather the incorporation of them into a simulation. One common example of the Monte
Carlo Method is the estimation of the area under a curve. In this simulatorve is
plotted in a given space and points are randomly chosen within that Shacea under

the curve can be determined by the ratio of points occurring below the curve compared to
the total number choseithis process is shown iBquation6 below. Figure 8 below
provides a visual example from a Mathcadhulation where 1,000 random points were
used to estimate the area under thweuThe estimated area was 2.26@1are units with

the area from integratn over the sampled intervedlculated as 2.183 square unikis

is a percent error of @ and povides a reasonable approximation of the area under the

curve.

11



Equation 6: Area Under a Curve Using Monte Carlo

_b
Amder = —under Aotal

ptotal

Where AngeriS area under the curveop, is the total number of points chosep,gp is
the number of those points below the curve apg i8 thetotal plot area being analyzed

L

Figure 8: Plot of Function f(d) = 8d" - 7d® + d® + 4d with 1000 random points

Another application of this simulation is to estimtte mathematical constant pi. A unit
circle is inscribed within a unit square and random points are once again chosen. This
time the ratio of points within the circle to totaimber ofpointsused in the tesiives an
approximationof the area of the aite. Because AZr?, and n the case of a unit circle

r=1, the square of the radius is gr@@d thus estimated area of the cieggials pi

12



A final example is a system of components with varying failure profiles, such as an
electronics circuit. Each compent in the circuit has various likelihoods of and mean
time to failure. Conservative estimates could be made by assuming the circuit fails at the
rate of the weakest component; but as this component has a range of possible failure
conditions and lifetimest will not always be the first to fail. A more realistic estimate
could be obtained by randomly selectiiifgtime values for each component and then
looking at the systemWVith enough simulations this could provide an accurate profile of

thec i r clifeimeld’s

In the breakdown simulation, random numbers will be used to determine breakdown
events. Probabilities are compared to the random numbers and if greater than the number,
that point is considered broken dowksample Monte Carlo simulatiazan be found in

Appendix E.

1.3.2 Weibull Statistics

Wei bul | analysis is a wuseful t ool I n mak
lifetime and is commonly encountered iretifme testing in various field¥! It can be

used to analyze probabilityf f ai |l ure at certain points of
of number of loading cycles, electric field, stress, or simply tEhectrical breakdown of

dielectrics is a phenomenon which can bscdéed by Weibull Statistidd. Through

Weibull andysis, a characteristic value, which can be used as a comparison between

settings, can be determined.

13



The probability of an event occurring &atis described by the Weibull distribution in
Equation7. The twofitting parameters are the shape paramkter O and the scale
parametera-> 0. Differentdistributions for a scale of 1 arldof 0.5, 1, 1.5, and,5
obtained with Minitab 16are ilustrated inFigure9. A shape parameteaf 3 begins to
approach a typical normal distributi@md becomes skewed for higher values of the k

shape parametefhe cumulative distribution function is describedHguation8.

Equation 7: Weibull Distribution

)“—1 e=EN 2 >0

NEYC
flz; A k) ) 20

Equation 8: 2-Parameter Weibull Cumulative Distribution Function

F(a;k,\) =1— e @V

14
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Figure 9: Weibull Probability Distributions for Varying k

Weibull Analysis was used in evaluation of breaka stepdor each contrast/gi, pair.
Within each set the breakdown steps were ordered from lowest to highest and assigned a

rank. Median rank was then computed as giveRdpyation9.

Equation 9: Median Rank

re (3-03
(N+0.4)

* J= Rank of current sampjeN= Total number of samples

A plot of the In(BD steps) vs In(In(1{¥IR))) was made ah the best fit line was
approximated. The-itercept was taken as tbbaracteristic breakdown steps. A sample
Weibull analysis from recent data is provided Appendix C A discussion on the

alternativethree parameter Weibull distributi@an be foundn Appendix D.

15



Chapter 2: Model Theory and Operation

2.1 Tree Propagation Algorithm
The goal of the algorithm was to produce a realistic model of dielectric breakdown in

multilayer dielectric capacitors. Resultstbé program were compared to publisies

propagatiom esul t s from Far rAgerisOest estgerimérdal results at i on
for validation. The programwas constructed iMathsofdb s Mat hCAD .Thgd sof t
main sectionsof the programare Parameter Definition, Initiation, BreakdowResult

Reporting, and Analysidn short, the program places boundary conditions, calculates the

field distributions, initiates breakdown at a given point and then enters the breakdown

loop until breakdown reaches the other end. Within the breakdownthegqpobability

for breakdown iscalculatedfor each possible point adjacent to the tree and based off

these probabilities random bonds are added to the tree and the new field distribution is
calculatedOnce breakdown is complet@ata is displayeth various formatsand stored

for future reference.

The program wutilizes t he Poi ssonods eq!
distribution. The capacitor plates were originally placed 20 points away from the top and
bottom of the matrix and 1Pointsfrom the left and right edges to minimize the impact
of the limited matrix size on the field distributi@iRigure 10). There was also a boundary
condition of zero potentigllaced on the top and bottom of the matrix and a loop around
of the field on the left and right such that the field on thedgfialed the field on the
rightd for each row j, Phi(0, j) = Phi(60, j). Currently the capacitor plates are located at

the top ad bottom of the matrix and span the entire width of the matrix. The left and
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right wrapping boundary condition is still in place and effectively creates an infinite plate

capacitor with perfectly parallel initial field line$hese two conditions are illwated

below inFigurel0.

60
40—
S P TTTETAm LSS L IR TN S s b s
1*«2-.. T imasmeseel Nl I -A:!l"'"‘
0 I I 1 I
0 20 40 60 80 100
Phi_initial
60
B00 1500 1504
joo 1000 -1004
40+
0 500 500 S500|

revvernwnmrae: 0 vsssnesem ) sssumvesmsrn () sssvmrsannse (0 ng

0 500 500 500
20-

joo 1000 1000 1000 1000

FOO = o e s 500 v | SO v e 1 50
U—W—m

0 20 40 60 80 100

Figure 10: Comparison of Previous(top) and Current (bottom) Matrix Arrangement

The independent variables explored most in these simulations were the diateetric

contrast and locatiomlong the thickness directiomhe effect of these variables was
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analyzed throughlhe number of steps required felectrical breakdownThe curent
iteration of the program code is described in the followsections and is included in

Appendix A.

