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Abstract

High Power Impulse Magnetron Sputtering (HiPIMS) or High Power Pulsed Magnetron
Sputtering (HPPMS) is a magnetron sputtermgthodthat has proven to be a promising ionized
physical vapor deposition (PVD) technique, with industrigdlamentation hindered by low
deposition rates. HiIPIMS applibéggh voltages and high currents at low duty cycles to the
sputtering target in order to achieve very high power dengitieising electron densities near
the target to reach three orders of magle higher than DC magneton sputtering (DCMS),
allowing for an increased ion flux toward the substfaleThe increased ionization flux incident

on the substrate increasing the coating or fiensity and quality [2].

HIPIMS has deposition rates haween cited as low as 25% of DCMS deposition rates
for relevant target materials [3]. The reasons for the low deposition rate are numerous. The main
reasons are the return effect [4,5], the yield effect, and the ion species effathf@lgh all of
thesedifficulties could be addressed to combat the issue of low deposition rates in HIPIMS, the
return effect is the main issue that is addressed by the author. The magnetic field strength, shape,
and inclination on the target surface all effect the sputtgreld of the magnetro[6]. Previous
studies by Raman et. al [T f@ave shown thaa complex magnetic field topology allows for an
increased deposition rate in HiPIMS discharges for a 4 inch circular magnetron. To increase the
deposition rate, the magnedck behind the target is altered, and the new magnetic field allows

for an increased ion flux by reducing the return effect.

In industrial settings, linear magnetrons are more often used than 4 inch or smaller
magnetrons. Because HiPIMScurrently notompetitive orarge scales, there is a demand for

a similar magnet packut for a linear geometry, scalable to any desired le@ithularmagnet



packs have complete symmetioyt linear magnet packs do not, causing major issues in the
corners of stanad magnet packs, where erosion tends to occur much quicker, due to the
magnetic field noruniformity. An investigation of whether a similar magnetic design as the
tripack v300 can increase deposition rates in linear systems just the same as in circula

geametries [8], is carried out in this wark

A magnet pack igsesigned andhodeled in COMSOIMultiphysics, where a magnetic
field design similar to the Tripack v300 is implemented on a linear geometry with additional
emphasis on controlled electron loss ardanding plasma allowancehe modeled magnet
pack is manufactured and named the linear tripack magnetpepksition rate and deposition
uniformity measurements for multiple powers are discugsdooth DC and HiPIMS, using both
a standard linear maghpack and the linear tripack magnet pack. Additionally, ion fraction,
electron temperature, and electron density measurements are taken, and a particle flux model is
usedto explain the ionization mechanisms in HiPIMS for both the standard and limeektri

magnet pack.



Acknowledgments

| am incredibly thankful for all of the love and support that | have received in my life,
both prior to and during my collegiate studies. Throughout the struggles and successes, my
family and friends have been everyitihcould hope for and more. | would like to especially
thank myfiancé Emilie Stojak, and my parents, Mary and Brad McLain, for their unconditional
support and love. Without you, thisajoraccomplishment in my life would have never been

possible. | loveyou all.

| would also like to thankny advisor, David Ruzic, for taking a risk on me and allowing
me to pursue this dream of mine. My decision to pursue a graduate degree was the greatest
decision | have ever made. Over my five years at the CPMI, | loavel fa true passion for this
field, and without your support, | may have never have found this passion. You have been a

fantastic role model and always will be.

| have made many friendships on this journey and | would like to thank everybody at the
CPMI for their wisdom and their willingness to share their wisdom with me. | would especially
like to thank Priya Raman, Roland Wu, Peter Fiflis, Michael Christenson, and Ivan Shchelkanov
for their wisdomand guidancelt was a privilege to learn from you allwbuld also like to thank
my undergraduatassistantsRandall Spreadbury, Dhruval Paihd JosepMitchell. You all

are the reason | was able to complete this wmtke caliber | did.



