ABSTRACT

Title of Document: PLASMA-SURFACE INTERACTIONS
DURING REACTIVE PLASMA PROCESSING
OF HYDROCARBON FILMS

Nicholas Andrew Fox-Lyon
Doctor of Philosophy, 2013

Directed By: Professor Gottlieb S. Oehrlein

Materials Science and Engineering and Institute

for Research in Electronics and Applied Physics

Reactive plasma interactions with hydrocarbon-basefhices play a critical

role in future biological-plasma applications andicroelectronic device
manufacture. As device dimensions get smaller amdeguire fine control of
surfaces during plasma processing we will neeceteldp more understanding of
fundamental plasma surface interactions. Throbhgluse of plasma-deposited
amorphous carbon films interacting inert/reactilesmas (Ar/H plasmas) we
explored etch rates and the formation of modifeaeets. Facing Ar and Hplasmas
mixtures, hydrocarbon surfaces can exhibit widéffigcent properties, depending on
plasma composition (ions, reactive species, fastraks) and initial film composition
(graphitic, polymeric). Ar plasmas cause densifarabf hydrocarbon surface by
selectively sputtering H atoms, while Hlasmas cause incorporation/saturation of H

atoms within the film surface. For hard amorphoardon, we find that small



amounts of Hadded to Ar plasma can completely negate ion-iedutensification.
Plasmas are also drastically changed by small itiggiof H, atoms. We
investigated the plasma property effects of adtHpdD,, CH,, and surface derived
hydrocarbon gases. We find that small amountso{@sak 1%) of /D, in Ar cause a
large decrease in electron density, increase cireletemperature, Ar metastable
atoms, and radically different ion mass distribngioThese effects are intensified at
higher pressures, as neutral molecule-ion inteyastin the plasma increase. These
changes can be related to the surface modificaaoised by the plasma. Surface
derived impurities into inert plasmas were alsaestigated. Hydrocarbon flow from
the surface causes changes to plasma propertigardiothe addition of Cllgas.

We applied the learning from these fundamentalptasurface interaction studies to
an applied problem of plasma-assisted shrink afnasgtric photoresist features.
Using fluorocarbon-based plasmas, we successfatiglsasymmetric pattern
features and find that lower concentrations gfgin plasmas and shorter deposition
thicknesses lead to more uniform shrink in L andliensions. To improve future
plasma-assisted shrink processes, careful tuniptasima composition and feature

dimensions is critical.
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Chapter 1: Introduction

1.1 Plasma-material interactions

Plasma-material interactions are of fundamentabmt@mce in microelectronic
device manufacture, plasma surface functionalinaptasma-biological deactivation
and other application's: Low-pressure plasma processing can be used toveemo
unwanted films;? transfer patterns into substratésjeposit thin graphitic films?
and functionalize surfacés.Depending on the application, plasma propertiasbea
tuned to give desired fluxes of surface interactipgcies. Important species at
plasma-facing surfaces are high energy ions, UV/\filigtons, reactive species, and
fast neutral atoms (seen in fig. 1.1). For manyliegpons, these plasma components
can cause synergistic effects on surfd@e8oburn and Winters described a classic
case of ion/reactant synergistic effects causiegrdmsition from physical sputtering
to chemical sputtering of atoms at surfaces fattiegplasma:’ These effects can be
etching of atoms and molecules, changes in sudiaemistry, morphology, and
density of the films and in the bulk (UV/VUV). larn, the etching surface can feed
atoms, molecules and electrons back into the plasma

Hydrocarbon surface interaction with plasmas isredting because of its
ubiquity in plasma applications. Carbon elementseveaice proposed and researched
extensively for fusion plasma facing applicatidfi$s more common example is
plasma etching of polymeric photoresists (PR). RIResused extensively in device
manufacture as sacrificial photolithographic maskas device dimensions get

smaller, control of plasma-PR surface interactioesomes of critical importance to



control feature dimensions. Coupled with this, negenerations of polymeric PR
(tuned to lower wavelengths) exhibit poor etchie@pdvior and roughening in
plasmas:® Our group has extensively investigated the sys#cgioughening effects
caused during plasma etching of PR, with the ailmpfroving atomistic
understanding of plasma-surface interactiblis>*3In this study, we look to simplify

the synergistic effects in an etching materialeysto gain better understanding.

Plasma

Y

changes in

- chemistry

\ - density ‘I
T PIasma-Facing - morphology Y
Surfaces

fusion first wall. hvdrocarbon photoresists

Figure 1.1 Schematic oplasma-surface interacting species, modificatioms] a
feedback.

Taking a step back from specific applications, eeksto identify the fundamental
dependencies of plasma species and initial hydbocesurface conditions on etching
system outcomes as they evolve. There is intevdbetstudy of how simple inert
plasmas interact with hydrocarbons, and how th&iaddf reactivity changes the

process. Hopét al.investigated the effect of combined inerf Aons and reactive H



atoms etching hydrocarbon surface$.Using experimental data and models, they
found that the surface response to minute flowgattants is large. In this work, we
seek to explore this effect, and how to controfaste in these films. To do this, we
investigate simplistic model hydrocarbons in funeatal inert/reactive plasma

situations.

1.2 Reactiveimpuritiesin inert plasmas

Impurities in plasmas and reactive plasma mixtaresof large interest for
applications in device manufacture and fusion pasaesearch. Ar-based plasmas,
used extensively in device manufacture, are higbhsitive to low levels of
molecular impurities:** Small amounts of molecular impurities added tchAve
shown to cause large changes to plasma propentiespecies. Gudmundsson first
investigated the effect ofHand Q impurities in Ar plasmas in inductively coupled
plasma systents:®'*"He found that average ion mass decreased ai®rs were
becoming lesser contributions. Kimura and Kasugeestigated the effects ofMdnd
H, on Ar plasmas using a global model, and propasatArH" ions could become
important with increasing Hcontent-*#>°Recently, this topic has become quite
active, due to interest in reactive plasmas andiihpcharacterization.
Measurements for all relevant ion types, Ar metastatom densities, and other
species in these plasmas have been repbfleti?®Figure 1.2 displays an inert
plasma and a reactive impurity plasma in our inigett coupled plasma system. In
these studies we continue to explore the effectmpiirity addition to inert plasmas,

specifically isotope and surface derived impurities



Figure 1.2. Inert plasma with and without Hmpurities in an inductively coupled

plasma reactor.

1.3 Collabor ative resear ch

These research projects were based upon sevéeddarations of leading

research groups each specializing in differentetspe plasma-material interactions
and a brief description is given in Fig. 1.3. Theups from University of Maryland

(UMD), University of California, Berkeley (UC, Beeley), West Virginia University

(WVU), and the University of Michigan, Ann Arbor (Mich.) are individual

members of the Department of Energy Plasma Sci€rager for Predictive Control

of Plasma Kinetics, centered at U. Mich.

Project

equipment

Members Expertise/Technique Task
Member
e Plasma Deposmon.f’etc?:lmg Plasma-surface
UMD Ochrlein Surface characterization interactions
Plasma characterization
UC, Berkeley Graves Plasma-surface modeling InertReactive ions on
Ning amorphous carbon
WVU Koepke Spectroscopy and modeling Reactive plasma efl_’ect
Demidov on plasma properties
TI Farber High AR patterns Plasma-assisted shrink
Lii Cross section SEM of mask materials
U. Mich. Godyak Langmuir probe expertise and | Reactive and depositing

plasma characterization

Figure 1.3 Organizational tables of collaborations in this skstation.




1.4 Experimental approach

1.4.2 UMD Laboratory for Plasma Processing of Materials

All experimental work in these studies was perfednat the University of
Maryland Laboratory for Plasma Processing of Matsr{fPPM). The PPM laboratory
has a unique setup of high vacuum plasma-etchisigss coupled with in-situ and
vacuum transfer capable sensitive diagnosticsdes s Fig. 1.3). This allows for
investigations of transient, vacuum dependent cbalnstates on plasma-interacting
surfaces.

The majority of the experimental work was perfodire an inductively
coupled plasma reactor (represented by the schemdtig. 1.4). This system has
been used previously in the PPM and has been Hesddn detail-** A brief
description of the plasma generation and operasias follows: a planar coil is
located above a quartz dielectric window and is gr@d with a 13.56 MHz power
supply coupled through an L-type matching netwdikcontrol ion directionality
and energies to samples, an electrode can be brasskendently using a 3.7 MHz
power supply. The system is capable of ion energieging from 15 eV to 200 eV.
Samples on the substrate are adhered using a thgmease and actively cooled with
a chiller to 10 °C. For sensitive plasma diagnassied plasma-surface interactions,
low amounts of impurities are required. Beforetgstgrexperiments, the base
pressure of the chamber was below 1 X Térr. A permanently mounted

ellipsometer samples the surface of the substlatérede. Concurrent use of plasma



diagnostics (OES, Langmuir probe, ion samplingesyst-described in next section)

also are available on the system.
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Figure 1.4 Vacuum system cluster in the Plasma Processingapéidls Laboratory
at UMD.
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Figure 1.5. Schematic of the inductively_coupled plasma reagsed in these studies
with in-situ plasma and surface diagnostics.