2.1.1 Parameter Definition and Initiation

The first sectiorof the program is the parameter definitimnd initiation portion. With

the current iterion of the simulation program it is possible dontrol many different
variables. They can be changed to increase the resolution, improve accuracy, or alter the
experimental setypthough they have implications on run timéariables that can be
easily seand changed at the start of the progeme listed inTable1 with somecurrent

values listed imable2.

Table 1. Adjustable Program Variables

Size ofthe matrix Improved resolution

Block Size (width and length) Different block properties
Contrast value of the block Different block properties

Block Location Different Field Effect from Block
Potential of the electrodes Change strength of field

Error Tolerance Limit Improve accuracy of Calculations
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Table 2: Utiliszed State of Variables

Variable Name Value
Matrix Size (i X ]) 100 x 60
Capacitor Potential (V) +/- 2000

Capacitor Distance from i max (# of poin{ 0 (onboundary)

Capacitor Distance from j max (# of poin{ 0 (on boundary)

D ratio 1to.5
LOJ Contrast 1, 2,10, 50, 100
Barrier Thickness 2 points

In addition to changing these properties, it is also possible to introduce more blocks, or to
alter thedesign of the block. It is also possible to design a file to run the program in

batches and have these values redefined from run to run. In order to do this, it is
necessary to remove their definition from the standard simulation file and define them

within the batch file.

The first line of code in the program initiates the time variable so that runtimes of
individual sections and the program as a whole can be tracked. Following this is the
definition of the matrix size and the initiation of thand j variables. Once the matrix has
been defined other variables can be defined; including the location of capacitor plates,

and the permittivity of each point.
As mentioned previoushd.aio was taken as the ratio of the distance between the center

of the barrier and the lower capacitor plate where breakdown was initiated to the total

distance between the two capacitor platéistrated again ifFigure1l.
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Figure 11: Schematic of Capacitor with Barrier Present

The initial field distributim i s cal cul at ed u &quatignlOPad ssonas.
plotted as a contour plot and a surface plot to allow for qualitative study of the visual

effects of barrier influence on the field distributions.

Equation10: Poi ssondés Equation for Electric Field Distrib

p
P =—"—
ee,

*where)i s rel ati vid sp eremintittitviivtit,y Wf free spa

Finally, the breakdown event is initiated at the center of the lower capacitor plate. All
propagation events will stem from this origin.eThew field distribution is calculated and

passed into the breakdown loop.

2.1.2 Breakdown

The Breakdown section is the main computational section of the program. This is the

section in which the breakdown of the matrix is simulated. The section run$ as @
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whileo loop where a sentry condition controls when the loop is exiiéthen tree
propagtion reaches the opposite electrode, breakdown is complete and the sentry

condition is updated.

The initial point of breakdown is set at the center of the lower capacitor plate prior to
entering the loop and propagation continues from this point. Uptenirg the loop, local
variables are first defined and initiated. Following the initiation of these variables the

field distribution is calculatednce agaiusingPoi ssoné6.s equati on

Once thefield distribution (Phi) calculations are within the givenrer tolerance limits
the program proceeds to the next step. For each point in the matrix that has broken down
the potential difference between it and its neighbors is found and calculated. These
numbers are then added together to be used later as thelipatiora factor for Phi

Summation Normalization.

In order to determine when and where a breakdown event occurs, the Monte Carlo
method of analysis is employethe normalized field is foundf point in the matrix

that areadjacent to a point that hatready brokerdown The normalized field ishe
absolute value of thelectricfield potential at the point of interedivided bysummation

of all potential differenceever the tree. The calculated normalized fisldompared to a
random value betweeb and 1which is the threshold for breakdowifi.the normalized

field is greater than the threshptlle tree propagates to include the poathierwisethe

tree does not propagatBlormalized local field potentials are compared to a random
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number generatk separately for each poinA sample illustration of the analysis is
provided below inFigure 12. Black points represent already broken down locations and
white points are the potential breakdown locations for thergstep. For each bond from

1 to 6 the potential difference along the bond is compared to the sum of all 6 pogntials
shown in Equation .7This value is then compared to a random number and the point is
considered broken down if the normalized valugresater than the random numbEor

this example there could be any number of breakdown events ranging from all potential

points to none of the potential points.

Figure 12 Sample Breakdown Tree

Equation 11: Probability of Breakdown using Phi Summation

(fii,ji' fi,j)h
é. (fii,ji - fi,j)/7

p(,j- 1iji)=

Information is stored each time a point breaks downs Tiformation includes the j,
coordinates of the point, the random number that the potential was compared to, the

number of steps to phi calculation convergence, the number breakdown point it is, the
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number breakdown step it broke down on, the normalized factor, the tree velodity, a

the length of the tree.

Once the potential breakdown events have been checked the program continues and if the
maximum tree extension reaches the opposite capacitor plate the sentry condition of the
overall loop is updated so that the program exitdtieakdown looplf not, the program

repeats the loop starting with the recalculation of the field distribution.

