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ABSTRACT

Some glasses have exhibited dielectric breakdorvengths two orders of
magnitude higher than polycrystalline ceramic mater Their high dielectric breakdown
strength makes glass an ideal candidate for usgimenergy density capacitors for
pulsed power applications.

It has been observed in recent studies that a coonhalkali-free
boroaluminosilicate glass, Schott AF¥5exhibits a dielectric breakdown strength of 12-
13 MV/cm. In order to successfully measure theetielc breakdown strength of this
glass, samples 5-30 microns thick were used duesting. It was desirable to continue
testing glass below 5 microns thick in the pursfilneasuring the intrinsic dielectric
breakdown strength. In this study, thin film depiosi was used to produce glass less
than 5 microns thick. Because of a built-in thicksmigradient in the films across the
wafer surface, each sample provided a range déribgses to measure.

AF45 was used as the target material. RF magnepuotiering was chosen over
other deposition techniques, such as evaporatieh@mical vapor deposition, because
of its ability to sputter insulators, the ability ise a piece of commercial glass as the
target material, the increased film density anddgoampositional control.

Several characterization techniques were usedderstand the properties of the
films. The films were examined with field emissiscanning electron microscopy and
observed to be microstructure free. The compositiseasured by x-ray photoelectron

spectroscopy, differed from that of the bulk gladse films also appear to have a



iV
significant amount of water included in the struetand a lower density based on spectra
obtained from Fourier transfer infrared spectroyamgasurments.

The dielectric breakdown strength of the films wasasured to be 9.5-10
MV/cm, about 20% lower then the dielectric breakdastrength of the thinnest sample
of bulk glass. The decreased breakdown strengtisunea for the thin films is attributed
to several factors. The presence of water andotalkensity of the films can allow for
charge to pass through the glass films more etmsly in the bulk. Microstructural
defects such as voids and impurities within theodépd film, electrodes and especially
at the film/electrode interface, are obvious caatid based upon previous work with
bulk dielectrics. The compositional non-uniformitigserved in the films could further
enhance structural defect formation, beyond thos@sic to the deposition process

itself.
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CHAPTER 1

INTRODUCTION

The dielectric breakdown strength of glass canigrafecantly higher than that of
the polycrystalline ceramics used in capacitor§][1Borosilicate glasses such as Pyrex
have been observed to have dielectric breakdowengtins around 9 MV/cm [6-8]
whereas BaTi@has a dielectric breakdown strength two ordemmadnitude lower [9-

11] There are several extrinsic factors that cbotg to lowering the dielectric
breakdown strength of polycrystalline materialshsas grain boundaries, pores and
anisotropic permittivity in randomly oriented cratst [12]

High-quality, commercial, alkali-free boroaluminlosate wafer glasses are being
studied for use in high energy density capacitexalse of their high dielectric
breakdown strength [13, 14]. High energy densifyacétors can be used in life saving
implantable medical devices and fuel efficient hgl@alectric vehicles.

Having been developed for flat screens and portaleletronics, commercial
glasses are now readily available and sufficietiily to investigate their dielectric
properties. The increased availability of this glesduces the cost which can translate to
cheaper capacitors in the future. This study ladksking commercial glass and directly
integrating it into the thin film deposition prosess a target material, a step which could
lead to additional cost reduction during future mfacturing of thin film glass

capacitors.



Environmentally, glasses are an ideal materiakwaince they are readily
recycled. Alkali-free boroaluminosilicate glassesmbt contain significant quantities of
harmful elements. Though the glass used in thidystontained about 0.5 mol% A3,
used as a fining agent, it has ceased to be Usedgeixt generation of this glass contains
no AsO; or other hazardous materials.

It is desirable to have thin glass with a pristinelt surface to avoid cracks and
flaws which could lead to a lower dielectric breakah strength than is intrinsic to the
material [3]. It has been observed that dieledireakdown is inversely proportional to
thickness as it approaches the intrinsic dielettrgakdown strength of the solid [13, 15,
16]. In order to extend our investigation of di¢tecbreakdown we need to obtain or
fabricate thinner and thinner glasses. Having énotkto fabricate high quality, thin glass
is also beneficial to the manufacturing of more paot capacitors.

In the past, the thin glass needed to measurasitrdielectric breakdown
strength was obtained by blowing the glass intadbes) cutting it and measuring the
thickness [17] or by grinding and polishing largezces to the desired thickness [15].
The thickness of blown glass is difficult to contand the pieces tend to be curved.
Grinding and polishing is time consuming and altbessurface of the glass.

In previous studies, thin boroaluminosilicate wagkrsses, 30-50 microns thick,
were thinned in hydrofluoric (HF) acid [13, 14]. lEid roughens the surface slightly
and changes the surface composition of the glabenVd silicate is submerged in HF
acid, in addition to dissolution of the Si-O bontt® bonds between network
intermediates and oxygen will break at differenésaleaching of modifier will also

occur. This can lead to an altered surface lay#r imocomposition and in structure [18].



It would be ideal to have a pristine glass melfee less than 5-10 microns thick in
order to continue the work done in the previousgntioned studies.

The approach taken in this study is to fabricagésgkthin films in order to extend
the study of alkali-free boroaluminosilicate glasbelow 5 microns, which is the limit
for etched bulk glass [13, 14]. Thin film capac#ttvave been successfully fabricated and
tested by many other researchers. Their methodktadabricate multi-component glass
capacitors have often involved co-sputtering of posite targets or multiple powder
targets [19-22]. The use of a commercial pieceutit glass as the target material, instead
of a pressed powder target or multiple oxide taxgstexplored in this study. The
physical properties as well as the dielectric bdeakn strength are studied and compared
to the properties of the bulk glass.

Since dielectric breakdown is a statistical pro¢28$, it is beneficial to have
many test spots to measure. The thin films faketébr this research allow for many
tests to be conducted per sample. Films with &tl@ss gradient were fabricated in order
to measure breakdown over a range of thicknessew lbsemicrons with only a single
wafer needing to be processed.

Radio frequency (RF) magnetron sputter depositiaa ghosen as the film
fabrication technique for several reasons: thatgltd use commercial glass as a target
material, the ability of the technique to depas#ulators, the high density of films
compared to other deposition methods, the bettapositional match of films to the
target material and control of deposition paransef24-27]. RF magnetron sputter
deposition is also an ideal technique for largéespeoduction since it can be scaled up

for manufacturing [28]. Large scale film depositioas already been integrated into
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industries such as window glass with coatings édiuction of energy loss [29]. Despite
all of the benefits to using RF magnetron sputegrasition, challenges were encountered
limiting some aspects of sample fabrication.

Chapter 2 will provide a brief background of RF meigon sputter deposition as
well as other techniques traditionally used to é#pglass as a thin film. The benefits of
the technique along with the anticipated challengesh as the low sputter yield of an
oxide target, will also be discussed in more defdik principles behind dielectric
breakdown and the behavior of glass under apphdétdge will be described.

Chapter 3 outlines the procedures used in thigystuéabricate, characterize and
test the dielectric breakdown strength of the films

In Chapter 4 the films will be described in detmbked on their characterization
and dielectric breakdown testing results. The attarstics of the bulk glass, which will
act as a basis for comparison with the films, al¢lo be described. The dielectric
breakdown performance of the films and the bullsghaill be compared and discussed.

A summary of the work done in this study as weltasie lessons learned

throughout the process will be included in Chapter



CHAPTER 2

LITERATURE REVIEW

21 GLASSTHIN FILMS

In early semi-conductor research, $itims were used for device passivation and
insulation of active devices [30-33]. Because eflimitations of thermally grown oxides
such as a self limiting thickness and the desirafoigh quality oxide film on non-
silicon surfaces, investigators worked on develgpgliable methods to deposit thin
glass insulating films [32]. Glass thin films haalso been used for optical coatings [34,
35] and devices such as wave guides [36], intenterestacks [35] and optical switches
[37].

Research has been conducted on the best way tsitiépio film capacitors with
glasses in order to reduce the size of integratedits while utilizing the excellent
dielectric properties of glass [2, 19, 38]. Thdigbto have a thin dielectric material also

makes it possible to test dielectric breakdownngjtie at reasonable voltages.

22 TECHNIQUESUSED IN GLASSTHIN FILM DEPOSITION

Thin films are fabricated in a variety of differemays. Glass films have most
commonly been deposited using chemical vapor depngiICVD), evaporation and

sputter deposition. All thin film deposition technoes utilize at least one of the following



parameters to control the outcome of the thin fiemperature, bombardment or
chemistry.

CVD is possible through careful control of procgas chemistry. Starting
materials are in the form of volatile gasses thatthermally decomposed allowing the
material to deposit on the substrate. Silica films often made by reacting ik the
presence of oxygen at high temperatures. The tympisally fabricated using CVD are
single component materials such as Si,;la@d BN. CVD is most useful when coating
oddly shaped or large substrates especially whiaramity is critical. It is utilized as a
high throughput technique with the ability to degla batches and deposit at high rates
[25, 27].

Despite the benefits of this technique, it wouldubsuitable for deposition of
multi-component films. The complex gas mixture twvauld be needed to synthesize a
multi-component glass would be difficult to obtaind control. Additionally the
precursor gasses are often toxic and corrosivendreth decomposed may leave trace
amounts of impurities in the film [25, 27].

Evaporation requires low pressures and high temyr@sito vaporize the source
material onto a substrate without the assistaneenabombardment. In evaporation,
material is sublimated by resistive heating or etecbeam heating. Depending on the
substrate holder design, such as a rotating planletdder, evaporated films have the
potential to be very uniform [27].

Several factors eliminated evaporation as the pgimeethod for multi-
component glasses. Glass films deposited by evaporand to be less dense than the

target material. Evaporation is notorious for pradg films with compositions that differ
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from the bulk material due to the different vapoegsures of elements in a compound
[27, 31]. An example of incongruent vaporizatiorsi©, which can deposit as a
combination of SiO, Si@and SjO3 [34].