1.4.3 Description of materials

In this study we investigated plasma-surface auegons with model plasma-
deposited hydrocarbons. Hydrocarbon materials weyen in-situ using Chtbased
plasmas. By tuning the plasma parameters (ion gn&g§H,, source power), films
were grown from very graphitic (H-poor, high degkib very polymeric (H-rich,
low density). For more information about these plasieposited polymers, Schwarz-
Selingeret al}?* has reviewed this growth conditions/parametersgbaern film
properties. For plasma-assisted shrink studiesnt®®R patterned and blanket films
were used as deposition substrates. In shrinkesydlasma deposited FC films were
deposited onto substrates. For more informatiouth@ properties of these films

and growth conditions see Labedieal™2°

1.4.4 Plasma char acterization techniques

Plasmas were monitored using multiple techniquessitople surface reactive
and important species. Concurrent use of multidempa diagnostic techniques
allows for a broad picture of plasma species betravi
1.4.4.1 Langmuir probe

Plasma probe measurements are the predominant arteticollect
information on electron densities and energy distions. A Plasma Sensors
Langmuir probe was used to collect time-resolved dareactive mixtures and

depositing plasma conditions’



1.4.4.2 1on mass spectrometer

To understand the role of ions interacting withfaces, understanding of ion
compositions and energies is important. A Hiden B§pAmass spectrometer system
was used to measure the mass and energy of surfacacting ions.
1.4.4.2 Optical emission spectrometer

Optical emission from the plasma is useful foredgéhg species and electron
energies within a plasma by the emission of exatates. It was used extensively in
this study as to determine chamber conditioningi{ar to process endpoint
detection). In this study, a SPEX 750m spectromeser used to detect lines as close

as 0.3 A apart.

1.4.5 Surface characterization techniques

Surfaces were monitored using in-situ diagnostittg with post-plasma
processing diagnostics. In-situ techniques allomgithering information while the
plasma is interacting with the sample. After preoeg, samples can be removed into
atmosphere for atomic force microscopy or scanelagtron microscopy
measurements or vacuum transferred to x-ray prexttieh spectroscopy directly
from the processing reactor.
1.4.5.1 In-situ ellipsometry

Ellipsometry was used for thin-film characterizatiduring plasma deposition
and etching to find index of refraction and thickeeThe ellipsometer is a rotating
compensator ellipsometer configured in the polarcxenpensator-sample-analyzer
configuration at an angle of ~72°. The ellipsometgputs data iV’ (change in

relative amplitude in s and p polarized light) @an¢change in phase of s and p



polarized light). Modeling these values using atitayler model for films, allows for
extraction of time-resolved optical indexes andkhesses?®
1.4.5.2 Atomic for ce microscopy (AFM)

Surface topography of films exposed to plasma weasstigated using AFM.
For hydrocarbon films, the AFM was operated in tagpmode and the surface
roughness was calculated from the root-mean-sapfahe surface topography.
1.4.5.3 X-ray photoelectron spectroscopy (XPS)

Chemical composition of film surfaces before andrgblasma treatment was
investigated using XPS in a Vacuum Generators ESIRAl surface analysis
chamber. Samples can be vacuum transferred fromejp@sition stage to the
analysis chamber to prevent oxidation and adsormtf@tmospheric impurities.
1.4.5.4 Scanning electron microscopy (SEM)

For SEM data in these studies looking at high aspdio features, a Hitachi
SU-70 SEM in the University of Maryland Nanocentexrs used. The change in
feature dimensions was extracted using an autormatiananual line drawing

program (Digimizer) of SEM micrographs.

1.5 QOutline of thesis

The goal of this thesis is to improve understagdaifisubtle changes to
plasmas and surfaces during plasma processingaimva plasma process design.
With increased understanding we can better prediein small changes in plasma
parameters can have large impacts on the surfacg pecessed and plasma

processing.



In Chapter 2, we investigated the mechanistic &ffetAr, H,, and Ar/H
plasmas on graphitic amorphous hydrocarbons. W slata and modeling of the
ion energy-dependent effects when Ar plasma cawgésce densification, Hplasma
causes hydrogenation, and Ag/plasmas can cause varying degrees of either gffect
depending on the chemical composition.

In Chapter 3, we looked into the effect that changvessure and +Haddition
to Ar plasma affects plasma electrons and Ar mabdestatom densities by collecting
concurrent electron and emission data, coupled mvdteling. We find that small
additions of H cause a large drop in electron densities and Aastetble atom
densities.

In Chapter 4, the effect surface derived hydrocashetch products) have on
feeding back on plasma properties was explorecetBlying large film areas and real-
time measurements of impurity flux and plasma etecbehavior, we show that
surface derived hydrocarbons behave similarly jeciion of gaseous hydrocarbons
into the chamber.

In Chapter 5, we apply a plasma-assisted shrinkgs®to decreasing high
aspect ratio, highly asymmetric photoresist featlimeensions. We show the
dependence of uniform deposition on plasma cheynistwer, and pressure. Better
shrink requires low depositing gas chemistries;down deposition, and source
powers.

In Chapter 6, we investigate the role of initiatlhycarbon film properties on
the erosion rates indand B plasmas. We find that more H rich films etch more

quickly than graphitic carbons (in part due to digndifferences) and that-Ds more

10



effective at etching at low energies due to itsibaving a lower threshold for
physical sputtering.

In Chapter 7, we present data on the influenceaibpe effects of reactive
impurity addition to inert plasma. We find that €auses similar changes in electron
distributions, energies and densities, while haamguch different ion mass
distribution. As chamber pressure increases, te#gets become more important as
gas-phase collisions occur at higher rates.

In Chapter 8, we summarize the main findings of thork and discuss future

directions.

11



Chapter 2: Hydrogenation and surface density changesin

hydrocar bon films during erosion using Ar/H, plasmas

N. Fox-Lyon, G.S. Oehrlein

Department of Materials Science and Engineering lastitute for Research in

Electronics and Applied Physics, University of Mang, College Park

N. Ning, D.B Graves

Department of Chemical Engineering, University afifornia, Berkeley

Journal of Applied Physics, 110 (10), 104314-104314-9 2011

12



Abstract

We report interactions of low pressure Ag, And Ar/H mixture plasmas
with a-C:H films. Surface evolution and erosioree€:H films were examined for
ion energies up to 20GV by rf biasing the substrates. Film surfaces were
characterized usinig situ ellipsometry, x-ray photoelectron spectroscopyl atomic
force microscopy. Multilayer models for steady-statodified surface layers are
constructed using ellipsometric data and compaiddnesults of molecular
dynamics (MD) simulations and transport of iongnatter (TRIM) calculations. We
find that Ar plasma causes a modified layer atstinéace that is depleted of H atoms.
The depth and degree of this modification is stipdgpending on Ar ion energies.
This depletion saturates quickly during plasma sype (<1s) and persists during
steady-state erosion. We find that the thicknesisd@msity of the H-depleted layer
are in good agreement with MD and TRIM simulatiofise degree of surface
densification decreases when small amounts,airel added to Ar plasmas. When
more than 5% klis added to the plasma, long term loss in surdigcesity is
observed, indicating rehydrogenation and saturatfdt in the film. As the K
fraction increases, the near-surface atomic H agae and the ion composition
bombarding the surface changes. This causes in@diqo of H deeper into the a-
C:H film. For a-C:H films exposed to pure plasmas, H is introduced into the near-
surface region to a depth of up48.1nm from the surface. As the rf bias is increased
the ion energy transitions from solely chemicaltgging to one involving physical

sputtering, causing the yield of C atoms from tindage to greatly increase. The
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increasing yield suppresses H incorporation/saturand decreases the magnitude

of the modified surface layer.
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2.1 Introduction

Control of the surface properties of amorphousbgarbon (a-C:H) thin
films is of interest for many applications: maskiagers for semiconductor
fabrication?* tribological coating$;> >3gas diffusion barriers? and biological
interface coatingd Depending on the desired use, a-C:H film propetin range
from polymeric (H-saturated) to graphitic (H-podFhe density and hardness of a-
C:H films directly relates to hydrogen content aptisp’ hybridization®® Film
properties can be selected during plasma depoditiarmanging the deposition gas
chemistry, substrate temperature, and ion bombartleTergy”’ Modifying a-C:H
films and surfaces for improving biocompatibility plasma modification has been a
topic of large interest® For photoresist polymers, the surface compositlanges
due to plasma-surface interactions during etchihgyr plasma interaction with
polymer photoresist materials can cause the foomaif a hard a-C:H surface layer.
210This is due to preferential physical sputterindigtiter atoms over heavier atoms
at the surface, leading to carbon enrichment adddgen depletion. The formation
of a hard a-C:H surface layer over the polymer eadmickling and roughening due
to compressive stresses between the layers, wieigtades the pattern transfer
fidelity.>0211

Studies aimed at predicting and controlling praps of hard a-C:H layers
have focused primarily on ion energy and tempeeatelated effects during the
growth phasé:° lon/reactive atom effects on a-C:H surfaces hése laeen

investigated:*****Total erosion yieldsY,, (E ) of a-C:H with reactive H atoms
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and ions can be described by a combination ofdhenergy dependent physical

sputtering {-s(E ) and chemical sputtering/{;(E ))