2.1.2.1 Normalization Parameters

There were multiple ways of normalizing the relative fields at potential breakdown
points. The relativdield at each breakdown point is compared to a random number
betwesn 1 and 0 and if the field is greater, the point breaks down. The relative field was
taken as the local potential difference divided by a normalization faider following
methods of normlization were considered and implemented within the program:

1 Max potential

1 McPherson Modél?

1 Phi Summation

The Max Potential method normaldethe local potential differences to the total
difference between the capacitor plates. Because the breakdovamsidered to be a
short propagating from the positive plate and carries the same voltage as that plate, the

maximum possible difference between two points would bepthtential difference
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between the two capacitor plates. In addition, this methodigadva constant

normalization factor for all points unlike the other tmethods

The McPherson Model was also tried as a normalizing factor. McPherson and colleagues
determined that the breakdown strength of a dielectric material was proportional to

rouchly theinverse of thesquare root of the dielectric constant as showFignre13.*°)

E, =209 (k"%
R = 08T

Ebd (MV‘CI‘I‘I}

PLT

100 150 200 250
Dielectric Constant

Figure 13: Breakdown Strength as a Function of Dielectric Constant

This was used as a normalizatimethod because it incorporated the relative breakdown
strength of the materials and embodied them in the normalized value. For parts more
likely to breakdown these normalized values would be larger as the breakdown field it
was normalized to is lower. Thismiethod however often resulted in the entire block
breaking down before the tree propagated beyond it. This is not consistent with literature
in which the tree propagation is diverted at the barrier interface and spreads around the

barrier rather than filhg it.!

24



The third method explored and the one finally chosen as the method to use was the
normalization by the Phi Summation factor. For this method, the summation of all local
fields was used as the normalization factor. The potential between evssiblpo
breakdown point and the current tree was calculated and then added together. Once this

phi summation factor was computed it was used as the nommgdbztor.

A Weibull analysis was performedon the different normalization methods for
homogeneousnatrices and matrices with a barrier having dielectantrastof 2 and
draic=-5. Twenty runs were used for each instance and the results are presenteth below
Figure14. All methods had high correlation factors which are summarad Table 3.

The lowest R value was .89 obtainedoim the Max Btential method with a contrast of

2. Phi summation gave the best combinemfrelation values, as well as was most
consstent with literature findingS"'? For these reasons phi summation was used as the

normalization method for simulations.

Table 3: Correlation Values for Weibull Analysis of Normalization Methods

Condition Correlation Value, R?

Max Potential, C=1 0.9424
Max Potential, C=2 0.8932
McPherson, C=1 0.9391
McPherson, C=2 0.915
Phi Summation, C=1 0.9456
Phi Summation, C=2 0.9573
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Weibull Plot

y=4.7763x-22.336
R?*=0.9456

PS1

In(IN(1/(1-MR)))

In(Steps)

=« PS2 x LBD1 e |BD2
—— Linear (MP 1)

¢ MP1 = MP2 PS1
—— Linear (LBD2) ——Linear (LBD1) —— Linear (MP2) Linear (PS1) —— Linear (PS2)

Figure 14: Weibull Plot of Normalization Methods
LBD is Local Breakdown Strength (McPherson), MP is Max Potential, and PS is Phi Sum. The number 1 correlates to a homogeneous

matrix, a number 2 corresponds to a contrast of 2 afi#ofl.5
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2.1.3 Reaults Reporting and Analysis

The final section of the program code is the results reporting and analfgsis.
exiting the breakdown loop, data was analyzed directly in Mathcad to minimize data
importing and exportindt also allowed data from each rtmbe automatically presented
in the same way every timélathcad allowd for adjustable surface plotpptential
contour plots, and other charts such as distance vs time to be plotted quickly, easily, and
repeatedly from run to run. Among the images obdd for each ruof the progranwere
potential at the starthe initial contact with the barrier, antthe end of the breakdown
event. We also generated charts of the distance vs time, and number of steps to
convergence of the phi calculations for ea@pstmages of the overall shape of the tree
were collected and the option to generate a video of the breakdown proces®ypoint
point, was available. All of these images aided in developing a qualitative analysis of the

data which helped in further quamtive analysis.
After moving to batch simulations, the number of images that were collected was reduced
for various reasonmainly space and efficiencyrhe images collected from each rian

batch simulations were over all tree shape, contours of paiteitcontact with barrier

and at end of breakdown, average tree velocity versus steps, and tree length versus steps.

2.2 Optimization
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Initially, the run time for each iteration of the program was incredibly high. It was
determined that the calculatiori ithe electrical potential was the time consuming step.
The Phi calculations were an iterative process running within a loop until the values were
all within the specified error tolerance limit. Due to the iterative solving method, the
calculation of the R matrix could take multiple minutes in early stagé the prograd
especiallyfor large contrast values and non centered barriers. Because this calculation
was repeated for every breakdown step, program run times were often incredibly high.

On some occaans, run times reached 1000+ minutes.

With single runs of the simulation taking hours it was difficult to gather sufficient
number of runs to make thellgzted date statistically significant was obvious that
something needed to be improved. Oneaptvas to run the simulation on a cluster of
computers to improve calculation time. The only clusters available however were Linux

based and could not run MathCad.

We began looking at program optimization via streamlining and increasing the speed of

conveagence for Phi Calculations.

2.2.1 Streamlining

Many changes were made to the Phi Calculation loop. First were minor changes to the
structure of the programinitially there were multiple loops that ran under the same

conditions but corresponding to different tasks. These were all condensed into a single
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loop. Instead of running through the entire matrix three times successively to do
calculations, the simulation now didll necessary calculations while only running

through the entire matrix once on each iteration.

In addition to combining loops to save time, unnecessary matrices were eliminated. One
such matrix was the relative error matrix. Initially relative error sased for each pain
resulting in another matrithe same size as the breakdown matrix. This lead to increased
memory consumption and would slow the program down especialiggdbatch runs.
Memory was particularlya concern when running on older machines. Nimstead of
storing all relative error values into a matrix, only the current highest value is stored as a
single variable. The potential at each point is calculated individually, and as each new
value is calalated it is compared with the previous value and a relative error is found.
This value is compared to the current value storeadvariable corresponding to the max
errorand if greater, replaces the current value. At the end, rather than running tth@ugh
matrix again to check all values of relative error versus the error tolerance, only one value

has to be checked, saving time.