Thin films do not always exhibit the propertiesio¢ir bulk counterparts.
Deposition is a non-equilibrium process and therefoay yield a metastable material
that cannot be fabricated with other methods. Dédimgnon the situation, the thin film
can have new or enhanced properties, or they candegraded properties.

This study will focus on films fabricated by radrequency magnetron sputter
deposition. The following section outlines the atages and disadvantages of the
technique and why it was chosen to deposit alkak-boroaluminosilicate glass thin

films.

2.3 RADIO FREQUENCY (RF) MAGNETRON SPUTTERING

The primary deposition technique used in this stiodyabricate alkali-free
boroaluminosilicate glass thin films is radio freqgy (RF) magnetron sputter
deposition. The primary goal is to prepare filmS ticrons thick to further explore the
thickness dependence of dielectric breakdown mdlass [13, 15, 16, 39]. Identifying
deposition conditions and processes to fabricagle quality alkali-free
boroaluminosilicate glass films will be useful hetfuture for producing high energy
density thin film capacitors and other devices.

Sputter deposition utilizes transfer of momentunotdigh ion bombardment to

vaporize a target material. The vaporized matelifddses through a plasma and is
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deposited on a substrate. There are numerous nergfeputter deposition techniques,
such as reactive, ion beam and direct current espogt

RF magnetron sputter deposition is ideal for gping insulating materials.
Figure 2.1 illustrates an example of a radio freqyesputter deposition system. In a
direct current configuration when a voltageapplied across the target, positive charge
would build up on the surface of an insulating matepreventing the plasma from being
sustained and effectively halting deposition. Instbmpnventional RF systems, the
voltage is alternated at a frequency of 13.56 MHth an asymmetrical plasma
configuration. In this configuration the targetsaas the ‘driven electrode’ while the
substrate and all of the surfaces inside the psmgshamber act as the grounded
electrode. Since the electrons are much lighter tha plasma ions, they are able to
oscillate with the field and neutralize the posttharge as it builds up on the electrodes.
The size difference of the electrodes preventaleenating currents from sputtering
both electrodes by driving the target, the smallectrode, to a negative bias so that ion
bombardment is concentrated there [22, 24].

In addition to the ability to sputter deposit iretolrs and a variety of other
materials despite their degree of refractorinegssputtering allows for lower voltages
and system pressures than in direct current spagfaosition since electron oscillations
increase the ionizing collisions within the plasmmajintaining its density [22, 24].

Magnetron sputtering also helps to further decrédas@ressure and the voltage
needed to sustain the plasma. The cross prodtice @lectric and magnetic fields forces
electrons to spiral close to the target, increagngation of the gas near the target and

therefore increasing the ion bombardment. A deereathe pressure also leads to less
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gas molecules trapped in the film, avoiding unnsagscontamination by plasma gas
species [22, 24]. Figure 2.2 illustrates the p&tbteon take in a magnetron system.

There are many deposition parameters to vary iardadachieve the best film for
the desired application. Pressure, target-to-safestlistance, process gas, substrate
temperature, target material and operation powest mube considered [22, 24]. The
variables chosen in this study resulted from reingwhe literature and observing the
limitations of the equipment and target materiala¢hieve the best possible samples.

One of the limitations of an insulating target miles a low deposition rate [24].
In order to increase deposition rate, power demsiigt be increased. Since the glass is
susceptible to thermal shock there was a limitedwarhof power that could be applied to
the target. If the target was run at too high pbwer, it would crack and the copper
backing plate would be exposed to the plasma atigutito also be sputtered.

There are several reasons to justify the use an@&netron sputter deposition to
fabricate the films for this study. The abilityuse a solid piece of commercial multi-
component glass as the target material can recists and eliminate the step of pressing
and sintering a target. RF magnetron sputter deposlso gives the user precise control
over the plasma chemistry and can obtain films Wwétter structural and stoichiometric

agreement to the target material than by using@wadipn or chemical vapor deposition.
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SHUTTER R __ ANODE VAC. CHAMBER

SPUTTER _
GAS —= YA .
SHIELD
E EARTHMG
[HSULATUR
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CIRCUIT BP—L —=RF POWER (13,56 MHz)
Figure 2.1: Schematic diagram illustrating one epi@nof a radio frequency sputter
deposition processing chamber. [22]
_ﬂfacuum
I x ¥ Chamber
A: anode
Sputler B . E; S o |P: plasma
GE_ ; __E v T: target
5 “F_' T acuum M: magnet
e E: electric field
" li_ B: magnetic field
— Hi SM: solenoid
High Voitage magnot
Figure 2.1: Schematic diagram of a sputter dejoosfirocessing chamber with the addition

of a planar magnetron. The magnetic field linessai@vn to indicate the path
electrons are forced to take. [22]
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24SPUTTER YIELD

The sputter yield, which is the ratio of atoms reetbfrom the target material to
bombarding ions, of each atomic species withingllass is different. It is important to
understand how a material will behave during bomivent in order to understand how it
will deposit as a film. Sputter yield depends octdas such as size, energy and angle of
incidence of the bombarding atoms, pressure andah&e of bonding within the target
material. The sputter yields of single componentemals is well documented under a
series of different deposition conditions [40]. Tdeas also been work looking at the
sputter yields of some metallic alloys and simpleles. It has been observed that oxides
have a lower yield than their single component thetzounterparts [22, 24, 26].

In multi-component systems such as this glasscaéhgposition of the film should
be equivalent to the composition of the target ntdespite differences in individual
atom sputter yield. To ensure that this occurgietfsrare sputtered until they reach a
steady state surface composition. The elementsanhiigh sputter yield will become
depleted on the target surface while the elemeittsanlow sputter yield will become
enriched. The disproportional target compositiolh mow yield deposited films with the
same composition as the starting target matenaksihe high sputter yield atoms
become difficult to remove from the target andltwer yield atoms become more

accessible. This is most often observed in metallays [22, 24].
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25DIELECTRIC BREAKDOWN

Glasses are typically electrically insulating mitist In some cases it can be
observed that if a potential is applied acrossabf glass, the ions will carry the
charge [5, 29]. lon conduction is orders of magiatiess than electron conduction due to
the lower mobility of such ions. In order for thiags network to allow ion conduction to
occur more easily, alkali ions have to break upnévork and create non bridging
oxygen [29]. In an alkali-free glass, like the odéscussed in this study, the network
should not allow significant ion motion since thare large divalent cations instead of
the more mobile alkali ions. Without the possililitf significant ion motion, and
electronic conduction limited by the high band gaphe network, only impurities and

point defects are expected to contribute to condug¢29].

Current

P —
Ve

Voltage

Figure 2.3: A current versus voltage curve ofdeal dielectric material, adapted from
Solymar. [41]

In glasses and other dielectric materials, dieletireakdown is said to occur

when the conduction of the material sharply inaeed8, 5]. In a thin, ideal dielectric the
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current-voltage behavior would look like Figure 2r@tially little current flows through
the material, the rapid rise in current coincidéhthe breakdown event occurring a.V
In a non-ideal dielectric the current rises graljuatil breakdown occurs, often the non-
linear part of the curve at the high voltage ramgéigure 2.3, is not observable for thick
(>1 micron) dielectrics due to catastrophic faildging breakdown.

The dielectric breakdown of insulating materialbdees in a ‘weakest link’
manner. When the material is stressed, it is madigble that the failure will be initiated
by the weakest part of the material, for examptenipdefects, mobile impurities and
microstructural defects. Dielectric breakdown ialagous to mechanical failure of
ceramic materials. These types of behavior arelestrstood by applying Weibull
statistics [23, 42].

The study of dielectric breakdown is importanthe tlevelopment of high energy
density materials because of the relationship betvieem, described in Equation 2.1.
Energy density, u, is proportional to the squarbrebkdown field, E, of a material where

e Is the permittivity of free space,is the permittivity of a material and E is the @iel

u = Yee g E2 [2.1]

High dielectric breakdown strength affects the gpetensity at a higher rate than
permittivity [41].

Glasses have dielectric breakdown strengths ta@ersrof magnitude higher than
polycrystalline ceramics [1-5]. The presence ofgspgrain boundaries and cracks make

polycrystalline ceramics more susceptible thansglago dielectric breakdown. These
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sites act as field concentrators and will experemgher fields than the rest of the
material. Partial discharges in those regions cadecthe material, leading to degradation
and finally contributing to total dielectric breakan [3].

For defect free glass, the two main types of dielebreakdown applicable to
glass are thermal breakdown and avalanche breakddvenmal breakdown occurs as a
result of the Joule heating produced from dieledtss of the material. If the dielectric
cannot dissipate heat fast enough there is a mapidase in both conductivity and
temperature until catastrophic failure occurs 5[339].

Avalanche breakdown is more indicative of intringreakdown strength. Free
electrons in the conduction band of a dielectrit lsa accelerated in a high electric field.
Conduction band electrons can be the result ofreles injection from the metal
electrode or can already be present in very smaltentrations. Energetic electrons are
able to ionize other atoms in the material resgltmmore electrons. The process
continues until there are enough electrons preaseiotrce a rapid rise in conduction
through the material. In glass, dielectric breakdaesvcatastrophic at the breakdown
event and will physically crack or melt, preventthgt spot from performing
successfully as a dielectric [3, 5, 39, 41].

Many studies have been conducted to prevent coegitice damage due to
dielectric breakdown. By engineering electrodes$ Wiaporize upon breakdown of the
dielectric, the electrode material clears away ftombreakdown event and that spot will
not signal failure of the entire device. The conada vaporizing electrode material is

called graceful failure or self healing [2, 13, 42]
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For the reasons outlines above, it can be somediffigult to obtain the intrinsic
value of dielectric breakdown strength for a matlextrinsic factors that have an effect
on dielectric breakdown strength are impuritiegl@liects in a material, temperature of
the sample when voltage is applied, humidity, etets geometry, electrode material,
duration of breakdown tests, frequency of appliettifand sample thickness [3, 5].
Several investigators have explored the best dondiin which to measure the dielectric
breakdown strength of several glasses. Some examptheir methods and what they
observed are mentioned below.