Yiotal (E) = Yes (E) + Yes(E) (2.1)
Physical sputtering is the effect of surface atbeiag removed by ion-atom

momentum transfer during direct interaction. Foygtal sputtering of atoms from a-

C:H, momentum transfer between ions and target sitoost be greater than that

corresponding to the sputtering threshold energg. fumber of atoms removed from

a surface [, - number of atoms per unit time and surface a@g)Hysical

sputteringof a two atom system (a-C:H) can be described as

Lo =To +1}, = - n?H)Ycri + (nTH)YHr. (2.2)

n, . . .
where—- is the fraction of atoms at the surface that are tde areal density of
n

atoms,Y. andY,, are the ion energy and projectile type dependeysipal sputter
yields for the respective atoms, ahidis the flux of ions to the surface (number of
ions per unit time and surface area). Whén>>Y; in hydrocarbons under ion

bombardment, the surface will become hydrogen-igefi¢'> The erosion rate

(thickness removed per unit time) of a film by picgs sputtering,ER., is then

ERs=ER +ER, =0 (1_%')Ycri Ty (nTH)YHrl 32

wherev. andv,, are the volumes occupied per sputtered C and tsgto

respectively. Below the sputtering threshold enengyphysical sputtering is

observed. As ions break C-C and C-H bonds belowpliysical sputtering threshold
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energy in the outermost surface layers, plasmdivégaan contribute to additional
erosion effects, i.&ehemical sputtering The subject of chemical sputtering of C by
H has been thoroughly reviewed by Jacob and RbtRree H atoms from an,H
plasma, for example, quickly passivate broken ba@misform H and volatile
hydrocarbons (@,). These volatile species diffuse to the surfackane desorbed
into the gas phase. Expanded from EQ. 2.2 for iddal fluxes from the surface, the
sputter ratd’,.,,, of atoms and molecules of C and H by physical c@rmnical
sputtering is represented by

Dot =Tps +Tes =T + T + FCXHY (2.4)
wherel“cxHy is the sputtering of higher molecular weight compagienabled through

chemical sputtering. At low ion energies and re@&ctjas chemistries, the conditions
dominated by chemical sputtering,Hj is the dominant product. At high ion energies
and/or noble gas ion bombardmeRt.and I’ are much higher thaf , . The total
erosion rateER_,,,, of films under physical and chemical sputteriogditions is

given by
n, n, n,
ERga = ERes + ERes = 0 (1_?)Ycri T Uy (T)YHE T U, (?)YCXHyri (2.5)

whereu, ,, is the volume occupied by the volatilegHy molecules and ,, is the

sputter yield of volatile ¢4y molecules. Like physical sputtering of H atoms, th
chemical sputtering process is dependent on theetration of H atoms. Increasing
levels of H atoms at the surface relative to C atorauses chemical sputtering to

become a larger contributor &, . This can be done by creating a more H-

saturated film, or by adding H atom bombardmerthefsurface concurrent to ion
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bombardment. The pathways and kinetics of the atesputtering effect by ion
bombardment and reactive H atoms on a-C:H have &eaored at various
temperatures and ion energfdd:>** 21" 21¥0r instance, Hopét al®>*®formulated a

model for the sputter yields of C from hydrocarlsomfaces giving the total yield as

Ytotal (E) = a'[ ybb(xi E)n(X’ E)e_; + thysicaI(E) (26)
where a is a constant factoy, (x, E is Yhe depth dependent bond-breaking events

caused by the iom(x, E) is the ion range distribution into the surface, el

exponential term is the probability of bond passora at depthx, where 1 is the
typical range of atomic H. Inserting relevant valder bond strength and other
material-dependent quantities, they found thatti@mical sputtering probability of
H ions on graphite, below the threshold of physgmlttering, increased rapidly with
ion energy. These modeled values agreed with éstall data for chemical
sputtering of a-C:H under’Hon bombardmerft!® It also established a model for the
maximum escape depth at room temperature of velayitirocarbons from
hydrocarbon surfaces, relevant to this work.

While chemical sputtering yields of a-C:H haverbae/estigated
experimentally using beam systems of H atoms aadli@eions (N, He', Ar),
limited data is available on the surface effectd Hrise during direct erosion inH
plasmag:** #%Previous studies by von Keudetlal*? investigated K plasma
erosion of a-C:H films. They found that for har€ad being exposed totplasmas,
a soft, hydrogenated surface layer was formed.dJsal-time ellipsometry, they
found that when the sample was biased to 90 V ydedgenated layer was depleted

due to compensation by ion bombardnfefitThey also found that for +plasma
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erosion of soft a-C:H, an H-depleted surface layéormed with a thickness that is
dependent on the ion energ¥. These studies used low pressures (<2 Pa) and
explored limited ion energies for hard a-C:H. Mecg little work has been done on
the surface changes of a-C:H films when exposqulaemas containing reactive and
noble gas mixtures.

The surface changes of materials exposed to conptdexna chemistries is
relevant to many current topics of interest in pty/sD/T mixtures used in fusion
reactors cause surface changes to materials thah@ically different than surface
changes from KHplasmas due to differences in mass and cros®ee@hanging the
mass of one of the surface bombarding speciepiasana cause very different
surface effects to a material. a-C:H is a good rhotgerial for hydrocarbon systems
because of its wide range of tunable propeftids.the present work, we studied the
interaction of Ar, H, and Ar/H plasmas with a-C:H films. We report models for the
surface modification and erosion of a-C:H films wlexposed to Ar, Hand Ar/H

plasmas at various ion energies and plasma desisitie

2.2 Experimental details and methods

Deposition and erosion of a-C:H films was carried wsing an inductively
coupled plasma reactor that has been describeg¥ops publication? Briefly, a
13.56 MHz rf power supply with an L-type matchingfwork powers a planar coil
above a quartz window. A substrate electrode wasgandently biased at 3.7 MHz
to control ion energies. The distance between ubstsate electrode and the quartz
window is 8 cm. Si substrates (2.5 cm x 2.5 cm)ewtbermally attached to the

cooled bottom electrode (10° C). A base pressfibexal0° Torr was achieved
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before deposition of a-C:H films. GHhlasma was used for deposition of ~80 nm
thick a-C:H films with 20 sccm (cubic centimeter panute at standard temperature
and pressure) flow rate, 300 W source power, aedtibstrate bias potential set to -
200 V. Film properties were extracted from opticeddeling of ellipsometric data.
Initial film surface spsp’ ratios were characterized by vacuum transferrigpdited
a-C:H films to a VG ESCA MK Il x-ray photoelectrgpectrometer (XPS) equipped
with a non-monochromatized Mgokk-ray source (1253.6 eV).Spp’ ratios were
found by deconvolving the C 1s peak at 285 eV, lmaxlbeen established by previous
work 2?3 Initial a-C:H film properties were found to be 983 and ~22% spbond
hybridization.

For the erosion of a-C:H films, three differerdigaiha chemistry types were
used: Ar, H, and Ar/H mixtures. For Ar plasmas, a source power of 308w of
40 sccm, and a pressure of 1.33 Pa was used. Hadasmas and Ar/Hmixture
plasmas a source power of 600 W, a total flow o§&m, and a pressure of 4 Pa was
used. Plasma densities on the order df &0° (H, discharges) to T m (Ar
discharges) were determined by Langmuir probe nmeasnts. Plasma densities of
Ar/H, mixture plasmas were between o to 10 m* depending on gas
percentages. Major components of Ar plasmas iniegawith the surface are singly
ionized Ar ions/metastables and fast Ar atoms. &arfactive components ofH
plasmas at these pressures/plasma densities aretestpio be primarily HH, /H3"
ions and reactive H atori$? For Ar/H, mixtures at 4 Pa the composition of the
plasma largely depends on relative concentratidtiseoAr and H feed gases. At low

% H, (<10%), Af and ArH are the predominant ions. As % idcreases, the
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average ion mass decreases, i.e. the density aimtr ArH ions decreases while the
density of H, H,", and H" ions increase$®

Real-time changes during the growth and erosidhe@f-C:H films were
measured using a single-wavelength (632.8 nm)seliigeter operating in the
polarizer-compensator-sample-analyzer configurafata was collected every 200
ms during growth and erosion of a-C:H films. Theglanvalues ofy andA (shown in
Figs. 2.1 & 2.6) are related to the film's compiteatex of refraction and thickne$S.
Atomic force microscopy (MFP-3D, Asylum Research.]ibanta Barbara, CA,
USA) measurements were performed on films in tagppiiode (after deposition of a-
C:H and after erosion at several conditions) taien§ilm topography did not
influence optical measurements. Films were founidetemooth after both deposition
and erosion in kland Ar plasmas (root mean square roughness < 1Tira)initial
film C:H ratio was fit using an established relasbip of the complex index of
refraction to the density and H content of a-&HEllipsometry, coupled with ion
current density measurements, also allowed detatroimerosion rates and yields of