The elimination of loops and matrices did improve the run time of the progrdm an
reduce its memory consumption. It is exjgecthatthe effects of these changes would be
more pronounced with a larger matrBhi calculation times were reduced approximately

1% with current matrix sizes
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Another method of streamlining employe@s theuseof electric field distributions from

the previous iteration as the initial condition for tleerrent step. Before the initial
condition of the phi matrix was reset to 0 except for boundary conditions and breakdown
points. By replacing the initial condition with the previous values fewer steyps
required for each iteration of the Breakdown loop and for steps where no points broke
down, no calculations were required at all providing a great reduction in calculation time.
For example irFigure 15 below whid shows number of steps for convergence for each
point, the graph never goes below 500 steps and has periods of increase where it is even
greater. On the other hand,kigure16, by using the previous values as iditanditions

the number of convergence steps was greatly reduced. Very few points exceeded even
100 convergence steps and a large number took no extra steps past initial condition

setting to convergeBoth cases were for a homogenous matrix.
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Figure 15: Number of Convergence Steps for Initial Guess of a Zero Matrix
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Figure 16: Number of Convergence Steps Using Previous Calculations as Initial Guess

2.2.2 Relaxation Method and Intermediate Values

While streamlining did reduce memory usage and run time, drastic reductions in run time
were achieved by introducing an intermediate value in the phi calculation. The method

presented by Ambar Mitra ifrinite Difference Method for the Solution of Laplace

Equatiod® utilizes a weighted average of the final value calculated in the previous
iteration and the calculated value in the current iteration. This weighted average is then
taken to be the valwue for the i tcelgulatbn on .

o f isgiven by Mitra irEquation12®°!. Equation12 pertainsto any rectagular N by M
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matrix. Equation13 below shows the weighting of the previous and current phi values.
The intermediate value of phi is actually the valueclhiad previously been used as the
final value of each iteratiom.he effect of this method can be seeifrigure17 below for

a barrier of contrast 100 located at;g.5 where the calculation went from ~1150

iterations to under 550 iterations

Equation 12 Omega Weight Factor for Relaxation Method
4

2+ \/4- {cos[(l\l"il)] + cos[ﬁ]} 2

*For an N by M Matrix

w

Equation 13: Phi Calculation Using Weighted Average of Oldand Intermediate Value
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Figure 17: Comparison of Convergence Steps and Time
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2.2.3 Simulation Time Reduction

By introducing these time reducing methods into the code, initial, and subsequent, phi
calculationtimeswere reduced drastically. With the introduction of the relaxation method
phi calculations of a uniform matrix were reduced from 550 steps to convergence over 54
seconds to convergence in under 100 steps in only 6.5 seconds. This is a time reduction
of 88% The overall runtime of this benchmark was reduced from 50 minutes to 4.85
minutes. This reduction becomes significant when the number of times the phi
calculation is called in a simulation increases due to either a higher contrast barrier, or to
an exteded matrix.With the drastic reduction in simulation and calculation time, it

became practical to begin batch simulations.

2.3 Batch Simulation

Once theindividual simulation rurtime was reduceca MathCadfile was generated to

run batches of the simulation. The current batch simulation file runs ten simulations in
sequence. It makes use of the Reference function in MathCad which can open and
execute another MathCad file. This function is used to calllteady established main
simulation program. Following the reference function, basic ougsutiescribed earlier,

is provided for each simulation before the program proceeds to the next simulation
iteration. Each reference and data output section is segewen the next and in order to
prevent excessively large files, the information output by batch files is reduced compared

to that available in the original file.
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The information provided by the batch file for each simulation includes:
Total BD Points

Total BD Steps

Step at which breakdown reached the bottom of the barrier
Step at which breakdown passed the top of the barrier

Shape of the overall Breakdown Path

Visual of BD Points within the barrier

Electric field when breakdown reached bottom of theidarr
Electric Field when breakdown reached the opposite capacitor plate
Fractal Dimension of the BD Tree

Tree Velocity vs. BD Step

Tree Length vs. BD Step

Spreadsheet of the O0Tree Path
Spreadsheet of &éBDmatri xdé dat

dat a mat
matri X

= =4 =0_-9_9_9_98_42_2_-2_-°9._-2_--°
(@}

Q

For the simulationsa whole, the following are provided
9 Electric field distribution at initial conditions.
1T Spreadsheet of the éDatad data matri x c
T Spreadsheet of the éBDmatri x_sumd dat a
Batch simulation was successful in gene&dme issues do occasionally arise during
these simulations however. The two most frequently encountered issues are an increase in
simulation time andless commonlyunknown errors resulting in lost data for a single

run. The cause of these problems isrently unknown but is being further explored at

this time.

See AppendiB for a print out of the Batch program.
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Chapter 3:Experimental Results and Analysis

3.1 General Effect of Contrast on Breakdown
A wide range of g, and contrasts were used torgai broad understanding of trends in

the data and identify possible underlying mechanisrhe. average number of steps or
points refers to the arithmetic mean from all test runs, while characteristic breakdown
refers to the highest rate of breakdown agheined by the Weibull distribution curve.
Averages will be used when discussing events such as steps to reach the barrier or time
taken to pass through the barrier. Characteristic breakdown steps are used in the
comparison of different scenarios as a meto evaluate improvement in breakdown

strength.

3.1.1 Simulation Data
Data fora preliminary set of simulatiorruns is presented below/Veibull analysis was

performed on each batch. The characteristimber oforeakdown steps was calculated
for each condition. That data is presentedTable 4 below along with the Weibull
correlation factors for each analysisTiable5. A sample WeibulAnalysis is provided in

Appendix C.

Table 4: Characteristic Breakdown Steps

Characteristic
BD Steps

D ratio | C=1 C=2 C=10 C=50 C=100
0.5 | 670.1999 | 642.7282 | 653.5286 | 663.5553 | 912.7059
0.4 | 681.1651 [ 695.233 | 650.2251 | 661.9662 | 715.2668
0.3 | 708.9805 [ 675.7788 | 672.8379 | 617.6127 | 662.0473
0.2 | 672.5021 | 662.9081 | 692.4274 | 663.2422 | 630.7822
0.1 699.53 | 664.5682 | 694.8198 | 647.5842 | 627.1558
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Table 5: Weibull Correlation Factor R?