Flowers [30] measured the dielectric breakdowmsiife of sealing glasses and
other low melting temperature glasses for devigspation. His glass films were 5-15
microns thick and fabricated by suspending glasafan organic solvent, spin coating
the substrate and sintering the films. Many ofdbmpositions he looked at were lead
aluminosilicates. In some cases he replaced letdtrinsition metal oxides. The highest
dielectric breakdown strength glass turned outt@@% SiQ, 70% PbO and 10% AD3
with a dielectric breakdown strength of about 3 i/ Some of the glasses he
investigated had a dielectric breakdown strengtloasas 0.4 MV/cm [30].

Von Hippel and R. J. Maurer measured the dielebieakdown voltage of soda
lime silicate glass over the temperature range’-20050° C. At low temperatures they
observed the dielectric breakdown strength of taesgwas about 5 MV/cm. They also
compared the dielectric breakdown strength ofaNiersus crystalline quartz. At
temperatures below 0° C silica has a dielectriakadewn strength 20-50% higher than
crystalline quartz. As the temperature increasaliblectric breakdown strength of silica

decreases and the dielectric breakdown strengthysfalline quartz increases to where it
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is about 20% higher than silica. Overall, silichiages a dielectric breakdown strength
of about 7 MV/cm at -70°C compared to quartz’sM¥/cm at 70°C. [17].

Austen and Whitehead looked at the behavior afss#éind crystalline quartz and
determined that the silica, with the same permiijtias crystalline quartz, had a higher
electrical strength with a value of 5.4 MV/cm comgghto 4.7 MV/cm. They also looked
at a lead silicate glass and measured a dieldo®akdown strength between 5-6 MV/cm
[15].

Vermeer did several exhaustive studies where logvall one condition to vary
while holding the rest constant. He looked at tiededtric breakdown strength of Pyrex,
two additional sodium-containing glasses, and adlominosilicate glass under varied
temperatures, thicknesses and voltage ramp timesldd explored the difference
surface treatments and electrode materials madeeodielectric breakdown strength. In
the thermal breakdown regime, sodium content ofythes was correlated with low
dielectric breakdown strength and high ionic conhty [6-8]. He observed that the best
conditions to measure intrinsic strength were \ath temperatures, high ramp rates and
thin samples. The glasses he studied had dields®akdown strengths ranging from 9
MV/cm to 11.5 MV/cm. The glass yielding the highdstlectric breakdown strength had
the least sodium in its composition [6-8].

It was predicted by Frohlich that the dielectriedkdown strength of a material
increases with decreasing thickness [16]. Thickdeggendence has been experimentally
verified in many studies of different materials I8, 15, 16, 43]. The reason for this
behavior is not fully understood. One theory i4 thdecrease in thickness will lead to a

lower volume of defects. Studies have also lookdatieaeffect of electrode area on
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dielectric breakdown and found that larger elearacka will decrease dielectric
breakdown strength [15, 44]. Since decreasingii@ss or decreasing electrode area are
both techniques that reduce the volume of matsubjected to an electric field, the
reduced electrode experiment results reinforcedde that having a smaller volume of
material will increase the dielectric breakdowresgth. Another theory states that since
thinner materials are better able to dissipate tieatloped as a result of dielectric loss,

the thermal breakdown regime is reduced.
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CHAPTER 3

EXPERIMENTAL METHODS

31THINFILM SYNTHESIS

Alkali-free boroaluminosilicate glass films werdfacated by radio frequency
magnetron sputter deposition. Films were depogdedeveral hours on 4-inch diameter
5-25Q cm bulk resistivity Nova Electronic Materials, L&llicon wafers purchase with a
150 nm platinum/titanium coating. Bulk Schott AF¥5herein referred to as AF45, was
used as the sputtering target materials. Platinaswged as the top electrode material.

The Kurt J. Lesker Company bonded 3-inch diametet5Aglass targets, 200
microns and 400 microns thick. Some targets wereléd by submerging the glass and
the copper backing plate in molten indium metal applying pressure to attach the
glass. The rest of the targets were bonded by wssigeet of elastomer between the glass
and copper and applying pressure. The elastomecuvad and the excess was cut away
from the edges of the target. Due to the brittlsredghe glass and the pressure required
to conduct the bonding, several pieces of glase Wwesken in the process. Bubbles were
also trapped in many of the elastomer-bonded tsr@e100 micron thick piece of AF45
was bonded and used for sputtering but was toatthivithstand the process and broke
when a bubble formed in the indium layer. Glasskiéa than 400 microns has been
bonded for use by previous students but crackedaltreermal shock.

A Kurt J. Lesker Co. CMS-18 magnetron sputteringtesy, shown schematically

in Figure 3.1, was used to deposit the films. Twditonal films were deposited, using



the same system model with additional featuresaaslayhtly altered geometry, by

technicians at the Kurt J. Lesker Co. in ClairteA.

Load lock
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Figure 3.1: A diagram of a Kurt J. Lesker CMS-18ymetron sputter deposition system. The
system can run 3 different targets at once, twes@guwa radio frequency and one

gun is direct current. The gun on the right is shoaised.

Primary deposition occurred at room temperaturé ait argon-to-oxygen ratio

of 10:1 at pressure of 5 mtorr. Oxygen was addeddgrocessing gas to better control

the stoichiometry of the films. The large targesstdstrate distance in the processing

chamber caused a significant portion of sputterateral to deposit on the walls of the

chamber, further limiting deposition rate, anduefhced the film uniformity across the

substrate. The target-to-substrate distance waseedo 10 cm from 20 cm, achievable

by raising the target closer to the sample, shawfigure 3.1.

An additional challenge imposed by the depositanl tvas the absence of a

deposition monitor. Often systems are equipped wijuartz crystal monitor to measure
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deposition rate [24]. Without the addition of a dsgion monitor, all thickness

measurements were taken ex-situ.

The deposition chamber was coated with the targéemal for 30 minutes prior
to film deposition to prevent contamination of files by material sputtered by previous
users. The substrates were not rotated to enhhadhitkness gradient across the wafer
during deposition in order to measure dielectreaBidown over a range of thicknesses

on a single wafer. Figure 3.2 shows the thickneadignt that this deposition technique

was able to achieve.

Film 2/08 Thickness Map
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Figure 3.2: Thickness distribution of film 02/0&asured across a 4-inch wafer, achieved by

the deposition technique described in Section 3.1.
The target power density during deposition was W3ént after ramping up the

power at a rate of 10 watts every 10 minutes sigudi 25 W and then increasing from 40
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W to 90 W, to prevent thermal shock of the targrebrder to achieve the shortest target-
to-substrate distance for deposition the targetwgas raised in the chamber.

Sputter conditions were developed by trial andreifbe objective was to achieve
the thickest films in a timely manner while maimiag the composition and thickness
profile. Targets tended to crack when run above $N\the deposition rate at that power
was much less than an angstrom per second. A shamget-to-substrate distance lead to
an increase in deposition rate. The 5 mtorr dejoosfiressure was also determined to
yield the highest deposition rate, pressures ofliGnd 20 mtorr were also evaluated.

Some samples were fabricated by the Kurt. J. LeSketo explore the
contributions of processing chamber geometry orctimeposition and thickness
distribution of AF45 glass thin films. The targetdubstrate distance was 2.86 cm with a
moveable target. The target was scanned from thercef the wafer to the outside while
rotating the substrate at 50 rpm in order to acheewuniform thickness. The process gas
had an argon-to-oxygen ratio of 10:1 at a presstilemtorr. The target was run at 2.19
W/cn? after increasing the target power up from 0 to 0th 20 minutes. The target
was cracked as a result of the rapid ramp rate. Jamaples were fabricated on Si wafers
without a continuous platinum electrode layer. Biwill be referred to by the film
designation in Table 3.1.

After thickness and optical property measuremeatdscribed in the next section, a 19 by
19 array of 3 mm diameter, 100 nm thick, platindec&odes was deposited on top of
the glass film using direct current magnetron sgudeposition through a 4-inch by 4-

inch aluminum mask. Figure 3.3 shows a represemtati a completed sample.
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Figure 3.3: Representation of a thin film sam{e, view, after deposition of glass and

electrodes. The colors in the figure resemble thers observed on the thin film
due to light interference.

Table 3.1: Thin film sample designations.
Film Deposition Fabrication
Designation Time (hrs) Location
09/18 24 Penn State
10/14 30 Penn State
11/18 36 Penn State
11/05 18 Penn State
12/08 6 Penn State
12/09 12 Penn State
12/10 12 Penn State
02/08 10 Penn State
L1 3.25 Kurt J. Lesker Co,
L2 6.75 Kurt J. Lesker Co,

A section of film 12/10 was annealed at 663°C foowt 15 minutes. The entire
furnace ramp time and hold time was about two hotlie sample was allowed to air

cool with the furnace.
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A film was also deposited for 8 hours on a flaippstf Kapton in order to
qualitatively determine the type of stress pregethe films. It was observed that the
films exhibit some degree of compressive stresgsSes in thin films are common and

result from the non-equilibrium nature of deposit[d5].

3.2COMPOSITIONAL ANALYSIS

Primary compositional analysis of the films wasfpm@med using x-ray
photoelectron spectroscopy (XPS) using a Kratodyiical Axis Ultra XPS with a
monochromatic Al ik source. Samples were taken from the center anel @deach
wafer in order to determine if a compositional geatlwas present across the diameter of
the film. XPS was conducted on some samples digdzctric breakdown testing and
cleaning, described later in the chapter, and seare measured but were not tested.
CasaXPS was used in data analysis.

A 20 eV pass energy was used during high resolsitams and an 80 eV pass
energy was used during survey scans. A chargealieetrgun was used to prevent
charging of the samples during analysis. Quantificawas preformed using high-
resolution scan windows.