Table of Contents

(@ aF=T o] (= g I [ o1 o Yo [T £ o T 1
O R (0] 1177 110 o F PP PP PP PP PPPPPPPPPPPRPN 1
1.2 ThESIS STAEMEIL. .....uuiiiiiiiiiii e e e 2
1.3 Physical Vapor DEPOSItIQN..........ccciviiiiiiiiiieeme e e e e e e e e e 2
1.4 MagNEtrON SPULLEIING .. uueeeeeeiiiiiiieiee e ettt e e e e e e mnne e e eneeanas 2
1.5 lonized Physical Vapor DePOSItIQN...........uuuuiiiiiiiiceeeriiiese e eeeer e e e 4
1.6 High Powermpulse Magnetron SPUEriNg..........ccueveiiiiiiiiieemeeieeiieeeee e 6
1.7 PrevioUS WOTK ...ttt ettt e e m e e e es 10

1.7.1 Work Directly Leading to the Tripack..........coooiriiiiiiiiiee e 10
1.7.2HIPIMS Model to Explain High Deposition Rates..............cccovvvvvvieeeiiiiee e 14
1.7.3 Other Magnetic Field DeSign WOIK ..........cooooiiiiiiiiiecceeee e 16

Chapter 2 EXperimental SEUP.........cccooiiiiiiiieeeeeee e 18
2.1 TheGalaxy Chamber...........oooii e 18
2.2 DIagNOSHIC TOOIS. ....eeeeeiiiiiiiiieee et e 21

2.2.1 Quartz Crystal MiCrobalancCe..............ooovviiiiiieemeieieeeeeeee e 21
2.2.2 Gridded ENergy ANAIYZEN........coouiiiiiiiiiii et 22
2.2.3 Triple Langmuir BODE........ciiii e 27

Chapter 3 Modelling of the Linear Tripack Magnet Pack...............ccuuvviieemiiiiiiiiiiiieneee. 30

3.1 COMSOL MOEHING. ...ttt eeennnees 30
3.1.1 Standard Magnet Pack Modelling...........ccooooiiiiiiicciie e 30
3.1.2 Linear TripCk Magnet PacCK ... 34

3.2 Magnetic Field HIPIMS Program...........ccoouuuiiiiieiiiieeee et veene e 39

Chapter 4 Experimental RESUIS.........ooooiiiiiiii e 44



v R \V = To Ta T (o ] I @] o= =1 1o o 1R 44

4.2 Deposition Rates and UNiformity............ooovvvvviiviimemeecieeeeeeevee s s A7
4.3 Plasma ParaBFS...........cooiiiiiiiiiiitieeeiib bt e e e eeer e e e ettt e e e e e e e e e e e e s e e e e aeeas 53
e N (o I =T 1[0 DO PP PSPPSR PRPPR PPN 53
4.3.2 Triple Langmuir ProDE..........oo e 56
4.3.2.1 Electron Density MeasSUremMEeNLS............oovvviviiviimmmeeeeeeeeeeeeisninnnn s smmmeeeeeens 59
4.3.2.2 Electro Temperature MeasuremMents...........cccuuuurvrrmimmmininniiienereeeeeeeeeeeeeas 60
Chapter 5 Conclusions and FULUrE WOTK............uiiiiiiii e eeee e 63
5.1 CONCIUSIONS.....ceiiiiieeee ettt e e eees s e e e e e e e e e e aeeas 63
5.2 FULUIE WOTK ... ettt ettt ettt e e e e e e e e e e e e e s s ammme e e e e e e e e e e e annes 65
RETEIEINCES. ...ttt e et eret e e e e et r e e e e e b e e 67

Vi



Chapter 1: Introduction

1.1 Motivation

The thin film ar coating industries are constantly advancing with the demand for higher
guality films increasing every day. The current high throughput method that is used to make
these coatings isytusing DC magnetron sputtering (DCMS). DCMS produces consistight
deposition rate films and coatings of a variety of materials from metals and alloys to insulators.
The versatility of magnetron sputtering has made it a main research topic in recent years with the
implementéon of linear and cylindrical magnetrons, as lveesl advancement in magnetron
power supplies. Pulsed DC magnetron sputtering, modulated pulsed magnetron sputtering, and
High Power Impulse Magnetron Sputtering (HiPIMS) are some major power supply

advancements in magnetron sputtering.

HiPIMS is a major adancement in magnetron sputtering power supplies. Where DCMS
applies a constant voltage and current to the sputtering target, HIPIMS applies high power pulses
to the sputtering target at low duty cycles. These high power pulses allow for increased
ionization, and therefore increased ion deposition flux toward the substrate [1]. This increased
ion flux incident on the substrate allows for the growth of films with superior density, less

surface roughness, and better adhesion than films grown by DCMS [9].