Weibull Correlation

Factor R®
Drato|C=1 |C=2 |C=10 |C=50 | C=100
0.5| 0.8983 | 0.9487 | 0.8734 | 0.6086 | 0.8419
0.4 | 0.9021 | 0.9429 0.973 | 0.8683 | 0.9824
0.3 | 0.0054 | 0.9683 | 0.8502 | 0.9803 | 0.0485
02| 09297 | 0.905]| 07462 | 0.9682| 0913
0.1 | 0.9088 | 0.8589 | 0.9422 | 0.9062 | 0.9414

The Weibull Correlation factors are generally high values with the exception of the
batches for C=50, d=.5 and C=10, d=.2. With high correlation values between plotted
data and linear regression, it can be assumed that the calculated Characteristic number of
breakdowm steps is representative of the given conditiédtsscan be seen iRigure 18,

there is no cleacorrelation ortrend in the number of breakdown steps as either a
function of contrast oof barrier location Aside from the contrast of 100 dt,ic=0.5

which showed aarge increaseherewas no drastidifference between characteristic
breakdown steps for each set of conditighgotential upwards trend can be seen in the
contrast of 100 data set but differences at the low values are not statistically significant.

Because of this more defined trend in the contrast of 100 set, this contrast was chosen for

a more in depth study.
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Figure 18 Characteristic Breakdown Steps as a function of g, at Varying Contrasts
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While little correlation was observed between breakdown steps and contlestier
location,the average number of steps taken to move from the lower level of the barrier to
the upper level of the barrier dghow clear trends. Average number of steps within the
barrier generally increased not only with contrast but also with increasg;dn Tthe
average values can be seen belowable 6, and are plotted both as a @filon of dago

with varying contrastsHigure19) and as a function of contrast with varyingig{Figure

20).

Table 6: Average Time in Barrier Region

Avg Time In Block

D ratio c=1 C=2 C=10 C=50 C=100
0.5 39 62.2 76 123.67 321.3
0.4 28.9 39.2 85.5 153.7 196.2
0.3 24.4 36.7 65.6 112.6 114.11
0.2 21.4 24.1 79.4 91.8 67.3
0.1 15 24.5 28.2 43.6 49.4
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Averageg Time in Block as a Function of D Ratio
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Figure 19: AverageTime in Block as a Function of ¢, with Varying Contrasts
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Averageg Time in Block as a Function of Contrast
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Figure 20: Average Time in Block as a Funtion of Contrasts with Varying d,ao
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In Figure19it is seen that asontrastincreases the time in the barrier also increases. The
lines representing the time for each contrast are generally stratified with the high
contrasts giving highevalues. The only time this is not true is with gigof .2 where

¢=100 is lower than ¢c=10 and c=50.

In Figure 20 is can be seen that generally with increasing, dhe number of steps
likewiseincreasesOnce again a stratified structure is observed with the highvdlues

higher on the chart. In addition to increased number of steps, there is also an increased in
the divergence of the values. The differedetween each4l, increases as the contrast

increases.

These trends differ from literature trends which saw a peak in breakdown strength with
contrasts of 10 and 15 and agglof about .25. The difference is likely due to material
properties not acunted for within the program. While all factors are clearly present
during an experimental study, this simulation program only accounts for field
distributions and does not look at properties of the laminar composite such as interface
interaction, mechaoal strain, or space charges that may devdiogorporating these

properties would be good for future work.

3.1.2 General Trends

There were many general trends observed in the breakdown statistics and paths of the

simulations. Among these trends are tiranching of trees when reaching high contrast
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barriers, a slowing of the vertical velocity when encountering these barriers and an

increased simulation time and in some cases increased number of steps.

3.1.2.1 Tree Shape

The shape of the breakdowrtlpas the clearest indication of the barriers having an effect

on breakdown properties. As the contrast value of the barrier was in creased a flattening
and stalling of the tree was noted. While differences could be seen at values of 2 and 10,
they becamenuch more noticeable at values of 50 and 100. Typical shape impacts from
the barrier include widening of the tree below the barrier, a flattening and spreading
along the barrier interface, abdanchingin the higher contrast runExamples of these

tree siapes are show below Figure 21 throughFigure 25. Light blue coloredregions

are where onlyone run propagated,green colored areas had moderate traffic, and
orange/white regions had the most traffic with white indicating all ten runs passing
through the region. The light colored outline indicates the location of the barrier at

Oraic=0.4.
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44



60

40

Figure 25: 10 Run Overlay C=100, ¢o=.4

3.1.2.2 Increased Time and Steps

It was noted that for higher barrier contrasts, there was an increased number of steps
between when the propagation reached the edge of the barrier and when it passed through
the barrier. This trend was noticed between contrast values at the gsayaadl it was
noticed that in general as.f increased so did the tirma the barrier. This led to the

development of common velocity profile trends as desciibbdte next sectian
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3.1.2.3 Velocity

The velocity was taken as the highest tree point vs number of breakdownlrstdyes.

strict physical sense velocity would be the derivative of this clitve step when the tree
reached the bottom of the barrier was saved as the output ENTER and the step number
when the tree surpassed the tophsd barrier was saved in the put EXIT. With the

ENTER and EXIT values alongside the velocity profile, a correlation could be seen

between the higher contrast values and velocity at the barrier.

This is embodied irFigure 26 on the next pageFor the cases of 1, 10, 50, and 100
contrasts at a.go of .5, it can be seen that as contrast increases, when the breakdown
reaches the barrier its forward progress is retarded resultindlattening of the plot.