In order to quantify the composition and comparecsa, all peaks were shifted
so that the full width half max (FWHM) of the Clegk was located at 285 eV. Peaks
were fit with the standard procedure for CasaXHBgua linear background. The

exception to standard procedure involved measuhegrea under the B 1s peak.
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The Ba 4p 1/2 peak, FWHM at a binding energy of @93overlaps the B 1s

peak, FWHM at a binding energy of 189 eV. In ordedeconvolute the peaks, they were
fit using the following assumptions: the FWHM of Bp 3/2 and Ba 4p 1/2 is equal and
the separation distance between the Ba peaksad ék14 eV. A boron-free barium
containing glass was used as a reference to detertme area and dimensional
relationship between the Ba peaks in a similarsyl&satrix. The 2 Ba peaks, B 1s peak
and 3 fine structure peaks [46] were fit empirigaihtil the best match was determined.

In addition to the peak overlaps previously merdgmhrthe Ba peaks are distorted
by the inelastic background for the Si 2s peak hil8y background was used to fit the
Si loss peak region, center region of Figure 318, &ipeaks were fit under the curve and
constrained to the Si 2s peak in a silica standpettrum. By fitting these peaks the area
contribution was removed and the true Ba 4p 1/X pess measured. Figure 3.5 shows
the regions and peaks previously described.

The effect of adventitious carbon was normalizedoduhe total composition

using the procedure outline in G. Smith’s publicatj47].



25

[%2]
o™
%)
&
Py
= o
= &5
ca o
v <t
o0 = @ 2
© o
= . [15]
% =
® (1}]
£ A
m 2
= 7]
Binding Energy (eV)
Figure 3.4: Casa XPS regions and components ng¢editdhe B 1s peak. Spectrum was

taken from a bulk AF45 vacuum fracture surface.

Additional compositional analysis was performechgselectron probe
microanalysis (EPMA) on a piece of film 11/18 takesm the center of the 4-inch wafer.
A Cameca Model SX-50 was operated at 10 KeV and&2®&ith a 20 micron spot size.
The standards used were AF45 bulk glass, NIST tifiedrglass K919 and the minerals
Albite, Benetoite and Apatite. Measurement andyaislwas preformed by Materials

Characterization Lab (MCL) Technician Mark Angelone

3.30PTICAL SPECTROSCOPY

A combination of dual rotating compensator multichal ellipsometry [48] (J. A.

Woollam Company Inc. model RC-2 spectroscopic gtlipeter) and spectroscopic
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reflectometry (n&k Analyzer 1500) was used to meashe optical constants and map
the thickness of the films as a function of positam the wafer surface. Since having a
detailed thickness profile of the samples was waortant to the calculation of field
strength, many spots had to be analyzed. Refledtgmas used to supplement
ellipsometry because of the mapping capabilitiethefreflectometry tool.

The reflectometer was equipped with a stepper stegeallowed several hundred
spots in a periodic array to be measured very duittkwould be impractical to measure
the same number of spots with a stationary stage uger would have to manually move
the sample between each measurement and woulek raditié to maintain the well-
defined pattern of spots allowable by using theectdmeter.

Ellipsometry measures and¥ for a material whereas reflectometry measures the
difference in intensity between the beam beforeatet it has reflected from the sample.
A is the change in polarization when light is retibecfrom a surface, denoted by
Equation 3.1, wher#, is the phase difference between the parallelrfp)@erpendicular
(s) waves before reflection abglis the phase differences after reflecti¥measures the
relationship, denoted by Equation 3.2, betweemthgnitude of the Fresnel reflection

coefficients of the parallel and perpendicular waj9].

A =61-02 [31]

¥ = Tan® [|r°)/|r] [3.2]

Film 11/05 was measured by spectroscopic ellipsonadtl6 spots across the

thickness gradient using an angle of incidenceO8foker a spectral range from 240-1700
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nm. Several other samples were measured at splastand compared to the
ellipsometric date of film 11/05 to verify thatriil 11/05 was a good representation for all
films sputtered under the same conditions.

In order for the best fit, a 5 medium structurald®lp shown in Figure 3.6, was
used to represent the thin film. The topmost lageresented the surface roughness and
the thickness non-uniformity of the film by modgjithe air-glass interface. The second
layer represents the optical properties of the filitk The layer closest to the platinum
substrate represented the interface between ths gial platinum. The silicon substrate
was not included since the platinum layer was afifiopaque such that light was not
able to transmit through and reflect form the platn/silicon interface.

The two interface layers were represented as @.Bfuggerman effective
medium approximations (EMA). An EMA takes into acnbthe interface between two
layers as a combination of their optical properéied helps to improve the fit of the
model to the measured spectra of the film [49, 50].

The bulk layer was modeled as a Sellmeier oscillaith an absorption
coefficient equaling zero within the data collenti@nge. A Sellmeier oscillator is often
used for dielectric materials where the absorpbibinght occurs outside of the spectral
range [51]. In the case of a silicate glass, itf@{p absorb above about 2500 nm and
below about 100 nm [29].

Optical dispersion curves were generated for eaafit pased on the ellipsometry
measurements. Each refractive index value alonguhes was averaged with the 15

other points corresponding to the same wavelemgtfemherate an average optical
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dispersion curve. Since the standard deviatiomgfame point was less than 0.009, the

average curve was used to represent the films.

Airglass S0-50 intermix

Pt-glass 50-50 intermix

Sputtered glass

Infinite Pt layer

Figure 3.5: A five medium structural model useddpresent the glass thin films

Refractive Index

Figure 3.6:

1.61

1.6

1.59

1.58

157

1.56

1.55

1.54

1.53

1.52

151

15

during modeling of thickness and optical properties

0 200 400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Average optical dispersion curve féA thin films on platinum generated with
ellipsometry measurements and modeling. This inédion was programmed
into the reflectometry analysis software.
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The average optical dispersion data of the buik,fdhown in Figure 3.6, the
EMA for the glass-surface and glass-platinum iategt was programmed into to the
n&k analyzer data analysis software.

A 19 by 19 array with a 0.5 cm distance betweensspas measured with the
reflectometer over a spectral range of 190-100G&hanear-normal incident angle of 5°
on all samples before the top electrodes was digplbo# 30 by 30 array with a 0.3 cm
distance between spots was used for films thaelardrodes deposited on the surface
prior to mapping. In the thickness map for thesepas erroneous data due to the
different optical properties of the platinum eleckes was removed. The thickness values
of those spots were approximated by using the geetackness value of the 8
surrounding spots.

The thicknesses measured by the ellipsometer veenpared to the thickness
measured with reflectometry to determine if tharsignificant variability due to
averaging of the dispersion data. The dispersionesurepresenting the highest and
lowest refractive index spots were programmed @&k analyzer software. The
thickness difference was compared to that takeh thig average dispersion curve to
determine error in measurement. The thicknessrdiifee varied for every spot measured
on the sample, but the values were only 1-2% diffefrom the average thickness.

A Bruker IFS 66/S Fourier Transform Infrared (FTI®R)ectrometer in
combination with a Hyperion 3000 Microscope wasdugeperform FTIR spectroscopy
on the thin films. Absorbance measurements werentakth attenuated total reflection
(ATR) to compare bulk glass with glass thin filmsgatinum. ATR was chosen in order

to have comparable spectra between the film antuheglass since in reflection the
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film exhibits reflection-absorption while the bulkass exhibits reflection. The mixed
nature of the thin film spectra makes comparisdincdit because it contributes to the

peak shift relative to the bulk spectrum.

3.4 PROFILOMETRY AND MICROSCOPY

In order to determine the root-mean-square (RM8yhness, films were
measured using a Wyko NT1100 Optical Profilomelée tool was operated in phase-
shift interferometry (PSI) high magnification modéh a 20X objective. Several spots
were taken on each sample and each measuremetdkeas3 times and averaged.

A tilt correction in the software was applied e tdata removing the effect of the
tilt stage from the roughness profile of the filmdahe bulk glass. A cylindrical
correction was also applied to the bulk glass toaee the effect of the slight bowing that
occurs when the glass sits on the sample stade affttical profilometer.

An Olympus B60 optical microscope equipped withfaXPam was used to
capture images of breakdown spots. Images wera @keX and 20X magnification in
bright field.

A JEOL 69090F field emission scanning electron nscope (FE-SEM) was used
to capture images of the film surface and cross@em order to characterize observable
microstructure or visible damage as a result dedtec breakdown testing and to verify
film thickness. Films were observed before andrdfeeng tested. Tested samples were

cleaned (using the method outline later) beforeentaion. All samples were diced and
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coated with a 20 A layer of iridium to reduce chagy Samples were mounted with
minimal carbon tape and silver paste.
One sample was measured at a 20° glancing antgekdor surface texture and

microstructure. Figure 3.8 illustrates the samplefiguration.

- 27

Figure 3.7: lllustration of how the surface ohatfilm is measured at a glancing angle in
FE-SEM.

3.5DIELECTRIC BREAKDOWN TESTING

The samples were submerged in a dielectric flumldén HT-200, and connected
to a Trek Model 30/20 30kV-max DC high voltage s@muiMeasurements were taken
using LabVIEW software.

The testing setup can be observed in Figure 3.8satielscribed schematically in

Figure 3.9. The stainless steel probe was placedntact with the center of the top
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electrodes and connected to ground. The samplessed firmly to a copper plate which
acted as the anode. Voltage was increased at afra%) V/s until conduction occurred.
All tested spots on select films were tested arsg@tione. The probe was placed on the

electrode where there was no visible damage orictpaway of the electrode material.

Figure 3.8: Photograph of the dielectric breakddeat configuration with thin film
sample. The copper plate is the anode and theptaat is the cathode.
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Figure 3.9: Schematic of the dielectric breakdd@st configuration with thin film
sample.

After dielectric breakdown testing was completednples were cleaned using
the following procedure:
* Rinsed with Fomblin PFS-2 dielectric fluid
* Submersion in acetone for 10 and 15 minutes inltaasenicator, rinsing
container and using fresh acetone each time
* Submersion in ethanol for 10, 20 and 30 minutemimltrasonicator, rinsing
container and using fresh ethanol each time

* Blown dry with dry nitrogen
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CHAPTER 4

RESULTSAND DISCUSSION

The glass thin films in this study were deposhigdadio frequency magnetron
sputter deposition under identical power and pmessonditions. Each film was
deposited for a different amount of time and withihie use of rotation, to enhance the
range of thicknesses across the substrate.