Although HiPIMS produces films with better quality, it also deposits films slower. Because
the deposition rate is slower, the throughput HiIPIMS is capable of is lower, and in industrial
settings, the number of products that can be created in a given timatidriies profits. For
this reason, HiPIMS is not often implemented industrially. In order to make HiPIMS competitive

and allow for film quality to increase, a method to increase the deposition rate of HIPIMS must



be created. The method by which this watk address this issue is by redesigning the magnetic

properties of the magnetron.

1.2 Thesis Statement

The purpose of this work is to design, model, build, and test a magnet pack to replace a
standard magnet pack for a linear sputtering magnefimallow or industrial implementation,
this linear magnetron magnet pack should increase the deposition rate in HIPIMS when
compared with DCM&nd overcome the difficulties associated with a-sgmmetric linear
design, as opposed to the previous work that wasedasut for a simpler symmetric circular

geometry

1.3Physical Vapor Deposition

Physical vapor deposition (PVD) is theocess by which atoms are physically removed
from a surface with intention eélocating those atoms onto a desired substrate. Thereaage m
types of physical vapor deposition, such as laser ablation, evaporation, and magnetron sputtering.
All forms of physical vapor deposition operate under the mechanism of imparting energy onto
the surface of a sputtering target in order to exceed therialatsurface binding energy,

allowing for the removal of the target surface atoms.

1.4Magnetron Sputtering

Magnetron sputtering is a PVD technique thidlizes an electric and magnetic field on top
of a sputtering targeThe electric field allows for mzation of the working gas in the vacuum,
and following the ionization, the produced electrons are trapped in the magnetic field, allowing
for a high electron density near the target and therefore, enhanced ionization effiOlreyhe

working gas isonized, it is then accelerated toward the sputtering target and imparts its energy
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into the target material and can allow for the surface to receive enough energy to surpass the

surface binding energy and remove surface atoms.

The magnetron magnetic liteis engineered to allow for a magnetic field parallel to the
target surface, while the electric field is perpendicular. This allows for the electrons that are
trapped in the magnetic field to also follow the ExB direction. Jdrenanent magnets are
designedto allow fora closed ExB path faglectrons tdollow [10] in order to increase the
electrongas collision probability, therefore increasing the number of ions incident on the target
surface and the deposition raféis electron hall current, creatbyg the ExB drift of the
electrons, can be seven times the discharge current in the case of an argon working gas [11].

Figure 1 shows the typical planar magnetron setup.

-V

Figure1.17 Typical magnetron sputtering set up with a copgpeget and an argon working gas



The region of the target where erosion occurs is dictated heavily by the target anithg
magnetic field strength. An increase in magnetic field strength parallel to the target surface
narrows the target erosion zone, often called the racetrack, whereas an increase in applied target
voltage broadens the erosion zone [12,13]. The madimticshape above the target also has a
strongeffect on the deposition rate, as has been seen in the unbalanced magnetron systems [14]

as well as in the tripack magnet pack design [7].

DCMS is an effective method for reliable deposition, but lacks thessacy ion deposition
flux needed for superior films and coatings. There are many ways to increase the ion flux to the
substrate. These methods fall under the category of ionized physical vapor deposition (iPVD),

where at least 50% of the deposition flaxanized [15].

1.5lonized Physical Vapor Deposition

The increase in ionized deposition flux is desired because ions incident on a substrate
increase the adatom mobility through momentum transfer from the ions to the growing film. This
allows for much bettefilm quality [2]. Different films require different incident ion energies to
grow optimal films. With iPVD, substrates can be biased to allow for controlled incaien
energy. Different materials have different surface binding energies, and with a lies o
substrate, the incident energy of the ions can betfined to match this energy, which leads to
better density and film adhesion [18tter density and adhesion are desired in the tool coaters,

automotive, and other similar industries to allowiftcreased wear resistance of coatings.

Another major improvement of iPVD over PVD is the capability to control the ions
direction by applying@nelectromagnetic fieldBecause the ions are charged patrticles, they are

influenced by electromagnetic fields.the microelectronics industriPVD is desired for the



deposition of barrier and seed layers in high aspect ratio trenches and vias. Directional deposition
that is capable with iPVDelps to prevent overhang effects at the top of the feature. Even

without an additional field applied in the processing chamber, ions have a much narrower
distribution normal to the substrate surface when compared with the cosine distribution
associated with neutral atoms in deposition [17]. This is due to the strongcdietdrover the

substrate created by the sheath on the substrate influencing the ionized deposition flux.

magnetron
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inductive coll substrate
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Figure 12 -The schematiof a conventional iPVIzhamber withan inductively coupled discharge plasma betw
the magnetron and ttseibstratd2]