The flattening lasts until the tree passes the barrier and then continues upward. As
contrast is increased, the length of this flat section increases a¥\ih@#. noticeable in
contrasts of 10, it is most pronounced in contrastS8and greater. This trend was

common among all.gi, values.
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Figure 26: Velocity Profiles for Different Contrasts, D,ai0 = .5
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3.2 Effect of High Contrast Barrier Location on Breakdown

Simulations exhibited the greatest barrier influence with higher contrast values. Because
runs with a contrast of 100 showed the most noticeable barrier io#pawider range of

dratio Was used but tests were only run with a homogeneous matrixtardexcontrast

of 100. There were also 50 runs in each set instead of only 10 as before. The goal was to
provide a clearer picture of how the bartmrationaffects breakdown properties and

how the simulation relates to previous work.

3.2.1 Probability Distribution Analysis

This series of simulations looked at 50 runs for seven different conditiong;£dfd25,
.5, and .75 a homogeneous matrix andga kontrast barrier were both tested. At.a.d
of .875 only a high contrast barrier was tesWh the larger sample sizesuitiple
distributions were fit to the data in order to verify ttret Weibull distribution waghe
best fit for the dataA summary of the correlation coefficients is provided able7 with
sample Minitab plots shown figure27 andFigure28 for homogeneous and high
contrast runs at.go = 0.5 respectivelyAs all distributions were relatively close the 2

parameter Weibull was used to maintain consistency with earlier analysis.
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Table7: Distribution Correlation Coefficients

2-p Weibull 3-p Weibull Normal Lognormal
cl d25 0.98 0.993 0.99 0.996
¢100 d25 0.96 0.996 0.98 0.994
cld5 0.99 0.994 0.99 0.987
¢100 d5 0.98 0.994 0.99 0.994
cl d75 0.95 0.983 0.96 0.981
¢100 d75 0.99 0.993 0.99 0.987
¢100 d875 0.99 0.989 0.99 0.981
Probability Plot for c=1, d=.5
LSXY Estimates-Complete Data
Weibul I-Parameter Webul
99.9 99.9
90 0
= 501 = 50
o g
g 10 5 10 2
1 1
400 600 800 200 500
c=1,d=.5 c¢=1, d=.5 - Threshold
Tarrisl Lagrormsl
99 — 99 —
90 %0
i B
8 50 g o
& ¢
10 10
Mo 600 200 4o.o 600 200 1000
c=1,d=.5 c=1,d=.5

Correlaton Coefficient
Wietul
0.989
3-Parameter Weibul
0.994
e sl
0.994
Lognarmal
0.987

Figure 27: Probability ID Plot, Homogeneous Matrix
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Figure 28: Probability ID Plot, High Contrast Barrier
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3.2.2 Characteristic Breakdown Discussion

1250

The characteristic bredownwas calculated using Weibull distribution in both

Microsoft Exceland Minitab16. The results are provided belowable8. While each

method did give variations, the general trend is the same avalwdls are relatively

close and in agreement.

Table 8: Characteristic Breakdown Steps

Excel 2-p Minitab 2-p
cld25 674.11 672.17
€100 d25 652.48 646.72
cld5 682.29 681.16
c100 d5 860.84 857.74
c1d75 662.97 657.99
c100 d75 953.22 951.06
c100 d875 933.06 931.00
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The simulations by Faet al**! looked at a stationary barrier, while experiments by
Agoris et af”; looked at varying both the contrast of the barrier to the matrix and the
location of the barrier. For this reason the breakdown strength from the Agoris

experiments was compared to the characteristic breakdown steps in these simulations.

In alternatingcurrentexperiments by Agoriet af® a peak in breakdown strength was
seen witha barrier location % the distance between capacitor electandes contrast of
10 to 15. In experiments breakdown strength once again dropped after this point. In
simulations, there was monotonic increase in the breakdown strength witkakat
draic=0.75 in the high contrast runs. Breakdown steps.a=0.875decreasedut not at
the accelerated rate seen in experimekdslitionally the variation between these two
points is not statistically larg&he Agoris experiments had a more defined peak, while
the simulations had a more constant and gradual increase to its maximum. In both
situations though, the peak was observed afiaahe quarter of the overall distze

from the capacitor platd.hese trends are demonstrated belowigure29 with
experimental data indicated in dashed lines, and simulation data in(stdiaddard
deviation for simulation runs is presented aible9). It is possible a secondary
mechanism is present in the experiments resulting in the reduced barrier performance that

Agoris saw.
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Figure 29: Breakdown vs Barrier Location Partially Adapted from Agoris et al”)

Table 9: Standard Deviations for Simulation Runs
StDev StDev

c100d25 [63.87803 |c1d25 98.04754

c100 d5 162.6934 [c1d5 103.0809

c100d75 |162.9631 |c1d75 108.7605

c100 d875 |152.7797

3.2.3. Barrier Behavior

Another trend noted in the data was that in reaching the barrier, both homogeneous and

high contrast simulations had similar numbers. After leaving the barrier though, the high
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contrast simulations tended to approach the second eletasidethan the
homogeneous matrix. This trend is illustratedrigure 30 with high contrast in blue,
homogeneous in red, and approaching the barrier in dashewithabe time from

barrier to full breakdown in solidries.

Steps Before and After Barrie
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0.2 0.3 0.4 0.5 0.6 0.7 0.8
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== C=100 After == C=1 After =A== C=100 Before == C=1 Before

Figure 30: Behavior Around Barrier

Shown inFigure31, the time spent with in the barrier was higher in every case for the
high contrast simulations, with increased time in the barrier the further from initiation the
barrier wasThe iterationspent in the barrier for homogeneous matrix was relatively

consistent at all glios
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Time in Higkk Barrier
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Figure 31 Iterations Spent within Barrier Region

Compared to the Farr simulatidtisthere were both similarities and differences. As
discussed in Chapter 1 Farr utilized a contrast of breakdown strength, while these
simulationdooked at dielectric contrast and the effect of field. Both simulations

denonstrated the tree growth branchiagerallyseenin Figure32.