The films were characterized in order to undexdtéweir dielectric properties and
how they related to the bulk glass. The propedifabe films and the bulk glass are

compared and related to dielectric breakdown sthengeasured for each set of samples.

41 THIN FILM CHARACTERIZATION

4.1.1 Microstructure

Figure 4.1 shows a cross section taken with FE-SENMmM 12/10. The top layer
is the glass film, the lighter layer in the middiehe continuous platinum layer and the
layer on the bottom exhibiting fracture lines, da@licing, is the Si substrate. The glass

film has a dense and uniform microstructure.
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Figure 4.1: Field emission scanning electron nscopy image of film 12/10 in cross
section. The top layer is glass, the light layethie center is platinum and the
bottom layer is the silicon substrate.

Based on previous thin film studies, columnarditrees are usually formed when
deposition occurs at room temperature. The mod#@te model of thin film growth
structure predicts the microstructure of thin filbesed on the ratio of substrate
temperature to melting temperature of the matendlthe pressure which deposition
occurs [52]. Since no substrate heating was appledsubstrate temperature was
estimated to be between room temperature and 18@JGhe glass transition
temperature, 662°C, reported by Schott, was usethioe of the melting temperature.
Based on the ratio calculated and a depositiorspresof 5 mtorr, the films would be

expected to exhibit densely pack fibrous graingansition to columnar grains.
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Figure 4.2 illustrates the surface of the filmwotimages of the same spot at the
same magnification. Figure 4.2 b) was taken aaaahg angle while the sample stage
was tilted 20° with respect to its load positioheTincident view of the films shows no
detectable surface structure. The glancing angle/stsome degree of surface roughness.
There appear to be 20 nm diameter features orutfece. The surface roughness of the

films on a larger scale was measured using opticdilometry.
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100 nm

Figure 4.2: a) FE-SEM image of the surface of fil2d10 at an angle of 90°. B) FE-SEM
image of the same spot at an angle of 20° whichligigts some surface
roughness. Both images were taken at the same fitagjion.



38

Table 4.1 presents the average root mean squah8)(roughness calculated
from 3 spots on each of 6 glass thin films, 4 peakbulk glass and 3 pieces of etched
glass. Figure 4.3 shows a spot measured to hawgghmess representative of the average
total film roughness, 0.66 + 0.15 nm. The film agseto have some topography in

addition to a slight roughness.

Table 4.1: Average RMS roughness (hm) of the sadaf as received bulk AF45, etched
bulk AF45 and several thin films.
Sample Film = Bulk —
9/18 | 10/14| 11/05 11/18 12/08 12/10 .
received| etched
pve RMS | 0.66+| 0.60+| 0.67+ | 0.88+| 048+ | 067+ | 0.30% | 0.66+
(ngm) T 0.06 0.07 0.13 0.12 0.09 0.13 0.09 0.37

Figure 4.3: Surface profile taken from film 10/4gproximately representing the average

roughness value. The RMS roughness in the figubesis nm.
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Figure 4.4: Surface profile taken from a 46.8 micthick piece of as received AF45 having
the average roughness value, 0.30 nm.

Figure 4.4 shows a spot taken from the as recdau#dAF45 glass (~50 um
thick). The surface is very smooth and uniform.eAgtching in 5vol% HF for 1, 5, and
10 minutes the RMS roughness of bulk AF45 incredseal factor of 2. Figure 4.5
represents a spot close to the average roughnéss efched bulk glass. The change in

height for the film is around 4 nm whereas the etcfiim has a change around 3 nm.

Figure 4.5: Surface profile taken from a piec&B#5 etched in 5% HF for 5 minutes. The
sample shown has an initial thickness of 46.5 misrand a final thickness of
34.1 microns. This sample was chosen to reprekeraverage roughness value
of etched AF45. The RMS roughness in the figu@é$ nm.
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The RMS roughness measured on the glass samgésruthe Lee study is

higher than the roughness presented above [18}dier to compare the roughness values

for the bulk glass measured by Lee and the fillms ratio of RMS roughness (nm) to
thickness (nm), multiplied by 10,000 (for ease @ihparison), was calculated. It seems
that the ratios for bulk and thin films are relatiw close to one another. The bulk glass
ratio values ranged from 1.5-6.5. All of the filrnieasured fell into that range with the
exception of the two thinnest samples.

While the RMS roughness of the thin films is simtlathat of the etched glass,
the surface does not appear as flat. During deponsthe substrate is bombarded with
target atoms. The atoms can undergo several pessaspending on ion energy, when
they come in contact with the surface. Once theptye part of the film they may or
may not have enough energy to diffuse to a moregetieally favorable position. In
contrast, melt processing of glass allows for asme@ristine surface.

An aspect that is unique to thin film depositiothie potential thickness gradient
that can be achieved. Figures 4.6 and 4.7 preenhbickness data taken from film 11/18
as a representative example of the thickness profithe films fabricated during this
study. The film has a dome shape, where thickreegeeatest in the center of the wafer
and decreases as it approaches the wafer edgdssigy of the deposition conditions.
All films fabricated at Penn State were measuratiabserved to have the same general
shape but vary in thickness. The thickness protifabe other films can be observed in
the appendix.

Figures 4.8 and 4.9 represent the films depositeéde Kurt J. Lesker Company.

These films were not deposited to have an inteatitinckness gradient.
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Film 11/18 Thickness Map
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Figure 4.6: Thickness map of film 11/18 showingaview of the thickness distribution.

Surface Thickness Map

¥ 0.00-1.00 ®1.00-2.00 ®2.00-3.00 W3.00-4.00 m™4.00-5.00 Thickness(microns)

45
a
3.5

3

25
2

15
1

0.5

(wo) uonsod

o

-0.5

K

-1.5

-2

-2.5

-3

-3.5

-4

-4.5
45 4 35 3 25 -2 15 1 05 0 05 1 15 2 25 3 35 4 45

Figure 4.7: Thickness map of film 11/18 showing titye view of the sample.



Film L2 Thickness Map
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Figure 4.8: Thickness map of film L2 showing a 3Bw of the thickness
distribution.
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Figure 4.9: Thickness map of film L2 showing tbp tiiew of the sample.
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Thickness distribution is an aspect of sputter déjmm that depends on a large
number of factors. There is a simple assumptiordas the cosine law applied to
vacuum evaporation to predict the thickness gradiea film. Knowing the dimensions
of the deposition system can help estimate thenpiateéhickness gradient. Equation 4.1
where d is the thickness in the center of the substrate tlge thickness at I, S is the
radius of the magnetron race trace on the targéhas the target-to-substrate distanced
[22]. The shape of the films agrees with the thedsigradient predicted by this equation.

1+ (V)2 + (S/h)2
{[1 - (Vh)2 + (S/h)2] +4(I/h)2}32 [4.1]

Q0

= [1+(Sh)P
0

This simple equation cannot be applied to thedifabricated at the Kurt J.
Lesker Company because of the complex processusgery to fabricate films. Their
process involved moving the target with respec¢h&osubstrate. Equation 4.1 deals with

a stationary magnetron target parallel to the satest

4.1.2 Composition

In Table 4.2, the composition of the films meadusefore breakdown testing and
after breakdown testing are displayed along witlk Bér45 compositions. A ‘C’ or ‘E’
by the film name denotes center and edge respggtdescribing at what location the

samples were taken from on the 4-inch wafer. Inctiee of the films fabricated at Penn
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State, ‘C’ samples are thicker than ‘E’ samplesbgut 20%. For the films fabricated at

the Kurt J. Lesker Company, ‘C’ samples are thirthan ‘E’ samples by about 6%.

Film 11/18 has a number of impurities that the ofths do not exhibit because

it was measured after being submerged in the dreddluid. It is included in the

discussion in order to compare the compositiotheffim measured by XPS and EPMA.

Other post breakdown test samples were also mehsiite XPS; the compositions are

available in the appendix. Figure 4.10 shows that¥PS spectrum for a bulk AF45

vacuum fracture surface and for film 12/10 differmgositionally.

Table 4.2: Compositions taken by XPS and EPMAeoksal films fabricated at Penn State
and at the Kurt. J. Lesker Company. Bulk glasseshre also included for
comparison.

Film Characterization Mol % Imourities
Method SiO; | B;Os | BaO | Al,O; | As;03 P
Bulk EPMA 63.9| 15.0f 11.7 9.1 0.2
C, Na
Bulk | ighres XPSvacuume, o 1151 148 89 | 0.3 C.F
fracture
L2C High res XPS 76.7 109 3.8 8.6 0 C,Ar,F,N
L2E High res XPS 80.8 .3 5.2 7.7 0 C, Ar

12/10C High res XPS 71.3 158 2.9 9.8 0. C,N

12/10E High res XPS 72.6 122 49 100 0. C,N

11/18C EPMA 60.8| 208 | 7.0 | 11.2 | 0.2 C, Ar

. C, Mg, Na, Cu,
11/18C High res XPS 725|1153| 29| 9.0 0.2 F. Ca, K, Pt
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Figure 4.10:  XPS survey scan comparison of a B&#5 vacuum fracture surface (red) and
film 12/10 (green).

The composition of the deposited AF45 thin filmssviaund to differ from that of
bulk AF45. All of the films are more silica rich thirespect to the bulk due to the

depletion of B and Ba during deposition. The conpmws of the films based on the

location on the wafer also differs. Table 4.3 shdwespercent differences in composition

of the films versus the bulk and of the films versine alternate spot on the wafer.
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Table 4.3: Percent difference of the film spotthveiach other and of the films compared to
bulk AF45.