There are many ways to configure an iPVD chamber. Figure 2 shows a very simple setup
that is commonly used where an additional plasma is addbd fwdcessing chamber. This
second plasma ionizes the sputtered metal newtralfow for metal ions to reach the substrate
downstream. A bias could then be applied to the substrate, or a sheath drieellis&lfion can
simply be used to directionaéizhe ion flux onto the substrate. It is important to create the

second plasma with a particular gas such that the ionization potential is high than the sputtered



metal ionization potential [18]. Some other advantages of iPVD are that the deposition
tempeature can be reduced [19] and the deposition flux can be channeled to specific locations

on a substrate [20].

Many iPVD processes have multiple plasma sources, just like in Figure 1.2, or in order to
directionalize neutrals, long thrown distances are usechllimators are introduced. All of these
methods to directionalize the deposition flux complicate the process and add geometrical
constraints to the process. Other methods can be used to create an ionized deposiboe flux

main way is by altering thpower supply in order to apply high power densities for short pulses.

1.6 High Power Impulse Magnetron Sputtering

HiPIMS s an iPVD technique that is still up and coming, with substantial research still
being carried out to allow for HIPIMS industrial implentation. HiPIMS applies high power
pulses to the sputtering target at low duty cycles. The peak power densities can be as high as
several kilowatts per square inch over a pulse duration from a few microseconds up to several
hundred microseconds, at freqeees from a few Hz up to tens of kHz. Because the power
densities are so high, it is important to keep the average power the same as in DCMS in order to

keep the sputtering target from overheating or melting [21].

High power densities at the target alléw the plasma electron densities to have values as
high at 16°m=[22], which in turn increases the efficiency of ionizing the sputtered material
[23]. These very high electron densities in the magnetron plasma remove the necessity for a
second plasma gcce to ionize the sputtered target material. In HiIiPIMS, many of the sputtered

atoms that are ionized, are also acceleragat to the target, the same way that the ionized



working gas isaccelerated to the target surface to initiate sputtering in gtgface. This is a

HiPIMS effect where the dominant sputtering mechanism is target materiapsékring [24].
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Figure 13 - DCMS Compared with HIPIMS-V Traces

Figure 1.3 shows a typicaM trace fora linear magnetrohe electron confinement
parameter is defined as n in this figure, wher&kV2. The confinement parameter is typically
between 5 and 9, even up to 15 in some cases [291d6]seen that at a certain point, at some
voltage in HIPIMS, that the confinement parameter goesniich lower value, where an
increase in voltage doestnwarrant as much an increase in current as at lower voltages. At this

point, the magnetron is in HIPIMS mode.

There are many mechanisms that together cause the deposition rate to decrease in HIPIMS
when compared to DCMS at the same average power, lvatatea few specific reasons that
are the main contributors. First, the ion species effect [5]. This effect states that the incident ion
onto thesputteringtarget effects the sputtering yielthis effect is relevant because in HIPIMS,
when rarefactionthe complete usage of working gas, occurs;Salittering is th dominant

sputtering mechanism he effective working gas in the proce$sanges fromrgon to thearget



material in selsputtering changing the sputtering yield. Figure 1.4 shofferent effective

working gase on different target materials along with their associated sputtering yields.

| Ar —--> Cu

Sputter yield (atoms per ion)

L 'c--->c|

0 500 1000 1500 2000

Primary ion energy, (eV)

Figure 14 - Sputtering Yield vs. Incident lon Energyrfdifferent Incident lon and Target Species

The next major effect is the return effect. It is apparent that all of these effects are at least
loosely related. Just as with the ion species eftbetsputtering target material ions are trapped
in the electromagnetic trap at the target surface. The return effect simply states that there is a
probability that an ionized sputtered atom will return to the target as opposed to being deposited
onto thesubstrate, where it will contribute to the current as well asspelftering and not the
deposition rate. Figure 1.5 showway that a sputtered atom can be deposited or ionized, and

then the ion can be deposited or return to the t§sget

The lastmajor effect is the yield effect. This is not the same as the ion species effect, but

this effect is concerned with the yield as the applied target voltage changes. In HiPIMS, the
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voltage is typically much higher than in DCMS. The sputtering yield doescatd linearly with
the applied voltage, and as the voltage increases, the sputtering yield decreases slightly.
Although the sputtering yield tends to increase as ion energy increases, when averaging over an

entire cycle, there is a net decrease in déiposiate as the applied voltage increages.

| substrate |

A f

‘ ions to substratg J f atoms to substrate \

lonization
probability

Probability
for ions
to return to
the target

target

Figure 157 Visual representation of the possibilities a sputtered metal atom has in a HiPIMS disch

reduction of about 30% has been seen with a copper target when the HiPIMS voltage was twice

that of the DCMS voltage [5].