C atoms from the surface.
2.3 Results and discussion

2.3.1 Ar plasmaon a-C:H

With direct Ar ion bombardment of a-C:H, physicpu#tering of surface
atoms is the dominant effect. Heavy Ar atoms splitit C and H atoms from the
surface and cause bond-breaking and displacemdin¢ @toms near the surface. As
physical sputtering is related to the relative gseflor surface atoms, a relative H:C

concentration change can be expected. The rebale of the H and C atoms is
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dependent on their differences in mass and boedgtin. During the transient region
of time between the initial bombardment and stestdye erosion, the ratio of C:H
atoms rapidly changes. The formation of an H-deplédyer can be seen as the
sputtering of a binary alloy system, with two atoofiglifferent sputter yields (EQ.
2.2). Calculating concentration change in the medifayer can be carried out by
balancing the C and H atomic flux from the surfdodhe steady-state erosion
regime, where the film thickness is being uniforrafpded, the relative sputter rates

(I'. ss@nd T, o) should reflect the initial film concentratiomdependent of ion

energies.
Toss _Ce (2.7)
1—‘H ,SS CH
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Figure 2.1: Real-time ellipsometric data and map of the erosiba-C:H using an rf
bias of -200 V for Ar plasma. The erosion datahisven as the open triangles. Data is
collected every 0.2 seconds. After ~1 second ai@rqAr ion flux of 1.5 x $0ions
cmi?, 75 nm unmodified a-C:H thickness) the surfaceifitation is in steady state.
The dashed lines parallel to the deposition cuearesent 1 nm increments of 11% H
a-C:H (n-ik = 2.4-0.55i) on the surface. The dottees intersecting the deposition
curve represent thicknesses of unmodified a-C:ik é2.1-0.06i) in 3 nm

increments.
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The loss of H in excess of the concentration ratiBQ. 2.7 during the
transient regime should correspond to an H defayien the surface layer. The
formation of the H-depleted layer in the transi@mie regime causes an increase in
the density of the film near-surface layers. Aduhiil increases to surface density can
be expected through atomic peening, which cauge€ thtoms to have smaller
interatomic spacing?’ This change in density can be characterized irtiea using
ellipsometry. Ellipsometric measurements of thenfilere taken during erosion of a-
C:H with Ar plasma and Arion energies up to 200 eV. For Ar, the appliediak
plus plasma potential (7-10 V) gives the maximumeoergy. A map containing the
erosion data and simulated film thicknesses of plet®n is shown in Fig. 2.1. From
the erosion data, we see a rapid decrease in amigledollowed by an increase in
angles ofA. In this regime, these changes signify an incr@asgtical density
followed by erosion. We recently reported on thesgevity in this region ofy-A
space to changes in an a-C:H film's optical defisity From the MD simulations
(section B.), we predict there to be a hard, H-eligql layer close to the surface.
Using MD to estimate the thickness of Aon modification on a polymeric material
was previously confirmed using XPS deconvolutiowatnce band spectra and C 1s
peak structure degradation post plasma treatm@or 200 eV ions, we predict the
layer to be ~11% H and ~2 nm thick in steady stdtmf et al**°reported a
relationship for the complex index of refractionst@:H H concentration and bulk
density. Using this information we find that thenwdified a-C:H has ~33% H and a
complex index of refraction-ik of 2.1 -0.06 and bulk density of 1.9 g chhAn a-

C:H film with 11% H (n-ik = 2.4-0.55p = ~2.5 g crif) is simulated in thickness
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increments of 1 nm above the unmodified a-C:H.ngshe ellipsometric data and
the optical indexes of the deposited film and aleaa-C:H (at 11% H), we can
construct a map for the erosion trajectory (fid.)2We observe that the final steady
state thickness of between 1.6 - 1.7 nm (whenttb&€i@ data moves parallel to the
deposition curve) is slightly lower than the preedcthickness of ~2 nm. This map
can be visualized as a multilayer's thicknessorsfluence. The Ar plasma erosion of
a-C:H's total film thickness vs. ion fluence is wimoin Fig. 2.2. Looking at the film in
this format shows us how fast this modificatiorusates into steady-state erosion.
Within 1 second of Ar plasma erosion (Ar ion flueraf 1.5 x 18" ions cn¥s™), the
total film thickness vs. time (erosion rate) iselam and the modified layer is formed.
This erosion rate remains constant until the fénerioded back to the silicon

substrate.
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Figure 2.2: Total and unmodified film thickness vs. fluencetfiererosion of a-C:H
by Ar plasma (-200 V rf bias voltage). This plotsvedbtained by extracting the
fluence-dependent thicknesses in the multilaypseinetric model of Ar plasma

erosion of a-C:H and using Afluence.

2.3.2 MD simulations of Ar* on a-C:H

MD simulations, to examine bombardment of a mod@tid cell by Ar ions,
were performed using a Tersoff-Brenner style reaampirical bond order potential
to describe C-H interactioh®’ and a Moliére potentiaf* to describe the interaction
between Ar and other species. Newton’s equatiomsatifon are integrated

numerically with the velocity Verlet algorithm ugima time step of 0.1 fs. The
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Berendsen thermostat was used to control the sytst@perature. The simulated a-
C:H cell was prepared by the following method:tfiG0% of the C atoms in a
initially diamond carbon cell (2.8 nm x 2.8 nm %% m) were randomly replaced by
hydrogen atoms, the cell was then heated and bratdid at 6000 K. After
subsequent cooling to 300 K, the surface was rdl&xe30 ps. The total simulation
time for one impact is 1 p$he dimensions of the obtained a-C:H cell were
approximately 3 nm x 3 nm and 7.2 nm deep, withd8dtbms in the initial film and
an average density of 2.1 g énThe bottom layer of the cell was kept rigid toiav
transition in space. All atoms in the cell, exciqatse in the rigid layer, were subject
to the Berendsen thermostat.Periodic boundary conditions were applied in the
lateral (x-y) planes of the cell. The initial a-Cdelll properties such assfjpaction

and H content have been calculated. THersgtion in the cell is calculated from the
number of four-fold coordinated C atoms over thtaltoumber of two-, three-, four-
fold coordinated C atoms in the c&f? We found that the initial a-C:H cell's
properties (20% Sp28% H) were close to those obtained experimgnfal2% sp,
~33% H). Between each ion impact, the cell waswadd to cool to 300 K before the
next ion impact. It is assumed that nothing happemise cell between ion impacts
except the desorption of weakly bound species apnting. One implication of this
assumption is that time between impacts is noughd in the simulation procedure.
The total simulation time associated with the seokion impacts (to be compared to
experiment) is therefore defined by the numbepbaofimpacts per unit area, or

fluence (ions ci).>*

27



(q)

= N N w
o (5] o o o o
!

v

wyy euibo e
Vv
@ L
%E S
& L

4] 1’0

syedw Jy Jaye

onel O'H

€0

Vs
Y %,
[ ]
I
(9)

5
'y
a

Figure 2.3: MD simulation cell of a-C:H film (a) before and (after 3000 impacts of
200 eV Af ions (top 3.5 nm of 7.2 nm cell shown). The wétibens represent C
atoms, while the black atoms represent H atoms difference in height between the
cells reflects the loss of thickness and densitinadue to Af ion bombardment. (c)
Hydrogen-to-carbon ratio depth profile of a-C:Hnfilas a function of depth. Closed
circles represent values obtained beforé #n impacts, while the open triangles

represent values obtained after 3000 Aon impacts.
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MD simulations of ion impacts are useful for detgring concentration and
density changes to a-C:H surfaces from a pure aantive ion bombardment case.
An MD simulation of Ar+ ions impinging on an a-Cddrface for different ion
energies was investigated. A side view of the modélcell surface upon
bombardment with Arions of 200 eV impact energy is shown in fig. 2eBtially
(fig. 2.3(a)), the surface and bulk of the cell @ahydrogen concentration of ~28%.
After 3000 impacts (fig. 2.3(b)), it was observadttthe system is in a steady-state of
erosion. Inititial ion bombardment to steady s&t@sion is observed in fig. 2.4 as a
function of the ion fluence. As shown in fig. 2sputter yield decreases up to a
certain fluence (about 1 x ons cn¥) and then becomes constant. The steady-state
modified layer thickness and the final H:C ratioswhen obtained after 3000 impacts
(about 4 x 18 ions cn). The number of ions required to reach saturagdn the
same order of magnitude with the fluence measuxpdrementally. In order to
monitor the chemical modification of the near-soefaegion during ion impacts, the
hydrogen-carbon (H:C) ratio in the near-surfacearegvas calculated as a function
of the z coordinate (normal to the surface). Tlezodzvalue of the z coordinate
corresponds to the bottom position of the selentsd-surface region shown in fig.
2.3(a,b). The average value of the hydrogen-carabo for each z coordinate was
obtained from the volume enclosed between two glavith z + 2.5 A coordinates.
The depletion depth is then defined by the regnat the H:C ratio is lower than the
original value. The near-surface region showecdarease in density and a change in
chemical makeup after ion impacts. The H conceptravent from ~28% to ~11%

for 200 eV Af ions. This was quantified by measuring the cogntive H:C ratio in
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the densified layer. The thickness of the densiféger was found to be ~2 nm. For
50 and 100 eV Arions, the H content dropped to ~19% and ~14% eciaely. The
H-depleted layer thickness also decreased to +0.&nd ~1.0 nm, respectively. This
MD simulated Ar modified and H-depleted layer hasvpusly been reported for the
polymer polystyrene using a similar simulation neetfi® A similar degree of H
depletion was seen for 100 eV*Am polystyrene as for the present case of 200 eV
Ar* on a-C:H. The H depletion magnitude and depthiHerpresent study as well as
the case for polystyrene noted above are both aa ggreement with experimental
values found in ellipsometric data and analysfs.
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Figure 2.4: MD calculated C sputter yield as a function of farence during the 200

eV A bombardment of the a-C:H film cell.