Percent Difference Within Each Film
Film SIOZ B-O3 | BaO Al 503 | As,0O3
Lesker| 5.2 | 54.6| 31.9 9.81 0
12/10 | 1.7| 25.6 53.4 205 | 24.0
Percent Difference Between Film and Bulk
Lesker| 22.4| 42.4| 61.2 9.4 100
12/10 | 11.8) 6.3| 66.4 10.4 | 4.45

Film 12/10 is more compositionally consistent thiaa film deposited at the Kurt
J. Lesker Company with the exception of BaO contéat both films, boron is more
abundant in the center and barium is more abundatribe edges. Since larger atoms
have been observed to sputter from the targetlmjugbangles, and small atoms at an
angle close to the incident angle of bombardmi, the barium would have been
expected to exhibit a more uniform distributioniwaét smaller rather then larger target-to-
substrate distance. The Lesker system has a thetande of 2.86 cm whereas the Penn
State system has a throw distance of 10.16 cnsdtraakes sense that since the target is
bombarded at about a 90° incident angle, the hgiins would be more abundant in the
center and the heavier atoms more abundant neadges.

The other significant difference in both films etB03; composition. BOs is
also known for its increased volatility [32] andl®refore more prone to be depleted
during deposition. According to XPS analysis soitmd exhibited a slight oxygen
deficiency, from 0-5% deficient. It is common forygen to be deficient in sputter

deposited oxide films and is the reason for addixygen to the process gas [35, 53].
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EPMA was preformed on sample 11/18 to clarify tamposition of barium and
boron in the sample since the Ba 4p 1/2 peak queeld the B 1s peak on the XPS
spectra. In Table 4.2 the two entries for film BLA do not report similar compositional
data. Since both samples were taken from the sagier of the sample they should
exhibit similar compositions. The EPMA measurettaicontent and BaO content are
closer to that of the bulk than the film. The bodw®iected by EPMA seems erroneous
which may be due to the low sensitivity of the taige to the lighter elements.

The difference in sampling depth of the technicaes the surface contamination
may affect the composition measured. XPS samplapghdis on the order of nanometers
and the surface of the film was contaminated bydikkectric fluid. The sampling depth
of EPMA is on the order of microns, very closelte thickness of the film. Only the
thickest sample was tested in order to avoid imiteeof the substrate in the
measurement. The differences in composition may suggest that the composition of
films vary with thickness. There is close agreememomposition of EPMA and XPS
preformed on bulk glass. The bulk glass is moréoam and much thicker than the
sampling depth of EPMA, reinforcing the previousidasions taken from the thin film

discussion.

4.1.3 Structure

FTIR is often used to compare structural and casitiomal differences between
materials. Figure 4.11 compares two spectra taknATR of the bulk spectrum (in

red) and the film spectrum (in blue).
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Figure 4.11:  FTIR spectra taken with ATR of bulk4% (red) and film 12/10 (blue).

It is apparent that there are differences betvieerilm and bulk spectra.
Compositional differences and a difference in dgnaill cause peaks to shift. A
refractive index change will also cause peak shifiscan be related to composition and
density. Referring to the results of XPS, the fildasexhibit differences in compaosition
compared to the bulk. In addition to a differenceomposition, it is common for films

to be less dense than their target material, esibpewihen no substrate heating was used

during deposition or if the films were not annedlgd.
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og

Figure 4.12:  FTIR spectra taken with ATR and mface of bulk AF45 showing the
difference in peak location and shape dependinfp@measurement technique.

Peaks do not reside in the same location for spéaken with ATR and spectra
taken in reflection as is demonstrated by Figui@ 4For this reason, the ATR
vibrational spectra in Figure 4.11 will be useddayualitative comparison of the film
and the bulk glass.

At 3600 cnt the film has a peak due to OH vibrations (assediatith molecular
water), that the bulk does not. This indicates thate is water as an impurity in the film,
or that the film is more prone to water adsorptiors also possible for water to enter the
structure of the glass as a silanol (SiOH), alttodigect evidence is not apparent in the
spectra. The presence of water (molecular or straltcan significantly affect the
breakdown strength of a dielectric by acting abage carrier, or by altering the
properties of the glass. In silica there is a slighrease in density and refractive index as

a result of 1000 wtppm of water [55].
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The presence of water could be due to contammatithe processing chamber.

Though the base pressure for deposition is betd&&mnd 10’ torr, the tool is used by

several different users and is opened often togd#me target material. The chamber is

baked out at 400°C for 4 hours after every tarbange.

The most intense Si-O peak, in Figure 4.11, airaldl 100 crit is shifted to a

higher frequency. It has been observed that aishiltis peak to a lower frequency is

related to lower refractive index and/or lower dgni82].
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Figure 4.13:  FTIR spectra taken in reflection motiélm 12/10 before and after annealing.

Film 12/10 was annealed for about 15 minutestahwerature of 663°C. The

absorption spectra are shown in Figure 4.13. Teetifigure is the originally scaled
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spectra and the larger spectra have been magnifiedOH peak near 3600 &ndoes not
appear in the annealed spectrum. This is likelytdube evolution of molecular water
from the film during annealing. The annealed Sid@lpshifts 25cm to a higher
frequency indicating an increase in film densityighhimplies some relaxation of the

oxide thin film structure. Otherwise, both spe@pgpear to be very close to one another.
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Figure 4.14:  Dispersion curves measured usingsainetry from film 11/05.
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Figure 4.15:  Dispersion curve of the average filreasured at 70 degrees, and bulk AF45,
measured at 50 degrees.

Figure 4.14 presents the dispersion curves obtahé@ different points on film
11/05 and provides additional information about¢bmpositional and density non-
uniformity across the wafer. Similarly, Figure 4 ddmpares the average dispersion of
the films, shown previously in Figure 3.6, to thspadrsion measured with ellipsometry

of bulk AF45. The bulk spectrum is slightly highban that of the films.
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Figure 4.16:  Thickness (A) measured with ellipsttncompared to the respective refractive
index calculated for each point at 240 nm.

Figure 4.16 shows that the refractive index treoélsdhot directly correlate with
composition or the predicted density trend. Theuparcontent should be inversely
proportional to thickness since the thickest afga@film is in the geometrical center of
the processing chamber. The density of the filmukhbe proportional to film thickness
since the thickest parts of the film are subjettetthe most ion bombardment.
Composition and density would have contradictofge$ with respect to refractive
index. Itis presumed that the complex interactibatween non-uniform composition
and density results in the varying refractive ingath respect to position shown in
Figure 4.16.

There is also the possibility of uncertainty ie theasurement since only one
angle was used and the section of film probed byottam spot would not be completely

uniform in thickness due to the thickness gradient.
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4.2 DIELECTRIC BREAKDOWN DATA

All of the data taken in initial dielectric breakao tests is displayed in Figure

4.17 as dielectric breakdown field versus thickn&ée testing equipment has a lower

detection limit around 600 V. The lower limit wastdrmined by applying 250 V/s across

the cathode and anode with no dielectric betweemtlessentially providing a short in

the dielectric breakdown circuit. The resultingdkdown values were always less than

or equal to 600 V. Most spots tested on film 12i6&ke down at or below the

measurement limit of the tool. For this reasom fil2/08, the thinnest film deposited, is

not shown

Breakdown Strength (MV/cm)

on the plot due to skewing of the data.
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Figure 4.17:

All useable data points, taken initfitgal test, plotted as breakdown strength

(MV/cm) versus thickness (cm). The plot does nolude data with a breakdown
voltage< 604 V.
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With respect to the remainder of the data, all kdean spots failing at voltages
less than or equal to 604 V were removed from @ats calculations. In Figure 4.17
there appears to be a well-defined lower fieldrgitle limit. This is an artifact of
removing data points less than or equal to 604Viamat related to the sample
properties.

During breakdown testing there were several obsienamade. Initial tests
preformed on thinner samples, samples that brokanaeear the lower limit of the test,
exhibited multiple discharges. There was an audilzide and many rapid discharges
occurred. During the retests for these samplesg tlvas often no visible or audible event
occurring suggesting shorts. Despite the lack téatable discharge some of these spots
were measured to have a breakdown voltage gréwtera04 V. Thicker samples
exhibited a single discharge during breakdowntierrmajority of tested spots. The retest
spots also behaved in a similar manner.

Table 4.4 lists the measured dielectric breakdanengths and Weibull moduli
as a function of each sample. Values for initiat snd retest are displayed. As thickness
decreases, the Weibull modulus and characterisgogth of each data set increases. The
Weibull moduli of initial test samples are highkan in retest samples but there is no
apparent trend between the characteristic stresfgtiitial test values versus retest
values. Figure 4.18 compares the Log [Charactesstength (V/m)] versus the Log
[Thickness (microns)] of the test and retest valB&gh data sets show a reasonable

agreement.
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Table 4.4: Breakdown field values and correspamdiifeibull moduli for data sets
consisting of all test spots on a particular samysdues for initial test and retest
are displayed.

Film | Test or| Weibull | Characteristic| Thickness Average Number of
Retest| Modulus| Strength (V/m)| Range im) | Thickness jim) | Data Points
12/09 6.84 9.68 E8 06-1.4 0.99 217
11/05 Test 4.84 9.51 E8 09-25 1.60 256
09/18 4.77 9.19 E8 09-2.8 1.97 237
10/14 3.52 8.58 E8 0.9-4.0 2.79 254
11/18 2.80 7.93 E8 20-4.38 3.32 252
12/09 5.97 9.57 E8 06-1.4 1.03 163
11/05 Retest 4.40 9.71 E8 09-25 1.62 233
10/14 4.09 8.89 E8 09-4.0 2.80 252
11/18 3.01 7.73 E8 2.0-4.8 3.33 247

Log Characteristic Strength vs. Log Thickness

+Test
m Retest

Log Characteristic Strength (V/m)

01 0 01 0.2 0.3 04 0.5 06

Log Thickness (microns)

Figure 4.18:  Log [Characteristic strength (V/m3] Lzog [Thickness (microns)] of test and
retest values. The thicknesses are averaged flahthk data within each film.
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The agreement of characteristic strength for tit@irand retest data (listed in
Table 4.4 and displayed in Figure 4.18) is a goalication that graceful failure has
taken place. When a breakdown event occurs, enofuthie electrode area clears away to
prevent a short when tested again. The agreemggests a characteristic strength value
intrinsic for this particular material. One wouldpect the breakdown strength to increase
after the initial test since the first breakdownulebaffect the weakest spot between that
set of electrodes. Since the second set of tesli$ similar breakdown behavior then the
measurements may either be in the intrinsic breakdegime or may need to be tested
several more times to see an appreciable incredssd strength.

