ABSTRACT

TALLEY, MATTHEW LOWELL . High Voltage RFEA Design, Optimization, and Operation in
the Cathode of a Dual Frequency Capacitively Coupled Plggimder the directionf Dr.
Steven Shanngn

In plasma processing of the semiconductor industry, the ion energy has a significant
effect during the manufacturing process whether it be material deposition, material etch, or ion
implantation. When measuring the ion energy, the results are preseatetadlux energy
distribution function (IEDf). Since the IEDf has such a strong impact on the manufacturing
process, it becomes necessary to have a detailed and comprehensive understanding of these
effects to properly design the industrial plasma systarited to the manufacturing process.
Traditionally, IEDfs have been obtained using retarding field energy analyzers (RFEAS) in two
different configurations. The first is where RFEAs are imbedded in a diagnostic wafer that
replaces the process wafer on tdphe radio frequency (RF) biased electrode. The second is
where the RFEAs are imbedded in a unique RF biased electrode that is installed in the plasma
system. However, as the semiconductor industry desires to design, characterize, and monitor next
geneation plasma systems, a more complete, more accurate, and less invasive measurement
diagnostic is required. The focus of this research was to extend the capabilities of the REFA so
that it could operate in an industrial plasma system under typical mamirigatonditions. This
requires the sensor to be able to measure higher ion energies (i.e. operate at higher potentials)
and handle process gases. To test the concept and feasibility of this type of diagnostic, a typical
RFEA was redesigned for high voleagperation and installed in the RF biased electrode of an
industrial plasma system. The redesign for high voltage operation involved using electrostatic
simulations to optimize the electric field between the grids and increase energy resolution. It was

found that the highest energy resolution is obtained when the grid gap distance is large, and the



grid hole diameter is small. The analysis of the redesign also included using jartielie(PI1C)
simulations to analyze the effects of space charge d@tarti the currentoltage (V) curves

and IEDfs obtained by the RFEA. The IEDfs were obtained from the IV curves using a
regularized leassquares (RLS) solution. The space charge distortion was found to be linked to
the grid gap distance and incoming ftux. A first order model of the space charge potential

was developed to truncate the system matrix of the RLS method to compensate for space charge
distortion. It was found that if the space charge potential can be accurately modelled, the
truncation of he system matrix will provide an undistorted IEDf. To install the RFEASs in the
electrode of an industrial system, a new electrode with a caa\created to the same outer
dimensions of the industrial electrode it replaced. Mulfiptebes were installed in the electrode
cavity and IEDf measurements were taken when the electrode was grounded and RF biased. The
IEDfs obtained from the electrode RFE#s an argon plasma were compared with IEDfs from

a commercial probe under the same plasnmaitions. The IEDfs were found to be very similar

to one another showing the redesigned RFEAs were operating correctly. The IEDfs obtained
when the electrode was RF biased displayed the expected bimodal peaks (i.e. saddle shape) at
reasonable energies. IEDmeasurements were also obtained from plasmas with gas mixtures
similar to industrial process mixtures. For these measurements arcaripom tetrafluoride or
argonrcarbon tetrafluorid®xygen gas mixture was used. The IEDfs obtained from these plasmas
for an RF biased electrode also showed the expected saddle shape but with additional peaks
caused by ions with different masses. The measurements obtained show it is possible to use this

diagnostic to measure the IEDf of industrial systems.
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CHAPTER 1: INTRODUCTION

Plasma processing is a major component in the semiconductor industry. As such, the
semiconductor industry is consistently trying to understand and measure the basic properties of
the plasmas used in the manufacturing processoii@dimensionalon velocty impingingon
thesubstrates one such propertyn order to picture the orgimensional ion velocity impinging
on thesubstratdrom the plasma, an ion velocity distribution function is obtaitedugh
diagnostic measurement and modellimis is typcally presergedin the form ofan ion flux
energy distribution function. The ion flux energy distribution function allows for a more direct
comparison to other characteristic plasma parameters and variables being considered (e.g.
plasma potential, measunent diagnostic operating potential, cathode gegkeak voltage and
direct currentDC) bias, electron temperature, material interactions, jeic:)7 ]. This
distribution function is often referred to, although incorrect, as the ion energy distnibuti
function (IEDf)[ 8]. For consistencwith the nomenclature used in the majority of the
referenced material in this thedise ion flux energy distribution function will be referred to as
the IEDf throughout

Plasmas useith materials processing rely primarily on the reactive chemistries formed in
the bulk volume of the plasma region through electron impact, and the energetic, directional ions
that bombard the plasma facing surfaafter being accelerated throughtheplasdé s boundar vy
layers. This thesis focuses on the measurement of the adring plasma formatioof aDC or
radio frequency (RRlectropositivedischargethe majority of theenergy is being supplied to
theelectrons andavith a small fraction going to thensfrom the DC or RF electric fidl This is
due to the much smaller electron massltheir higher mobility Thereforethey leave the

plasma much more quickly for tlggoundedchambemalls or poweed electrodesThis results



in the plasma charging positivelyith respecttogrounddh e pl asmaés boundary

sheathsform between theositive quasineutral state of the plasma twedchamber surfaces that

reside at a different potentigdeeFig. 1). The sheath is where the dgst electric fieldreside,

and the source of anisotropic trajectory and energy gain of the ions used in industrial processes.
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Fig. 1: Depiction of the plasma and the boundary ldgbaeath) between it and the chamber surface. How the ion trajectory
responds to the sheath can also be seen.

For an RF sheathwhich is typically found in industrial systentbe dynamics and effest
on the IEDf are a bit more complicatéthn a DC sheatiwhere all the ions gain the same
amount of energyin an RF sheath, the sheath oscillates inls&te/een sheath expansion and
sheath collapsas a response to the oscillation of the RF waveform on the powered electrode
Depending on the frequenoy thepowered electrodandthe mass of the ions, tien trajectory
and ion energy will chande9 - 12]. To illustrate the effect ahe electrodérequency] on the
ion trajectoryand energy, a simple figure was created (8ge2). In Fig. 2 theion mass is
assumed to be the same between fetand(b) and only is changedTheplasma ion

frequency] is usedor comparsonto] where



In Eq.1, € is the ion density and is the ion massThecompaison off to]  represents
whether the ionare responding to an instantaneous electric field or adweeaged electric

field. This is due to the fact th#te ion transit timet is approximately equalto and

depending on how long the ions remain in the sheath deterihtheyg see a changing electric
field [ 9, 10]. Therefore, irFig. 2 (a), the ions respond fastantaneous changes in the electric
field in the sheathThis meanshatthe time and trajectory of the ion as it enters the sheath has a
significant impact on thenergy the ion gaingn this case, it is possible for an ion to enter the
sheath while the sheath is close to its maxinmenght only to be over taken by theundary as
the sheath collapses. This ion will have a igantly different energy than one that enters the
sheath adis never overtaker.ooking atFig. 2 (b) now,] in this case is much larger than .
Under these conditions, the iots not respond to the instantaneobangesbutthey respond to
the timeaveraged electric field changd@$is meanghatthe ion energy ismuch less sensitive to
the time and trajectory at which the ions enter the shAatbuch, the sheath dynamics have a
significant impact on the ion energy and therefore the IEDf and its shape.

Just as changing from a DC to an RF sheath can change the IEDf and its shape, other
methods have been devised to further cott@IEDf and adjust its skews the frequency of
the RF waveform hassgnificant impact on the IEDthe shape of the wavefa can also have
a significant effect L1, 13]. The datgresented bjrauf showed that sinusoidal waveform
gives a high energy peak witlgantle decreasing slope witlecreasing energy. The data for a

triangular waveform creates a constant IED8# the data for a square wavefccreates a step



IEDf. Anothervery common method to control the IEDf isusemultiple frequencie$or the

discharge. The most widely used version in industry istotwo frequenciesne as the
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source power and a separate applied as a bias to the substrate. The two frequencies essentially
decouple the density and IEDf making it possible to control the IEDf with the bias frequ&gncy [
3,5, 10,11, 13- 23]. For a constant plasma density, adjusting the RF bias power appiie to
substrate will shrink or expand the overall length ofdheath If the sheath gets smaller, the ion
travel time across the sheath decreases so they respond to the instarfectauseld of the
sheath. On the other hand, if the sheath expands, the ion travel time increases which means they
trend more towards the tiraveraged electric field of the sheath. Lastly, another method to
control the IEDf and its skew is done by adpa second frequency component to the bias
frequency applied to the substrate. This second frequency is a harmonic to initial RF waveform
and is phase locked so that the two waveforms stay at a consistent phase diffarea¢eBy
changing the phase difference between the bias waveform and its harmonic between 0° and 180°,
it is possible to adjust the skewtbk IEDf (Sed-ig. 4). By using these methods, it is possible to
alter the IEDf and its skew which plays a key rolenaterial processing.

ThelEDf plays a significant role ithe manufacturing procebging performedavhether
it be material deposition, material etch, or ion implantafi@n3, 5, 8, 10- 16, 23, 25- 41].
Within each of these processes, HBBf has a significant impacn thecritical details of the
manufacturing processes such asam®unt of heat transferred to the surfdaengmaterial
deposition, the deptind shapesf the channels durindgpé etch proceséSeeFig. 3), the
selectivity of material during etchin@€eFig. 4), andthe depthat which ion implantation stops
justto name a few.

Since the IEDf has such an effect on the manufacturing processes, it becorasargece
to have a detailed and comprehensive understanding of these effects to properly design plasma

systems suited to the manufacturing process. As the semiconductor fabrication industry moves
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forward with research on microcircuit designs made on silicon wafers using plasmas, it is all the
more important to utilize the knowledge of IEDf process effects in the development of the new
generation of plasma systems that will be used to make these ficrocircuitsOne particular

example of this is found ithe high aspect ratietch procesand theplasma immersioion



implantation process12, 35- 38]. Manufacturers that ussther of these processesave been
requiring plasmaystemghat providehigher ionenergieghat reactihe sibstrate They are also
looking for ways to obtaibetter estimations or measurements efl#Df during process
conditions. Just as the glaas systems are evolving, there is a growing need to broaden the
capabilities and application dfagnostics that providée IEDf.

The objective of this research is to extend the capabilitias ektablished ion energy
measuremerdiagnostic to provida more complete, more accurate, and less invasive
measurement techniqdesired by the semicondoc fabrication industryo design,
characterize, and monitor next generation plasma systérasensod design must allow for
operationin the regims required by manufacturershis sensor should also be atdeneasure
the IEDf of a plasma during press conditions or in a scenario that is very similar to process
conditionsand not rely on surrogate gases that may not accurately represent actual process
conditions This includes the ability of the diagnostic to handle process gHse® are a few
diagnostics to be discussed later that meet these requirementsobdiei to meet this goal, it
was decided thavhicheverdiagnostids usedwill be placednsidea cavitybelow the surface of
the biasedRF electrodeof an industrial systerman which the gbstrate sits. This will make it
possible to run with conditions siler to manufacturing process conditions while a silicon wafer
can sit on top of the electrodarthg the timeof the measurementk also makes it possible to
leave the rest of the indwsl chambeminimally modified, with diagnostic and manufacturing
capabilities provided simultaneously bge of thessensos for the first time By fulfilling these
objectives, the newly modified diagnostic will be able to providel EDffor a broadeset of

plasmas and operating conditions.



A diagnostic must be chosen that can provided the IEDf of a pl&uitiple diagnostics
and methodbkave been created measure andalculate the IEDfThe most common
diagnostics and methods to obttie IEDf from a plasmareto use an energy analyzemass
spectrometera sheath ocircuit modelin a simulationwhich is compared to direct IEDf
measurementsr these models are usgdconnection with other diagstics thatlo notmeasure
ion velocity directlyto calculate the IEDfand a retarding field energy analyzer (RFE2gch
diagnostic or method has its advantagesdisaldvantagedutall provide an IEDf.The
following is a brief overview ofhe design and operation @fch along with a summary of some
results obtained using each diagnastic

Energy analyzemassspectrometergSeeFig. 5) have ber used extensively to obtain
particleenergy or particularly, thE=Df of a plasmd 8, 15, 17, 18, 40, 44 - 56]. However, as the
second half of theame suggests, mass spectrometers were originally designed to determine the
mass of different unknown species in a gas mixfline. most commoenergy analyzemass
spet¢rometer design comes with thréistinct regions or partsn ionizer, a energy anajizer,
and a quadrupole residual gas analy&eeFig. 5). To distinguish thenergy andnass of the
different species a neutrajas particles irthe neutralgas mixture are ionized by an electron
gun.However, when used with a plasma, the ionization of the gas species has already taken
place,so this portion of the system is typically turned off or removed from the system.

To distinguish the ionreergy of the newly ionized particles, the energy analyzass
spectrometer deflects the trajectory of the incoming ions around a single (e.g.2045°
electrostatic energy selectod - 49, 51, 52], SeeFig. 5) or nultiple bends (e.g. a cylindrical
mirror analyzer j6, 50], SeeFig. 6). Since the abilitypf an ion to change its trajectory is

dependent on its momentum and charge, it is possible to tune the deflection of the ions so that



i I
1 1 Jlonizer

Energy

Analyzer \\_ ~ [T > Quadrupole

| ' RGA

Fig. 5: Simple schematic of an energgalyzermass spectrometer. The dashed arrows represent the flow of particles through the
device. In this figure the Energy Analyzer is a 90° electrostatic energy selector.

only ions with aspecificmomentum and chargeass through the bend or bends withiaitting

any other surfacéhis discrimination process may not be unique to a single momentum and
charge combinatiothough,so a quadrupole residual gas analyzer is also used to discriminate
further in a similar process of the energy analylreorderto remove velocity from this
discrimination process, all of the incoming ions are accelerated to theveboity.

The quadrupole analyzer is made of four parallel metal rods where rods opposite from
one another are electrically connected. An RF sigiithla DC offseis applied between the
different pairs of rods. As the ions pass through the quadrupole analyzer only those with a
specific masgo-charge ratio pass through the analyzer without colliding with the rods or wall.
This makes it possible tmllect only ions with a specific mass-charge ratio. By knowing the
mass, the charge, and the strength of the deflecting field of the energy analyzer, it is possible to
calculate the incident ion velocity. By taking measurements when sweeping théhstfethg
deflecting field, it is then possible to generate and IEDf for the plasma.

Using an energy analyzemnass spectrometer Janes and Huth]were able to obtain

the IEDf and ion angular distribution function (IADf) at the surface of a RF powered electrode in
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Fig. 6: Simple schematic of a cylindrical mirror analyzer. S representsdtttiele source, C is the particle collector, L is the
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acapacitivédy coupled plasmaGCP allowing them tdnvestigate the effects of argon ion

collisions within the sheatfheir results showed distinct peak structures in the IEDf resulting

from ions created through charge exchange collisions responding to the RFtetbdldatric

field of the sheath. The results also show that for pressures greater than 30mTorr, multiple

scattering events become more significant in the development of theTREM results for the

IADf show that amaximumin peak intensity is obtaineat 0° in reference to the surface normal

and intensities found at angles between +3° are the result of elastic scattered ions.

Mizutani et al.also used an energy analyzeass spectrometer to look at how the

operational mode of the energy analyzer changes the shape of the IEDf when taking a

measurement at the surface of a RF powered eledt&@e When taking a asurement, there

are two modes in which the energy analyzer can be D& mode and an RF mode. For D€

mode, the electric potential of the analyzer remains constant while in the RF mode, the electric

potential of the analyzer oscillategth the same frequency, amplitude, and phase present on the

RF electrodeTheir results show that an energy analyzer running in RF mode produces the

expected saddle shafmal) peakformation A saddle shape peak was also produced when

running in DCmode but multiple other peaks of a distinguishable intensity were also observed
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in the continuum region. For the DC mode, there was also a significant shift in the peak location
of the high energy peak compared to the RF mode results. Their results shewebsty to run

an energy analyzer in RF mode when used to measure the IEDf incident on a RF powered
electrode.

Another common method to obtaime IEDf of a plasma is to develosheath ocircuit
model(SeeFig. 7) for the plasmaThese modelpredict the spatiotemporaheath dynamics
during process conditiorie determine the IEDf in the bulk plasma or IEDf incident on the
silicon wafer surfacg¢ 1, 2, 5, 7, 10, 12- 15, 23, 25, 30, 32, 39, 57 - 63]. These models typically
use a combination @ o i s s 0 n 6 snergygonaetvationnflux continujtgoltzmanrd s
relation and ion transit timéSee Eqgs2 - 6) [ 10, 12, 63] in describingon transportand energy
through the sheatfihe combination of these equations gives the first necessary component

creating a model to obtain an IEDf.
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The second necessary component of the model is to properly represent the dependence of
the IEDf on the RF power and frequency. As mentioned earlier, the frequency and magnitude at
which the bias power is provided to the substrate are the major contfatiings of the sheath
dynamics. This means that the frequency and magnitude applied has a direct impact on the

energy ions gain as they travel through the sheath. The RF power and freanatygigally
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applied through the resistivéy and reactive i) components of the plasma circuit model
(SeeFig. 7). By developing this equivalent circuit model of the sheath and coupling it with
particle transprt equations through the sheath it is possible to estimate the IEDf that reaches the
substrate. To get the necessary input parameters for the circuit model and particle transport
eqguations, other diagnostics such as volageent (VI) probes, capacitiygobes, and Faraday

cups are used to measure the input quantities. From there, it is possible to obtain the IEDf for a

plasma at specific operating conditions.
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Fig. 7: Nonlinear plasma circuit model for a homogeneous RF plasma based off of a figure by Lieberman and Licht&npberg [

The component8 andd represent the sheath capacitafiteand’Y represent the sheath resistari®és the DC current source
that represents ion heating

Panagopoulos and Economware able to make affective use of a plasma sheath model
to simulate the IEDf dependence theion modulation] 1 in the sheatlp 10]. UsingEqs.2 -
6 coupled tahe waveform functiomt the wall & coming from the RF generat@m equation

for the damped wall potentialo was obtained (See E@). Based on the value pft , thew
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mimics® very closelyor deviates quite a bit frowd . By usingw , they were able to simulate
the IEDf that would be generated for different valugs bf Thesimulation showed that for
small values af T, a bimodal IEDf is generated with a wide dispersion betweempeak
energies. When the value]oft got larger, the dispersion between the energy peassme
smaller. Eventually, the IEDf switched from a bimopahk distribution to a single peak

distribution at sufficiently high values pft .

s , w ~ o . 5 X \

SobolewskiWang, and Goyette also used a plasma sheath wbeéel looking at the
IEDf of an RF inductively coupled plasnfelCP) composed of only GH 15]. In contrast to
Panagopoulos and Economou, thesed a less complex sheath madedonjunction with
experimental datktom a Faradagup andcapacitive probe to obtain an IEBRfan RF biased
surface They assumed their sheaths were consistent with a matrix sheath model where the
electron density profile is step function at the plasma sheath interfaces. Thmp | i f i es Poi s
equationallowing them to avoid an iterative salut for electron densityl he IEDf from the
sheath modelasalsocompared to the IEDobtained from an energy analyzeass
spectrometer that was attached at the chamberExedh though the spectrometer was grounded,
it was positioned close to thF biased electrode so that the sheath in front o§pleetrometer
developed an RF voltagehen RF power was applied to the electrddes made it possible to
study RFbias effects with the spectrometer and compare the results with the sheath model.
The resits from the model were found to be quite accurate witHEDd measured by
the spectrometemhe results show three different types of behavior depending drethesncy
applied to the biased electrode. For frequencies below 1MEZEDfs depended onbn the

sheath voltagevaveform since the ions effectively traversed the sheath instantaneously with
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respect to the frequendyor an intermediate frequency range between 1MHz and 10MHz, a
bimodal peak distribution was still observed but the peaks ksdgtiimg closer to one another.
This is due tdhe ion flux arriving at the electrode surface being dependent on the RF cycle since
the mass of the ions is prevemtithemfrom responding to the instantaneous sheath modulation.
Lastly, atfrequencies abovEOMHz, the peaks continued to shift closer to one another until it
wasimpossible to distinguish the high and low energy peassthesesufficiently high
frequencies, the ions are only able to respond to the time averaged electric field in the sheath
which is why the IEDf becomes a single peak distribution. This behavior is consistent with the
results presented by Panagopoulos and Economoul.