With increasing ion energies, an increase in macatibn thickness and a
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decrease in the H:C ratio of the layer was fourtth WID simulations. By comparing
this for all the erosion cases, we can evaluatébenodel. Fig. 2.5 shows the
comparison of a-C:H modified layer thicknesses tbay ellipsometric monitoring of
erosions, for thicknesses found by MD simulatiars] TRIM calculated average
penetration depths. TRIM calculations were perfamsing the SRIM program and
a-C:H properties similar to those of the experirakfilm (density, H:C ratio, etc¥’
The comparison confirms that the MD model is tragkihe ellipsometric results
well. The MD predicted modified layer thicknessaasinction of ion energy is in
agreement with the estimates from ellipsometry.sehealues are also in agreement
with TRIM-calculated average ion penetration depbhghe ion energy range
investigated, the predicted depth of modificati®iépendent on the ion energy and
inversely dependent on the density of the a-C:Henadt As the ion energy increases,
the average penetration depth increases. If thengtaensity of the a-C:H is lower,

the initial depth of modification will also be high
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Figure 2.5: A comparison of the H-depleted layer thicknessovsenergies for Ar
plasma on a-C:H. The triangles connected repreédtsimulated thicknesses of the
Ar modified layer. The circles represent TRIM cédted average ion penetration
depths. The squares represent ellipsometricallgrd@ned thicknesses.

We note that the near-surface changes in compostid density differ
significantly from the as-deposited film to theastyg state condition. The near-
surface region becomes denser and the penetraih decreases with ion fluence,

until a steady state is reached. Ellipsometryesily suited for precise in-situ

detection
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of this near-surface evolution.
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2.3.3H; plasmaon a-C:H

When a-C:H surfaces (of the density and compasiiged in this study)
interact with H atoms and/or hydrogen ions, a gaitymeric layer is formed at the
surface’*? This effect of hydrogenation is of importance fioel retention in graphite
elements facing fusion plasmas of D/T mixtures. tégen is seen to penetrate, even
at low substrate temperature and low ion energpedepths greater than a nm. In Fig.
6, data for the erosion of a-C:H by plasma is shown. Ellipsometrically (in terms of
the angle ofy), the modification seen is the opposite of thgpkasma surface
densificationy andA are seen to increase and achieve steady-staterepzsallel to
the deposition curve after ~10 seconds fksma ion flux of 2.0 x Oions cnf's
1. Superimposed on the plot is the trajectory figr tnmodified a-C:H, lines for
thicknesses of unmodified a-C:H (~33%gH ~1.9 g crit, n-ik = 2.1-0.06) in 5 nm
increments, and lines for thicknesses of H-satdrat€:H (~50% Hp = ~1 g cn,
n-ik = 1.55-.001) in 2 nm increments. As compared to Ar plasma-@htd, the
formation time to achieve steady state is muchéorigd® ions for H plasma at 100
V rf bias vs. 18" ions for Ar plasma at 200 V rf bias). A study bétmap shows that
as the H-saturated layer forms, the a-C:H film $sviel larger than its initial
thickness. This is reflected in terms of thicknessfluence in Fig. 2.7. The total film
thickness is seen to swell in the initial4ns before being etched. It is also seen
that after the modified layer is formed, the eragwoceeds in a steady-state. At all
low substrate bias potentials (-100 V and below)ttital thickness swells before

material is removed.
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Figure 2.6: Real-time ellipsometric data and map of the erosiba-C:H by H
plasma (-100 V rf bias voltage). Initial film thiokss was 81 nm. Open squares
represent erosion data. Data is collected everys@@nds. After ~10 seconds of
erosion (H" ion fluence of 2 x #8ions cnf, 75 nm, underlayer thickness) the
modification is in steady state. The dashed lir@slfel to the deposition curve
represent 2 nm increments of ~50% H a-C:H (n-ik.5510.001i) on the surface. The
dotted lines intersecting the deposition curve esgint thicknesses of unmodified a-

C:H (n-ik = 2.1-0.06i) in 5 nm increments.
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The depth of modification obtained from ellipsomgetata simulations of
plasma modification of a-C:H appears to be higlevRus studies of H atom
diffusion and H ions on a-C:H predict (for thesemgyy ranges) that the modification
depth should be of the order of ~2 Af.From TRIM simulations, we expect the ion
modified layer to scale with ion energy. From tla¢ad the highest degree of
modification is seen for the lowest ion energidag.(B). This behavior may be related
to the sputtering regime change that occurs witt@se bias voltages. EQ. 1
describes the total erosion yield to be relatethéosum of the chemical and physical
sputtering. At low hydrogen ion energies 100 eV), chemical sputtering is the
dominant erosion mechanism of a-C:H. Physical spiaty by H ions begins at a
threshold of ~35 eV*®When H ion energy is greater than 100 eV, physical
sputtering of a-C:H by the ions becomes the dontieession mechanism. As bias
voltage is increased, Ecreases. To understand how the degree of matdic and
C yield are related, it is important to conside¥ tbn characteristics of this discharge.
In H, plasma, with our chamber geometry and operatingep® the plasma ion type
distribution changes greatly with pressure. Gudnssod showed in a similar ICP
plasma chamber with similar,hlasma parameters, the ions are mostly a mixture o
H," and H".>* At our operating pressure and density, we caneb@aear 1:1 ratio
of H," to Hs™ with only negligible quantities of Hless than 1:10 HH,"). This is in
contrast to previous work exploring idlasmas on a-C:H where low pressures 0.4 to
1.5 Pa) were used and there may have been a highgibution from H. von
Keudellet al.**° showed that when a 90 V bias was applied to tHase, the

hydrogenation effect was diminished. In their wtrk effective ion energy
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deposition could be higher than seen in this shabause of a higher degree dfiHl
their work.

At high bombardment energies (greater than 1000 mdlecular H* ion
interactions with solids can behave approximatslindividual atomic ions with each
ion having half the energy due to surface-induasdatiation and TRIM simulations
can be used to predict penetration and modificatfdons to a-C:H:** As energies
decrease, this approximation could break downhiggtudy, we utilize ion energies
up to 200 eV. Low energy molecular ions of isotopekydrogen, deuterium and
tritium, impinging on a-C:H surfaces have been stigated using MD
simulations®3" %38 Krstic et al. %>’ showed that, because of charge neutralization by
electron capture, dissociation is highly probabileifpinging H* and 3" as they
have no stable relaxed state, even with minimabrational energy. Some
experimental work exists on how low energy ldnd K" ions (and molecular ions of
other hydrogen isotopes) interact with hydrocarboriaces. Harrist al. observed
that the yields of low energy hydrogen moleculasigH’, Hs") were higher than
atomic H ions, when normalized to energy per atom. Eneggyatom normalized
yields for B* and K" over the yield of Hwere 1.47+.22 and 2.54+0.28,
respectively>*° Zhanget al.finds a similar increase in molecular ion yieldeio

atomic ion yields using low energy D ion beams mapgite?*°
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Figure 2.7: Total and unmodified film thickness vs. fluencetliererosion of a-C:H
by H; plasma (- 100 V rf bias voltage). This plot wasaated from extracting the
fluence dependent thicknesses in the multilaypsemetric model of Holasma
erosion of a-C:H and using,H fluence.

In our plasma, with b and K" being the predicted predominant ions in near-
equal quantities, we can estimate the averagenergg per AMU by dividing by the
bias potential shown on the x-axis of Fig. 2.8. &oderstanding how the energy
deposition and effective energies per impingingra&ffect the yield and degree of
modification, we assume that all molecular ionsactpg the surface of a-C:H

behave as individual atomic ions with an equal atdnaction of the substrate bias
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voltage as the enerdgy® Applied substrate bias potential could be rougtityded by
the average number of atoms per ion and used ¢alas the energy per bombarding
H atom. A clear change can be seen between 75-16G0£40 eV if divided by 2.5
AMU as the average ion mass), where we expectsbdbserve some physical
sputtering (~35 eV) of the C atoms. Unlike previbeam studiés®***where no
increase in the C atom yield is seen experimenglthese low ion energies, we
observe a sharp increase in the C atom yield. WAfitanknown quantity of Hin the
plasma, this increase seen in yield could alsougetd higher energy ions impacting
the surface. We also see the impact of this inereagield on the degree of
modification of the material. After this criticahergy, the degree of modification
drops off rapidly. As the hydrogen chemical modifion of upper a-C:H layer is a
slower process (diffusion by atoms/dissociated na¢sitleeper into the film), the

increased spultter yield quickly outstrips its fotioa.
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Figure 2.8: The effect of the substrate bias potential on grrdgenated layer
thickness (closed squares) and C atom yield (opangles) is shown. As substrate
bias potential is increased, C atom yield increasbge hydrogenated layer

thickness decreases.