Additional effects can have an impact on the deposition rate, such as changingribéanag
field associated with the magnetron, or adding an additional magnetic source into the processing
chamber. Unbalanced magnetrons, for instance, allow for the magnetic field lines to extend much
further from the surface than with traditional balancedynetrons. This allows for the plasma to

extend out much further from the target surface, increasing the ionized deposition flux to the



substrate. In the case of altering the magnets in the magnetron, there have been multiple articles

that have shown sinat effects, increasing the deposition rate [1,4,7,8,27].

1.7 Previous Work

1.7.1 Work Directly Leading to the Tripack

The primary focus of this work is to alter the magnetic field in the sputtering magnetron by
physically changing the arrangements of magjirethe magnet pack behind the target. This
allows the plasma to expand out further from the target, andsdibovithe heavily confined
electrons to escaifficientlyto allow the ions to diffuse to the substrate by ambipolar
diffusion, increasing thdeposition rate, but not so much as to harm the functionality of the

magnetron.
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200 200
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Figure 167 Different tested magnetic field topagjies, where the left and middle design were-olmsed field lines
and the right arrangement, named the spiral arrangement, had closed field lines
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The work carried out by Yu et al. [4] is particularly important because it is the first account

of work that experimented with many magnetic configurations. In this worlestéblished that,

despite the short on times of the HiPIMS pulse, closed field lines are essentiapertson of

the magnetron. Figure

1.

6

shows

t

he
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field design was the only one that waable during operation, with plasma nearly uniform in the
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Figure 17 - Deposition rate at different average powers for the conventiona@msildn magnet pack:

racetrack [4]. This work was all done on aift8h magnetron with a convenient magnet pack

that allowed for simple removal and adding of magnets. The work done by Raman et al. [27],

scales down ik design from a X#ch tool with removable magnets, to-@nh tool with

permanent magnets.

In this study, the downscale of the spiral pack is modeled, built, and tested. The model

suggested that a large loss of electrons was going to be seeroatimnsharp turns of the

magnetron. Is it seen that a large loss of electrons truly does hinder the general operation for the
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Figure 18 - Deposition rates for the tripack and conventional magnet pack for titanium, carbon, and alumint

DCMS and HiPIMS [7]
magnetron. A redesign of the magnet pack was
magnet pack was created and tested.effs#on magnet pack had two racetracks, one on the
outside, which resembled a standard magnetron racetrack, and one on the inside, which
resembled the spiral magnet pack. This magnet pack showed an improvement in deposition rate

over a standard magnetgkan HiPIMS, as is seen in figure 1.7.

The work that followed from the epsilon magnet pack is the creation of the tripack, which
had three regions of electron confinement, leading to three racetracks. The tripack design took
the best qualities from th@gilon magnet pack and continue improving on them, such as the
multiple racetrack design and open field lines, while attempting to correct the issues associated
with it, such aglifferent operation conditions for both racetradkigure 1.8 shows the
depogtion rates associated with the tripack and compares them with conventional magnet pack

deposition rates [7].
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It can be seen that the tripack is capable of producing deposition rates greater than, or
comparable to deposition rates produced by a convehtizagnet pack in DC, while always
being greater than conventional HiIiPIMS. In aluminum, the deposition rate is comparable to a
conventional DC deposition rate, in carbon, the deposition rate is about equal, and in titanium the
deposition rate is higher thaonventional DC. It is important to note that the shaded regions of

the deposition rate bar graph signify changing HiIiPIMS parameters kel@ifeng the average

[ TriPack HiPIMS |
200
) 650V, 15005, 250Hz ¢
g/ 150
2
S | |
o 750V, 7508 100HZ]’
< 650V, 5045, 400HZ
%. 100  650V]200us,100HZ] l |
@ 850\, 75us.300HZ 1
o T
@
50 ; T : T L T : = :
| i 500W
0 T T T 1 . I ' ! - )
0 100 200 300 400 500

Average Power (W)