All of the data points were compiled and dividetbithickness ranges in order to
calculate dielectric strength as a function ofkhiess. Table 4.5 lists the dielectric
breakdown strengths and Weibull moduli as a fumctibthickness for the initial test
values while Table 4.6 lists the same data for¢tests. As with the data set divided up
by sample, the Weibull modulus and characteristength of each data set increases
with decreasing thickness. Figure 4.19 comparesitiieest and lowest Weibull
distributions of the data sets. Figure 4.20 compé#ne Log [Characteristic strength
(V/m)] versus Log [Thickness (microns)] of the tast retest values listed in Tables 4.5

and 4.6.
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Figure 4.19:  Weibull moduli for two data sets,dk@own spots below 0.99 microns and
above 4.50 microns. These data sets were chosamjeare a high Weibull
modulus distribution and a low Weibull modulus dizition.

Table 4.5: Breakdown field values and correspapdiifeibull moduli for data sets
consisting of all test spots within a particulackmess range. Values for initial
test are displayed.

Thickness Average Weibull | Characteristic| Number of
Range (m) | Thickness jim) | Modulus| Strength (V/m)| Data Points
<0.99 0.92 9.11 9.47 E8 27
1.00 - 1.49 1.28 6.86 9.15 E8 139
1.50-1.99 1.78 4.60 9.25 E8 180
2.00-2.49 2.25 3.82 8.95 E8 240
2.50 —2.99 2.72 3.18 8.32 E8 161
3.00 — 3.49 3.23 2.84 8.27 E8 111
3.50 — 3.99 3.73 2.87 8.32 E8 91
4.00 — 4.49 4.25 2.52 8.65 E8 35
> 4.50 4.64 2.27 8.57 E8 16
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Table 4.6: Breakdown field values and correspamdiifeibull moduli for data sets
consisting of all test spots within a particulackmess range. Values for retests
are displayed.

Thickness Average Weibull | Characteristic| Number of

Range um) | Thickness im) | Modulus | Strength (V/m)| Data Points

<0.99 0.94 9.82 9.45 E8 21

1.00 - 1.49 1.24 5.67 9.39 E8 80

1.50-1.99 1.78 4.18 9.95 E8 93

2.00 — 2.49 2.26 3.63 9.14 E8 153

2.50 - 2.99 2.74 3.75 7.99 E8 127

3.00 — 3.49 3.23 3.25 8.25 E8 111

3.50 - 3.99 3.74 3.18 8.81 E8 90

4.00 — 4.49 4.24 2.53 794E8 35

> 4.50 4.64 2.27 6.81 E8 16
Log Characteristic Strength vs. Log Thickness
o -
y=-0.0761x + 8.9721
R2=0.6921
— 5 * : =
B SO
] ]
? c_n4 .
E 8.02 - A + Test
k] S . B Retest
§ 8.9 - ~ —— Linear (Test)
g y=-0.1637x+ 8.9973 —— Linear (Retest)
§u s R?=0.6017
8:84 .
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Figure 4.20:  Log [Characteristic strength (V/m3] Lzog [Thickness (microns)] of test and

retest values. The thicknesses are averaged flahthk data within each
thickness interval.
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There is a bigger difference between the test atestr data when plotted based on
thickness as opposed to sample. This behavior maglated to the large spread
observed in Figure 4.17. Since both figures mixsprem different samples in each data
set, the differences in composition and density begffecting the modulus and
agreement.

It is also noted that the average thickness ofelest values is slightly higher
than that of the initial test values. The increiasaverage thickness for retest spots may
suggest that most of the spots acting as shortst{emefore removed from the data set)
were thin. Removing data points has the potentiakewing the data in one direction or
the other. It is a reasonable assumption that rexgalata points where breakdown
occurs less than or equal to 604 V does not hawgnaficant effect. If a thin and a thick
spot both have a breakdown voltage of 500 V, renptie thin spot will be removing a
high field spot while removing the thicker spotrfrahe data will be removing a low field
spot. Low voltage breakdown spots correspond tktt@sses throughout the range of
thicknesses and are not confined to either enbeofiéld range. This might explain the
slight trend noticeable at the high field end & thata displayed in Figure 4.17. The
thinner the sample, the more data was removedhandfore the more a ‘trend’ stands
out.

Figures 4.21-4.25 show what happens to the filna amcroscopic level after
breakdown occurs. Figure 4.21 is a cross secti@fiirin taken after breakdown. Each
pair of optical/FE-SEM figures represents filmswsimilar thickness but dissimilar
breakdown voltage. The first two spots were takemffilm 11/05 (\, ~ 1139 V, 543 V)

and the last two spots were taken from film 11X8~ 3905 V, 497 V).
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Figure 4.21:  FE-SEM cross section of a breakdoveme

Figure 4.21 shows a cross section of a film afteakdown testing. There is a
large amount of debris present on the film. It gppehat there is a volume of the film no
longer present due to breakdown. It is uncleaoasttether the glass has been removed
all the way to the glass-platinum interface omifre remains. In the next 4 Figures, it
appears that some part of the film stack has bestedduring the course of breakdown.
It may be possible that there is some glass remgii the interface that had been melted

during breakdown but cannot be confirmed just bgrreng to Figure 4.21.



62

Figure 4.22:  FE-SEM and optical microscope imafge loreakdown event on a sample 1.04
microns thick that broke down at 1139 V.

There is a 1.8 mm diameter spot of cleared toprelée material in the center of
the electrode after breakdown of the sample infeigu22. There are two breakdown
events one on the edge of the cleared area anith &me surrounding platinum (not
shown in the optical image). In the FE-SEM imagi@ppears that the glass or platinum

electrode has melted, bubbled and cracked.
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Figure 4.23:  FE-SEM and optical microscope imafge lareakdown event on a sample 0.98
microns thick that broke down at543 V.

After breakdown of the sample in Figure 4.23, theege several small pinholes
in addition to the spot shown on the optical micogse image. Most of the platinum
electrode was cleared away. In the FE-SEM imag®ggears that the top platinum
electrode remaining near the spot (lighter portiwa melted back and there is slight
melting of the glass or bottom platinum electrodarker portion) indicated by the

deformation.
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Figure 4.24:  FE-SEM and optical microscope imaga bfeakdown event on a sample 3.07
microns thick that broke down at 3905 V.

Figure 4.24 shows what appears to be the melfigipss or platinum (FE-SEM
image) within a well-defined breakdown spot (oftio@age). The breakdown event
exhibits a large cleared top electrode area likeéignire 4.22 but also shows an
overlapping area of hazy, crescent shaped featiisslifficult to know if these features
are comprised of glass, platinum or a combinatioth® materials. Within the hazy area
there are some breakdown events, only one of whiobservable in the figure. There is

also a cluster of small breakdown events withindleared area (not shown).
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Figure 4.25:  FE-SEM and optical microscope imaga bfeakdown event on a sample 3.03
microns thick that broke down 497 V.

In Figure 4.25 there is one example of a smallkatean cluster (optical image)
within the cleared electrode area about the saaraeter as in Figure 4.22. There are
several other breakdown clusters on this particeliectrode. The FE-SEM image again
indicates melting of the glass or bottom platindec&ode. Additional images taken of
the previous spots can be found in the Appendix.

Breakdown events were not consistently found in@mg particular location on
the electrode spot. Breakdown events occurred avithriety of shapes and

configurations, some of which are shown in the a&bfiyures. One characteristic to note
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is that breakdown rarely occurred directly underphobe. This is a good indication that
breakdown did not occur due to mechanical strepeg®d on the sample by the probe.

Based on Figures 4.21-4.25 and the observatiodsofiarge during the test, it
seems that low breakdown voltage spots lead taakeseparate breakdown events while
higher voltage spots are more likely to clear olarge section of electrode with 1 or 2
breakdown events present. This phenomenon is mcilyst characteristic of thin film
capacitors. It was observed in the Lee study tleatr®de clearing can be related to the
breakdown field of the material in addition to atkariables [13].

Dielectric breakdown of bulk AF45 was measured theoinvestigators [13, 14]
and summarized below. In each case the glass wasethdown using diluted HF acid.
Slight variations were present such as the usémisonication during etching in the Lee
study but not in the Smith study. Table 4.7 lisis tharacteristic strengths, Weibull
moduli and thicknesses of glass samples from Leed@y and table 4.8 lists information

measured by Smith.