The lasttommon method used to measure thefl&a plasma is to useratarding field
energy analyzelRFEA) [ 1- 7, 23, 24, 27 - 34, 39, 41, 46, 57 - 60, 64 - 83]. Also known as
retardingpotential analyzersjelocity analyzersor electrostatic particle analyzetisese probes
use a series of grids and a collegitateto measure the incoming ionrcent(SeeFig. 8). By
sweeping the potential of a grdiscrimination grid)n front of the collector plate, it is possible
to gradually reducing theacoming current to the collector. By measuringitisantaneous
current and matching it with thestantaeous potential of the discrimination grid, it is possible
to construct a currentoltage (V) curvgSeeFig. 9). The rate at which th®/ curve decreases
directly proportionato the IEDf of the plasmf1 ]. By taking thefirst derivative of the IV
curve, one is able to produce the IEDf for the plaégegeFig. 9).

Because of the simplicity and size of RFEAsy havédeen used with multiple
configurations. Rafalskyi, Dudin, and Aaneslarsg¢éd a magnetized retarding field energy
analyzeifMRFEA) to measure the IEDf of both positive and negative iofs][ In a traditional

RFEA, the secondrid is biased negative to reject plasma electrohs method works well to
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keep electrons out of themeasurementut it will also reject negative ions. By modifying the

RFEA so that a magnetic field is created above the discrimination grieleitteons will become
trapped in the magnetic field due to their mobilitlyile negative ions will still be able to pass
through to the discriminator grid. In the studied performed by Rafalskyi, Dudin, and Aanesland,
they presented data that compared tHef$tof a traditional RFEA and a MRFEA from a

positive ion source. The data showed in all cases that the use of the magnetic barrier increased

the energy resolution of the probe in reference to the RFEA making the peaks in the IEDf

______ Floating
Grid

______ Plasna € Rejection
Grid

______ Discriminator
Grid

Ry, oV Ry Collector

Fig. 8: Diagram of an RFEA. This istareegrid design and each grid labeled The plot on the left represents how the potential
changes betweerach gridas the discriminator scarBhe color of the lines represents the amount of ion current passing to the
collector where red is the highest drde is the lowest.
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sharper. They also compared the energy distribution functions obtained by the RFEA and
MRFEA from a negative ion source. The measurement from the MRFEA created a single narrow
peak from the ions while the measurement from the RR&Athe narrow ion peak washed out
by three energetic groups of electrainastically changing the shape of the distribution.

RFEAs have also been used outside industrial plasmas such as measuiethe
ionosphere p4, 68, 69, 73] and in fusiordeviceq 72, 81, 84]. The measuremenisside the
fusion device presented by Brunretral. was particularly challengingg1]. They designed an
RFEA for the Alcator @Mod reactor. This reactor is challenging due to the limited méteria
allowed inside the ultrhigh vacuunto limit outgassing anthe extreme heat fluxes on the
probe surface from high plasma temperature and defiisitgvercome these challenges, the
RFEA was designed usimgolybdenumtungsten, stainless steel, silver, and beryllaopper as
the metal components. The insulators used consisted of boron nitride, alomcad eflon, and
PEEK.While in use, the RFEA operated as expected even when pushed to the point of melting
the ouer shieldlt was able to measure both the ionrgyeand electron energy. Based on the fits
to the current collected, the ion temperature 9%a9 eV and the electron temperature was 24.0
eV. It was noted that the ion current was lower than expected but it was attribiuded being
attenuated due tadh perpendicular energy.

As each diagnostic previously described has advantages and disadvéseadeblel),
it is necessary to pick which is mastpable of fulfilling the goals of this research. The
diagnostic probe that best fits this work is the RFEA. The probe can be compact so that it can fit
insidea cavity ofthe biased electrogd provides a direct measurement from which the IEDf can
be dotained(lV curve), and the design can be easily modified to handle the new operating

conditions. The circuit model method would do well because the required probes are already in
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Tablel: This tablecompares the advantages and disadvantages of each of the different probes or measurement methods.

Probe Advantages Disadvantages
- Direct ion velocity measuremel - Very large and difficult to float to
- Can differentiate ion peaks the RF bias

ggg(r:%z)f\nré?gze{Mass based on mass _ - Limited spatial a_ndanergy resolutior
- Can differentiate mukcharged | - Prone to sputtering
ions - High cost
- Indirect measurement does no| - Dependent on the accuracy of the
perturb the plasma model
- Other probes providing - Unable or difficult to account for
Circuit/Sheath Model | necessary data for the model cal collisions
provide a broader array of - May have complex and long solutiq
measurements times

- Cost effective
- Direct ion velocity measuremel - Unable to directly differentiate pealk
- Small, robust, and flexible prokj based on mass

design - Unable to differentiate between

- Cost effective multi-charged ions

Retarding Field Energy
Analyzer

line with the RFsignal (VI probe) or coulgossibl bemodified to fit nside the biased electrode
(Faraday cup and capacitive probe). However, these probes do not provide a direct measurement
that contains the information of the IEDf. The information gained from th@ate, Faraday

cup, or capacitive probe are used as input parameters for the sheath circuit model and patrticle
transport equations. Here in lies the problem. The IEDf obtain would only be as good as the
model used and is limited by the assumptions mad& wheeloping the modedlastly, the mass
spectrometer would do well because like the RFEA, it provides a measurement from with the
IEDf can be obtained. However, it fails to meet the project objective of fitting inside a cavity of
the bias electrodeq1]. Mass spectrometers have been attached to an orifice of grounded
electrodes [L7, 18]. In these instances, the apparatus stretched out farther below the grounded
electode because they need to provide an area in which to divert the ion trajeartdraasother
area to collect the screened ions. This makes it impractical to try and fit thernmioleethe

cavity of the biased electrode and would require significantfication of the lower part of the
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industrial chamber to house the rest of the mass spectrometer. Therefore, the RFEA is the best
diagnostic to use for this work.

To determine the necessary design changesnaniifications to make to RFEA for
operdion at these process conditionsjstnecessary to understatieé current desigiand
capabilities of RFEAsAs mentioned previously, RFEAs consist of a series of grids and a
collector plate used to measure the incoming ion cu(Badrig. 8). These probetypically
have three to four grids in front of the collector plate that measure the ion current. The first grid
is referred to as the floating grid as its purpose is to match the potential on whatever surface the
RFEA sits.The grid is set at the potenti@a having a direct line of contact to the biased
electrodeThis is done to reduce any perturbation of the sheath above the RFEA so the IEDf
obtained by the RFEA is generated by the biased electrode and not the probe itself. The second
grid is used as adih energy electron rejection grid. This grid is used to screen out any high
energy electrons that enter the probe so that they do not screen the ions as they pass through the
discrimination grid. This prevents electrons from artificially inflating theemtrmeasured at a
particular potential. The third grid is the discrimination grid. As mentioned previously, this grid
sweeps through a potential rangeliscriminate ions with energies below the grid potential.
Lastly, a fourth grid is sometimes includiedact as a secondary electron rejection grid. As ions
impact the collector plate, if they are of sufficient energy, they can cause the collector to emit
secondary electrons. Since the collector plate is biased negatively with respect to the
discrimination grid, these electrons will travel away from the collector plate and be lost. This
artificially increases the current of the &udrve Hence, a fourth grid which is biased negative
with respect to the collector plate is sometimes inséntéae probeo force the secondary

electrons back to the collector plate.
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Insulator sheets are also placed in between each of the grids and collector platellso that
but the first grid are able to float at the RF poteratiahg with the D(ias The RF potential is
coupled to the grids and collector plate of the RFEA by the capacitance between the grids and
the electrode itseliWithout the RF potential on the other grids and collector plate, it would not
be possible to accurately measure the IERf15, 29, 50, 70]. In general, most current RFEAs
in an RF plasma system have these design elements in common. For a more comprehensive
review of the design of current RFEAS, one is referred to the follopj@ng, 34, 41, 60, 66, 73,
77,80, 85].

In relaion to this work, installing & FEA in the electrode of an RF plasma system is not
something neW 1, 6, 23, 31, 34, 41, 80]. Kortshagen and Zethoffyoodworthet al, Bohm and
Perrin,Toups and Ernidngram and Braithwaite, Landheetral, and Rakhimovat al each
installed a RFEA in the grounded electrode at surface level of their plasma chakiilirs.
Woodworthet al.useda planar RFEA while Woodwortét al.used an RFEA made of
concentric hemisphereldowever, each of these electrodes are specially designed for the specific
purpose of housing the RFEA. In each case, they were not designed for or suitable for industrial
sydems.Mizutaniand HayashiKuypersand Hopman, and Edelbeegal. all installed RFEAst
the surface oRF biased electrodes3[ 29, 60, 70]. The first two sets of authors did not use
industrial chambeandther RFEAs were on the larger sidehe Edelberget al. experiment was
different though because they used a slightly modified electrostatic chuckdor aCP
reactor.They also biased the electrodé&h a 4MHz signal allowing for an IEDf measurement
from a biased electrodm this instance, the electrode was designed aed in an industrial
system. Nevertheless, the chuck was modified so that teetdetvas mounted at the surface

which displaces many of the other vital systems of an electrostatic chuck (e.g. liquid cooling
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channels and helium channels for wafer cooling). The goal of this work is to build on this
concept and implant the RFEA belovetburface of the electrode so as to minimize any redesign
of the other systems in the electrode.

Along with installingaRFEA in an industrial electrodanother goal is to increase the
operating range of the RFEA. For a RFEA to opeaatdagher voltageshere are somgpecific
things toconsider in the design of the new deviSace the device will be in installed inside an
electrode, the device should be compact. With a compact device, there are added benefits in that
the device will not need differaat pumping[ 32, 41, 60] or any issues with space charge
distortion in the measuremgnt5, 81- 83, 85, ]. In order b avoid these issue@gaswhy many of
the previous referenced designs were made to be corhfmaetver, with a rare compact
RFEA, thepotential magnitude at which the probe can operate is limited. Most current
commercial RFEAs have an upper opiersal bound at 2k\ 86]. A more compact device
reduces the thickness of the insulator sheets between the grids. With thinner insulatahsheets,
voltage difference between the gritie sheets can withstand befbreakdowns reducedThis
means that to obtain the higher operating potentials needédyh aspect ratio etch or ion
implantation, the dielectric thickness needs to be larger than cRiF&RAs.

As the dielectric thickness increases, this leads to larger distances between the grids
which reintroduces issues avoided with more compact pra¥i¢h a large gagomes possible
collisions[ 32, 41, 60] andlight-up within the probe for specific voltage differeacen
energies [/2], gases, and pressures based on Paschen:¢
RFEA can be designed for differential pumpswthat the pressure between the grids remains in
or below the single millitorr range. When comparing the grid gaps to cafvipaelectrode gaps,

the required fields for Paschelattlspressikedangen e x c
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[ 87]. This means that differential pumping of the RFEA becomes necessary for proper
operation.

Since the gapetween the grids is larger, this also means there are more ions between the
grids at any one time. This increases the net charge along the ion path length resulting in possible
space charge effects during the measureinént81 - 83, 85]. The effect of space charge
distortion on RFEA measurements has been studied by, Jéres) andDonoso and Martir]

75, 82, 83, 85]. Jones presented work that systematically compared the extension of theoretical
models haleveloped with calibration experiments. He specifically focused on the measurement
of electrons and the resulting electron energy distribution function (EEReS® analysis

showedhat if current were to exed the ChildLangmuir value found from

cQ ool
a Q 8
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whered is the ion massp is electron energyandQis the grid spacing potential valleywill

be createdhat will cause space charge distortion. Experimentally, he compared the EEDf for

different first grid voltageand varied beam current (Sig. 10). The results showetthat space

charge distortion occurrddr potentials below 159 or0 p& @p 1w ! A whichisin

good agreement withg. 8. Green performed a similéineoretical analysis investigating the

strength of electric fields created by space chargeinan RBFA. usi ng t he Poi sson
thelD momentum equation, drcontinuity equatiorhe was able to develop an equation

determine when space charge buifglwill distort thesignal. His results show that when
ao

PR®O

where¢ is ion density@ is ion massg is ion velocity,w (s charge, and is length all in CGS

units thatthe space charge builgp in between the grids will cause distortion to the RFEA
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electric field.Donoso and Martin alsowvestigatedspace charge issues using an Rih a
discrimination gid that has variable gap distanBg.taking measurements with different
distances, they obtained multiple IV curves and plottedhttogether to show the variation in the
IV characteristics due to space charge bupd Sed-ig. 11). By using a theoreticalnalysisthat
theypreviouslydeveloped 88], they created a modtd obtain the ion temperature using a
correction factofor space charge distortioRrom all of their workthe results showhat space
charge distortion becomes an issue depending on the grid gap distance and incoming particle
flux. Therefore, with a ng design for high voltage operation of RFEAs, space charge distortion
must be considered and analyzed.

The previously mentioned issues are specific to designing a new high voltage RFEA
sensor but there are other design considerations that also must be taken into account that are
common to all RFEAs. The following considerations may distort the shape Idf tueve or
may affect the energy resolution of the detector. The grid plane potentiahiformity and the
electric field uniformity between the grids also has an effect on the measurements. Many studies
have shown that for a potential put across a lhgeié there is a potential drop between the metal
surface and holes of a grid[7, 27, 34, 68, 69, 74-7576, 78, 80, 85, 89, 90]. This potential
dropfrom metal surface to grid hole will also occur in a high voltage RFEA. Jones, Donoso and
Martin, and Landheegt al.each investigated the amount of potential vanmkietween the grid
surface and grid hole. Their results show that the energy resolution performance of the RFEA is
limited by the potential drop in the grids. Jon&5| investigated the effect for randomly
oriented grids maalof parallel and perpendicular cylindrical wires. He stuthediependence of
the potential difference on the ratio of there radius to the distance between hole centers and

the ratio of grid gap dtance to distance between hole centers. He estimated the diffiesarge
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S p an g e hletregniest as well as compared it to measuremetitstesults showhat,
for higher ratios of both, better energy resolution waseved. He also notes that the grid gap
distance is limited by space charge buifullike previously mentioned.

Donoso and Martif 76] also studied a grid of parallel and perpendicular cylindrical
wires. In their theoretical analysis, they simplified the shape of the grids by removing the set of
orthogonal wires. They then used the Schwahristoffeltransformatiorto obtain an analyta
equation for the potential drop. They then showed that by varying the distance between the grids,
the potential difference between the grid hole and wire changedr&de). Their findings are
in agreement with Jonéss  r that hy intresasing the gap distance, the potential difference is
reducedTheir results weralso validated by looking at the IV curves resulting from their
variable gap distnce RFEA used in the space charge sfuthj. In this case, they were
operating within a regime that ruled out space charge distortion. Their results show that as the
gap distance increases, the IV curve shape shifts to Enezgies (Sekig. 13).

Lastly, Landheeet al.[ 34] investigated the potential drop using laser cut molybdenum
grids.While discussing the design conditions to increase the ion through put of the dstextor
as grid alignmernit 34, 73], they mention that packing the grids closer togetitean aligned
will cause more electric field penetration of the gfi@4, 77]. This penetration will drastically
affect the potential within the grid holes. To studg gotential sagginghey smulated the
resulting IV curve and IEDf using a moemergetic beam of 22V Hs* ions when sweeping the
discrimination grid from 0 to 50 V. The results presented show that due to a lower potential in
the center of the grids, a peak shift of +3eV resulidtie IEDf (Sed-ig. 14). The shift in peak
energy is consistent with the findings of Donoso and Matrtin. Landtedralso estimated the

potential drop in the grid holes using analytical formulas of Hennel8#¢ When comparing
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the simulation results to the analytical results for multiple potentials and stack configurations,
they calculated a consistent artadal result of approximately 1.5 times the simulated potential
drops. By understanding their work, it is clear to see that to obtain good RFEA performance the
geometric design of the RFEA must be taken into account.

The electric field uniformity betweethe grids also has a significant dependence on the
RFEA geometry. The shape of the electric field above the grids will be affected by the proximity
of the dielectric insulator. If the insulator is too close to the grid holes, it can alter the field above
the grid and contaminate the ion energy as they travel through the detector. The field uniformity
will also be affected by geometric design on the inside of the RFEA. With the compact RFEA

probes, the spadeetween the grids was symmetrical causing no change to the electric field
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Fig. 12 This is a plot recreated from data presented by Donoso and Ma&@&in This plotshows the change in the grid hole
potential based on the grid gap distance.
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adjusting the gridlistance. The shift ithe IV curve shape is due to a decrease in the potential drop in the grid holes.
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Fig. 14: Plot recreated from data presented by Landheer eB84l. [This plot shows the IEDf created by scanning a
monoenergetic beam of 22 é¥4* ions across the potential field tine grid holes v a retarding gridor a sweep from 0 to 50.V
The expected peak energy is at 22 eV but the IEDf gives a peak energy at 25 eV. The 3 eV shift is gotetttitilesagging in
the grid holes.
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between the grids. However, with the high voltage RFEA, differential pumping ports may be
added to the side of the detector to reduce internal pressure. These pumping ports make the
internal geometry of the probe asymmetausing a change to the internal electric fields.
Therefore, it is necessary to investigate how the changes to probe geometry affect the electric
fields in between the grids of the probe and to obtain an optirdesdn that reduces non
uniformity.

The previously discussed design specifications and issues cover the most significant
considerations tit must be made when designing a high voltage RFEA to be installed inside the
cavity of a biased electrode. Howeviiiese issues are not meant to be an exhaustive list. There
are many other issues that can also raise complications when making a measurement such as
secondary electron emissip@7, 34, 66, 77, 80, 85], side wall charge buildip, sputtering of the
grid material, and corrosive chemical attf@4 ] or particle deposition caused by gases used in
the semiconductor manufacturing proceBshm and Perrifi 80] provided a troubleshooting
section to help identify issues in the IV curve characteristics due to plasma electrons or
secondary electron emission in the probe. They found a linear increase in the current after
rejecting all ions is likely caudéby ionization inside the probe from plasma electrons. They also
identified a peak near the OV condition of the discrimination grid lideky to secondary
electron emission from the collector. Another indicatiosaxfondary electron emissi@that
thecollector current never reaches 0OA. Bohm and Perrin explain that this current at high
discrimination potential is the result of secondary electron emissigsed by neutral species
(e.g. photons, metastables, atoms, molecules, eénjlheeet al [ 34] address the idea of
accounting for corrosive chemical attack by changing the material used to make their grids. They

explain that grids are commonly made out of nickel or stainless steel. However, they decided on
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using molyldenum because of its resistance to chemical attack of plasma process gases,
paramagnetic, and suitable for laser cutting. As Bohm and Perrin and Laatlaeshow, there
are more things to consider when designing an RFEA but the main focus will be anttinacy
of the detector and its operation at higher voltages.

Once the design of the RFEA is complete, it will be necessary to check its performance
under manufacturing process conditions.tést the applicability of the RFEA in the industrial
bias eletrode, gases similar to process gag#ide used when taking measuremenmsthis
instance, argon (Ar) will be run with a mixture of carkietrafluoride (Ck) or CR» and oxygen
(O2). CR and Q area common gassused in semiconductor fabrication anddébeen
extensively studied when mixed with AL7, 18, 20, 24, 56, 93 - 97]. Donko and Petro\i93]
investigated the IEDfs of Ar, GFAr i CFsmixtures using particle in cell (PIC/MCC)
simulations in single and dual frequsnCCPsources. As they used simulations, they were able
to separate out the IEDf for the different speciesyTwnprehensively studied tleéfectsof the
choice of théhigh frequency, high frequency voltage, low frequency, and low frequency voltage.
Ther resultsshowed that with the proper choice of source parameters, it is possible to
independently control the ion flux and energy in low pressure plasma dischargksusioas
this and the others referenced will allow for confirmation that the RFEA in the cavity of the
biased electrode is working properly.

An extensive review of previous and current RFEA and industrial system has been
discussed in the previous parggra.Now that the starting point is understood, the importance
of this work is apparent. The main objective of this work is to develop a high voltage RFEA
located in the RF biased electrode of an industrial plasma system. This consists of analyzing the

desgn of an RFEA to modify it for high voltage performance and optimizing the device for
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accurate measurement. It also encompasses designing an RF biased electrode on which the
substrate would sit and house the high voltage RFEA. This electrode must ypewapjped into

an industrial plasma chamber. Lastly, the measurements and resulting IEDfs will be analyzed for
different configurations of the chamber for single and dual frequency industrial process
conditions.

Chapter 2 will consist of a description bktexperimental industrial chamber. It will also
discuss the modifications to the RFEA for high voltage operatisection 2.Jand the design of
the electrode that will house the detedtosection 2.2L.