Figure 19 - Deposition rate vs. average povieHiPIMS for the tripack magnet pack. At 500W average power
different parameters are used and deposition rate changes with changing parameters.
power the same as DCMS. Figure 1.9 shows the study carried out by Raman et al. [7] where it is
shown that changing the parameters in HiIiPIMS can have a significant effect on the deposition
rate. The successes of the tripack oriach magnetron suggest that a magnet pack can be
designed to allow for industrial implementation. The work of this tHesisses on designing
and testing an industrially relevant linear magnetron magnet pack for increased HiPIMS

deposition rates
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In HIPIMS discharges, because the current is so high, there are sometimes electron
Abuncheso that f or mchescartchuse laca eeetticrfiedds én.the Juifaees e b
of the target and can then cause surface arcs. In the work done on the Tripack v300, it was found
that the counter rotating tripack Hall currents were able to keep these electron bunches from
forming, dereasing the risk for arcing on the magnetron to occur in the HiPIMS mode. It is also
seen that the racetracks in the Tripack v300 do not ignite at the same time, and also do not stay
ignited at the same times, but the extinguishing of certain racetiémks &r the neutral gas to
replenish in certain racetracks, minimizing the rarefaction of gas in this magnetic configuration.

[40]

1.7.2HIPIMS Model to Explain High Deposition Rates

The tripack v300 magnet pack has a much different magnetic fieldeptiodih conventional
magnet packs. The influence of the different magnetic field on the plasma affects the plasma
dynamics and therefore the deposition rate. The increase in deposition rate can be explained by a
HiPIMS model that accounts for variationstire magnetic field. Raman et al. [39] was able to
modify a transport model for a standard magnetron in order to explain the different plasma

dynamics.

The gradient in the magnetic field parallel to the target surface with respect to distance from
the tar@t is a major consideration in the design of a magnet pack. The gradient being much
steeper in the tripack allows for the plasma to be well contained over the target, but also allows
for the distance away from the target for the high density plasma toadiesmaller, allowing
for diffusion effects to dominate closer to the target surface and allow for ions to escape the

magnetic trap.

14



This model allows for a secondary expanding plasma to be considered. In the conventional
magnet pack, this is not necessdigcause the gradient in magnetic field is always small
compared with the tripack. This means that there is smraficantdownstream plasma effect
In the tripack on the other hand, there is an expanding plasma, allowing for ionization to occur,
not anly in the high electron density region by the target, but also in the expanding plasma,
brought about by themagnetics of the tripack. Figure 1.4B8ows the diagram used to explain

these regions in Raman et al. [39]

TriPack V300 Conventional Pack
~ Substrate | = Substrate

6=[30;1() o8 ‘1'

Unconfined plasma

Zone of high
return

a=0.858;8=0997 [IAGtt

 Taget  f

a=0.013;8 = 0.995

Figure 1107 Representation of the flux parameters as well as representation of plasma [@3jions

I n figure 1. 1 @nizatidn probabiktynirdthe thighty coafined iplasma, the
probability of a sputtered metal ion to return to the target, and ti&ten probability in the
expanding plasma, respectively. A model based off of this model is presented in the modelling

section of this document.
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1.7.3 Other Magnetic Field Design Work

There have been other studies that alter the magnetic fieldputtarsng magnetron
system, with intention of investigating HiPIMS parameters. The first studies attempted to reduce
the magnetic field strength in order to decrease the return effect of the ions back to the target.
There was an increase recorded of ug tactor or 4.5 in deposition rate by solely decreasing the
magnetic field strength when comparing with the typical high magnetic field strength magnet
packs in magnetrons [42[heresults suggested that for low magnetic field configuratitbres,
dominanteffect is not only the return effect, but also the yield effect. Another account that also
simply reduced the magnetic fieldund that a 33% decrease in magnetic field strength increased
the deposition rate by a factor of 6 [43]. A slight decrease imetexfield is used in the tripack

design because of these studies.

Another major type of study that was carried out was the influence of a secondary
plasma. iPVD often uses an additional plasma in a DCMS system, but the study done by J.
Bohlmark et al.44] looked at the influence in a HIPIMS system. This work found that up to an
80% increase ideposition rate can be found with the addition of another ionizing medium.
Types of work like this are the influence for the magnet pack design that allowsepamding

plasma that can also ionize additional neutrals.

Major downfalls of the low magnetic field studies are that although the deposition rate
increased, so did the power, which means that there are multiple variables that were changed.
Because coiriement was much lower, much higher voltages were needed to produce

comparable current densities. This also could explain why the yield effect was so prominent. To

16



properly study these systems and compare different magnet packs, the average power should be

the same. The work done in this thesis compares magnet packs at the same average powers.