Figure 32 Farr *¥ (left) and Simulation (right) Branching Around Barrier

54



Because of thetlif er ence i n properties which were u
simulation demonstrated consistent branching around the b&igerg33), the sare

was not seen in our simulations. In some runs our simulations had breakdown paths that
extended directly through the barrier such asSigure34. This resultedn thecollective

image inFigure35 of 50 runs that shows trees propagating both through and around the
barrier.In Figure35 blue colorrepresents few paths, and darker shades of green represent

less traffic, withorange/whitébeing the most overlapping trees.

Figure 33: Farr Simulation: 100 Runs Around Barrier **!

Figure 34: Simulation with Barrier Penetration

55



Figure 35: 50 Simulations Around and Through Barrier

3.2.4 Weibull Analysis
As mentioned, the characteristic breakdowns presented earlier were obtairsatgby u

Welbull distributions. In these analyseke distribution functions fdiomogeneous cases
had consigntprofiles and failure limits wittshifts seen in the high contrast cases. The
high contrast barrier distributiorméso had a wider spread amre graduapeks. These
trends can be seen in the distributions plottdéignire36 below. Table10 after the

figure provides detailed information on the plots.
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Distribution Overview Plot forAll Sets
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Figure 36: Weibull Distributions

Table of Statistics

Shape Scale Corr F
=1 d=.25 8.01879 672.170 0.980 50
=1 d=0.5 7.40936 681.164 0.989 50
=1 d=.75 7.60251 657.986 0.953 50

100d=.25 567075 646.715 0.958 49
100d=0.5 6.04309 857.736 0.981 49
100d=.75  6.52579 951.059 0.987 49
C=100d=.875 6.81210 931.003 0.987 52

O OO0 O OO o

Table 10: Table of Weibull Statistics

As seen irFigure36 above, the homogeneous matrices have a more defined peak
indicating a tighter distribution of breakdown valu€kis is also indicated by the higher
shape parameters than those of high contrast simulatiaiscontrast runs had a
smaller shape value rd8ng from a more spread out distribution of breakdown values.
While the high contrast simulations had a higher characteristic breakddwes the

lower shape parameter indicates failures occurring over a wider range of values.
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Chapter 4: Conclusions

4.1 Conclusions
While preliminary simulations did not demonstrate a notable barrier effect on the

breakdown steps at low contrasts, they did demonstrate some impact on the direction of
the breakdown pathLow contrast simulations showed little impact on bresial
regardless of barrier locatiom the early simulations, breakdown path demonstrated
some signs of branching at a contrast of 10, occasional branching at contrast of 50, and
regularly occurring branches at contrast of 10@hile a threshold was obsed
experimentally in literature at a contrast of 10 anld 1i the simulations this threshold

was aound 100 with indicationsfdoranching occurring a8=50.

Continued simulations with a high contrastrrier did demonstrate a noticeable effect on
brekdown strengthwhile varying thelocation ofthe barrier The effect was dependent
on the distance of the barrier from thm@tiation point, with the greatest increase of

breakdown steps occurring with gsdof .75.

The shape of the breakdown path did show effects from barrier introduction, especially at
highercontrastslt can be seen that lower contrast vajuee breakdown patpenerally
proceeded through the block unhindered buthes contrast was increased -sffoots

begin to appear and progress laterally.addition to increasing lateral growth, the
barriers hindered vertical growth, most easily demonstrated by the tree velocity profiles

presented in Chapter 3.
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In summary,

1.

2.

Simulations correlated well with @viously documented work in the field.

Simulation threshold for definitive breakdown impact was a contrast of 100, with
some impact at 50.

Level of impactwas barrier location dependant with optimal barrier spacing at %
the distance to thinal electrode.

Barrier resulted in lateral growth of the breakdown path, and stunted vertical
progression.

Steps to the barrier were similar in both cases, but time after the barrier was
reduced in the presence of the higharrier.

The electrostatic effect of barrier introduction does play a significant role in
breakdown, with other material interactions and properties likely also having

significant contributions.

4.2 Future Work

This simulation has many areas available for furihgrovement. It would be highly

beneficial to continue improvements on calculation and overall program efficiency.

Continued efficiency improvements would allow for larger sample sizes to be collected

improving the statistical significance of results, wsll as allow for new areas of

exploration in the simulation parameters.
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A larger matrix size would be a benefit to the simulation made possible by increased
program efficiency. By increasing the size of the matrix there will be more time for the
breakdavn pattern to develop and a finer tree pattern can be observed. This was observed
when increasing the breakdown path length from 20 to 60 and it can be expected to occur

with further increases in path length.

Future changes to the program could also ohelumnew boundary types. A periodic
structure or randomly seeded patrticles or even the introduction of space charges are some
possible barrier types that could be explored in future work. These barrier and defect
types would have a different effect on theattic field distributions than a continuous
uniform barrier. Because this model looks at the effects from potential distribution, these

barriers would be expected have a different effect on tree growth.

As previously mentioned, the program primarily ledkat the electrstatic effects of

barrier introduction on breakdown path. To create a more realistic model; material
interactions such as trap states or interface interactions could be introduced. Material
properties could also be introduced to creat@oge realistic model. Another discrepancy
between actual breakdown events and those in the simulation is the release of energy as

thebreakdowrpath progresses.

As the prograngrows and becomes a more realistic representation of breakdown, one

area that eeds to be addressed is how to model a lossy dielectric material. A lossy

dielectric model would more accurately represent real materials and therefore improve
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the programbébs accuracy in addition to ope
experimenal verification and comparison. Current work is being done by Guneet Sethi in

this respect. Issues that have been encountered are dealing with the imaginary part of the
permittivity, especially in potential distribution calculations and the relaxationasieth

used in calculating the field distribution
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APPENDIX A Simulation Program

Legend
1. BD matrix is the breakdown matrix showing if the corresponding has brokedown
or not {or if itis part of the breakdown tree) 0 means it is not, 1 means it is

2. BC matrix is the boundary condition matrix which applies boundary conditions to
the capacitor plates and breakdown tree

3. Phi mafrix is the potential matrix which stores the local potential at each time
step. The values of Phi in the previous time step are stored in the Phi_prev matrix