Chapter 3 will investigate thmonditions at which space charge distortion affects the
measurement for the design RFEA. It will also investigate options for space charge distortion
compensation through post analysis of the IV curve to recover the truenl&&dtion 3.2

Chapter 4 premnts a parametric study using the modified RFEA when located at the wall
of the chamber for pure Ar plasma discharges. It will also present a parametric study for the
RFEAs located in the low frequency biased electrode of the system for(siecfien 4.} and
dual frequencysection 4.2pure Ar CCP discharges. For single frequency discharges, the top
electrode will be powered by a 80Hz RF generator while the biased electrode containing the
RFEAs is grounded. During dual frequency operation, the upgetreade will be powered by
the 60MHz generator and the biased electrode will be powered by a 13.56MHz RF generator.

Chapter 5 will present data from a parametric study for sisgletion 5.1)and dual
frequency(section 5.2)CCP discharges f@n Ar-CF4 or Ar-CF-O2 mixture usingthe electrode
probes. Datafrom the wall probe will also be presented fromAarCFs mixturefor single and
dual frequency CCP dischargés these cases, the frequencies used will be the same as those

mentioned above for theusties in chapter 4.
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Chapter 6 provides a discussion of the results and provides the necessary considerations

for future work to continue development of the sensor.

CHAPTER 2: EXPRIMENTAL CHAMBER AND RFEA DESIGN
2.1 RFEA Design

The RFEAs used in thisork must be able to operate at higher potentials while still being
compact so that they fit within the electrode. To meet these design criteria, a planar three grid
design with two plates making up the collector designed by Tokyo Electron Limited{TEL
was chosen (Sdeg. 15- Fig. 17). The TEL RFEA design is based on and modification of
previous designs used ingmiously mentioned work2 - 6, 34, 41, 60, 66, 73, 77, 80, 85, 98,
99). In this design, the first grid acts as the floatingl §SeeFig. 16 a), the second grid is the
electron rejection grid (Sd€g. 16 b), and the third grid is the discriminator (3€g. 16c). To
electrically isolate the grids and the collector, a polyimide sheet was inserted in between each. A
center hole was cut out of each to allow the ions to pass through. Screws were connected to each
grid and the collector to hold the sensor together.ialg sleeves were also used to electrically
isolate the screws from the other grids. Dimensions for the plates and polyimide sheets can be
found inTable2.

Each grid consists of a group of holes drilled into each plate in a honeycomb pattern (See
Fig. 15). For ease of manufacturability, the grids and plates meaae out of aluminum.
Aluminum is not the best material choice for the grids and collector as it is susceptible to
sputtering and secondary electron emission. However, it is easier to handle when making
microstructures (grid holes) and more economic.fina RFEA design, it is more likely that
the grids would be made Iyectroformingnickel [ 99], photolithography on stainless ste@ld

], or laser cut out of molybdenun8#]. Nickel is often used to coat grids and meshes made out
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of other metals to provide better corrosion resistance. Stainless steel is also corrosion resistant,
stronger than nickel, and is less susceptible to secondary electron emission thannalumi

may have less conductivity than the metal coated in nickel though. Molybdenum is also an
advantageous metal because it is resistant to chemical attack, has a very high melting point, low
coefficient of thermal expansion, and high thermal condugtidonetheless, it can be brittle

and difficult to manufacture. The key purpose of all these materials though is their resistance to
chemical attack and sputtering when exposed to the harsh industrial plasma conditions.

The TEL RFEA was also designed witiferential pumping ports in each of the grids to
provide better pumping access to the center of the sensor. These ports were machined into each
of the grids for multiple purposes. The first reason is to prevent collisions and possiblglight
(light-upissues discussed in section 4.1.2). To avoid collisions in the RFEA, the ion mean free
path _ must be longer than the length of the detec®%, i1, 60, 99]. _ for a beam of ions is
found by

L
- 3 10

where¢ is the neutral gas density apds collisional crosssection with neutral gas particles.

The neutral gas density is used for the ion mean free path instead of ion or electron densities
because the background neutral gas density is much larger than the ion or electron density. As an
exanple, for argon (Ar) ions, the mean free path as a function of pressure simplifies to

p -,
- —wa 11

= oam
wheren is the pressure in Torr and the resulting mean free path is given in centimeters. By
differentially pumping, the pressure inside the detector will remain low keeping the mean free

path larger than the detector. As mentioned in chapter 1, it is alsolpdssthuse lightip in

31



polyimide
sleeve

Fig. 15: Model of the RFEA design in an isometric view. $&g 17 for a detailed view of the honeycomb structure
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Fig. 16: Slice of the RFEA model. This shows the internal structure as well as labels each grid and the collector. (a) F
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Thesecond purpose to adding pumping ports to the grid is to extend the life of the sensor.
By adding pumping ports, additional exits are created that will remove reactive species when the
probe is in process environments. These reactive species could ¢beaplels or attack the
insulator separating the grids resulting more frequent replacement of the RFEA components.
Deterioration of the RFEA components from chemical attack by reactive species is a major
struggle for current commercial probes. This is wadigng with the pumping ports, a silicon (Si)
wafer with grids (discussed in section 2.2.1) that helps protect the RFEAs from reactive species
is placed on top of the electrode. With the differential pumping ports added, a reduction in the
amount of reactie species in the detector will result. Therefore, it becomes advantageous to
include differential pumping ports in the design of the detector. On that basis, the collector of the
RFEA was made out of two plates because holes were drilled through tsecpéatiing a
chevron pattern (Sdeg. 16 d). This feature provides one more access point for pumping while
still preventing anyans from passing through the sensor without being collected.

Since pumping ports were added to the grids, asymmetry is introduced internally in the

detector which affect the electric field on top of any effects caused by the proximity of dielectric

Table2: Dimensions for the RFEA plates and polyimide sheetsF&ed5 - Fig. 17 for a refence for where to apply the
dimension.

Metal Plate Polyimide Sheet
Plate Thicknessi8t o v &) P & ThicknessT8t p @& v @ G
Plate Diameterm® ¢ cE ® a & DiameterTid ¢ cE @ ¢ @ &
Grid Hole Diameterm@8t T v € ¢ K& Center Hole Diameter® ¢ vap X @ &
Aspect Ratio 1:1
Center to Center Spacing8t T @T& L A
Grid Fill Diameter:m 11 ¢ @&a &
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Fig. 17: Closeup of th honeycomb grid in the RFEA. The dashed circle represents the grid fill diameter. The dashed lines form a
60° stagger angle to specify how the holes are aligned in the honeycomb structure. The aspect ratio of the grid holes is 1:1

materials (e.g. polyimide sheet). In a RFEA without pumping porttose dielectric

materialghe electric filed will be completely uniform between each grid as the internal geometry
is completely symmetrical and only the grid potential changes. Since the pumping ports
introduce asymmetry and the dielectric sheetsrapeaximity to the ion region, it is necessary to
adjust other geometric variables ($ag. 18) to minimize any variability in the electric field

abo\we the grids. These geometric variables that can be changed are the grid gap distance (e), grid
fill diameter (f), and grid hole diameter (g). To investigate the changes made to the electric field,
a 3D computer aid design (CAD) model was created in thd\8olks 2016 and 2017100]

software packages (S€e. 15andFig. 16). This model was used with the EMWorks 2016

SP2.3 [101] simulation package. EMWorks is an add to the SolidWorks software and the

EMS package of EMWorks provides electrostatic and magnetostatic analysis tools using finite

element analysis.
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2.1.1 Electric Field

For these simulations and simplicity, it was assumed that no ions were located inside the
detector in order to determine how the grid potential and geometry affects the electric field. A
more robust model than shownRig. 15 andFig. 16 was used which included design elements
for the pumping portsconnection screws, and polyimide sleeves for the screws. The floating
grid was set t81000V (a consistent value with industrial CCP process conditions). The electron
rejection grid was set td100V. The discrimination grid was set at 500V for all satiohs that
varied the geometric variables. Lastly, the collector was arbitrarily s@0ta In traditional
RFEAs, the collector must always be negatively biased in reference to the discriminator.
Assuming there is no ionization or collisions/charge axge within the sheath, the
discrimination grid can start atOV for these simulations. Therefor80QV would always attract

ions that are not rejected by the discrimination grid.
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For the first simulations, multiple 2D plots were generated on both thieaterxis down
the probe (SeEig. 19). The vertical axis plots were generated for the purpose of comparison to
the ideal RFEA potential cartoon showw chapter 1 (Se€ig. 8). For the vertical axis, multiple
locations (center of the probe, edges of the grid fill diametegxa$f across the grids) were used
to generate the plots. A plot of the vertical compowétihe electric field down the center of the
probe can be seenfg. 20. The plot shows that the vertical electric field is effectively uniform
in between each of the grids. Sharp slopes are also seen which correspond to transitions through
the grids. The shape of the vertical electric field curve is the expected result based on the
potential cartoon in chapter 1 and shows the simulation is workimgatly. Results from other

locations were similar and only showed variation near the edge of the grids

Fig. 19: Section cut of the RFEA showing the lines from which the 2D electric field plotsgsaerated. The dashed lines
represent the locations at which the electric field was measured in the electrostatic simulations

It is also important to understand how the vertical component of the electric field

compares to the radial component of the eledeld. If the radial components are significant or
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close to the same order of magnitude as the vertical component, it can alter the trajectory of the
ions causing them to hit the internal side walls of the sensor. To compare the magnitudes, the
verticd component was normalized by the root of the sum of the squares by:

NI BN 12
where®is the magnitude of the vertical component arehdare the magnitudes of the radial
components. The plot (S&&. 21) shows that the value of the normalized vertical component is
effectively 1. The few locations where the normalized component deviates from a value of 1
coincides with the transitions betwegmds. At these locations, the sign of the vertical electric
the vertical electric field looks horizontally across the probe. Again, 2D plots of the vertical
electric field were created but looked across the probe horizontally between the electramrejecti
grid and discrimination grid (example locations seeRign19). Depending on the location at
which the plot was generated, different curve shapadted (Se€ig. 22). When looking above
thepolyimide sheet, the vertical electric field increased in magnitude comparedcentee
(SeeFig. 22 a). When the plot was generated within the polyimide sheet region, the vertical
electric field decreased in magnitude compared to the center. Tiagorain these curves is
unlikely caused by the pumping ports because of their location. As can be Bepri6) Fig.

18, andFig. 19, the edge of the grid is quit far from where the pumping ports start. The
variations that are farther outside the ion regioki@n 22 (specifically in (a)) are more likely

due to the pumping ports added to the sensor. This means that as long as enough space is
provided, the addition of pumpg ports has a negligible affect on the electric field. The varations
seen here are more likely caused by the grid edge effects or the proximity of the polyimide

insulator.
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Fig. 20: Vertical component (Y) of thelectricfield down the center of the probe. The electric field magnitude is measured down

the vertical dashed line on the RFEA.
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Fig. 21: Normalized vertical electricdld (Y) to the total electric field using the root of the sum of the squares. The electric field
values were taken from a vertical line down the probe.

38



Y Component Electric Field Between Grids 2 and 3
Study Name: IEAfi RF Electric Field 2

30000 4
Curves:
— IEAFi RF Electric Field 2 - Electric Field (B}
25000 g
/F '
20000 B
1
1
3 \[
=
B 15000 1 i
g
& Z
100004
5000
o4 =
0 002 004 006 008 01 012 014 016 018 02 022 024 026 028 03 032 034 03&
D in]
EMWORKS
Y Component Electric Field Between Grids 2 and 3 in Polyimide
Study Name: [EAfi RF Electric Field 2
Curves:
0000 — IEAT RF Electric Field 2 - Electric Fild (£)
55000 3
; on Region ,
50000
®
450004
\£
40000 4
X
20000
15000 B e
10000
5000
0 —
0 002 004 006 008 01 012 014 016 018 02 02 024 0% 028 03 032 [ o.zL J
D fin]
EMWORKS

(b)

Fig. 22 Vertical component (Y) of the electric field between the electron rejection grid and discrimination grid (the black dashed
line on the RFEA model)a) This plot was generated at a location above the polyimide ghg&his dot was generated at a
location within the polyimide sheet.
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Again, it is necessary to also compare the vertical electric component to the radial
componat. By taking the root of the some of the squares of the components and normalizing the
vertical (Y) electric field (See E42), Fig. 23was created. From the figure, it can be seen that
for the ion region, thearamlized vertical electric field has a value of 1. The locations that vary
from a value of 1 are caused by material transitions (metal to polyimide) along the horizontal line
the field values were taken. Since the value is 1, this means that the ratphahent
horizontally across the probe is negligible through which ions will pass. Again, this means that

ions will not be lost to the internal side walls of the RFEA.
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Fig. 23: Normalized vertical electrical field (Y) to the tb&ectric field using the root of the sum of the squares. The electric
field values were taken horizontally across the probe between the electron rejection grid and discrimination grid.

There is a previously mentioned issue presentdeidgny22 though. Again an ideal RFEA
would have a vertical electric field within the ion regionttisecompletely uniform (horizontal

line). However, the shapes seerfig. 22 deviate from this ideal. For ions traversing between
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these grids, ther@s near the edges would be accelerated while above the polyimide but be
decelerated while within the polymide hole. The edge fields counteract one another but still
introduce alteration to the ion energy. It would be better for the ion energy to remasmtle
than to hope or assume the field shapes will cancel each other out. Since the concavity of the
curves changes, it does seem to suggest that it is possible to make a more uniform electric field
between the grids by adjusting the parameters (gridigagnce, grid fill diameter, and grid hole
diameter) inFig. 18. Therefore, the optimal values of the design parameters are the ones that
produce an electric field that is constant at every location between the grids.

Multiple simulations were performed by adjusting the grid gap distance, grid fill
diameter, grid hole diameter, and discrimination grid potential. 2D plots were again geatrated
two specific locations above the discrimination grid within the ion region (0.5 and 0.75 mm).
Generating the plots at the two locations allowed for a comparison of the fields at these
locations. In these cases, and ideal vertical electric field iswhiwhen there is no variation in
the field on the left and right side of the plot and no discontinuity in the center (horizontal line
across the plot). The only instance where this was not the case was when changing the grid gap
distance. In this casdyd plot was generated at a point equidistant between the electron rejection
grid and discrimination grid. In any case where a parameter was not under investigation, it
remained constant. For the grid fill dimaeter, it was set to 2.6mm, the grid holealiamastset
at 0.127mm, and grid gap distance was set at 1mm, and the discrimination grid potential was set
at 500V.

The results for the different simulations can be seéigm24 and Fig. 25. For each of
the plots, spurious data due to numerical artifacts has been removed. Since the results were

generally radially symmetric, especially directly over the discrimination grid,-toasyof the
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plots represents the center line down the probe. Since the vertical electric field was generated at
two different locations foFig. 24 (a), (b), and=ig. 25 (b), the left side of those plots shows the
field magnitude found at 0.5 mm above the discrimination grid and the right side of the plots
shows the field magnitude found at 0.75 mm aboveligaimination gridFig. 24 (a) shows the
change in the vertical electric field when changing the grid fill diameter. Since this adjusts the
size ofthe grid and region in which ions travers though the probe, the dashed and dashed with
double dotted lines were added to the plot to show the edge of the 2mm and 2.6mm fill diameter
from the center of the probe. For the largest case (3.175mm), the @¢tigeplaft doubles as the
edge of the fill diameter as well. The plot shows that as the diameter decreases, the curve within
the fill diameter space becomes more uniform (more horizontal). This is seen in a reduction in
variation at the edge of the plotctintinues in this fashion until it passes an optimal value in
which the vertical electric field begins to vary from the idea {horzontal). The departure
from the ideal is seen by an increase in the variation at the edge of the fill diameter aawell as
change in magnitude at the center (discontinuity).

In Fig. 24 (b), the variation in the vertical electric field due to the grid hole diameter. In
this plot, it can be seen that as the grid hole diameter decreases, the variation in the vertical
electric field at the edge of the grid fill diameter decreases. This is most notable when changing
diameters from 0.254mm to 0.127mm. The grid hole diametehakan effect on the
magnitude of the vertical electric field at the two locations above the discrimination grid. This is
seen by the discontinuities or lack thereof in the curves at the center of the plot.

Fig. 25 (a) shows the variation in the vertical electric field due to grid gap distance
Again, only one location was used to generate this plot and it was at the point equidistant

between the electron rejection grid and discrimination grid. In general, the curves are pretty
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uniform and only deviate from the horizontal near the edge ofritidilydiameter. This
deviation gets worse as thedygap distance decreases.

Lastly, Fig. 25 (b) shows the variation in the vertical electricdielue to changes in the
discrimination grid potential. As can be seen in the plot for each voltage, very slight variations
exist for each of the different potentials, but the overall trend is very uniform as the potential is
changed. In general, these as\are very close to the ideal curve showing that the sweeping of
the discrimination grid has little effect on the vertical electric field between the electron rejection
grid and itself. Also, for all cases, there was always variation in the verticalefedtl near the
edges of the grid fill diameter between the different locations. This is likely caused by edge
effects of the grid or proximity of the polyimide insulator.

By varying the geometric parameters of the RFEA, the shape of the verticat dielctr
was altered about the discrimination grid. From the results, optimal dimensions of a 2.6mm grid
fill diameter, 0.127mm grid hole diameter, and grid gap distance of 1mm were determined. By
changing these dimensions, the vertical electric fieldrheaauch more uniform (Ségg. 26).

With a uniform electric field, the RFEA measurements are more reliable because ion energy is
not being altered baden the ion travel path. Every ion will be accelerated or decelerated
uniformly. The optimal values obtained for this RFEA design are not universal though. If one
geometric parameter is changed (e.g. grid hole diameter), then the other two paraméers can
changed to restore a more uniform vertical electric field. In this case though, using this

optimization prevents the electric field from adversely affecting the measurement.

2.1.2 Grid Plane Potential
Since the vertical electric field &tered by these geometric parameters, the next step is

to determine how these same parameters affect the resolution of the measurement. For an ideal
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RFEA and monoenergetic beam, the RFEA instrument function would be measussdghs a

step function. Howver, as mentioned in chapter 1, the potential applied to the metal plate
decreases when transitioning from the metal to the hole. This same phenomenon is demonstrated
in the EMWorks simulations (Ségg. 27). The potential drop causes the instrument function to

get smeared out which represents a deviation from the actual ion energy. To determine how the

energy resolution is affected by the previoushdstd parameters, more simulations were run.
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Fig. 27: Plot of the potential in the grid holes of the discrimination grid for an applied voltage of 500M. thetepikes are
spurious data due to numerical artifacts

These simulations used the same model and potential values from the work looking at the
electric fields. For this work, the main focus was on the discrimination grid as this is the grid that

determines the ion energy. For the following cases, 2D ploes gezrerated by a line that sat
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below the surface of the discrimination grid ($ég 28). This location was chosen because it is

the spot that thergl hole potential varies the least from the applied grid plate poteviti#iple

2D plots of the magnitude difference between grid potential and hole potential were

generated at this location when varying the grid gap distance, the grid hole diantktiee, an
discrimination voltage. As with the vertical electric field cases, unless the specific parameter was

under investigation, the grid gap distance was set at 1 mm, the grid hole diameter was 0.127 mm,

and the discrimination voltage was 500 V.

Fig. 28: Closeup of the discrimination grid and the location at which the potential was obtained in the grid holes.

As was mentioned in Chapter 1, another design consideration to increase to affect RFEA
energy resolution is the grid alignment [1, 34,99]. In altering current RFEA designs for high
voltage operation, it is necessary toeimine if the grid alignment influences the energy
resolution for high voltage RFEAs as well. The grid alignment effect was studied in the during
the simulations looking at the changes in grid hole potential due to grid gap distance. It was
found that thelignment of the grids only had an effect on the grid hole potential at grid gap
distances of 0.5 and 0.254 mm. When the grid was misaligned, the potential difference decreased
on average of 1 V for a grid gap distance of 0.5 mm and on an average of 4 ¥rid gap

distance of 0.254 mm. Since the grid alignment had no influence on the grid hole potential for a
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grid gap distance of 1 mm, this optimal value chosen earlier for vertical electric field uniformity
is also a good choice when considering thssie. Also, since the other cases looking at grid hole
diameter and discrimination potential used a grid gap distance of 1 mm, the effect of grid
alignment was not studied. For these cases, the grids were left in perfect alignment.