2.3.4 Ar/H; plasmaon a-C:H

Our investigation shows that Ar and plasma exposed a-C:H have opposite
surface effects. Ar plasma causes surface densifiicand hydrogen depletion, while
H, plasma causes surface hydrogenation and the flomaitsoft, low density a-C:H
layers. Ar/H plasma mixtures have properties that change witandl b
concentrations. When adding small amounts pfd-HAr plasma, free H atom

concentration near the surface increases. Als# Hs increases the ion type
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transitions from Arand ArH to H', H,", and K. After ~10% H addition, the
predominant ions arefdand Af¥.%?* As H, flows increase above this point;™H
becomes greater while amount of Ag diminished. In Ar/H mixtures, the plasma
density is seen to change over a wide range féardifit chemical compositions. FIG.
9 shows the erosion rate and plasma density ws.dfdH, in Ar. At 4 Pa
Gudmundssatf showed with a plasma mixture of 30% Ar a plasmesitg of 4.9 x
10 m® while our experiments shows a plasma densityrofiai order at 3.0 x 16
m3. The plasma density is seen to decrease (duestgyelost to H molecular states)
rapidly with increasing kflows. While the plasma properties are known tande
greatly with different Ar/H stoichiometries, the effect of Arghblasma mixtures on
a-C:H surface modification and erosion rates hadaen previously investigated.
The addition of H atoms to a-C:H surfaces being bared with heavier ions has
been previously shown to increase the erosion Jfecause of the availability of
chemically reactive atoms and a mixture of heawylaght ions, we can expect to
observe changes to the erosion rate and chemiaagels to the surface.

For H, addition up to 10%, an increase in the erosiomisaseen (Fig. 2.9).
This highlights the increase in erosion yields ealisy chemical sputtering, and is
due to the increasing availability of reactive Hra surface. From EQ. 5 and the
discussion above, we would expect to see an inerieashemical sputtering, along
with H incorporation beyond H repopulation, if reee H atom fluxes are higher
than the H atom depletion rates through physicdldmemical sputtering. Because
the exact ion composition is unknown, accuratetspytelds could not be

determined. Above 10%Jithe erosion rates are seen to decrease. At hilghes of
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H, in Ar, the erosion rate of the surface may becbmied due to insufficient Ar
ion bombardment relative to reactive H speciescdkditions of pure b the erosion
rate is still significantly higher than for pure Arhile the plasma density has dropped

by almost two orders of magnitude.

1%x10"°4 50
] 0 —&— plasma density
O - £+ - a-C:H erosion rate
- 40
G c
c e
2 1x10""; o
o ©
® -20 E
e RS
@ 2
o |10 ©
1)(1016 T T T T T T T T T 0

0 25 50 75 100
H, flow in Ar (%)

Figure 2.9: The dependence of plasma density (left y-axisedloscles with solid
line) and a-C:H erosion rate (right y-axis, operuages with dotted line) on the %H

flow in Ar during steady-state erosion in Ag/plasma mixtures is shown.

For erosion with pure Ar plasma in section A.,faend H depletion of the
surface. For erosion with pure ldlasma in section C., we found H saturation of the
surface. The modification of the a-C:H surface ednivith plasma Ar:hl

composition. In Fig. 10, the change in the a-C:Hame areal density of H and C
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atoms vs. the flow percentage of id Ar is shown. The modified layer thicknesses
were found using index of refraction values desatim sections A and C for H
depletion and H saturation, respectively. The ckang the C and H atom areal
densities were found using Schwarz-Selingfeal’s®” relationship for a-C:H film %
H and density. Using the relationship for densitg & H of the modified layers,
along with knowledge of the steady-state thickregsaodification the C and H
atomic density changes were estimated. With smadiuants of H addition (2.5%
total flow) to Ar plasma, the H depletion causeddryon bombardment is
diminished. Through ellipsometric modeling, thiséen as a loss of more than half
the modification depth. While optically this can glewn with our two layer model,
more realistically the modification depth by thei@ns should remain constant,
independent of %#lin the plasma. The difference with increasing %lbl is in the
near-surface diffusion of H passifying the brokemdbs, the increasing number of H
ions interacting with the surface, and a diminignamount of Af ions. One possible
explanation is that this film surface could resesrdokwo layer gradient structure.
Near the surface, the film is saturated with H,levsdieeper into the film, the H:C
ratio is lower than the deposited a-C:H. In Fig, th@ change in H:C ratio in steady-
state illustrates the net chemical effects. At 5%4léiv added, there is initial surface
H depletion, followed by slight long term hydrogéoa. This may be that the initial
Ar ions are able to cause many bond-breaking evezdasthe surface, leading to
densification until H atoms diffuse in and passifg broken bonds. In steady state

erosion, the reactive H atoms are able to creatt fss in surface density. Above
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5%, there is hydrogenation to increasing degreglpwt an initial densification

period.
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Figure 2.10: The dependence of net areal atom densities opkin(triangles with
dashed line) and C (closed squares with solid latejns on % kiflow in Ar during
steady-state erosion in Arghblasma mixtures is shown.

This large repopulation/hydrogenation to a hydrboa surface due to small
H, additions to Ar plasmas has not been previouglgnted. In a recent simulation
by Mayaet al>*?150 eVAr bombarded a-C:H, followed by bombardment by low-
energy, reactive atomic H atoms. This simulatioovgdd repopulation of Ar cleaved
C-C bonds by H. This simulation used a highly pbgissputtering condition (45°

incident angle), so the penetration depths are ,shalower than we would expect
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for our current experiments. With a significant ambof H," and reactive neutrals
concurrently bombarding the surface, a high comaéinh of H could be significantly
deeper. In future work, we will explore how thiswgoetition of effects can translate

to polymeric systems.

2.4 Conclusions

In conclusion, the surface modification of a-Cilfhg with various Ar/H
plasma compositions and ion energies has beerestudi agreement with MD
simulations, in-situ ellipsometry of Ar plasma of£ad shows a large increase in
surface density due to selective sputtering ofdtnatover C atoms. This depletion
leads to the formation of a steady-state, H-poGrtd-modified surface region. This
surface densification increased in thickness amolsksl when ion energies were
increased. In contrast;pplasmas interacting with a-C:H show a large Idssudface
density due to H incorporation and diffusion durargsion. The degree of H
incorporation was found to decrease with largeranargies due to large increases in
erosion rate by physical sputtering. During erosidtin combined Ar/H flow in
plasmas, the effect on the a-C:H surface varie@&hyid his allows for control of film
chemistry and density during erosion by a simpknge in chemistry and ion energy.
With less than 5% paddition, film surfaces are H-depleted. Above 18%addition
the surfaces show a net loss in density in stetatg-9With H addition approaching
100%, the film surface becomes increasingly H-satat. Characterizing the surface
modification of a-C:H using different plasma chetmés with competing chemical
effects can help to improve understanding of funelatal plasma-material

interactions and process design for device manurfact
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Abstract

Ar metastable atoms are important energy carriedssarface interacting
species in low-temperature plasmas that are difftolquantify. Ar metastable atom
densities larm) in inductively coupled Ar and Ar/fHplasmas were obtained using a
model combining electrical probe measurementsesftedn densityNe) and
temperatureTg), with analysis of spectrally resolved Ar plasnpical emission
based on 3p~ 1s optical emission ratios of the 419.8 nm linéh®420.1 nm line.
We present the variation dly,m as the Ar pressure and the addition gft¢lAr are

changed comparatively to recent adsorption spemmsmeasurements.

46



3.1 Introduction

Due to the ease of manipulation of plasma-generateahic and ion species
and energies in Ar/lHplasma, this plasma mixture is a topic of recentys with
applications from cleaning deposits in fusion desito controlling surface properties
of polymers and hydrogenation of transistots:® Quantitative measurements of
absolute particle (ions, reactive neutrals, mebdstatoms, etc.) densities and surface
fluxes are required for monitoring this manipulatim these applications. Recently,
several research groups have reported measurenaemtscreated models for
predicting the plasma parameters and ion compasitif Ar/H, plasmas:*3° Sode
et al. recently showed unpredicted results in molecwlardompositions and electron
behavior of H/Ar plasmas at different chemical compositiGisVletastable species
formation are also important electron energy-logemanisms and are significant for
surface reactions in Ar plasmas along with H ateeation in Ar/H plasmas, though
they are notoriously hard to quantify through dirpasma observation techniques.
Ar metastables have long lifetimes, carry significanergy that can be transferred to
atoms/molecules causing Penning ionization/disociaand occur at high densities
in low temperature plasmas=>° Ar metastable atoms in Ar plasma and Ar plasma

§.10,3.11

mixtures have been used for low-energy patternfreydace Quantification

314 and Ar/reactive gas mixtures 3" by optical

of metastables in Ar plasnt
methods has been a topic of great interest. InAttiid, global model presented by
Kimura and Kasugai, an increase ia: N with small increases intyas is predicted

in Ar plasma at pressures of 20 mTorr and abidv@hey predict that further

increasing H flow into Ar plasma results in a leveling and a&ase in the Nmn.
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Wang et al. have reported accurateaf, measurements for Ar plasmas at different
pressures and containing, Hmpurities using absorption spectroscopy. Their
measurements show thaiyM has a local maxima as pressures are increased and
decreases rapidly with+addition>*’