17



Chapter 21 Experimental Setup

The work carried out utilized a vacuum system, finite element solver software, and
different diagnostic tools. In this chapter,@rerview of the vacuum system is described, with
the power supplies and parts used defined. Also the finite element software that is used in this
work is COMSOL Multiphysics at the visualization lab at the Beckman Institute for Advanced
Science and Techtagy. Lastly, the diagnostic tools used in this work, such as the Langmuir

probe and Gdded Energy Analyzer (GEA), are described in depth.

2.1 The Galaxy Chamber

The vacuum chamber used for this work was the Galaxy chamber. The Galaxy chamber
can be saein figure 21. The primary means for pumping is by a rotary vane pump for roughing
pressures, and using a turbomolecular pump for high vacuum base pressure applications, such as
magnetron sputtering. The pressure is monitored by a convectron gaogevatuum, a
capacitance monometer at the relevant working gas pressures in magnetron systems, and an ion
gauge in high vacuum. The base pressure of the Galaxy experiment i® Tarf.GFigure 2.3

shows the vacuum vessel used for this work, whiclsisb@hamber of the Galaxy tool.

In the Galaxy chamber, a Kurt J. Lesker 5x10 inch linear magnetron is used, as can be
seen in figure 2.2. This is a compact linear magnetron, chosen because of its ease of
extrapolation over longer cathodes. The magnesoated for up to 250 watts per square inch
with maximum direct water coolin@8]. Because the power densities that are used will be much
lower than 250 watts per square inch, and an industrial magnetrecdssaryo test an

industrially relevant magn@ack, this magnetron was chosen.
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Figure 2.2 Kurt J. Lesker 5x10 Linear Magnetron

Figure 217 The Galaxy Chamber
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Water Outlet|

15 inches

Figure 2.3 The subchamber of the GALAXY tool used for this work
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The sputtering magnetron requires a DC magnetron power supply, as well as a HIPIMS
power supply to properly compare the two methods of depositiee DC power supply that is
used is an Advanced EnerBinnacle Series DC Magnetron Power Supply. The power supply
has a 20kW power limit, a 50A average current limit, and a 1kV average voltage limit with a

1800V pasma striking pulse. Figure 2sthowsthe specific current limits for specific operating

voltages.

Pinnacle 20 kW (400-1000 V) Output Power Range

Strike Voltage Pulses

1800

1400

Vaoltage Limit

Voltage (Vde)

Pawar Limit\
4o - \-.

Operating Range

2 Currant Limit

Currant (Ade) T8

Figure 2.4i Operatindimitations of the Advanced Energy Pinnacle Power Supply

The HiPIMS power supply that is used for this work is the Huttifigeplasma
Highpulse 4002The capacitor bank in the power supply has four separate sections, allowing for

the DC supply to chage each of them simultaneoushhe pulse generator that communicates
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with the main control circuit in the DC supply uses semiconductor switches and freewheeling
diodes. There is also an impedance matching circuit that has the primary role of shaping the
current pulse to the cathodkhis power supply is capable of average powers up to 10kW,

voltages up to 2kV, and currents up to 1kA. The pulse length and frequency capabilities are from
1 to 200 microseconds pulse tirmwed 2 to 500 Hz, respectivelfyypicd voltage and current

pulses for this power supply are seen in section 4.1.

2.2 Diagnostic Tools

A variety of diagnostic tools are used in this work. Basic electronic parameters, such as
voltage and current need to be monitored on a time dependenfliresdgeposition rate isie
main drive for the research, therefore multiple diagnostic tools are temporarily used to validate
results, and then a single method is carried out following the validation. Plasma parameters are
also of importance. A single Langiin probe, a triple Langmuir probe, and a gridded energy
analyzer are used to measure plasma parameters. All mentioned tools are further discussed in this

section.