The results for the diffrent simulations can be seerfig. 29 - Fig. 31. In Fig. 29, the
potential difference due to the grid gap distance is shown. For this case, the potential profile of
each hole was overlaid on topafe another to emphasize the potential drop in each of the holes
while still showing the profile variation in each hole. It can be seen that as the grid gap distance
decreases, the potential difference increases. This is consistent with previous wesedisc
chapter 1 when using analytical solutions and other experim8ai{gp, 76]. Since the
potential drop trend is more dominate than the slight variationebatthe grid holes, the other
plots show only the potential profile for a single consistent hole for each simuFitioB0
shows the potential difference when changing the grid hole diameter. As the grid hole diameter
decreases, the results show that the grid hole potential also decreasesr-iga8tlyshows the
potential difference due to changes in the discrimination potential applied to the grid. From these
results, it can be seen that as the appliedntiall increases, the potential difference also
increases.

Based on this analysis, the results suggest that the best energy resolution is obtained
when the RFEA has a large grid gap distance and small grid hole diameters. This conclusion is
presented more affectively by looking at the RFEA instrument function wdrging the
parameters. For sake of an example, instrument functions of the RFEA were generated for the
simulations when the grid gap distance was varied. To obtain the instrument function, it was

assumed that a monoenergetic beam of ions at 500 eV was entering through the electron
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Fig. 29: The potential difference between the grid plate and grid lelnieso the grid gap distanc®purious data resulting from
numerical artifacts has been removed for clarity.
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Fig. 31 The potential difrence between the grid plate and grid hdlesto the discrimination potenti@purious data resulting
from numerical artifacts has been removed for clarity.

rejection grid. By varying the discrimination grid potential betweeni4991V, the location at

which 500 V intersected the potential profile of the grid holes would change. By comparing the
valley width (entrance diameter) of the profile at 500 V to the physical diameter of the grid hole,
an approximation of the percentage of ithres that would pass through the discrimination grid

was obtained (Sdeg. 32). By stitching the percentages of ions that pass through the
discrimination grid together, instrument functions were created for different grid gap distances
(SeeFig. 33). The ideal case (step function) was also plotted in the figure for comparison. As can
be seen irrig. 33, as the grid gap distaee increases, the instrument function moves closer to the
ideal function. This represents an increase in energy resolution because the measured IV curve
will be more accurate. Similar instrument function plots could be generated for the grid hole
diameter case and the disnination grid potential case as well. Each would show that energy
resolution increases as the grid hole diameter or discrimination potential decreases.
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grid holes. Separate functions were crddite the different grid gap simulations.

52



For a high voltage RFEA, some of the advantages of increased energy resolution are
inherently includd (larger gap distance) but there are some apparent disadvantages as well.
When looking at the grid hole diameter, increased energy resolution is obtained for smaller
diametersbut the smaller diameters also limits the ion current through the deteasor. Th
decreases the signal to noise ratio which makes getting accurate measurements more difficult.
Another issue is the decrease in energy resolution for higher discrimination grid potentials. A
high voltage RFEA will be going to even higher potentials windhdecrease the energy
resolution even more. Also, there is no design fix for this issue. The decrease in energy
resolution due to higher voltages will always be the baseline even if all other energy resolution
considerations were perfect. Lastly, wath increase in gap distance, the pressure inside the
detector may also increase. This can be handled using diffeqantiging,but the line
integrated number of particles will still increase which may cause space charge distortion to the
IV curves. Therfore, it is necessary to consider if space charge ‘oldill be an issue for the

high voltage RFEA which will be addressectirapter 3.

2.2 Experimental Chamber

To take the RFEA measurements, a dual frequency capacitively coupled (CC) plasma
source waduilt. The chamber parts came from two different older Tokyo Electron Inc.
commercial chambers. The bottom portion of the chamber (e.g. chamber body and frame, bias
electrode assembly, etc.) mainly came from arB@@DRM commercial chamber (SEgy. 34).
The top portion of the (e.g. the upper electrode/shower head and gas box) came frarmma 200
SCCM chamber (Sdeig. 35). In general, the stock chamber parts were left as manufactured in
order to keep the system as standard as possible. To mate the two diffesmf chambers

together, a piece was made that mated two the two chambeSigSe®. This mating piece
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Fig. 34: Pictures of the TEL 200mm DRM chamber. (a) 200mm DRM chamber housing (b) 13MHz matching network (c) Main
chamber turbomolecular pump (d) Diagnostic differential turbomolecular pump (e) Feedthrough for RFEA®itothe
electrode (f) Bottom electrode cooling lines

Fig. 35: Pictures of the TEL 200mm SCCM chamber. (a) 200mm SCCM electrode housing (b) gas box (¢) 60MHz matching
network (d) Uppekelectrode cooling lines

Fig. 36: Pictures of the mating piece used to combine the components of the two TEL chambers
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was used as the main plasma chamber and was also designed with eight ports around the outer
wall to provide locations for other diagnostics. The lift pin assembly of the 200mm DRM was

not installed and the bellow that operated in connection with the lift pin assembly was replaced
with a solid shaft so that the bottom electrode reached the bottom ohtimg piece. The

pumping baffle of the bottom electrode system was also replaced with a new baffle that
connected the grounded section of the bottom electrode to the outer chamber wall and bottom of
the mating piece (Sddg. 37). A 60 MHz generator was used to drive the top electrode and a
corresponding matching network was installed on top of the gas box. ANIBls@enerator

was used to power the bottom electradih a corresponding matching network installed in
between. Gas lines were run to the top of the chamber where they connected to the plumbing to
the shower head. Three different gases were installed: Ar, oxygera(@ carbon tetrafluoride

(CFs). Each vas fed through a leak valve to control mass flow rate and were connected to a
single line to allow for gas mixing when entering the gas box.

The above paragraph summarizes the main components of the plemiaerput some
modifications were necessaryrnuake it possible to install the RFEA sensors inside the bottom
electrode. An overview 3D computer aided design model shows the modifications made to the
bottom portion of the electrode (Seig. 37). The majority of the components were only slightly
altered (e.g. ground plate and ceramic insulator). Some were added to the assemble (inner ground
shaft and Teflon sleeve) and the RF service plate ankl skectrode were replaced with a
custom electrode designed to the same geometric restrictions as the originals. These more

significant changes will be described in the next few papdugra
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Fig. 37: Lower 200mm DRM electrode housigglidWorks model. This shows the different components that were added or
modified for the RFEA sensors.

2.2.1 Custom Electrode

The most important component and significant change was the custom electrode (See
Fig. 39 - Fig. 42). To make the new electrode compatible with the commercial chamber, the
outer dimensions were kept the same as the stock electrode and RF datwiceEhp electrode
was designed as two parts to make it possible to install the RFEA sdrsbmuse the RFEA
sensors, a cavity was created in the center of the electrode. In order to increase the cavity size,
the connections from the RF service plat¢hte RF transmission rod, the cooling line
connections, and bolt pattern were incorporated into the bottom half of the electro&ey(See
42).

To keep the electrode design simple, the electrostatic chuck was not included for the
custom designed chuck. Insteae}@taped screw holes were put into the top of the electrode to
clamp theSi wafer to the electrode. To allow ions to reach the REFAs, aadi@@evafer was
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made in which thin subebye Si grids could be inserted to allow ions to pass through the wafer
(SeeFig. 38). This wafer will provide some protection from reactive ion species to the RFEA
components as it will act as the main entrance to the sensor effectively reducing the current

density. Reducing the current density reduces the number of reactive $ipatciesch the

RFEAs which will prolong the sensor lif€he grid holes are in the same setup as the

honeycomb structure as the RFEA grids (Bgel7)excggt wi t h a 0.0020 (0. 065
diameter, a 0.0030 (0.08 mm) center to center
fill diameter. These grids were created on a thin sheet of Si that fit into cutouts on the Si wafer.

The grids were locatedrer 1 mm holes in the Si wafer that sat over 1.5 mm holes that were put

into the top of the electrode that connected to internal drift cones-{&e&9 andFig. 40). Four

of these drift cones were shaped as traditional cones and made so that the RFEAs could be
installed below the drift cone. The fifth drift cone was created as a cylindrical bore thatisat 1

below the surface of the tay the electrode. This made it possible to attach a RFEA where the 1

mm entrance hole lead directly into the probe. This was done in order to determine any effects

Fig. 38 Pictures of the Si wafer and grid used as the entrance to the electrode RFEAs. (Left) SolidWorks model of the Si grid for
a 0.0020 (0.05mm) grid hole diameter, 1:1 aBGp&250r@8i 575mmPO0O
diameter (Right) Picture of one of the Si wafers similar to the one used in the following experiments
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introduced by the drift cones above the other RFEAs. To measure the pressure inside the drif
cones, an internal channel was designed that lead to the top of one of the drift cones.

To provide access to the cavity of the electrode and provide differential pumping, an
opening was designed in the center of the bottom portion of the electrodpo3itisn
traditionally housed part of the lift pin assembly to remove wafers after etching. Since this
system was removed from the chamber, this was the ideal location for differential pumping and a

wire feedthrough for the RFEASs.

Fig. 39: SolidWorks model of the top portion of the electrode. This picture shows the drift cones (red), cooling channel (teal),
drift cone pressure channel (purple), and tapped holes for wafer and probe connection (green).
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"1 mm drift
cone entrance

Fig. 40: Pictures of the top half of the actual 3D printed electrode. It shows the drift cones and screw holes for the silicon wafer
(a) Top mount (TM) RFEA (b) Surface mount (SM) RFEARK&)ating mount (F) RFEA (d) Electrode cooling channels (e)
Pressure measurement channel

Fig. 41 SolidWorks model of the bottom half of the electrode. The face was made transparent so the cooling channels (blue),
drift conepressure channel (purple), and RF transmission rod connection location (green).
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Fig. 42 Pictures of the bottom half of the electrode. (Right) (a) Screws attaching the RF transmissiof efldr{lsleeve (Left)
It also shows the incorporation of the RF service plate connections-gind €eal location (c) Cooling channels (d) Pressure
measurement channel (e) RF rod connection slot

Simple cooling channels were also designed into the etlectmokeep both it and tig2
wafer cool (Se€ig. 39 andFig. 41). However, temperature uniformity was motcial,so it was
not considered when designing the channels. The only purpose was to keep the components cool.
When designing the cooling channels and pressure measurement channel, consideration was also
given to the manufacturing process. To make the processenonomical, it was determined

that 3D printing the electrode would be the best option.

2.2.2 Cavity Electric Fields

Both the top portion and bottom portion were 3D printed using an alurvsiliomn
alloy. Since a cavity and openings were created ieldgwtrode, RF from the 13.56MHz
generator would be introduced to the inside of the cavity. For better RF conduction and to
impede that RF path to the inside of the electrode, the outside of both electrode portions was
silver and nickel plated. In order wsualize and estimate the amount of RF entering the

electrode, simulations were performed again using SolidWorks with the HFWorks 2016 SPO0.2 [
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102] simulation package. HFWorks was created by the same company as the EMWorks
software package and provides analytical modelling tools for high frequency electromagnetic
transmission and propagation usfirgte elementanalysis.

The HFWorks simulations used a reduced down model FignB87 (SeeFig. 43). For
this simulation, a frequency of 13.56 MHz at 1 kW was used to drevelectrode. The power
and frequency were applied at the end of a transmission rod that was attached to the electrode.
Material properties of aluminum were assigned to the electrode, ground plate, and inner ground
shaft while the RF transmission rod wasigned the properties for silver. The ceramic insulator
was assigned the material properties of alumina and the Teflon sleeve was given material
properties of Teflon. A stationary cylindrical plasma was created 10 mm above the electrode to
simulate the aguch as possible the electrical properties of a plasma. A boundary region was
also created surrounding the electrode assembly and cathode to fill in any gaps and provide an
outer boundary. This boundary region was given vacuum electrical properties.

The esulting RF electric and magnetic fields can be seé&igim4 andFig. 45. From
both figures, it is readily apparent that there is only a small portion of the cavity in which RF
electric and magnetic fields propagate. The 1 mm entrance holes to the drift cones are small
enough to prevent 13.56 MHz from entering the cavity so it is only able to propagate at the
differential pumping exit. Since the RFEA probe wires will also be traveling through the
differential pumping exit, these wires will be exposed to an RF electticnagnetidield. As
such, they will capacitively couple to the electrode and pick up some of the RF waveform on the
signal lines. This will be in addition to any RF that the grids pick up from capacitively coupling
to the electrode as well. This is idéa the ions because the instantaneous RF potential will be

the same everywhere inside the cavity. This means that the only electric fehdgl timfluence
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Fig. 43 Reduced SolidWorks model for the HFWorks simulations lookinglectric and magnetic fields. Things added to the
model not pictured are a propagation volume given the properties of vacuum and a stationary plasma above the electrode
assigned typical plasma electrical properties.

Fig. 44: RF electric field from the HFWorks simulation at 13.56 MHz and 1 kW of power. SM stands for the surface mount and
TM stands for top mount
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Fig. 45. RF magnetic field from the HFWorks simulation at 13.56 MHz and 1 kW of power. A transparent version of the
electrode and stationary plasma assembly is visible. SM stands for surface mount and TM stands for top mount.

theions will be fields resulting from direct current (DC) potential differences. However, when
taking the signal out of the chamber and to the system electronics, this 13.56 MHz noise will
need to be filtered out leaving only the DC current so that the BE dokes not affect the
electronics or IV curve.

Since the RF is not generating fields in the cavity near the detectors, the only other
concern will be DC fields that develop in the electrode cavity. The probes themselves create DC
fields but these ones adesired. The only other field that will develop is near the exit of the
electrode for differential pumping. The DC fields here will not haveediecton the wires
traveling through the pumping exit. However, if the field is strong enough, it may nessh a
where the probes are located. In that instance, the DC field could adversely affect the RFEA

measurements (Sé¢g. 46).
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To check for the strength of the DC field, the same SolidWorks model used in the
HFWorks simulations (Sdeig. 43) was used in the EMWorks software package. For this
simulation, the plasma was set at 60 V, the electrode was given a DC {idd/ofand the
grounded components were set to 0 V. These are typical values for a plasmaBlystegsults
from this simulation can be seenkig. 47. As is apparent from the plot, the DC field is not
strong enough to reach the location of any of the deteclbis means that it will not be

adversely affecting the RFEA measurements.

Max : 3.343e+003
(-2.6%9e-002 , -2.59e-002 , 5.92e-003 )

Fig. 46: Electrostatic results for an older differential pumping feedthrough design. Hesledtréc field is strong enough that it
will adversely affect the operation of the center RFEA probe. SM stands for surface mount and TM stands for top mount.

2.2.3 Drift Cone Pressure
Since the high voltage RFEAs need to be differentially pumped anthéains will be

traveling through the drift cone before reaching the detector, it is necessppréximate the
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Max : 4.089e+003
(-3.80e-0083 , -6.48e-002 , -8.04e-002 ).

Fig. 47: Electrostatic fields for the DC simulation of therrent differential pumping feedthrough design. Here, the field is not

strong enough to reach any of the detectors to adversely affect their operation. SM stands for surface mount and TiM stands fo
top mount.

pressure in the drift cones and around th&Rs: To do this, conductance calculations from a
formular by Zheng [L03]. This formular gives the derivation of equations to determine the
conductanced for straight pipes (See Efj3) as well as tapered tubes (See H.for

molecular flow.

13

0 ©O 000 14
In Eq.13, "Vis the gas temperatung, is the molar mas®) is the tube diameter, ands the tube

length. These variables are the same inlBqvith O andO are the entrance and exit
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diameters. The coefficients at the front of Egdand14 come from a multiplication factor
assuming the drift and random velocity of aletule are proportional, two times the value of the
Boltzmann constant, and for coefficients of geometric conversions. Once the conductance of
each piece has been calculated, the values can be used with the plasma pressure and pumping
speed of the turbontecular pump (See E45and Eq.16) to detemine the pressure at different
locations in the system.
®w YO 15
w o0u O 16

In these equationsy is the throughput which is constant throughout the whole sySwsrhe
pumping speed of the pump, andand0 are the entrance and exit pressures of the component
for a specific conductance value. Using these equations, it is possible to appedkinaressure
in the drift cone and around the detector.

The resulting pressure, throughput, and ion mean free path for the drift cone and
electrode can be seenTiable3 for a 20mTorr Ar plasma. The pressure calculation&ainle 3
were validated by comparing the calculated pressure at a location in the differential pumping line

to the pressure measured by a 20mTorr Baratron at that same location. When varying the

Table3: Pressure, throughput, and ion méae path for the differential pumping assembly and electrode

Location Pressure Throughput | Mean Free Path
(mTorr) (W) (cm)
Silicon Holes- Plasma 20 1.07566541 0.151515152
Silicon Tube- Silicon Holes 6.930226424 1.07566541 0.437258878
Drift ConeTop - Silicon Tube 2.044734445 1.07566541 1.48200322
Corrected Drift Cone BottomDrift Cone Top| 0.470385975 1.07566541 6.442162797
Electrode- Corrected Drift Cone Bottom 0.434634665 1.07566541 6.972069365
Teflon Insulator- Electrode 0.434542346 1.07566541 6.973550589
Ground Tubé Teflon Insulator 0.428130227 1.07566541 7.077993653
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pressure betweeni540 mTorr, the calculations had a maximum eafot.9% referenced to the
Baratron measurement. This means that the conductance calculations for the differential
pumping line give a good estimate of the pressure in the electrode and drift cones.

As can be seen in the table, the throughput is contbiamtghout the whole assembly
signaling that the calculations were performed correctly. The pressure where the RFEAs are
mounted below the drift cones is well below the minimum single millitorr range required to
prevent lightup that was mentioned in chaptl. Also, the mean free path at each location is
much larger than the feature length meaning the likelihood of collisions is very small. The only
area of concern is that the current drift cone design would displace or interfere with the cooling
channelsaand helium channels of an industrial electrode. For these systems, the drift cone design
would need to become less obtrusive.

As the current drift cone design creates an issue for other important components in the
electrode, it is necessary to investigabev the pressure changes in the drifihe when making
the top portion of it less obtrusive. To limit the foot print of the drift conecdine can be
separated into two different halves ($&g. 48). The slope of the top half can then be varied
based on the half angle d between a vertical
portion of the drift cone more space is created for otheemsgsin the electrode but the
conductance of the drift cone also changes. To determine how the pressure in the drift cone is
affected by the conductance changes, a plot comparing the pressure to the half angle was created
(SeeFig. 49). To keep the likelihood of collisions in the drift cone low, the pressure needs to
remain below about 4 mTorr. This guarantees a mean free path of Ar that is longeethan th

distance of the top portion of the drift cone. Frbéig. 49, this corresponds to a half angle of
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about 15°. The current drift cone angle is aboutstthis decrease in angle would provide quite

a bit more space for the other internal electrode components.

o

Fig. 48: Di agrams of the current (1 ef trepreaentdthdhalfamsgle tohtte top moitionef ( r i g h
the drift cone.
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2.3 Measurement Electronics

The electronics used for thheeasurement also have a significant impact on the RFEA
measurements. A National Instruments A2 chassis was used as the main data acquisition
device. It was also used as the main control computer by-&289 digital to analog converter
(DAC) to setthe electron rejection grid potential and the sweep profile and potential of the
discrimination grid. Two PXK071 digital multimeters were used to measure the voltage being
applied to the discrimination gried 3arkdl trtees iwd
is connected in series with the collector so
law.

Fig.50is a diagram of the control electronics for the RFEA measurements. Two
Ultravolt HVA series amplifiers were used to amplify the signal from the DAC to be applied to
the electron rejection grid and the discrimination grid. The Ultravolt connected tethoel
rejection grid was a 500:1 amplifier while the Ultravolt connected to the discrimination grid was
a 1000:1 amplifier. Both were powered by a 24V DC power source. A high voltage probe was
connected in parallel to the output of the amplifiers for mmesasent and for connection back to
the high voltage return. The potential applied to the collector was also provided by a parallel
connection to the discrimination grid Ultravolt output. A 9V battery was applied in series to the
collector grids to keep lsad negative in reference to the discrimination grid. This is also done
so that as ions pass the discrimination grid, they are not excessively accelerated so as to cause
secondary electron emission and distort the measurement. Lastly, different typepa$so
filters were used to remove any 60 MHz or 13.56 MHz noise that is passed to the RFEA signal

lines from entering the PXI chassis or amplifiers. The different types of filters include some low
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power low pass Minicircuit filters, an Impedances filtex for an Impedans Semion probe, and

some highpower low pass filters from Allen Avionics.
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Current Lim. H R
Enable H
Electron Rejectrion Grid Ultravait
10V Refl. B HV Output | E Electron Rejaction Grid
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Pn2 Prog. High V
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3kY

— Colector

PXI DMMs.