Table 4.7: Weibull moduli and characteristic sgtrvalues of bulk glass taken from the
Lee paper. [13]

Thickness| Weibull | Characteristic| Number of
(rm) Modulus| Strength (V/m)| Data Points

6 7.81 1.16 E9 8

10 9.01 1.08 E9 35

15 9.41 1.05 E9 36

20 7.30 1.03 E9 38

25 6.66 8.31 E8 37

30 7.80 7.58 E8 34

50 (AR) 8.86 4.17 E8 36
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Table 4.8: Weibull moduli and characteristic sgtrvalues of bulk glass taken from the

Smith paper. [14]

Thickness| Weibull | Characteristic| Number of

(um) Modulus| Strength (V/m)| Data Points
4.8 11.61 1.28 E9 25
11.3 6.70 1.10 E9 24
12.3 9.42 1.10 E9 20
13.1 9.30 1.20 E9 23
18.6 10.70 1.20 E9 23
23 5.79 8.49 E8 15
35.2 5.32 6.19 E8 16
47 (AR) 4.80 5.20 E8 16

The thickness measurements were also conductetatiffy. In the Lee study

thickness was measured using a very sensitive meter while Smith used FTIR

spectroscopy to measure interference fringes aedlate the thickness. The Weibull

moduli and characteristic strength measured indeestudy tend to increase as thickness
decreases. There are some values that are owaghbased on the theory of decreasing

thickness yielding increasing characteristic sttengjhe same trends are observed in the

Smith study. The Log [Characteristic strength (\{/u@rsus Log [Thickness (microns)]

of AF45 from all studies is plotted in Figure 4 26allow for a clear comparison of the

data. Data from the Lee and Smith study are cargistith one another. The thin film

values are lower by about 20%.
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Log Characteristic Strength vs. Log Thickness
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Figure 4.26:  Log [Characteristic strength (V/mg] Lzog [Thickness (microns)] of bulk glass
characteristic strength taken from Table 4.6 aiddad thin film test values from
Table 4.4. The thin film thicknesses are averageah fall of the data within each
thickness interval. [13, 14]

4.3 DIELECTRIC BREAKDOWN COMPARISON

The Lee and Smith studies measured remarkablydriggikdown strengths for
bulk AF45. Despite slight differences in samplepamation and thickness measurements,
both data sets have reasonable agreement of diellectakdown strength as a function
of thickness. According to the thickness dependehteeakdown, AF45 thinner than 5
microns should have increased breakdown strengtmasiess decreases or the value

should level off indicating the intrinsic breakdowtnength. The maximum breakdown
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strength measured for the AF45 thin films was al®bitMV/cm for a 1 micron thick
film.

It can be suggested from looking at Figure 4.28ét the bulk glass data indicates
two regions. At around Log [Thickness (micrond)[L@ the data appears to have
changed slope from a steep slope closer to -Istabow slope around -0.1. This could
indicate a change from thermal breakdown to avalamceakdown. The glass would be
sufficiently thin around this transition point tHagat buildup would not limit the
breakdown strength. If this is the case, the gdassild have a dielectric breakdown
strength between 12-15 MV/cm at a thickness of droni. This estimated breakdown
range was determined by extrapolation of the databest fit trend line calculated from
data points less than Log [Thickness (microns).8fwas used.

There are several potential reasons why the dreddmeakdown strength of the
thin films is not in the predicted 12-15 MV/cm r@&ngome are a related to the
measurements while others are due to the material.

The method by which thickness was measured cantdeawdtor in the breakdown
data. Since it was observed that refractive indmied depending on where on the
sample it was measured, there is a certain amdwntar associated with the average
dispersion used to calculate the film thicknessapiér 3 described how an average
dispersion was calculated from the dispersion measat sixteen different spots across
film 11/05. The average dispersion was used bydfiectometer to generate a thickness
map of each film.

The highest and lowest dispersion curves were imstigt same manner to

calculate the error propagated to the thicknessurements associated with using an
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average dispersion curve. A 1-2% difference inkingss from the average value was
measured. This influenced the calculated breakdsivemgth by a maximum of 0.21
MV/cm based on the variability in thickness. Usargaverage dispersion to calculate
thickness therefore did not have a significantafte the breakdown strength of the
films.

The testing conditions were also problematic. A$iden the reduced sensitivity
for thin dielectrics exhibited by the breakdown goent, the fluid was contaminated.
Table 4.2 lists the impurities present on the filnalyzed after submersion in the
dielectric breakdown fluid. Any influence testingnitions may have had on breakdown
strength would manifest in both the film and théklglass data.

As was already mentioned, a peak due to watertamswas present in the film
spectrum as well as a shift in the Si-O peak coepptw the bulk glass. Water in or on
the film would reduce the breakdown strength byngcas a charge carrier through the
glass. The lower film density would increase thebitity of these charge carriers to
facilitate conduction.

Due to the nature of thin film deposition, therasoor clusters of atoms being
removed from the target may not have energy tauskffinto the most energetically
favorable position. The resulting film will havéhaher fictive temperature structure,
increasing the probability of having defects suslvaids, stresses, strained bonds, or
local areas of compositional or network structm@h-uniformities. The presence of nano
and microscopic voids and other structural defegter on the surface of, the films, has
traditionally reduced breakdown strength in marstetitrics. Inclusions in the films, as

well as surface roughness can act to concentratietld at that site.
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Referring back to Figures 4.2 and 4.3 the surédc¢he film does not appear to be

as smooth as the glass tested by Lee and Smithidbave a roughness on the order of
the etched glass. Any affect this degree of sunfaaghness would have on the films in
reducing dielectric breakdown would be presentterfilms and the bulk glass. There
were also features on the surface approximately2@n diameter. Significantly sized
surface features can act to shadow portions afufiace during electrode deposition
resulting in trapped voids or an uneven electrdde. films were also synthesized and
tested in air. After glass film deposition, therfd were measured with ellipsometry and
reflectometry before electrode deposition. It wasré¢fore not possible to keep the film
surface completely clean and free of dust. Dusldchave been trapped between the film
and the electrode.

It was observed that the composition varied asatfon of position. It was also
speculated that there was a change in film deasity function of position. Such regions
could focus or magnify the applied field. The intageneity of the films may also
contribute to a decrease in dielectric breakdowangtth by enhancing structural defects.
The variation of composition and structure assedatith each film and between the

films may have lead to the low Weibull modulus \edu
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CHAPTER 5

SUMMARY AND LESSONS LEARNED

Glass thin films fabricated with RF magnetron sgiitity do not resemble their
target glass based on compositional and struatoeasurements. They appear to be
microstructure free but do vary in composition asrthe substrate. Density differences
are present between the film and the bulk due posidon.Techniques sensitive to
bonding such as nuclear magnetic resonance woulddfel in determining how the
network of this set of glass films is bonded oratomic scale and if the bonding is
significantly different from that of the bulk glaseransmission electron microscopy may
be sensitive enough to observe smaller voids amens than cannot be observed in FE-
SEM.

The maximum dielectric breakdown strength meastoedlass thin films was
9.5-10 MV/cm compared to 12-13 MV/cm for the bulkss. The presence of water and
the reduced density the film may have lead to daeiction in breakdown strength.
Compositional and density non-uniformity may halaontributed to a reduction in
dielectric breakdown strength in addition to redigcihe Weibull moduli values. The
surface roughness measured as well as potentiabdedpped on the surface and the
presence of nano and microscopic voids and stralatiefects could have contributed

significantly to reduction of breakdown strength.



73

Overall these films were not ideal samples to dedntrinsic dielectric
breakdown strength of bulk AF45. The lack of compasal uniformity made
interpretation and reproducibility of the dielectmeasurements difficult. There are
several steps that would need to be taken in aodienprove the quality of the thin films.
Using sample rotation, a smaller substrate, a slddrget-to-substrate distance and post
deposition annealing would all help to improve casiponal and structural uniformity
in addition to creating a more dense film. Althoulga thickness gradient allowed for a
variety of thicknesses to test, it made measuhigkhess difficult and introduced a level
of uncertainty into the measurements. Using a umfaell defined thickness would
make clean room fabrication of the complete sampee feasible by eliminating the
need to measure thickness before electrode demasithis would prevent surface
contaminates or hydration from being trapped utioeelectrode. A system that allowed
for ion beam deposition could aid in more unifoim$ by removing the film from the
plasma. Since barium was the most depleted oflémeents in the films, using a
supplemental BaO target during deposition coulg hehintain better compositional
uniformity while still allowing the use of a comneal glass target.

In order to obtain a better understanding of tiebedtric breakdown behavior of
glass thin films, a more sensitive testing deviveusd be used. The larger DC source
was used to maintain consistency in the testinggatore with the previous tests on AF45
glass. Since bulk glass is significantly thickelamger voltage is needed to reach
breakdown. Films less than a micron in thicknessnaore reliably tested on a less

powerful, more sensitive source.
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It would be interesting to deposit another alkedief glass as a film to see how
sensitive the dielectric breakdown properties anegtwork composition and
polarizability of the alkali earth modifiers. Nippdelectric Glass OA10G has also been
observed to have high dielectric breakdown strentile glass is also an alkali-free
boroaluminosilicate but has four more divalent@atnodifiers, in addition to barium,

than Schott AF45.
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ADDITIONAL THICKNESS MAPS
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APPENDIX B

COMPOSTIONAL DATA
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The compositional data in this table was taken ffibmms measured after being
submerged in the dielectric breakdown fluid. Theoant of impurities on the surface
increases the difficultly obtaining accurate comipmsal data. The trends observed in
Table 4.1 are present in the compositional dathefollowing table.

. Characterization Mol % Atomic Additional
Film Method % Impurities
SIOZ B-Os; | BaO Al 203 | As,03 C
Mg, Na,
12/08E| Highres XPS | 72.0 126 50 102 0.2 5.6 Cu, F, Ca,
K, Pt
Mg, Na,
11/18C| Highres XPS | 725 153 2.9 9.0 0.2 4.7 Cu, F, Ca,
K, Pt
Mg, Na,
11/18E| Highres XPS | 71.9 125 5.6 9.8 0.2 5.1 Cu, F, Ca,
K, Pt
Mg, Na,
9/18E Highres XPS | 71.4 8.0 79 123 0/4 22\9Cu, F, Ca,
K, Pt
Mg, Na,
9/18C Highres XPS | 74.2 10.784.9 9.9 0.3 9.7 | Cu,F, Ca,
K, Pt
11/18C EPMA 60.8| 20.8| 7.0/ 11.Z 0.2 n/a Ar
L2C Highres XPS | 76.7 10.9 3.8 8.6 0 5.2 Ar, F,
L2E Highres XPS | 80.8 6.3 5.2 7.7 0 5.4 Ar




APPENDIX C

DIELECTRIC BREAKDOWN EVENTS

Optical image showing dielectric breakdown evertinduded in Fig 4.22
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Lower magnification FE-SEM image of Fig 4.22
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Optical image of ‘hazy region’ not shown in Fig 4.2
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100 pm

Optical image of additional dielectric breakdowret/clusters within the cleared
electrode, not shown in Fig 4.25
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10 pm

FE-SEM image of dielectric breakdown event clustersesponding to Fig 4.25
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