DeJoseph and Demidov used the relative emissiensittes of 419.8 nm and
420.1 nm Ar lines to study the behavior of Ar meghte atoms in plasmas® 3%
The Ar emission of the 3p to 1s transitions disp&aynique ratio of intensity
depending on whether the 3p state is excited ctelectron excitation or stepwise
excitation. The line at 419.8 nm is excited almestlusively due to direct ground-
state excitation while the intensity of the 420sh fine strongly depends onsls
metastable atom density. Boffaed al. recently used these line ratios to probe the
EEDF of dense inductively coupled Ar plasmas afedint pressures™* These line
ratio values of emission intensities of the 41918 hne to the 420.1 nm line
(radiation from Ar levels 3pand 3p populated by excitation from the Ar ground
state to the Ar level jsmetastable state, respectively) can be used ijumction
with electron properties (Tand N) to calculate N.,. Using Junget al.’'s Ar
excitation cross-section$; Adamset al.used this model to predict quantitative,
for pulsed Ar plasmads? and it will be briefly outlined here. The intensiof the
aforementioned lines is:
lygp1 = K1gNaNg + Ky NeNgpm (3.1)
g s = KoyoN N, + K, NN, (3.2)
where N is the neutral gas density,;Koaare the electron optical excitation rate

constants of the upper levels Ar emission linesnfithe ground states at 420.1 nm
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and 419.8 nm, respectively, K om are the electron optical excitation rate constants
from Ar metastable states at 420.1 nm and 419.8 mspectively. These rate
constants are determined by:

K[em®s™1] = 593 x 107 f: o() fp(e)eds (3.3)
wheres is the cross-sectiot?* = is the electron energy, arffg (<) is the measured
EEDF (found from Fig. 3.1). Thed\n can then be calculated numerically by:

Nypom = (K2aNalizo 1 lass s = K1aN2) /(Ko = Kipalize 1/ 1i1s 5) (3.4)
This model does not account for contributions ®4t69.8 nm emission line due to
electron excitation from resonance level Ar atofiigese contributions become
increasingly significant above pressures of 5 m¥étBoffard et al. showed the
number densities of resonance level Ar atoms isaedinearly from ~5 mTorr to 15
mTorr before plateauing. This leads to a slightaredtimation of metastable density
in our measurements at the pressures explorebdeasission of the metastable state

decreases above these pressures.

3.2 Experimental details and methods

The experimental plasma characterization work wagopmed using an
inductively coupled plasma (ICP) system descrilregrevious studies:** A source
power of 300 W was applied to a 3 turn coil throaghL-type matching network to
maximize inductive power coupling to the plasmao#al flow of 50 sccm (standard
cubic centimeters per minute at STP) was usedlfepaditions. For Ar/H mixtures,
H, flow in Ar (quoted in terms of %) denotes a petage of total flow volume in
sccm units. A downstream throttle valve was usetbtdrol operating pressures. The

confined plasma region was bounded by a 195 mmat@mring, with a dielectric-

49



window-to-bottom-substrate distance of 150 mm. Twgam EEDF, [, and N,
Langmuir probe measurements were performed usingG&®S universal probe
system* compensated to the drive frequency of the plasnthi® harmonics. The
plasma density, electron temperature and reacatesrare found as appropriated
integrals of the measured EEBE:*2* Optical emission measurements were
performed using a SPEX 750M spectrometer (120G/mm grating) equipped with
a Hamamatsu PMT and a fiber optic cable that sahbie plasma 100 mm from the
dielectric window. The emission of interest (418r@ to 420.1 nm) was resolved by

scanning in increments of 0.01 nm.

3.3 Results and discussion

The effects of Ar pressure and Bidditive gas on plasma species on the EEDF
are shown in Fig. 3.1. Increasing pressure from lhaseline curve of 10 mTorr
increases the density of the plasma (area undesuthve) and decreaseg (Bverage
electron energy). This density increase and electrooling effect is due to an
increase in electron-neutral collisions at higherspures. Haddition to Ar decreases
the plasma density and increases Unlike Sodeet al!s observations of the EEDF
shape and integral, at our conditions, the measem&srshow only slight changes in
average electron energy (slope of EEDF in its Mdkave part) while N is seen to
decrease drastically. This loss in density withyalight increase in electron energy
is due to H's additional electron collisional energy lossesyadlecular dissociation

and excitation of vibrational and rotational eneleyels®*
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Figure 3.1: Electron energy distribution functions of Ar plasra different
pressures (10-30 mTorr) and, ow additions (at 10 mTorr with additions from%0
to 50% H). Coloured lines represent different pressure kasmas, while the broken
lines represent differentadmixtures to Ar plasmas. The solid black linerespnts
the baseline condition (10 mTorr, 300 W) used foflélv additionsThe range of

EEDFs validity is limited by the level of 2X10

Varying pressure and Hadditive gas has two opposite effects anand
density. The change in electron properties witlsguee and FHadditive parameters is

shown in Fig. 3.2(a,b). Fig. 3.2(a) shows that@&creases from ~3.4 eV at 5 mTorr
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to ~2 eV at 30 mTorr while Nincreases from ~5 x {bcmi® at 5 mTorr to ~3.5 x
10" cm® at 30 mTorr. Godyakt al. found similar effects of pressure og Ne, and
EEDF’s in comparable inductively coupled Ar plasmidsFig. 3.2(b) shows that, at
10 mTorr, H addition increasesclfrom ~2.9 eV at 0% Kaddition to ~3.2 eV at
30% H, addition and decreases fom ~8 x 16° cmi® at 0% H addition to ~3 x 18
cm® at 30% H addition. This large decrease ir has been observed previously for
H, addition to Ar plasm&®3°32?"The electron properties obtained from the EEDF

data (Figs. 3.1 and 3.2) were inserted into EQf&.&nding reaction rates.
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Figure 3.2: T¢'s (triangles) and Ns (squares) of (a) Ar plasmas at different

pressures (10-30 mTorr) and (b} How additions (at 10 mTorr with additions from

0% to 30% H).

52



3.0

Ar and Ar/H, plasmas, 300 W
w

m  Arpressure X

25| A Ar/H,

L3
© C @/
o o
_%204 28
\S b & x 52
< S A =
— A
a X5 . ‘
1.5- Aa 419.8 420.0 420.2
A wavelength (nm)
A i
A
1 0 T T T T y |
0 10

20 30
pressure (mTorr) and H, in Ar (%)
Figure 3.3: 420.1 nm and 419.8 nm emission ratios of Ar plaseidaslifferent
pressures (squares, 5-30 mTorr) and #bw additions (triangles, 10 mTorr with
additions from 0% to 30% #l Inset shows baseline emission profile data gfae
around the two peaks Ar plasma at 10 mTorr, 300owWdition.
The final calculated values ofaNn/Ne ratio for the Ar pressures series and the
H, addition to Ar series are shown in Fig. 3.4. FoyiAcreasing pressures decreases
Narm/Ne. This can be explained by increased collision-getlicooling at higher
pressure decreasing electron temperatures thatlakant to excitation. While the
relative density decreases, M\ encounters a localized maximum between 10 and 15

mTorr, a range that lowers at higher/lower pressurais increase could result from
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Ne increasing faster than. ecreases once tlecreases below the threshold for
excitation. The model is in agreement with previgysiblished studies of Ar
plasmas pressure dependencies showing an incredsasity with
pressuré:}#314318The decrease ind\nis in agreement with Boffarett al’s result
using laser absorption at pressures higher thatbl®Torr (in a much denser Ar
plasma)**® In Ar/H, plasmas, . decreases with addition obHn agreement with
the absorption spectroscopy measurement of Véaat '’ A localized increase of
Nar,m Was not seen at low flows obkh Ar cases as seen in Kimura and Kasugai’s
global model simulation$? Unlike increasing the pressure; &tdition caused no
localized increase in Nm, since it H addition results in no increase in the value of
Ne. Small changes (~10%) in$eem to have little effect on modeleg Nit seems

to follow the decrease indN
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Figure 3.4: Ratios of modeled ANmn's normalized to Ns of Ar plasmas at different
pressures (squares, 10-30 mTorr) and ftdw additions (triangles, 10 mTorr with
additions from 0% to 30% #i