Fig. 50: Diagram of the control electronics for the RFEA measurements. The color code specifies the voltadeenRed
high voltage signal, Bluecomputer ground, Greerrack ground, Yellow Collector voltage, Orangehigh voltage minus
battery bias

2.4 Regularized LeastSquares Solution Method

Since the measurement from the RFEA is an IV curve, it is necessary to perform a post
analysis on the measurement to obtain the IEDf. The post analysis process is dependent on how
the current relates to the desired information (i.e. the IEDf). The cuimdbtained from the

collector during an RFEA measurement is found by the following relationship to the IEDf

Ow Q06 00D 17
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whereo is the collector are®is elementary charge, and the lower bound of the integral is
determined by the potentiad applied to the discriminatoty is multiplied byQto give the
energy at this potential as the IEDf integral relationshite dependent on the differeal

energy ‘QO. As such, to obtain the IEDf, it is necessary to differentiate the IV curve with
respect t& . Since, at a minimum, the IV curve measurement is full of random noise this
makes traditional numerical differentiation schemes (e.g. badsndifference differentiation
method) ilksuited to calculate the IEDf. This is due to the fact that the random noise in the
measurement will manifest as large changes in slope which will completely washout the more
gradual change in current throughcug entire IV curve. This fits in with a class ofplbsed
problems that must be solved by a different method.

The regularized reconstruction methods are a common means to obtain a solution to these
types of ilkposed problems04, 105]. This regularization method has been used for optical
emission spectroscopy and Langmuir probe analysd$| 109]. A regularized leassquares
(RLS) solution with Lcurve optimization was the specific method used here to obtain the IEDfs.
This method uses the following equation:

@ vLL |OO0 v O 18
where"Qs the IEDf,0 is the system matrix, is the regularization paramet@,is the
conditioning matrix, an@is the current measured at the collector. For this wOnd its
transpose make up a square differentiation mairis.composed of a model that is used to
approximate the IV curve. In this case, it consists of step functions at each energy the
measwement was taken (S&¢g. 51). The regularization parameter is used to regulate the

amount of smoothing caused B .
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The choice of the is chosen using an-turve optimization scheme. In this method, the
seminorm of the solution is plotted against the norm of the residual. Thersgmiof the
solution and norm of the residual are both dependent on (GeeFig. 52). The different semi
norm of the solution and norm of the residual values are created by multiplees. The L
shape to the curve is createdtiwyp competing mechanisms of the solution method. The first
mechanism is the exact differentiation of the IV curve (i.e. level of accuracy of the solution) and
the smoothing of noise in the IV curve (F&g. 53). The optimized is the one that finds a
balance between these two mechanisms.|Tigshe one that created the point the bend of the
L-curve that is closest to the bottom right corner effifot. Using this optimized and Eq.18,

it is possible tabtain an accurate representation of the IEDf from the IV curves measured by

<106 lon Current vs. Voltage
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Fig. 51: Plot of an IV curve and how step functions are used to approximate the IV curve. These step functions are used in the
system matrix0 in the least squares regularization method.
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Fig. 52: Plot of the l-curve created using multiple regularization paramétewvalues. The curve represents the influence of two
competing mechanisms: the exact differentiation of the IV curve and smoothing of the noise in thesI\Tlceroptimized is
the| value used to create the point in the bend in toerve that is closes to the bottom right corner of the plot.
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Fig. 53: Plot of the original IV curve and the IV curve created from the reconstrEDf. This plot shows how the noise in the
original IV curve is smoothed by the regularization parameter.
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RFEAs. Forexample, using a simple Maxwellian distribution ($&g 54) in a particlein-cell

code called XPDP162], the current measured by an RFEA was simulated. From this IV curve,
the RLS method was used to obtain the IEDf based on the simulated IV curreg Sek. It

can be seen iRig. 54 that theRLS solution reproduces a distribution very similar to the original
distribution used by XPDP1. The slight variations (oscillation at the sharp rise and peak height)
in the reconstructed solution are the result of tiparameter used, and numerical adis

created by the numerical method. Overall, this shows that the RLS method provides an accurate

IEDf from an IV curve and was used to generate all the IEDfs in the following chapters.
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Fig. 54: Comparison of an original IEDf distribution used in XPD&2[ and the RLS solution obtained from an IV curve
created by the XPDP1 simulation. This plot shows that the RLS method provides an accurate solution of the originalrdistributi
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CHAPTER 3: SPACE CHARGE DISTORTION AND COMPENSATION
3.1 RFEA Space Charge Bitortion

In chapter 2, electrostatic simulations were used to look at the changes in the electric field
due to design changes in the RFEA to allow it to operate at higher potentials. It was shown that
by adjusting the geometric dimensions of the griddiéimeter, grid gap distance, and hole
diameter, it was possible to minimize variations in the electric field between the grids and
minimize the potential drop in the grid holes. By optimizing these design features, it is possible
to obtain better resolutio Increasing the grid gap distance, which is inherently included in high
voltage RFEA operation, increases the energy resolution by decreasing electric field variations
and reducing the potential sagging within the grid holes. Nevertheless, this inorgadegap
distance will also increase the line integrated number of particles between the grids. Since the
flux is constant within the RFEA, an increase in the line integrated number of particles does not
necessarily present a problem as long as thatgerighe ions between the grids remains small |
82, 85].

In general, the density of ions in the RFEA remains low. As ions traverse through the
sheath, the ion density decreases from the plasnstgelue to the ion acceleration that occurs
within the sheath. This means that the density is low as the ions enter the RFEA. As they enter
the space between the floating grid and the plasma electron rejection grieild S3ethe ions
continue to accelerate due to the negative potential applied to the plasma electron rejection grid
to repel plasma electrons reducing the ion density even furtimeacteeleration also occurs
between the discrimination grid and the collector due to the lower potential applied to the
collector in reference to the discriminator. This ensures that ions that pass through the

discriminator are picked up by the collectot blso reduces the ion density from the ion
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acceleration. This space will also have lower ion density in general because as the discrimination
potential increases, fewer ions will pass through the discriminator effectively reducing the line
integrated numér of particles in this space. The one location that the density may become a
problem is between the plasma electron grid and the discrimination grid. As the ions pass
through the plasma electron rejection grid, they are decelerated in order to diserlmimaten
the different energies of the ions. As they are decelerated, this increases the ion density between
the grids which also increases the space charge.

As mentioned bysreenandJoneq 82, 85], if the density (or current density) increases
too much before a grid, it can distort the potential and electric field between the grids. During the
potential sweep when taking a measurement with an RFEA, the potential between the plasma
electron rejetton grid and the discrimination grid changes shape. Initially, when the potential
applied to the discriminator is equal to 0 V, the space charge of the ions will create a natural
maximum at the midpoint between the grids. Typically, this is on the ofdecauple of
electron volts which is less than the minimum energy gained by the ions as they traverse through
the sheath. As the potential on the discriminator rises, the maximum of the potential should shift
towards the discriminator until the point thlaé discriminator overtakes the maximum from the
space charge. This shift changes the shape of the potential from a convex curve to a straight line
when plotting potential versus position. An example of this phenomenon was created using the
followinglDRPOi ssonds equation and the associated bo

QB £€Q - i, O

wherel3 is the potentialwis the location between the gridsis the ion densityQis elementary
charge; is the permittivity of free spac®is the total distance between the gridgs the
angular frequency of the scan, and the time of the scan. For the exampleyas uniform
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between the grids &x 10° m3, Qwas 1 mm, and the scan frequency was set to 1 Hz. The
resulting curves can be seerfHig. 55 and the plot shows how the potential curve transitions
from being convex to linear. The arrow shows the direction of the shift of the maximum potential

as the discriminator potential increases.
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Fig. 55: Example of how the shape of the potential in between the pkeleetson rejection grid and the discrimination grid
change as the potential changes on the discriminator. In the plot, the discriminator is the far right side and thegttasma ele
rejection grid is the far left side. Since the potential within an REEAState function, the value assigned to the plasma electron
rejection grid is arbitrary and has been set to 0 V for this example. The arrow shows the shift in the maximum pdbential as t
discriminator potential changes.

This local maximum in the poteat curve is not normally an issue, but if the density
between the grids is too high, the space charge-bpilcen make the potential curve retain its
convex shape. This means that a maximum in the potential remains between the grids that is
greater thathe potential applied to the discrimination grid ($&g 56). As long as the ions
have sufficient energy to overcome the potential maximum creattek Ispace charge, the

space chargebudldp i snét a problem. There is a possibi
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have enough energy to overcome the potential barrier. In this case, the ions will be reflected back
towards the plasma electron rdjen grid even though they should have been able to pass

through the potential set by the discrimination grid (Sge57). The premature rejectiori mns

causes a distortion the current measured meaning the resulting IEDf will be incorrect. As this
distortion could occur for high voltage operation of RFEAs, it is necessary to determine its

effects. It is also necessary to look at how to fix the distowhen it does occur.

24.4356

Potential(x)

0

0 X 0.001

Fig. 56: Plot of the potential maximum between the plasma electron rejection grid and the discriminator caused by space charge
build-up. The discriminator is located at the left vertical axis and traralalectron rejection grid is located at the right vertical

axis. Since the potential within an RFEA is a state function, the value assigned to the plasma electron rejectioritgaig is arb

and has been set to 0 V for this example. This plot was cresitegl XPDP1 [62]. This curve was created for Ar ions with an
incoming current density of 6.8971 A?ngrid gap distance of 1.5 mm, drift velocity of 20 eV, and thermal velocity of 5 eV.
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Fig. 57: This is a plot of the V3X Phase Space of ions plotted against their position in between the plasma electron rejection grid
and the discriminator. In the plot, the discrimination grid is the far left side and the plasmaneigjetion grid is the far right

side. All the ions below the dashed line are moving to the left while those above are moving to the right. In thistmstance,

space charge buidp created a potential maximum that was larger than some of the ioresrtemgersing the space between

the grids. lons with insufficient energy were reflected back even though they had enough velocity to make it through the
discriminator. This plot was created from an XPDB2 [ simulation. Thiphase space profile was created for Ar ions with an
incoming current density of 6.8971 A?ngrid gap distance of 1.5 mm, drift velocity of 20 eV, and thermal velocity of 5 eV.

3.1.1 XPDP1 Simulation

In order to analyze the effects of space charge otetbefrom and RFEA IV curve,
particle in cell (PIC) simulations were used to model the motion of ions as they traverse the
space between the plasma electron grid and the discrimination grid. The PIC code used for these
simulations was XPDP1g2]. This is a 1D PIC code that simulates charged particle motion in
between two electrodes. A 1D code was chosen for multiple reasons. The first is that electrostatic
simulations were performed on the TEL RFEA CAD model to find the optimal geometric
dimensons to minimize the radial electric fields and minimize fluctuations in the vertical electric

field in the probe. As the manufactured RFEA is based off this CAD model, it is safe to start
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with a model thabnly looks at the 1D motion of the ions due to thimimal radial electric
fields. A 1D PIC code also provides a faster and simpler analysis of the problem. As this was the
first attempt to analyze space charge distortion in the TEL RFEA design, it was better to start
with a simpler model that would prale quick results. This makes it easier to quickly grasp the
main effects of space charge distortion while also providing clues for new areas of focus with
more complex models. As just mentioned, for simplicity and keeping the focus on space charge
distortion effects, secondary electron emission was disable as it can also distort the IV curve.
Multiple simulations were performed, from which an IV curve was created from which an IEDf
could be obtained. The IEDfs were reconstructed from the IV curves usigglanization
algorithm that will be discussed in the next subsection (See section 3.1.2).

The XPDP1 simulations were set up so that an ion beam was created and injected from
the right electrode. This electrode represented the plasma electron rejecti@egFig. 16).
The beam diameter was set to the entrance diameter (1 mm)sididbe (Si) wafer as this was
the most constricting feature on the ion beam andused in the RFEA electrode experiments.
The injected ions were given a drift velocity of 20 eV with an additional thermal velocity of 5 eV
assigned in the-girection. The drift velocity creates a monoenergetic beam of ions all with the
specified energylhe thermal velocity is used to create a MaxvBaltzmann velocity
distribution at the specified energy. Each ion is given a drift velocity and then randomly assigned
an additional thermal velocity added on top of the drift velocity. This creates atyeloci
distribution spread for the ions in the beam that is more consistent with an actual plasma
measurement.

In order to study the space charge effects, the gap distance between the electrodes (RFEA

grids) and incoming current density were varied. The ¢gtprite was changed betweeni0.5
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15 mm. The incoming current density for an Ar plasma was calculated usinecarsaftent
model, equation for fluxa , and the transparency ratios of each of the grids. For the self
consistent plasma model, the sheathag# & was set at 1 kV, the pressurg was set at 10
mTorr, and the chamber radius was 150 mm with a height of 300 mm. Three different plasma
densities of 1x1% cn3, 1x102 cm®, and 2x18% cm® were assumed. Using these initial values
and following the example presented by Lieberman and LichtenkE2g in chapter 11 of their
book, the electron temperature and the density at the sheath entrance were obtained using a
numerical solution (See Appendix A). For theseditons, the electron temperatureY was
calculated to be 2.18 eV and the density at the sheath entéanagas 8.324x19cm3,

8.324x18° cm3, and 1.665x18 cm®. Using the equation far and Bohm velocity

3 ¢£€0 20
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a

whereQis elementary charge aidd is the ion mass, it was possible to solve for the incoming
at the sheath entrance. Sircis always conserved, tlseentering the sheath is the same asthe
at the Si wafer grid entrance. From hehe incoming was reduced based on the transparency
of the Si wafer grid, the floating grid, and the plasma electron rejection grid. The transparency of
each of the gridwas calculated by taking the area ratio between the grid holes and the total ion
beam area. Using the transparency ratios and the incamningas determined that the
incoming current density from the plasma electron rejection grid was 3.4488108, 3.4486
A/m?, and 6.8971 A/rhrespectively.

The left electrode acted as both the discrimination grid and the collector. This electrode
was scanned at a frequency of 1 kHz. It is possible to adjust the scan frequency in XPDP1. This

value was chosen by findjra compromise between the experimental scan frequency and the
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runtime of the simulations. The voltage range of the scan was from 0 to 150 V. Simulations were
run for all combinations of different gap distances, current densities, and multiple scan
frequerties. For the scan frequencies, it was found that the speed of the scan had no difference
on the IV curves produced from the simulation as long as the current from the AC source was
accounted for in the IV trace. To do this, for each simulation run, adeomulation was run
without any ions injected into the system. The IV curve produced from these ion free simulations
was the pure AC source current. Since the current measured from the simulations with ions was a
combination of the AC source current aad source current, the AC source current from the ion
free simulations was subtracted off of the total current (AC plus ions) to obtain the pure ion
current for the IV curve.

The IV curves obtained from the simulations can be seBigi®8 -Fig. 60. In each of
these figuresan IV curve with no space charge distortion (0.5mm case) is compavad tvith
spacecharge distortion (various gaps). As can be seen from the plots, depending on the incoming
current density, the gap distance when space charge distorts the IV curve chdrigeS8In
where the plasma density was set to 1X&673, the IV curve was distorted for a 15 mm gap
distance. For the higher plasma density casesKigeB9 andFig. 60), space charge distortion
occurred at gap distances of 1.5 mm and 1 mm. For all of these cases, the IV curves that were
distorted by spce charge began to drop off sooner and a more gradual slope than its non
distorted counterpart. It can also be seen in the plots that at a specific voltage (approximately
50V in these cases) the distorted IV curves meet back up with thdistorted cures and both
follow the same trend from then on. This means that the potential sweep on the discrimination
grid overcame the potential caused by the space chargeupuild

Since space charge distortion has been observed for specific gap distances, a density
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Fig. 58 IV curves obtained from the XPDP1 simulationsdaincoming current densitfrom a 1x16° cnmr® plasma density
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Fig. 59: IV curves obtained from the XPDP1 simulationsdaincoming current densitfrom a 1x162 cnr® plasma density
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Fig. 60: IV curves obtained from the XPDP1 simulationsdaincoming current densitfrom a2x10' cnr® plasma density

value can be obtained usi&g|.9 in chapter 1 presented by Gree82[]. Using the incoming
current density0 at the plasma electron rejection grid92and the drift velocity 6 of

the ions entering the®grid, the density of the ions at this point can be calculated using

. 0
& 5 22
")
o] C_ 23
a

whered is the mass of the ions aduis the drift velocity in electronvolts used in the
simulations. The drift velocity was chosen as it is the minimum energy of the distribution and
these ions will experience space charge repulsion first. These density catugnen be
compared to the density value found from &gssuming an ion energy of 20 eV and single

ionization. The density values entering tié®r i d and from Greends equat
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Table4. Based on the density values calculated, the density enterintf tivédds slightly larger

than the density values calcul ated using Gree
magnitude. Based on these density values, it would signify that space charge distortion should

start occurring immediately as the ions en@stghe send grid. However, because only a single

energy value was chosen in the calculation of tHgrd entrance density, thé“yrid entrance

density is artificially high. Since some of the ions will have a higher energy, this density value

would diop for the entrance flux.

Table4: Density values entering the plasma electron rejection grid compared to density values.®amdiqpter 1 presented
by Green [82].

Plasma Disct;:r?ces Green Density Equation 2nd Grid Entrance
Density (cnv) (mm) (20eV) (cm?) Density (cmA3)
1.00E+10 15 8.89E+06 2.44E+07
1.00E+12 15 8.89E+08 2.44E+09
2.00E+12 1 2.00E+09 4.89E+09

Another reason for the discrepancy in the density values may be due to the grid gap
distance used. IRig. 58 - Fig. 60, a significant amount of space charge distortion to the IV curve
has occurred. The distortion will not be as bad at smaller grid gap distance. A smooth transition
of space chamgdistortion shown by multiple IV curves for a plasma density of 63 from
different gap distances can be seeRig 61. The IV curve for ggap of 0.7 mm is a nen
distorted IV curve just as the 0.5 mm caseBig1 58 - Fig. 60. Therefore, 0.7 mm can be used as
the gap distance igq. 9 for abetter estimate of the density necessary for space charge distortion.
Using his gap distance, a density of 4.08%&67° is calculated. This density value is in even

better agreement with th&%2yrid entrance density (which is still artificially high). This shows
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that gap distances showing space charge distortion in the XPDBIatsdm is consistent with

previous work.
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Fig. 61 Multiple IV curves for a plasma density of 2X2@n13 showing a smooth transition as space charge distortion occurs at
increasing gap distances.

3.1.2 Simulation IEDfs

The regularized leastquared (RLS) solution method described in section 2.4 was used to
obtain the IEDfs for the XPDP1 simulation IV curv@se reconstructed IEDfs obtained from
the IV curves presented kig. 58 - Fig. 60 can be seen iRig. 62 - Fig. 64. These IEDfs were
also plotted against the original Maxw8bltzmmann distribution that XPDP1 used to assign
energies to the ions in the simulations. For each case, the IEDf solution from the 0.5 mm gap IV

curve are in very good agreement with the XPDRdirmal distribution. This agreement is
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Fig. 62 Plots the reconstructed IEDfs from the IV curves presentEirb8 for a plasma density of 1x10cnt3. The
reconstructed IEDfs are plotted along with the original distribution function that XPDP1 used in assigning energiesganthe io

the simulation.
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Fig. 63 Plots thereconstructed IEDfs from the IV curves presenteBign 59 for a plasma density of 1x30cnt3. The
reconstructed |IEDfs are plotted along with ¢higjinal distribution function that XPDP1 used in assigning energies to the ions in

the simulation.