2.2.1Quartz Crystal Microbalance

A quartz crystal microbalan¢®CM) is a tool that is caable of measuring a deposition
thickness, or deposition rate at very high resolutj80% A QCM uses a crystal with metal
electrodes on opposite ends of the crystal that measuresstient frequency that the crystal
oscillates at. Many parameters adrange the oscillation frequency, such as the temperature and
the mass on the crystal. When a change in mass is recorded on the crystal, the frequency shift is
measured across the electrodes [31] and the shift is directly correlated to the depositiesghick

by the atomic weight of the material deposited
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Because there is also a thermal influence on the resonant frequency, a QCM with two
crystals is used. One crystal is open to the deposition, while the other is covered, as to shield it
from the plasmadit is assumed that both QCM crystals ae at the same temperature, and then the
shielded QCM reading is subtracted off of the unshielded QCM reading to eliminate thermal
interference. The final major consideration when measuring thickness when using&ual
setup is to be certain that the signal cables are shielded appropriately to minimize

electromagnetic noise from the plasma process.

2.2.2Gridded Energy Analyzer

A major reason for the demand of HiPIMS processes is the increase in ion flux to the
sulstrate. A tool to determine the fraction of ions vs. total target atoms that reach the substrate is
the gridded energgnalyzerQCM tool as described in [32]. When working in iPVD systems,
careful design considerations must be taken and have been immdmdvieng et. al. [33].

Figure 2.5shows the design that was used in this work

Ar plasmal&rt )+ Metal (M*, M%)

Ceramic disk L 1 =_| Eletron repeller
grid

+ lon repeller grid

Macor enclosure

QCM Body
l Faraday shield|

Padeastal

Figure 2.5 Gridded Energy Analyzer Setup used in this work. [34]

The top grid, subject to the floating potential of the plasma, is used to stop plasma
penetration into the device. Then the di&lgrid, named the elzon repeller grid in figure 2,5
is biased to a sufficiently high negative potential to repel the high enegsoele Lastly, the
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bottom grid, designated as tioa repeller grid in figure 2,5has the role of either repelling
attracting ions. Under the triple grid setup, there is a QCM to measure the deposition rate of

metal atoms that pass through the grids.

A geometry factor must be considerglden measuring deposition flux with a GEPhe
QCM is at the bottom of a narowell, with three grids in between the crystal and the tool

opening.

To repel ions, the bottom grid is biased to a sufficiently high positive potential, and to
attract all ions, the bottom grid is biased to a sufficiently high negative potential.eromoret
what constitutes sufficiently high, a simple voltage sweep is carried out, where deposition rate is
measured at each applied bottom grid bias. At the negative bottom grid bias side, as the voltage
decreases, the deposition rate increases becatlseintrease in ions being attracted to the grid,
and therefore the QCM. Once the deposition rate levels off, the voltage is considered sufficient,
where that deposition rate is the total metal feonsisting of ions as well as neutrals. At the
positiveapplied bottom grid voltages, as the voltage increases, the deposition rate decreases and
at the voltage where the deposition rate levels off, the positive applied voltage is considered
sufficient. This is the deposition rate of metal neutrals. With thé&aleatom deposition rate and
the ion plus neutral deposition rate known, the ion fraction can be simply calculated. The

eqguation is simply:

04K GELOEORNE | BhBDE
) Bt 000000 ¢ BHROE

Figure2.6 shows theaw databiasing curve that was used for this experimé&his curve
was made at a 5kyvhuch closer to the target than the substraterder to be sure that both

values will be high enough at the substrate, where a lower ion fractivpested.The leveling
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off is seen for both the left hand side at negative biases, as well as the right hand side at positive
biases. It is seen that b}20V all ions are collected and at +80V, no ions are collected. These

are the values for the bottomdjthat are used in this work.

] Biasing Curve
4.0 -

3.5 - .
3.0
2.5
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Deposition rate [10® nm/s]
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0.5+

0.0 —
-150 -100
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-50 0 50 100
Bottom Grid Bias (V)

Figure 2.6/ The GEA biasing curve used to determine appropriate biases for the bottom grid

The GEA tool utilizes a QCM that is in an alumina body, making geometric corrections
necessary for the ions and neutrals. The ibasarrive at the sensor are all directional due to the
sheaths electric field. The neutrals, on the other hand, are not affected by the sheath. The

geometric factor is used to account for the neutral atoms not having entirely normal incidence.
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The assurption is that there are no collisions in the sensor and that the neutrals losugea c

distribution. Figure 2.8hows a schematic of the described situation.

Neutral
Cone

Figure 2.7 Schematic of the GEA with the half angle labeled for the neutral atom cditntia the flux

For the GEA sensor used, the half angle is definedasOAT - 06 ® é(%)

o ® W Jhe geometric factor then defined as the ratio of the solid angle for neutral atoms seen
from the bottom of the GEA, where the measurement is taken, compared with the half angle. The

final equaton for the geometric factor is :
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