4. Avg matrix is a potential matrix which stores the potential temporarily for the
current time step

stan time ;= time(1)
n=1
errar_limit .- 0.01

We will use a square array of points with X columns and rows:

mas e 100 jmay . G0
The answer will be put in the array Phi |, which will be initialized to zero.
The subscripts will have the valwes: (.= 0. o)  (j = 0. joax)

We could have a program that allowed us to put different shaped central objects
without having to put new lines in the programming block. Let’s put the values for our
new object in a matrix called BC for boundary condition. We will set the unused
members of this matrix equal to 1001. Then we will put into the program an ~if™”
statemnent: if the value is greater than 1000, it is not averaged because it is a boundary

value.
capacitor_high potential - 000 Capacitor_kow_paotenfial - —2000 spacing - 0
capaciier_botem_plate ¥ = floor]spacing) Capaciior_top_plabe ¥ = jmax — capacitor_bottom plate v

capaciter_plate x_start .= fhoan0)
capacitor_plate x end -— imax — capacitor_plate_x_stant
Area of the capacitor:  cap_area = imax — 2-capacitor_plate %_start cap_area = 100 dstap == 107 ®m

thickness of the capacitor: cap_thick .= jmax — 2-capacitor_bottom_plats ¥ cap_thick - &0

. - | cap_aea
Area to thickness ratio: A_by_d_-m A by_d— 1667

i capacitar_hish_potential r
Applied field: ~ E_applied m ————— E_applied — 33.33 2V
cap_thick-dstep- 10 m

Diefine parmittivity matrix

eb = 58510712

Define outline of box
) blncksize - 2
Dratio= 5 Confar . (Dratio-cap_thick) + spacing  Center = 30 BSpacing - 4
hlocksze hlacksize
ok, -= capaditor_plate_x_start + 30 Blockygq = Center - 1 tlock;p o= Center + 3

bmrigbx = capaciter_plate % end — 30 blocky, . = blacky, ., + BSpacing hluck[w] - hm[{p + BSpacing
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e jom |10 i i 2 blockpg i S blockpzy ~ -
1 if i 2 blockyg n i € Blodigp 0§ < ISEL . :
1 otherwise 10 if (i capacitor_plate % _start ~ i< capacitor_plare x_end) ~ (j> capacitor_bettom plate v » j< cﬂpax_inm_m_c)lam_v:F

Define charge density matrix
@ ity Define trap states Define probabilites Define breakdown strengths:
CRE S
i n:_.._smms,.__, -0 —— . asd
Ebr, o= 351070 e j)
ij
phibr, | :-E':Arj_j-"..:nep.
ELLL
Am
4
i
Rl
Lk
]
F
= phitr
BC_limit -= 10001
ED. .-=0 This "works”™ for all i,j values

Use the same capacitor plates
BC. .= |capacitor_hish potemfial if i 2 capacitor_plate % start -~ i = capaciter_plate x end ~ j = capacitor_botiom plate v
capacitor_top_plate ¥

capacitor_low_potential if § = capaciter_plate x_start ~ i £ capaciter_plate %_end - j
BC limit otherwise

r

This "works” for all i,j values

BC

Phi prev = for je= 0. jmax
for ie 0. imax
|1>mi .« i{BC. .< BC_limit. BC__.I)
. \ 1] £ |
Phu
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‘maerrar+ 1

el

while mamerror > emor_limit

initialize the potential {phi) marix.

Phi, | iBC, ;< BC_limit.BC, (1 - o)Phi pev, ; + o Phicuremi |
| P~ P pre
3

=eifPhi_pmij=0-¢j:

51
B prev, | P, |

i« > manerror, [ mamemror + ). 0]

mor |, + ImaRemor
=0

amor, @
51

eee+l
(Phi amor 0 0)

‘potential_calulation_fime o= time(1) - start_tie
potential_cilcuation_time - 16.304

Plots of potential contours

mavamor e 0
for i=0_imax
for je 1. jma- 1
[ r - I jtEh
#i=0vi=imam [ |ifi= 0. [ae1 a0 . u;]j‘_%
L b+ imax beimax-1 Caleulating the potential at the
ERRPT boundary points using a W o SELitEg
W e symmetrical boundary condition N e
o o j+l * o
. E SR W, e
Wi — i3
W_bomdarypt 2 _5‘”:“" Wi
L e W, P, AW
- . - - - I =
W_boundarypt_a-Phi, | + W bounduypt bBis, < W, | B, +
Dhicurren:
- W_baumtingt 2 + W bominpt® W, -

The updated matrix value is set equal to the
average of the sumrounding values UNLESS itisa
boundary value. If it is a boundary value, the
original value is put into the matrix instead of the
average.
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BD = | for je= 0. jmax
for ie 0. mmax
BD]._J.(— ]
for capacitor_size = capacitor_plate x_start . capaciior_plate x_end
BD capocitoe_siza, capacstor_baticmm _plate ¢+ |

for capacitor_size = capacitor_plate_x_start .. capacitor_plate x_end

capacitar,_tiea, capacitor_top,_plate_y ™ |
BD
center breakdown start point
bd_start : -
trea_emd % o= bd_stant mes_end ¥~ capacitar_bottom plate ¥ + 1 ree velocity -0
BD 1 ~ . N .
trea_and_x, tres_snd v Rm_m_‘l mos_amd_ capacitor_high_petential
e path | -~ tree_end x e R tree_pathy = 0

P — mn wand i

v an 1on

BD

Phi_start =

for jel.jmax-1

Hi=0vi=mx] i

W_boundarypt_a-Phi_ . + W_boundarypt b-Phs, +W, _ -Phi )
(8] St S e ¥ 170
Phicurrent «
| | W_boundarygt 2+ W_bowdarypl b+ W, |
'Et_'ui:m.'}écj J.ZT1 — olPhi_prev + e Phicumrent |

5

?hi_m'!v:. .+ Phi. j

i = > manarrer, | mawarmor e =), 0]
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