87



L1012 Reconstructed Distribution Curves

5

§ !H\ *  XPDP1 Original Distribution
"m ] b — — 0.5mm Gap
NE ar ] ! 1mm Gap

[&] 2 1}

i ! 1

= ! A

c 3 ! A

=] N %

k3 b y

5 : \

@ I "

c 2 &

o L1

“5’ r

@ 1 3

O L \\

=, |

Ej Il+ =

ﬂC'J 0 -w-—-o--‘-. v ——
L Y.

c

=]

-1 1 1 1 i i | . )
0 20 40 60 80 100 120 140 160 180

Energy (eV)

Fig. 64: Plots the reconstructed IEDfs from the IV curves presentEdirs0 for a plasma density of 2x38cnt3. The
reconstructed IEDfs are plotted along with the original distribution function that XPDP1 used in assigning energiesganthe io
the simulation.

expected athere waso space charge distortion in the 0.5 mm gap IV curves. This signifies that
the regularization reconstruction method being used to calculate the IEDfs is working properly
and accurately so the IEDf solutions from the space charge distorted IV curvegds. cor
In each of the cases, the space charge distorted IEDfs follow a similar shape. The rise of

the IEDfs starts sooner than the rdistorted IEDfs. The maximum peak location of the

distorted IEDfs is also located at a lower energy than thedisbortedlEDfs. The distorted

peaks approximately linearly decrease until about 50 V at which point the distorted IEDfs and
non-distorted IEDfs have little to no discrepancy. It is important to note that the space charge
distortion in the IEDfs does not change #@irea under the curve. Hence the ion saturation current

‘O of the distorted IV curves is the same as thedistorted IV curves. It also limits space

charge distortion identification to the IV curve characteristics as opposed to the RFEA geometry.
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The IEDfs for a 2x18 cm® plasma density from the IV curves presenteBig 61 can
be seen irrig. 65. These IEDfs show a similar tretmlthe IEDfs shown iffrig. 62 - Fig. 64. As
this plotalso presents how the space charge distortion changes as gap distance increases. The 0.7
mm gap case had no space charge distortion and is in good agreement with the XPDP1 original
distribution. As the gap distance increases, the peak loageatually shifts to lower energies
and the initial rise also starts at lower energies. These are expected trends for the distorted IEDfs
based on the measured IV curves. During the scan of thedisation-collector grid in the
simulations, the space charge potential created by thenaimsains a potential that is about 10
V higher than the potential applied to the discriminatiotiector grid. This higher space charge
potential remains untihie discriminatiorcollector grid reaches about 40 V. From this point, the
discriminationcollector grid potential begins to overtake and exceed the space charge potential.

In other simulations with different gap lengths and current densities, this trepda& charge
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Fig. 65: Plot of the IEDfs for a 2x26 cn® plasma density for the IV curves presente8io 61. These IEDfs are also plotted
with the original energy distribution used in XPDP1 in assigning energies to the ions in the simulation.
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distortion only occurred for discriminatiesollector grd potentials below about 100 V. This

signifies that space charge has the most significant impact at lower ion energies. This then
becomes a design criterion for high voltage RFEASs. If the high voltage RFEA will be used in
plasma conditions where low engligns are not expected or if low energy resolution is not of
interest, then the space charge distortion is not an issue and need not be considered. However, if
an accurate IEDf with good low and high energy ion resolution is needed, then space charge

distortion will need to be considered.

3.2 Space Charge Compensation

To solve the issue of space charge, there are two options. The first option is to limit the
flux of ions that enters the probe. This could be done by limiting the transparency of the entrance
of the probe. Reducing the flux would reduce the number of ions between the grids which would
effectively reduce the space charge buifdbetween the grids. There is a downside to this
method. By reducing the flux, the current measured by the collscatsa reduced so the signal
to noise ratio will get smaller. For cases that have a large incoming signal, this is not a problem.
However, for cases that already have a limited incoming signal, reducing the flux would cause
the signal to be completely lastthe noise. This means, especially for low signal situations,
another method would need to be used to account for space charge distortion. As industrial
processes move toward higher plasma density for increased process rate and higher ion energy
for increased process anisotropy, the trend with regard to ion flux and ion energy flux begins to
approach a condition where these parameters cannot be measured without accounting for space
charge.

The other option is to account for space charge is accourngdoe £harge distortion in

the post analysis process when calculating the IEDf. For this option and since the RLS method is
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used to calculate the IEDf, it is proposed that the space charge distortion can be accounted for by
truncating the system matrix in the RLS equation (Segqg. 18). By truncatingD, it is

possible to accurately represent the early loss of current due to space chargp.build

Nevertheless, this is a more difficult process than it seems because one does not know what the
exact shape of the IEDf is supposed to look like. This means that this method can only use very
limited information when accounting for space charge distortioa.pgossible that the initial

truncation ofd will correct for some of the space charge distortion but not all of it. In this

instance, it may be necessary to implement an iterative solution in which the space charge profile
is generated from the IED, is then truncated again based on the space charge profile, and then
a new |IEDf is found with the updat&d This process could be repeated until it reaches a
convergence criterion. It is possible though that this iterative process might not actuadggeon

and would have to be tested. Whether an iterative solution is used or not, in order to truncate

with limited information on the IEDf, it is necessary to create a model to help truncate

3.2.1 Compensation Models

In building a model to truncate, it is necessary to go back to the characteristic
relationship between the collector currei@ andthe IEDf (SeeEq.17). Before, the lower limit
of integration was based on the potential applied to the discriminationugridWhen
accounting fo space chargey is not necessarily the lower limit of integration. For a portion of

measurement, the relationship betwé&2and the IEDf is

Ow QO ‘00 M® 24
wherew is the peak potential generated by space charge-bypil@his is the proper
relationship until the point where overtake and exceeds . Knowing the value o is

91



necessary in truncating. Again, this is where the difficulty arises beisewy is dependent on

the IEDf but very little information about the true IEDf is known. In trying to estimatevith
limited assumptions about the IEDf, it is necessary to try and simplify the space charge
distribution (or density distribidn) based on the measured IV curve. The simplest method to do
this is to assume that the density distribution is a simple step function between the minimal ion

energyO and the maximum ion enery (SeeFig. 66). Since that saturation curret

™m-
I
|

Density distribution (cri eV?)

0 (O] () Qo

Fig. 66: A plot of the density distribution used in creating a model to truncate the system matokthe RLS method. To start,
a simple step function was used to represent the density distribution to keep complexity of the model low.

of the IV curve is equal to
O ¢ 000 25
where¢ is equal to the total ion dsity andulis the average ion energy, thenin Fig. 66is

equal to

5 o
5 O[O (e 26

From Egs25and26, a piecewise density distribution can be constructed that is

dependent ot as follows
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Sincet is also dependent aif'it is necessary to estimate this value based on the limited
information from the IV curve. A simple estimate fgtan usav at the point where th®is
equal to half the value @D so that

!Qb "O -
or C , S 28
a
whered is the ion mass ari@is elementary charge. Now that a density distribution is created, it
is possible to obtain an equation for the potential with the respect to location between the plasma

electron rejection grid and the discriminawio | | ect or us i reguatio.MeustieD Poi s

potential is equal to

. e W, ., w» O
Ow Oh
" © 29
0 N _— JE—
Bo® Fo. EQ 6 .0 Qo ©
Vi
Sincet is equal to 0 for the regime whe@e ‘b , the potential equation for this portion is

inconsequential because all the ions are being rejected at this point. Therefor9noty. the
potential equation in the first two regimes was determined. Also, i@%:the values ob and
0 are constants determined by thoundary conditions at the electron rejection grid and the
discriminatorcollector. Before the values of these constants is determined, it is necessary to
understand howow can be used to truncaie

To illustrate howoe @ is useful in truncating , it is best to refer t&ig. 67 during the

explanation. The plot ikig. 67 shows how the lower limit of the integral in chapter 2 Eqr 8
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Eq.24 changes depending on. In the case that there is no space charge distortion, the lower
limit of the integral follows the red line which is just the original relation presented ih7EH.

space charge distortion does occur, then the lower limit of the integral (whem) would start

at one of the green dots on the vertical axig §reen dot, or intercept voltage , used

depends on the flux entering the detector. The larger the flux, the bigheiill be as it is equal

tow created by the space charge buiftl Asw increases during the scan, the lowerrnceet

of the integral will trace a path to one of the blue dots on the red line. This path is dependent on
the shape of the IEDf and is represented by the orange cufige 6v. The blue dot, or

convergence voltagey , is the potential where the equals and exceeds tte . This point

Lower inté&ygr
] ®

\%

A

Fig. 67: Plot of how the lower limit of integration changes with the potential applied to the discrimination grid with and without
space charge distortion. In the case there is no space charge distortion, the lower integral limit follows the réalaes If t
space charge distortion, the lower integral limit would start at one of the green dots on the vertical axis and trace a path
(dependent on the shape of the IEDf) to one of the blue dots on the red line (represented by the orange curve). Knowing the
potental %o , it is possible to find the intercept voltage  (green dots) and the convergence voltage (blue dots). The
lighter green line is a simple linear model between the two potentials that can be used to truncate the syst&m. matrix
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is the same point where the space charge distorted IV curve begins to follow the same trend as
the nondistorted IV curve irFig. 58 - Fig. 61. This point has a strong dependence on the shape
of the IEDf whilew has only a weak dependence on the IEDf. The curve that thectE&tEs
between these two poinswhat is needed to truncaie

As the exact shape of the curve betweenandw is not known, so an estimate must
be used to truncate. The simplest model to assume is a linear dependence between the two
points which is represented by the light green lingign 67. Using this linealine, it would be
possible to truncaté to try and account for space charge distortion. The only unknowns for this
model wouldw andw . This is where the equation f%s @ comes into play. Using the
proper boundary conditions, values & andw could be estimated using E2P. In general,
the boundary conditions fab andw can be seen ifable5. In these boundary conditions,
the plasma electron rejection grid is located at x = 0 and the discrimination grid is located at x =
d. Using these boundary conditions, the constants i2%cpn be found (See Eq30 and31)
where%. ® now becomes the space charge peak potemtialandw . These two equations
show whyw has a weak dependence on the IEDf anddhathas a strong dependence. The
only dependence thai has on the IEDf is throughl" On the othehand,w is dependent on
the IEDf through not onlylbut also througlodo  andw . It is important to note though that as
both are dependent @iy the estimate a[will have a significant effect on the accuracynf
andw . These two equations can next be used to create the linear madel fmsed to
truncated (See Eg32). Now that an equation fab has been found, thietegral relationship
can be rewritten to account for space charge lpldSee Eg33). Given this modely could be

truncated to account for space charge distoiin the IV curve.
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Table5: Boundary conditions used in E2Pto find values foro &b & @ . In these equations, the plasma electron rejection
grid is located at x = 0 and the discriminator is located at x = d.

B.C. forw B.C. forw
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0 Y

Al OBD M job- U[w &)

Since this space charge work has been done using XPDP1 simulations, the exact values
of w andw are known for those simulations. This makes it possible to compare how well the
model accurately estimates these values as they are vital tatingnc. To do this, values for
w andw were recorded from XPDP1 for multiple drift and thermal velocities. When the

drift velocity was varied, the thermal velocity was held constant and vice versa. The comparison
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between the modeb andw to the XPDP1 values can be seelfrig. 68 andFig. 69. A
comparison for thed can be seen iRig. 68. To estimate ob[for this comparison, the velocity
was found a8)O . These plots show that the model gives an estimaté foon the same order
of magnitude as the values obtained from XPDP1. The trend of the model is also consistent with
thetrend produced from XPDP1 except when the drift energy drops below 13 eV. The reason the
shape of the measured data changes here is due to the fact that at drift velocities of 13 eV or less,
the space charge builgp is large enough to cause ion rejectromediately. This means that the
IV curve does not have'®@ region and only has the fall off region (Sdg. 70). This is a
limiting constraintof the model but with energies above this regime, the model gives a good
estimate foiw

As mentioned, a comparison far can be seen iRig. 69. For this case, two different
methods were used to provide an estimat®fdrhe same method that was used fordhecase
was the first. The other method was to use the first moafahe step distribution to estimaif
Again, for both the drift and thermal velocities, the model gives a decent estimaite farhe
values are on the same order of magnitude but not quite as closeuas toenparison. It is
interesting tanote that thev  values associated with tidgestimate used in the  gives a
better estimate than the first moment of the step distribution. This is consistent with the idea that
U[has a strong dependence on the skew of the distributiafiPiP1, a MaxwelBoltzmann
distribution is used, and this type of distribution is going to be skewed towards lower velocities.
The estimate fob[from thew case results in lower velocity values than the first moment of the
step distribution. Thisonfirms the dependence of the model accuracy on a good estimafe for

Nevertheless, on a first order approximationtfipthe model gives a decent estimatedor .
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Drift velocity vs. Intercept Voltage
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Fig. 68: Comparison of the XPDP1 potential values to the potential values predicted by the model equationFor this case,
a constant thermal energy of 5 eV or a constant drift energy of 20 eV was used when varying the other parameter.
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Drift velocity vs. Converge Voltage
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Fig. 69: Comparison of the XPDP1 potential values to the potential values predicted by the model equationFor this
case, a constant thermal energy of 5 eV or a constant drift energy of 20 eV was used when vatfieg pheameter.
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Fig. 70: Plot of the space charge distorted IV curve measured in XPDP1 compared to the IV curve that should have been
measured based on the XPDP1 distribution. The space chargeiptite was large enough tiats were rejected
immediately and n@® was reached.

3.2.2 Compensation Results

A general discussion of the theory behind accounting for space charge distortion has been
given, but it is also important to test whether truncabingan actually provide the correct IEDf.
As mentioned earlier, because these IV curves were obtainedd{RDigl, it is possible to
obtain the maximum potential generated by space charge as the discrioatigor is swept.
A comparison of the maximum space charge potential to the applied grid potential can be seen in
Fig. 71 By using the initial measured potential and the measured convergence potential, it is
possible to create a linear model to truneéate check how much it can compensate for space
Charge (Se€ig. 72). A more complex model (forpoint model) can also be generated using

more points from the measured maximum potential with lifiesain between each of the points.
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In order to truncate using these models, the columns that correspond to the space charge
potential are adjusted. For columns that are associated with an energy less than the space charge
potential, the values in thearme replaced with zeros (SEwg. 73). This truncation makes

properly represents the idea that any ion with energy below the space charge potefpticied.

Using this truncated, it is now possible to create the IEDfs.
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Fig. 71 Plot of the maximum space charge potential compared to the applied discrirniviotor potential for a space charge
distortioncase. As expected at lower grid potentials, the space charge potential dominates until the applied grid potential is able
to overcome the potential produced by space charge-bpild

A plot of the reconstructed IEDfs can be seeRigm 74. This plot shows the original
IEDf with the originalv . It also presents IEDfs that were generated from a trunoatesihg the
linear model, foupoint model, andhte exact space charge potential measured from XPDP1.
These are all plotted against the original distribution used in XPDP1. When using the linear
model to truncate , the results show an increase in peak energy and height closer to the actual

distributionused in XPDP1. The location of the initial rise is also shifted to a higher energy that
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Fig. 72: Plot of the maximum space charge potential compared to the applied discrirowmifgotor potential for a space charge
distortioncase. The linear estimation model dodr-point estimation model used to truncatehat use points from the
measured maximum potential are also plotted.
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Fig. 73: Example of howd is truncated using the space charge potentials to compensate for space charge distortion. (a) Original
system matrix (b) Truncated system matrix

matches the location of the actual distribution. As expettedpurpoint model follows the

same trend and is slightly more accurate than the linear model as it used more points from the
actual space charge potential. Lastly, when truncatimgth the exact space charge potential
measured from XPDP1, the resulting IEDf matches perfectly with the actual distribution used to

assign ion energies. These results show that it is possible to account for space charge distortion
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Expected/Reconstructed Distributions
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Fig. 74: Plot of the reconstructed IEDfs. This shows the original IEDf created from the origittalso shows IEDfs generated
from truncatingd with the linear and foupoint models. An IEDf generated from truncatingvith the exact space charge
potential is also shown. These are compared against the original distribution used by XPDP1

in post processing by truncating By using this new capability, the RFEA is now a more robust

diagnostic that can be used in a broader sptasinma and ion beam conditions.

CHAPTER 4: RFEA WALL AND ELECTRODE MEASUREMENTS
4.1 Single Frequency Measurements

Where chapters 2 and 3 looked at the theoretical design analysis of RFEAS, it is also
necessary to test the new RFEA design. In order t@mmaile the probes are working correctly,
measurements under the simplest conditions were taken to compare diagnostic measurements to
predictable experimental conditions. For these experiments, the top electrode was powered at 60

MHz while the bottom eleabde was grounded. This made it possible to make a one to one
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comparison between the wall probe and the electrode probes embedded in the cathode. In this
setup, the resulting IEDf is the simplest form as it is a single peak per gas species. A single peak
in an RF driven plasma is not necessarily expected since the plasma potentiakillation

should cause a sheath oscillation at a grounded surface. Sobolewski, Wang, and GbYette |

used an energy analyzerass spectrometer to measure the IEDf from a grounded surface. Their
results show that, at sufficiently low frequency, a RF potential forms across the grounded sheath
creating a dual peak bimodal IEDf. The single peak in thikvgolikely the result of two

factors. The first is that the RF potential across a powered sheath decreases with increasing drive
frequency. The second is that there is large chamber asymmetry since everything but the
powered electrode and alumina or gmansulators reside at ground (e.g. bottom electrode,

chamber wall, pumping baffle, etc.) With a 60 MHz RF source in combination with the chamber
asymmetry, the RF potential across the grounded sheaths is likely small so the ion acceleration is

caused onlypy the difference betwean and ground. Hence, single species peak IEDfs are

measured by the RFEAs at grounded surfaces. Having a single species peak is advantageous
though, as makes it easier to compare the shape and peak locations of the |ED&sthiyasoir
only the electrode probes but also with a commercial RFEA system such as the Impedans
Semion Probe $, 32, 86].

A single frequency experimental configurati@iso simplified the filter requirements for
the measurement signal. With only the 60 MHz electrode powered and the probes surrounded by
ground, only a small amount of the 60 MHz signal {011V amplitudes) was able to make it on
to the RFEA signal linedAs the 60 MHz signal was small and low power, it was easily removed
from the RFEA signal lines using commercialime nondissipative low pass filters

(MiniCircuit BLP-1.9+). These filters were added to the plasma electron rejection grid and
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discrimindion grid lines as these lines and the attached electronic equipment seemed to be
affected the most by the 60 MHz signal. Most notably, the signal would affect the Ultravolt
amplifier operation by changing the initial offset on the output of the amplifiéies 1000:1
amplifier typically output 5 V and the 500:1 amplifier output 1.5 V when not sweeping voltage.
When the plasma was turned on with the 60MHz RF generator, these values would jump up into
the tens of volts. This did not represent a huge probkethe offsets could be accounted for in
measurement software. In addition, DC offsets are easily factored out since the extraction of the
IEDf is essentially a differentiation of the IV characteristic that is immune from DC offsets, but
it was better toemove the signal so as to not cause any other issues. Additionally, observation of
trends of the DC offsets may indicate additional capabilities of this diagnostic. One such
possibility is the estimation of fast neutral flux via secondary electron emsgimnt from the
collector generating an additional DC offset. Therefore, there is motivation to minimize these
drifts. The 60MHz signal on the collector line appeared to have no effect on the IV curve and
very little effect on the Ultravolt amplifieros filter was not added to this line.

Lastly, to keep the measurement simple, the plasma generated consisted only of argon
(Ar) at pressures typically betweern 30 mTorr. This noble gas is easy to strike and forms a
stable plasma over a wide operatiegime. It has also been used extensively in previous work
to analyze plasma and plasma chamber charactefidtiz$, 5, 6, 23, 29, 32, 41, 60, 75, 77, 80
]. Using a single gas simplifies the IEDf even more to just one single peak as there are no other
ions accelerated at different rates caused by mass differences. By keeping the IEDfeagssimpl
possible, it makes it easier to verify that the RFEAs are working properly and providing the
correct information. Additionally, the neneactive nature of Ar gas mimimized component

erosion, particularly in the RFEA, eliminating any potential duf do hardwardegradation
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The downside of Ar, in comparison to conditions that this system would normally operate under,
is that it is not generally representative of the combination of density and ion energy flux that
more complex process gases presieming operation. Additionally, as will be shown in other

e X per i me n treactive dharacteristice land itself to sputter deposition on low potential

surfaces under conditions with substantive powered bias potentials.

4.1.1 RFEA Validation

In orderto validate the measurements from the TEL RFEASs, it was necessary to compare
the IEDfs they measured to the measurements from a commercial RFEA system (Impedans
Semion RFEA). The IEDf comparison consists of using the TEL RFEA wall probe (WP) (See
Fig. 75), the TEL RFEA surface mount (SM) (Skeig. 40) probe, and thempedans Semion
probe. For this setup, the Impedans Semion probe was mounted along the wall of the chamber to
give the best comparison to the WP (&&g 76). When mounting it to the wall, it also ensured a
chamber ground connection for the probe housing and floatthgyid) since the WP and SM'1
grids are both at chamber ground. The filter and measurement electronics from this probe were
also attached to the WP to see how the TEL RFEA works with a commercial measurement
system (Se€ig.77) . Thi s setup is | abeled as the fAHybr|
mTorr Ar plasma was generated and multiple measurements were taken at different 60 MHz
powers.

The resulting IEDfs from the measunents can be seenkig. 78 andFig. 79. In these
plots, the IEDfs were normalized by their respective peak energies so that the peak location and
curve shape could be more easily compared. As expected, the IEDfs measured contain a single
peak. Thegeak energies are also reasonable for the plasnditions. Since the probes are

taking the IEDf measurement at chamber ground, the energy that is measured should be
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Fig. 75: Pictures of the TEL RFEA wall probe (WP). (Left) Picture offdoat of the grid in the wall of the chamber (a) Ground
cover that covers the probe and attaches to the differential pumping shaft (b) Port cover to prexgntbgit the outside of

the differential pumping shaft (c) Floating§Jgrid (Right) Pictureof the WP housing on the outside of the chamber (a) Linear
stage that moves the probe in and out of the chamber (b) differential pumping line (c) Bellow that covers the diffengitigl pu

shaft on which the RFEA is mounted

Fig. 76: Picture of the Impedans Semion probe attached to the  Fig. 77: Picture of the Impedans Semion filter box
chamber wall rigged to the WP (a) Impedans Semion filter box (b

WP vacuuntransition
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comparable to the plasma potential. Between the different probes, the peak locations vary
somewhat from one another. The peak locations in the other measurements not shown also
varied but as in this case, the variation was always less theii fOm one another. The

variation in these peak locations may be due to plasmaniéormity as the probes are located

in different locations around the chamber. The Impedans Semion probe setup is also slightly
different because it is not completely evs®d by the chamber ground. Because the probe is a

flat disc and the chamber wall is curved, the probe was not completely flush with the wall. In
some instances, plasma was able to form in the space between the probe and the wall. This may
have had an efté on themeasurement. There also seems to be a little variability in the
measurement electronics as the hybrid probe

expected, when power wagreased from 400 W to 700 W, the peak energy increased. It was

TEL vs. Impedans RFEAS
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WP

- = —=400W
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-0.2 .
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Fig. 78 Normalized IEDfs from the TEL RFEAs and the Impedans Semion probe. These measurements were obtained from a 5
mTorr Ar plasma for 400 W 60 MHz RF. The probes were taking measurements at chamber ground.
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Fig. 79: Normalized IEDfs from the TEL RFEAs and the Impedans Semion probe. These measurements were obtained from a 5
mTorr Ar plasma for 700 W 60 MHz RF. The probes were taking measurements at chamber ground.

not a substantial increase, It peaks did shift anywhere from about 5 eV to the extremse

with the SM probe that shifted about 11 eV. Again, the variation in the shifts is likely due to

plasma uniformity issues.

The shapes of the IEDfs are also quite similar. Each IEDf is sligbyiyaetric with a

larger low energy tail. Since the pressure is at 5 mTorr, collisions are unlikely but not completely
nonexistent. This could be the cause of the asymmetric low energy tail. The post processing used
to obtain the IEDfs will also have an et on the shape. The Impedans Semion electronics take
care of producing the IEDf from the IV curve. With the TEL electronics, only the IV curve is
measured and then a regularized least squares (RLS) solution method (See Section 2.4) was used
to obtain thdEDf. The difference in the analysis methods used will cause a slight variation the
shape of the curves. This is also evident in the fact that the shape of the hybrid IEDf is almost

exactly the same as the shape of the Impedans Semion probe. As thesellatie same
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electronics and post analysis, this is expected. In general though, these IEDfs are consistent in
shape and peak location. This signifies that the TEL RFEAs and electronics are operating

correctly and can provide a correct IEDf.

4.1.2 IV Curve Characteristics

Having the confirmation that the TEL RFEAS are operating correctly makes it possible to
take a closer look at the characteristics of the IV curves generated by the TEL RFEA. As this is a
newly designed probe and housing system (diffeméptimping shaft and 3D printed electrode),
there will be issues that were unaccounted for in the theoretical analysis. These issues were
found in the characteristics of the IV curve after measurement. Some characteristics pointed to
major problems that eeled to be address while others were observations to note about the
measurement. By analyzing these characteristics, a better understanding of the plasma and the
RFEA was obtained. A knowledge about the plasma and the RFEA helps further the
understandingfameasurements taken in dual frequency operation or complex gas mixtures. It
also aids when making recommendations for future iterations of probe design.

The first interesting IV curve characteristic found was during measurements with the WP.
When taking rrasurements with the WP using the 60MHz RF source, the IV curves showed a
double dropoff feature that one would expect from an RFEA measurement taken at a powered
electrode (Se€ig. 80). The first dropoff occurred when the discriminator was at negative
voltages. One other characteristic about these-dffgpvas that it would track with the voltage
applied to the plasma electron rejection grid. Tdaratand the mechanism between the grids to
cause this phenomenon, conductance calculations were performed to estimate the pressure
between the grids. The conductance calculations showed that pressure betw&egmnidhantl

2" grid wasapproximately 30nTorr. For accuracy, when comparing the conductance
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Fig. 80: IV curves taken with the WP for a 40 mTorr Ar plasma for 300 W 60 MHz RF source. (a) In this measurement, the

plasma electron rejection" grid wasset to-50 V. (b) In this measurement, th® @as set tc100 V. The first dropoff tracked
with the 29 grid voltage. It was determined this was due to plasmalighn the probe.
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calculations at a specific location in the differential pumping liree Baratron measurement, the
calculations were only about 8% off from the measured value. Therefore, 30 mTorr is a good
estimate of the pressure between those grids.

The pressure between the grids was that high due to the way the RFEA housing was
designedThe probe was mounted on the end of the differential pumping shaft and the ground
cover was placed over the RFEA with the floating grid as the only entrance to the probe and
differential pumping shaft (Sddg. 75 (a)). Since the®lgrid is the only entrance to the RFEA
and differential pumping shaft, everything had to be pumped through the probe which made the
pressure high between the grids. At thatsgure, the mean free path is about 1 mm for Ar. The
probe itself fromthe®lgrid t o t he coll ector is 0.1350 (3.43
collisions occurring in between the grids. Since collisions are occurring in the RFEA, it was
determined tht this first dropoff was likely due to lighup. When there was no plasma in the
chamber, the IV curve generated from a voltage sweep only showed the noise resolution of the
DMMs used. Since no current from a plasma was being sent to the collectiwr thieiexpected
result. Thus, the potential difference across the grids was not causing thepligthtis IV curve
characteristic only occurred when a plasma was in the main chamber and at high pressure
between the grids. This points to ligip likely being caused by ionization due to secondary
electron emission from the grids.

The lightup of the probe was a major issue. Due to the mean free path limitation of the
Ar ions, the probe could only be run up to a chamber pressure of about 10 mTorr. Maigyis a
limiting threshold as many industrial processes run at higher pressures than this. To fix this
problem, there were two options. The first was to reduce the number of grid holesSigthke 1

This was attempted but the current entering the probente negligible, so it was not possible
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to make a measurement. The second option, which was implemented, was to adjust the ground
cover and the differential pumping shaft. In this process, the diameters of the both the ground
cover and differential pumpirghaft were increased (SE&y. 81 andFig. 82). In the initial

design, the ground cover diameter was large enough so that it snuggly fit around the RFEA base
and the differential pumping shaft diameter was small to limit plasma perturirathe event

the probe is extended into the bulk plasma for a measurement. Both designs limited the
conductance and pumping that could occur through the probe. In the new design, the ground
cover height was also increased so that it no longer attaxkies £ grid of the RFEA. Grid

holes were machined into the ground cover with the same hole diameter and pattern as the grid
holes in the RFEA (SeEable2 andFig. 17). The only difference is that the fill diameter was

decreased to 0.0690 (1.75 mm). The grid was

Fig. 81 SolidWorks model of the new WP assembly. It shows the expanded ground cover so now differential pumping does not
have to occur through the probe but can pass around it.
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Fig. 82 Pictures of the new WP. (Left) Picture of the new WP at the inner chamber wall (a) New ground cover that no longer
requires the port cover to prevent ligig down the outside of the differential pumping shaft (b) Grid machimedhe ground

cover that acts as the main differential pumping limiter (Right) Picture of the RFEA mounted to the modular differentiey pump
shaft (a) Screw connection to attach the ground cover (b) Openings to allow for pumping around the probe

grids, would become thmain conductance limitation in the pumping path. As opposed to the

original design, this new one does not force the pumping through the detector but can pump

around the detector. This made it possible for the WP to operate at highdyestpressures.
Conductance calculations were also performed on this new design. For a 40 mTorr Ar

plasma, where the calculated pressure was approximately 30 mTorr betwe@arte?? grids,

the calculated pressure for the new design was approxirdateRorr. Based on the ion mean

free path for Ar and the additional length added by the new WP design, the WP could operate up

to 40 mTorr and retain a remote chance of collisions. To determine the accuracy of these

calculations, Baratron measurements wesed as a comparison just as with the old WP design.

Multiple Baratron measurements were made for a pressure rangeddfmTorr. When

compared to the pressure from the conductance calculations, the average error in the calculated

pressure to measurecegsure was about 11%. The error got larger as the pressure increased but

114



the conductance calculations always overestimated the pressure meaning the actual pressure
around the RFEA was likely less than what was calculated. This error measurement provides
good confidence that the conductance calculations provide a reasonable estimate of the pressure
around the new WP design. Unless otherwise stated, all future WP measurements presented were
done using this new WP design.

Another interesting IV characteristic involved the electrode probes below the drift cones
(i.e. top mount (TM) and floating (F) probes). When taking measurements with the probes below
the drift cones, a linear trend was found in the ion saturation cui@ntregion (Sed-ig. 83).
This linear trend would only occur to a specific voltage at which poirithaould level off
until the discnmination grid started limiting the current to the collector. The point at which the

linear trend would stop seemed to track with the magnitude of the offset applied between the

IV Curve Comparing Collector Bias
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Fig. 83: Plot of two IV curves based on the biggpked between the discrimination grid and the collector. A linear trend is seen
in the ion saturation current region up until 0 V or 9 V. The arrows approximately point to these two locations. These are th
moments that the collector becomes positiveogs pbutside the probe are no longer attracted to the collector.
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discrimination grid and the collector. As was mentioned previously in section 2.3, the
discrimination grid and the collector were tied together so that the potential to one was applied to
theother. A battery was then added in series with the collector to offset the potential of the
collector in reference to the discrimination grid slightly. This created an electric field between
the two grids that would accelerate ions toward the collecemyapotential but only provide a
minimal amount of acceleration.

The reason the trend tracked with this offset was because it was caused by ion current
collection from outside the RFEA. Initially, when designing and planning out the
drift cone concepthie ions entering the drift cone were always imagined as a uniform beam.
However, in reality, any beam as it travels will have a certain amount of expansion, especially
when the particles of the beam are all the same charge. This means that as therions trde
drift cone cavity, they will begin to expand whether due to an initial radial velocity component or
from Coulomb repulsion. As the beam expands and travels down the drift cone, some of the ions
will enter through the®1grid of the RFEA, some it collide with the solid surfaces of the
RFEA or its mounting apparatus, and some will travel through an opening around the outside of
the RFEA (Seé&ig. 84). As ions travel around the outside of the RFEA, they will still experience
electric fields generated by the different potentials applied to the grids because they are exposed.
As a resultions will be attracted and collected from outside the RFEA when the discriminator
sweep is in a regime where the offset makes the collector negative. When the potential becomes
more negative, it will attract more ions which is why a linear trend wateckea

There was a simple solution to fix this issue. The polyimide insulator between the
discrimination grid and the collector was replaweeth a Vespel SH insulator that not only

separated the discriminator and collector, but also covered the co(fee#siig. 85). A step was
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Fig. 84: Picture of the ion beam expansion arounddtiie cone. It also represents that ions outside the RFEA will be picked up
by the collector when it is negatively biased.

Fig. 85: Picture of the top mount (TM) probe witVespel SP1 cover(a) around the collector. These covers were placed not
only onthis RFEA, but also the floating proki€) and new wall prob@NP)to prevent ion current from being collected outside
the detector.
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made in the cover so that a portion of it would also covepohgmide base of the RFEA.
Hence, there was not a simple straight path to the collector and any ions attracted to the collector
would hit heVespel SPL insulator. As the new design of the WP also allowed ions to travel
around the RFEA, one of these eow was also placed over the collector of this sensor as well.
Using these covers, the linear trend in"te region that tracked with the offset potential of the
collector of the IV curves was removed.

The next consistent trend found in theditves deals with the region at which all ions
are rejected by the discriminator. In this regime, an ideal IV curve from a RFEA will be flat with
a current value measured at 0 A (or at least the minimum current the measurement equipment
can resolve). An eemple of this can be seenhiy. 58 - Fig. 60. However, in the case of the
TEL RHEA, this current region was flat but typically was offset from 0 A. An example of this
can be seen for the new WPHig. 86. Since this current is gdive, it must be the loss of
electrons from the collector. Since the discrimination potential is high enough to reject all the
ions, the loss of electrons cannot be due to ion collection. The only other option that could cause
electron loss from the celttor is secondary electron emission due to neutral particles. Since
they are neutral, these particles are not affected by any of the electric fields in the RFEA. B6hm
and Perrin BO] discussed this offset found in RFEA measnents for a 27 mTorr Ar plasma.
They also claimed the offset was caused by neutral particle and identified possible culprits as
photons, fast neutrals, and metastables.

To determine which particle was likely the cause of the secondary electron errtissio
solid angle from thesigrid from the collector was determined. This calculation was helpful
because other than the fast neutrals, the other neutral particles are isotropic. If the solid angle to

the collector is small, then it would be unreasoadbi a sufficient number of photons or
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IV Curve Power Comparison 20mTorr Ar WP 3GM
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Fig. 86: Zoomed in plot of IV curves obtained with the new WP for 20 mTorr Ar at different 60MHz RF powers. It can be seen
here that the no ion current region is relatively flatthete seems to be an increasing offset of the IV curve from 0 A. This offset
is due to secondary electron emission off the collector due to fast neutrals entering the probe.

metastables to cause a measurable amount of secondary electron emissiond Bnglediiom
the F'grid to the collector is 0.116 steradians. This is very small and only 0.93% of a full solid
angle represented by isotropic motion. This leads to the conclusion that the secondary electron
emission is due to fast neutrals.

Fast neutra are formed when an accelerated ion heading towards the collector
experiences resonant charge exchange with a neutral &@rd4, 55, 110- 112]. In this
process, the fast ion leaches an electron from the neutral atom becoming a fast neutral. The
crosssection for this process is dependent on the energy of the ions. It typicalirs at lower
energies but charge exchange cresstions have been measured at energies from 82 eV to 100
keV [ 54, 111]. As the fast neutral retains its motion, it eventually reaches thectmilretaining
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its high energy and causes secondary electron emission. This emission is consistent no matter the
potential applied to the discriminator and the plausible cause of the offset in the IV curves.

To check if this is the case, some simple dalons were performed to compare two
different WP measurements at different pressures. The IV curves used can bdgpedvin
The IV curves were obtained from a 300 W Ar plasma with a grounded bottom electrode at two
different pressures. For the 20mTorr case, the tfrieemode (3GM) described in this work was
usal. For the 5mTorr case, a fegrid mode (4GM) was used which means a secondary electron
rejection grid (4) was inserted between the discriminator and collector. Thigid repels any
secondary electrons from the collector back to the collector. foner¢ghe’© for the 5 mTorr
case was not altered due to secondary electron emission. By accounting for secondary electron
emission in the 20 mTorr case, the td@al for this case should be somewhat similar to@e
in the 5 mTorr casd.0 account for the secondary electron emission, the first step was to

determine the neutral curreri® reaching the collector. This was estimated by:

.. O 0O
O — 34

where’O is the 20 mTorr offset curreri® is the DMM current resolution, andis the

secondary electron emission coefficient. Values for the DMM current resolution and secondary
electron emission coefficient for aluminurBQ ] can be seen iable6. OnceOis determined,

this value was added to tf@ measured in the 20 mTorr case in order to obtain the total 20
mTorr'O (SeeTable6). This value was compared to the 5 mT@r. From this analysis, the

total 20 mTorr'O is on the same order of magnitude as the 5 mQorand reasonablyl@se

for a first order estimate. This analysis provides confidence that the offset is caused by secondary

electron emission from the collector due to fast neutrals.
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IV Curve Comparison for 300W 60MHz Ar GC
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Fig. 87: IV curve comparison for WP measurements atdvfferent pressures and different RFEA operation modes. The 4GM
stands for four grid mode where a secondary electron rejection grid was used in between the discriminator and th&lmllector.

3GM stands for three grid mode which is the normal operatied insthis work.

Table6: Values used in the estimation of the tiQe for the 20 mTorr WP measurement. It also presents the values for the 20

mTorr neutral curren®, the total 20 mToriO , and the 5 mToriO .

DMM Resolution 6 x 101°A
Secondary Electron Emission Coefficient for Aluminum 0.05

20 mTorro 7.9x10°A
Total 20 mTorfO 2.2x10"A
5 mTorr'O 3.8x10°A

Another analysis method that was also used was to estimate the portion of the 5 mTorr

‘O that would experience a charge exchange collision traveling from the entrance of the WP to

the collector. To do this, the charge exchange eseston from Lielbrman and Lichtenberg
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[12, 112 113 was used with the conductance calculations for the WPT&ge7). Using the
pressure in the WP and the charge exchange-sext®n, the mean free path was calculated
(SeeTable7). This mean free path was compared to the distance the ions must travel from the
entrance of the WP to the collector in the RFEA. In this analysis, it was assumed the sheath
distance was negligible compared to the distara@ the entrance to the probe collector. Since

the mean free path represents the idea that an ion will have had a collision over that distance, it
was compared to the probe distance to calculate the probability that an ion will have had a charge
exchange dbsion while traversing the probe. From the valueSable7, the probability of

collision was 18.5%. Multiplying this by the 5 mTd@ gavean estimate foiO (SeeTable7).
The"Ocalculated in this method is also on the same order of magnitude @shwvn inTable

6. These values are only off by approximately 12% again showing that the offset is likely due to

secondary electron emission from fast neutrals colliding welcdilector.

Table7: Values used in the estimation of the neutral curréntfrom the 5 mTorfO based on the charge exchange collision
percentage. This shows the WP pressure, the charge exchangeectass the meafnee path of the Ar ions, and the distance to
the collector of the WP.

WP Pressure 2 mTorr
Charge exchange cressction for Ar at 25 eV 2] 3.40 x10% cn?
Mean Free Path 4.5 cm
Distance from WP entrance to the collector 0.828555cm
‘Obased on collision percentage 69x 108 A

The discrepancy between these calculations and medugds has a coupl e p
causes. The first is that for the second analysis, the calculations are based off of the conductance

calculations. These calculations also have some error in relation to experimental pressure
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measurements. The slight adjustmenthefpressure will have a largéecton the mean free
path and, in essence, the probability of charge exchange collisions. The same issue can be
applied to other coefficients used in this analysis (eand the charge exchange crssstion).
Another pssible cause for the discrepancy arises from the IV curves used in the analysis. The IV
curves were obtained using the same 60 MHz RF power but were at different pressures. This
pressure difference will generate plasmas with different characteristic20Th&orr plasma
will have a higher plasma density but also be a little more collisional than the 5 mTorr case. The
difference in plasma characteristics at the different pressures and the error inherit in the
coefficients used in the analysis provide aplaration for the discrepancy between the
calculated currents.

One of the causes for error mentioned in the previous paragraph is related to the last
interesting characteristic observed in the IV curves. As mentioned above, a 20 mTorr Ar plasma

will have ahigher density than a 5 mTorr Ar plasma. However@thdé s measur ed at

hi

pressures was typically lower thantte6 s at | ower pressures no mat

Fig. 88). Some of the reasoning behind this was just explained through charge exchange
collisions but even the total 20 mTdD in Table6 was still lower than the 5 mToi® . If the
plasma density increases, the current to the probes should also typically increase. This
discrepancy needed to be investigated.

In previous work, the concept that the incoming flux (or curreémbuld increase with
increasing plasma density (or pressure) for an Ar plasma is not exactly clear. The results of Lee
and Lieberman §1], Wang and Olthoff p1], and Janes and Huthb] all showed that the
incoming current should increase with increasing pressure. The results of Toups an@E}nie |

show that the ion flux is proportional to the squeoot of the RF frequency but was completely
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Fig. 88: Plot of the IV curves obtained from for an Ar plasma at different pressure and constant power (Top) IV curves measured
using the WP for an Ar plasma generated by 400 W 60 MHz RF. (Bottom) IV curves measured using the SM probe for an Ar
plasma generated/[200 W 60 MHz RF. In both cases, tfile decreases with an increase in pressure.
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independent of pressure. Lastly, the results of Oltkiodll.[ 47 ] and Seebdéckt al.[ 53] show
that the ncoming current will decrease with increasing pressure. There may be a couple of
reasons for the conflicting results. The first is that the chamber setups between each of the works
and even the chamber for this work were not the same. The plasma relidtavevan effect on
the plasma characteristics. Whether an IGR, 1] or CCP [31, 45, 47, 53] is used and the
reactor dimensions will have an effect on the plasma produced. The number of frequencies used
to power the plasma is another possible cause for the different results. Lastly, the location where
the measureant was taken can produce different results. Taking all of these into consideration,
the setup used in this work is most similar to the setup used by both @ltlabind Seebockt
al. The results presented in these publications is consistent witesihiés inFig. 88.

As the presented results are consistent with some of the previous work, the next step is
determining what the cause of the decegascurrent to the chamber walls and grounded
electrode is. The most probable reason behind the drop in the current is the constriction of the
plasma towards the powered electrode at these higher pressures. It makes sense that as the
chamber pressure ireases, the distance to which the power coupling to the gas can propagate is
reduced. This would be caused by the power being absorbed more quickly due to a higher
concentration of atoms, so the signal dissipates more quickly. If the plasma is moreddanfine
the powered electrode at higher pressures, a smaller current will reach the chamber walls and
grounded electrode.

To test this idea, a hairpin resonator (or just hairpin) probe was used to measure the
density of the Ar plasma at the center of the db&mA hairpin probe works by using a
transmitting coil and resonating antenna to look for a resonance shift when the plasma is on and

off. This shift is due to changes in the permittivity in the space between the transmitting coil and
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the resonance antearSince the frequency shift represents the permittivity change, which is
linked to the plasma density, a value for the plasma density can be obtained. The equation used
to calculate the densitg is as follows:

Q Q. 3
@ p P T 35

where"Qand™Qare the resonance frequencies in GHz when the plasma is on and off. For a more

detailed description of the probe, its design, and its uses, one is referfelditalP1].

The hairpin used for this work was located in the center of the chamber (approximately 4
cm above and below the electrodes). Measurements were taken for pressures at 5, 10, 20, and 40
mTorr. The number of points taken at these pressures was dependewtquididy the
resonance was lost in other resonances caused by the measurement circuit when the plasma was
on. Once the resonance frequencies were obtaine@5kes used to calculate the plasma
density. A plot of the density results at the different pressures can be segr8i As
expected, sithe source power increases the plasma density also increases. The more interesting
revelation is how the densithanges with pressure. Going from 5 to 20 mTorr, the results show
that the density increases. Nevertheless, the density measured at 4@ ecTeased below the
initial density values. Thiphenomenon could be explained by two competing mechanisms and
the location of the hairpin. At the center of the chamber, as pressure increases, the density also
increases as expected. At the same time, ldsaa is becoming more localized towards the
powered 60 MHz electrode. Initially, the hairpin only sees the density increase because the
localization of the plasma has not affected the center of the chamber at this point. However,
between 20 and 40 mTothere is a point where the localization reaches the center of the
chamber, so the hairpin measures a drop in density. This would also explain why the rate of

increase in density between 5 to 20 mTorr seems to slow down some. These results seem to point
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Hairpin Measurements for Ar
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Fig. 89: Plot of density vs. power at different pressures obtained through hairpin measurements at the center of the chamber.

Plasma was generated using 60 MHz power applied to the top electrode. The resultsisboyase in density with increasing
pressure until the 40mTorr measurements.

to the idea of plasma localization, but a more thorough analysis is needed to provide more

confidence that the localization of the plasma is the root cause of current lodseaphessures.

4.1.3 Probe Comparison

After addressing and analyzing some of the issues apparent in the IV curve
characteristics, the next step was to look at the IEDfs obtained from the IV curves for a single
frequency Ar plasma. The IEDfs obtained frdm 1V curves from different probes for a 5
mTorr Ar plasma at different 60 MHz RF powers with a grounded bottom electrode can be seen
in Fig. 90 andFig. 91. For these measurements, the F prébgritl was externally grounded to

match the electrode. The peak energies in these measurements also give a roughoéstienat
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IEDf Power Comparison 5mTorr Ar GE WP
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Fig. 90: IEDfs from the WPandSM probes for 5 mTorr Ar at different 60 MHz RF powers and a grounded electrodeT(@®E).
SM probe has IEDf peak energies that seem to be about 10 eVitmmaghe WP probéhe shapes of the IEDfs are generally
consistent
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IEDf Source Power Comparision for 5SmTorr Ar GE TM
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Fig. 91 IEDfs from the TM and F probes for 5 mTorr Ar at different 60 MHz RF powers and a grounded el@&Eddehe
|IEDf peak locations are very consiat betweethe TM and F probesTheshapes of the IEDfs are generally consistent but the
TM and F probes
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plasmapotential. These peak values are reasonable and consistent with previouglfy&][

As expected, the results from all the different probes show that as the 60 MHz RF power
increases, the IEQdeak location also increases. The peak intensities also increase with

increasing sourcpower. The peak locatiotetween the WP, TM, and F probes is pretty

consistent. The SM probe IEDf peak locations differ from the other probe peak locations. These
peakenergies seem to be about 10 eV less than the energies measured by the other probes. This
may be due to plasma namiformity or slight differences between the runs.

The shapes of the IEDfs between the curves is also consistent. The biggest difference
arnises in the IEDfs from the TM and F probes. The collisional tail on the lower energy side is
larger than the tail measured by the WP and SM probes. The peak intensities of the TM and F
probes are also smaller than the other probes. Both of these trendased by the drift cones.

The larger collisional tail is due to the increased probability of collisions from the extra distance
the ions must travel. The ions must traverse an additional 15 mm through the drift cone and the
mean free path from the plasteethe RFEA changes from 0.152 mm to 64.5 mm. Based on this
range, there is a portion of the drift cone where the probability of collisions is higher. The peak
intensities are lower because of the loss of current from beam expansion as well as thescollisi
in the drift cone.

IEDfs from the WP, SM, and TM probes were also obtained from and Ar plasma at
different pressures (8&ig. 92 - Fig. 94). At each of the pressures, 200 W of 60 MHz of RF
power was used to generate the plasma. As expected, across all the probes, the peak energy
decreases as the pressure increases. This is theegtasma becoming more collisional with
increased pressure. Also, as mentioned in the previous section, the intensity of the IEDfs

decreases with increasing pressure. Again, this is likely due to the localization of the plasma
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IEDf Pressure Comparison for Ar 200W 60MHz GE WP
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Fig. 92 IEDfs obtained from the WPBrobe from an Ar plasma for 200 W 60 MHz RF and a bottom grounded electrode (GE).

IEDf Pressure Comparison for Ar 200W 60MHz GE SM
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Fig. 93: IEDfs obtained from th&M probes from an Ar plasma for 200 W 60 MHz &#d a bottom grounded electrode (GE).
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IEDf Pressure Comparison for Ar 200W 60MHz GE TM
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Fig. 94: IEDfs obtained from the TM probes from an Ar plasma for 200 W 60 MHz RF and a bottom grounded electrode (GE).
The low energy collisional tail of the TM peak is wider again. The [®bthe TM probe at higher pressures gets lost in the
noise after 15mTorr

towards the 6MMHz sourceelectrode resulting in lower current collected. There is also a slight
variation in the IEDf peak location again for the WP and TM probes. The SM probe IEDf peak
locations are consistently lower in energy than the other two probes as well. Again, these
variations are likely due tplasma noruniformity and variation between plasma runs. The trends
of IEDf intensity and IEDf shape of the WP and SM are similar again. As expected, the
collisional low energy tail ofhese IEDfs increase with increasing pressidwst as with the

previous TM IEDfs, the peak intensities are lower than the other probes due to current losses in
the drift cone. The collisional low energy tail is also wider in the IEDfs from this probe than
those in the other two probes due to calins in the drift cone. The beam expansion and

collisional losses in the drift cone become so significant at pressures higher than 15 mTorr that
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the IEDf becomes lost in the noise when using the TM probe. In general, the IEDfs obtained
from Ar plasmas at gunded surfaces are consistent between the probes and provide reasonable

ion energies consistent with previous work.

4.2 Dual Frequency Measurements

The next logical progression in measurements was to increase the level of complexity by
adding a second fgeiency to the plasma. The bottom electrode that was ground in the previous
measurements was connected to a 13.56 MHz RF generator. For these experiments, the 60 MHz
RF generator was still connected to the top electrode. Having the additional lower fyegienc
the bottom electrode will alter the IEDf creating a distribution impinging on the bottom electrode
that has a saddle, or dual peak, shape. The bimodal IEDf is due to the ions traversing through an
oscillating sheath as described in chapter 1. Thisldlision shape and chamber operation is
more consistent with semiconductor fabrication chambers. In order to only look at the
differences between a single frequency and dual frequency measurement, an Ar gas was used
again to create the plasma.

Since a hig-power RF signal was being applied to the bottom electrode, more robust
filters were required to filter out the RF noise on plasma electron rejection grid, discrimination
grid, and collector signal lines of the RFEAs in the electrode. This fulfilled @lavpurpose.

The first was to protect the more delicate components in the PXI chassis and Ultravolt
amplifiers. The second purpose was to have a high impedance component on the signal line to
make sure that the grids in the RFEA oscillated at the sarastf@tas electrode. As mentioned

in chapter 1, to obtain the proper IEDf, the grids of the RFEA need to float at the RF potential
with the electrode §, 15, 29, 50, 70]. For these measurements, two different filters were used.

The first filter used comes from the commercial Impedans Semion probe. Similar to the hybrid
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case mentioned in section 4.1.1, the si¢inak from the grid were sent through the Impedans
Semion filter box (Sekig. 95). The only difference in this case was that the sweep and
measuremerglectronics used were the PXI chassis and Ultravolt amplifiers. The other filters
used were high power low pass filters from Allen Avionics (Sge96). The specific model
number used was HPLBBPOOGB-050-N. These filters removed the 13.56 and 60 MHz signals
on the electrode probes linesd provided the impedance to float the grids and collector at the
RF potential.

A filter was not attached tine P! grid of the RFEAs because this line was used to
measure the DC potential bids€) of the electrode. A measurement of Yfig is necessary to
obtain the proper energy values of the IEDf. Since the other grids of the RFEA are referenced to
the conputer ground, the IV curves obtained by the RFEAs are shifted Biptheecause the
ions being collected by the RFEAs are referenced to this bias. To measuge timethe
el ectrode a Tektronix 40 MY 2.5 pEFSSgidodthe: 1 hi g
SM probe. This probe was attached to a Tektronix TDS 684B oscilloscope to measure the RF
waveform on thestgrid. Due to the skin effect, the RF applied to the bottom electrode resides in
the outer layers of the electrode. As the SM prehs closest to this layer, the RF waveform on
the P'grid was the one closest to the waveform on the electrode. The DC offset of the RF
waveform is equal to thépc on the electrode. Therefore, by taking the average of the waveform
measured by the high Mage probe, a value for théc was obtained.

To check the accuracy of tMec measured using the average of the RF waveform, a
second measurement was taken with a high voltage probe through an Allen Avionics filter
connected to the™grid of the TM prde. The high voltage probe used for this measurement was

a Fluke 80K6 probe because it is capable of measuring DC potentials unlike the Tektronix
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Fig. 96: Picture of the Allen Avionics filters attached to one of the electrode RFEA probes.
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probe. These Fluke probes were also the same probes used to measure the potential output by the
Ultravolt amplifiers. Since the TM probe is much farther below the surface of the electrode, the
15t grid does not have good coupling to the RF waveform on the outer surface of the electrode
even though it was directly attached to it. Even though it doelkave a completely accurate RF
waveform, it still sat at thepc with the rest of the electrode due to that direct connection. The
output of the Fluke probe was connected to a Fluke multimeter toMgetraeasurement. The

Fluke probe and Tektronix proleere used to analyze tMgc when only the 60 MHz source

was on and when both the 60 MHz and 13.56 MHz generators were on. For the case were only
the 60 MHz source was on, the percent error oVtiebetween the two probes was 0.76%.

When both generatorgere on, the percent error of thec between the two probes was 4%.

This shows that the average of the RF waveform measured by the Tektronix probe was an
accurate measure of thec. For all the following measurements presented, the average of the

RF waweform was used to obtain thec.

4.2.1 IV Curve Characteristics

An analysis of the IV curve characteristics was performed in section 4.1.2 and many of
the same characteristics analyzed there are seen in the IV curves from a dual frequency plasma.
Neverthéess, with the addition of the second frequency, a few new characteristics appear. Just as
with the first analysis earlier in the chapter, it is necessary to analyze these new IV curves to
isolate problems and understand the underlying physics of the reemesu. It will also provide
a better understanding of the measurements taken when more complex gas mixtures are
addressed in the next chapter.

The first issue apparent in the new IV curves dealt with the offset of the IV curve. As

mentioned in section 44, the no ion current regime of the IV curves was flat but there was an
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offset of the curve from 0 A which was larger than the default resolution of the PXI DMMs used.
This is caused by a fast neutral current causing secondary electron emission. Bagbige

there was an offset of the dual frequency IV curves as well. In this case though, there were times
the offset was negative as opposed to positive ERp®7). This change in the offset did not

have any noticeable impact on the shape of the IEDf or its peak locations, but it was worth

investigating to try and determine the cause.

IV Curve Bias Power Comparison for 5mTorr 400W 60MHz Ar
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Fig. 97: Dual Frequency IV curves obtained using the SM detector for a 5 mTorr 400 W 60 MHz Ar plasma. The Impedans
Semion filter box was used in these measurements. As the bias power increased, the offset of the IV curve became more negativ

For the measurementshig. 97, the Impedans Semion filter box was used to remove the

RF signal from the RFEA signal lines. The relevance of the fdtdue to the fact that it seemed
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to be the cause of the negative offset. This is best illustrated by IV curve measurements obtained
from an ArCF4-O2 plasma with a 9®-5 pressure ratio (Séeg. 98). Even though a this was a
different gas mixture, the trends between the gas mixtures were the same. In this plot, the

curve obtained using the Impedans Semion filter has a negative offset while the IV curve
obtained using the Allen Avionics filters has the expected positive offset. It appeared that the
filters were the cause of the discrepancy because these measaneerentaken under the same
plasma conditions and the shapes of the IV curves were very similar. There was some variability
from run to run which would cause the slight shape changes between the curves but not such a
drastic offset difference. The phenomaralso seemed to be affected by an increase Wphe

but this was only the case when the Impedans Semion filter was used as the RF choke. Without

taking both filters apart to analyze the circuit components, the only measurable difference

IV Curve Filter Comparison for 5mTorr 400W 60MHz 70W
13MHz 905-5 Ar-CF,-O, SM
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Fig. 98: IV curves obtained with the SM probe using two different RF chokes for a 5 mTorr 400 W 60 MHz 70 W 13.56 MHz
Ar-CF+-O2 plasma with a 9®-5 pressure ratio. In the plot, the Impedans Semion filter (Imp.) IV curve has a negative offset
while the Allen Avionics (AA) filter IV curve has the expected positive offset for the same plasma conditions.
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between them was their circuit resistance. Both filters used reactive elements (capacitors and

inductors) to remove and impede the RF signatbhte | mpedans Semi on filt
resistance in its circuit. The All en Avionics
i s possible that the interaction of the RF an

the causef the negative offset. To determine if this really was caused by the filter choice, a
more thorough understanding of the filter design as well as more experiments that isolate the
filters are needed.

Another IV characteristic of the dual frequency IV @gwas that a large portion of the
curve, including the ion saturation curref® region, is located at negative potentials. This is
quite different than the IV curves that were obtained at the grounded electrodreg$Feand
Fig. 88). This shift in the IV curves was caused by VWae of the electrode. As mentioned in
sedion 4.2, the ions measured by the REFAs are referenced @ dhvehile the RFEA grids are
referenced at ground. As a result, when taking a voltage sweep with the RFEA; thast be
added to the plasma electron rejection grid potential and the swisgpigldo ensure collection
of ions at all energies. Since the sweep potential was shifteéddhyhe DMM that measures the
sweep potential measured this shift resulting in the raw IV curve data residing at negative
potentials. Hence, it is necessaryhift the IEDf by theé/pc to obtain the proper ion energy
values. That being said, all future IEDfs presented will be shifted byghanless otherwise
stated. This shift will be noted in the label of the energy axis of the IEDfs. Also, any future IV
curve data presented for dual frequency plasmas will be the raw data without any shift from the
Vbc.

The next IV characteristic observed in the dual frequency IV curves is the linear trend in

the'O region of the IV curves (Sddg. 97 andFig. 98). For the measurements taken at the
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grounded electrode, this region was typically flat (Bige87 andFig. 88) which is expected.

The dual frequency measurements always contained this trend to varying degrees for the SM,
TM, and F probes. This trend was not observed in the WP dual frequency measurements. The
cause behind this trend is not fully understood. Sine&st probe 1V curves displayed this

trend and it did not change based on the collector bias, this trend was not caused by ion current
collection outside the probe. It is probable that the linear trend is caused by secondary electron
emission from the colt#or. With the electrode biased, the grid potentials of the SM, TM, and F
probes are much more negative. Since the ion energies are much higher due to the powered
electrode and th® region does not significantly slow the ions, it is possible afsgnt

amount of secondary electron emission occurs. This would also explain why the trend was not
observed with the WP measurements as the ion energies and grid potentials for these
measurements were much lower. To confirm the trend is caused by sgaeledaon emission,

dual frequency measurements from the electrode with an RFEA that has a secondary electron
rejection grid between the discriminator and collector are required. However, this linear trend in
the"O region of the IV curves did notkie a significant effect on the IEDf, so a fix was left for
future work.

The last interesting IV curve characteristic came from measurements taken with the TM
and F probes. IV curves obtain with the WP and SM probes presented no major issues like in the
single frequency measurements. The curves obtained took on the generally expected bimodal
shape for a dual frequency plasma measurement with an RFEA. When measurements were taken
with the TM and F probes though, a significant deviation appeared from tharereasts taken
using the WP and SM probes. The IV curves taken with the TM and F probes had significant

portions of their IV curves in the negative current region (g€99). The no ion current
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regime was also quite different in shape in that it did not level off like the WP or SM probe

measurements.

IV Curve Probe Comparison for 400W 60MHz 70W 13MHz Ar
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Fig. 99: Plot of the IV curves obtained using the SM, TM, amatébes for a 5 mTorr 400 W 60 MHz 70 W 13 MHz Ar plasma.

The plot shows that the shape and current values of the TM probe and F probe IV curves deviates significantly fronothe shape

the IV curve from the SM probe.

Since the current goes negative, tiegative portion must represent the collection of
electrons. As mentioned in section 4.1.2, when designing the cavity and drift cones in the
electrode, it was common to think about only ions entering the drift cone as a uniform beam.

However, whether amsgle or dual frequency plasma, electrons will also be entering the drift

cones and electrode cavity. The electrons beam will also expand just like the ion beam and a

portion of electrons will travel around the outside of the RFEA. Due to their smaller mass

resulting in increased mobility, the electrons travel around the outside of the probe more easily.
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Even though this is the case, the collector was covered with the VespehSiator to prevent
outside ion current (Sd€g. 100). This cover also made it difficult for the electrons to reach the
collector. They would have had to travel through the pumping ports of the discriminator or gaps
between th&/espel cover and base to reach the collector. However, there was another option.
There were screws in the polyimide base that were used to connect théirsggrtal the grids.

These screws were housed in a recess of the base but not completely cdwerede3s was

enough to prevent ions from being collected due to their limited mobility buhe@atectrons.

With their higher mobility, the electrons could swing around the backside of the detector and be
collected by these screws. This generated tige laegative current in the IV curves measured by
the TM and F probe. Also, since all the ions and electrons had to travel through the SM probe, it

explains why this trend was not observed with the SM IV curves.

Vespel Cover—> } Collector

K_Y_J

Opening
Opening

Fig. 100 SolidWorks section model of the TM probe below the drift cone. The section shot shows how the collector screws are
exposed to the cavity allowing for current collection.

142











































































































































































































































