This method could be useful qualitatively in sitaas where Langmuir probe
and laser absorption methods are unavailable foasméng T and N (e.g. an
industrial plasma processing tool). With knowleddehe 420.1 nm / 419.8 nm line
intensity ratios and changes to absolute intessitielative N, behavior can be
gualitatively estimated directly from optical emas spectroscopy. Absolute values
require accurate measurements fgramd N. In Ar/H, plasmas using this method,
Narm appears to be qualitatively insensitive to smaitartainties in Tand N. If

only optical emission spectroscopy measurement® \sgailable, the 420.1 nm /
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419.8 nm line intensity ratio decrease of ~65% aer parameter space follows
qualitatively the behavior of Ny,. With full information of & and N, the model
allows for a quantitative expression of/M decreasing to ~55% its original value.
For Ar plasma at different pressures, with both Theand N varying highly, this
method becomes less effective without knowledgeiobt using both Langmuir

probe and 420.1 nm / 419.8 nm line intensity ratios

3.3 Conclusions

In summary, we used electrical and optical plasimaracterization data in
combination with cross section data and a mod#h@fpopulation/deexcitation of Ar
excited states to obtain AN,. EEDF measurements reflect increases inaNd
decreases in¢las Ar pressure increases, whilg adidition causes large decreases in
Ne and marginal increases in. TEmission ratios of the 420.1 nm to 419.8 nm line
increase as pressure is increased, while a decireasensity is seen for increasing
H, addition. In low pressure Ar plasmas, Ar metagtabloms have the highest
density if normalized to plasmac.NAs pressure increases, the iNcrease outpaces
the increase in N, which levels off around 30 mTorr due to a drogfinWith the
addition of B, a relative decrease is seen ig Nrelative to N, but without as sharp
of a decline as with pressure. This optical methad shown to be useful for
obtaining Ar metastable densities with satisfaceyguracy and precision at different
plasma pressures and with gas additions, in agreement with rigorous quainiga

diagnostics seen in literature.
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Abstract

We report on Langmuir probe measurements that shaihydrocarbon
surfaces in contact with Ar plasma cause changeteofron energy distribution
functions due to the flux of hydrogen and carbamet released by the surfaces. We
compare the impact on plasma properties of hydbmraspecies gasified from an
etching hydrocarbon surface with injection of gasebydrocarbons into Ar plasma.
We find that both kinds of hydrocarbon injectioreckase electron density and
slightly increase electron temperatures of low gues Ar plasma. For low
percentages of impurities (~1% impurity in Ar plasexplored here), surface-derived
hydrocarbon species and gas phase injected hythmtanolecules cause similar
changes of plasma properties for the same numbeydsbcarbon molecules injected

into Ar with a decrease in electron density of ~4%.
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4.1 Introduction

Plasma-surface interactions are dominated by émgingy species
(ions, photons, metastable atoms, fast neutral gtamd reactive species (dissociated
atoms and molecules). Inadvertent addition of readtpurities to inert plasmas
affects plasma properties and processing using tttissharges. For example, Ar
plasmas with small N O,, and B admixtures show large changes in plasma
properties-*? In particular, H addition impacts ion chemistry, electron energy
distribution, and metastable atom densiti$>**The source of these reactants is
not limited to gas flow into the chamber; the ps®irg chamber walls can also
release reactants into the plasma. This effecbbas demonstrated for chlorine
plasma-based etching of silicdThe sensitivity of plasmas to reactants demorestrat
the importance of controlling impurities derivedrit the reactor wall$® Common
plasma chamber sidewalls are conditioned staistess alloys, with minimal
outgassing of impurities into the chamber durirgspia processing. Deposition of
volatile films onto these walls can lead to releakeeactant species during plasma
processing.

Quantification of wall-derived reactant speciesngportant for improving
current and future plasma processing applicatidrighe effect of impurities/etch
products derived from surfaces interacting wittspias has been looked into for
process endpoint detection. Endpoint detectionlégtrecal and spectroscopic
characterization techniques of plasma processeldwmsused extensively in device
manufacture to determine when to stop etcfifig'°Endpoints of processes can be

detected by optical changes when the surface despecies no longer emit while
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changes to the electrical properties of the pla@tathe electron density ¢N
electron temperatures {T rf bias impedance, etc.) can also tell the stasurfaces,
walls, and gaseous species flowing into the plastfia.

Hydrocarbon-Ar plasma interaction is of great iagtifor multiple
applications. Hydrocarbon gas (G HC;H,, etc.) additions to Ar plasmas are used for
deposition of carbon films and synthesis of nantigias*****?Ar plasmas are used
for etching polymeric hydrocarbons (such as phaists). As substrate areas increase
and atomic layer control of etching surfaces benezessary, controlling the
densities and energetics of plasma species witebg relevant:*****Carbon coated
walls have also been proposed for improving etclegss reproducibility and species
control**>**|n applications where significant flows from etohihydrocarbon
surfaces could cause unanticipated changes to plpsoperties, it will be important
to predict changes to plasma properties. In thidystve look at the effect of such
effects on electron energy distribution functioB&DF), to see how thed¥énd T are
affected by surface derived hydrocarbons, and ln@se changes compare to changes

caused by gaseous hydrocarbon impurities.

4.2 Experimental details and methods

The work was performed in an inductively couplealspha reactor with a coll
driven at 13.56 MHz for plasma generation througtetectric window. For etching
films a cooled substrate was biased at 3.7 MHzdémtrolling ion energie$!’ A base
pressure of <5xI0Torr was reached before igniting plasmas to minémesidual
chamber impurities (environmental adsorbed O, N,, etc.). Ar plasmas were

then run for 5+ minutes to achieve steady-staté lealting to prevent time-
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dependence in measurements. Precise flow of gaiities was performed using a
parallel stabilizing gas line in conjunction with automatic butterfly valve, allowing
for input of the correct flow of depositing gashagh speeds without a large pressure
increase. To emphasize minute impurities in thermpk 40 sccm was the total
combined flow rate of Ar and hydrocarbon gases @tmixtures and surface
derived hydrocarbon species). The Langmuir proleel irs this study is designed to
collect highly accurate measurements of EED§ aNd & under depositing plasma
conditions by fast sweep speeds, ion bombardmedtekectron heating*® Between
each voltage sweep, a brief period of intense mmltardment (at -30 V) and a small
period of electron heating (at +35 V) kept theiurd probe clean and glowing. This
prevents build-up of insulating layers and ensthasthe work function remains
constant, allowing for high confidence in measunets@ear the plasma potential
during sweeps. Collection of plasma propertieslimdone continuously, allowing
for time-resolved monitoring during the plasma s

To achieve varying (&, flows during surface-derived hydrocarbon-plasma
interaction studies, amorphous hydrocarbon (a-@tiys were grown with surface
areas ranging from 25 nfm 130 mm and subsequently placed onto the substrate.
Plasma conditions for similar films in this systaave previously been describ&t.
In this study, films were grown without substratasin CH, plasmas, leading to
polymeric, H-saturated hydrocarbon films. Duringwth, films were optically
characterized according to a-C:H index-chemicatdiesd by Schwarz-Selinget
al.**° The optical index of these films was n=~1.55 wtigkquivalent to a ~48% H

film with a density of 1 g ci.*?° Typical species etched at low Ar ion energies from
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these a-C:H films are C and H atoms,rhblecules and unsaturated/saturated
hydrocarbon molecules (subsequently callgd: a-C:H films were monitored
during plasma exposure using in-situ ellipsometrfirid surface>plasma GHy
fluences. Using measured erosion rates as welleaBytdrocarbon surface area and
composition, we calculate equivalenHy flows into the plasma. Flow % of8y in

Ar was approximated as the number of C atoms bheimpved for clearer

comparison to Cll Substrate biases to obtain >1 % total flow frowa surface

ranged from -25 V to -100V, achieving etch ratesaggr than 25 nm/min. When a-
C:H is not present on the substrate, these biaslese negligible changes to electron
population properties (EEDF,;Nand ) using appropriate filtering technique$4.

As this lower driving frequency inefficiently cougd to electrons, substrate bias does
not cause significant increase in the sheath leagthion currents are constant in this
Ar plasma—substrate bias regime. Without applied,a-C:H erosion rates are
minimal (<1 nm/min), allowing for chamber heatingditioning and baseline probe
traces before significant carbon introduction.Glddition causes deposition onto
cool, remote, unbiased surfaces in the plasmaasithe substrate, sidewalls, and the

dielectric window.

4.4 Results and discussion

The introduction of small flows of Cthad an immediate impact on plasma
properties. Figure 4.1 shows the effect of,G@lHw on the Ar plasma EEDF. With the
introduction of CH into the plasma, thed\dirops, especially those with lower energy.
By 4% addition, almost a 30% decrease in EEDF nateg area is seen. The

depletion of low energy electrons can be explaiimegart, by electron energy
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coupling to CH dissociation and molecular states. A similar dffeas observed in
recent studies with faddition to Ar plasma$>*?4*1*The overall decrease in
electrons is due to decreasing degrees of ionizatith CH, addition. Due to
deposition onto grounding surfaces facing the p&a&mnd non-negligible increase in
the sheath resistance), the peak of the EEDF bégsisift to higher energies with
CH, addition. The effect of surface derived hydroocadon the plasma is also
displayed and shows a slight decrease in low engaptrons (similar to CH
addition). As the flows from the surface are muetaller than the Ciiflows, this
impact on plasma properties is much less. The maxirequivalent flow from the

surface for these cases is ~1%.
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Figure 4.1: Electron energy distribution functions of Ar plasnaith varying
amounts of CHl added to plasma from surface and gaseous SOUrEEDF

measurements have high accuracy to ~<5 %e\0*%cm?.
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Figure4.2: The time-dependent effect of C and H flow intgplaema. CH flow or
bias are switched on (at ~20 seconds), increasiedglow of C and H into the
plasma. CH flow or bias is switched off (at ~50 seconds) reasing the flow of C
and H into the plasma. The *' denotes the surf@gd, case when the substrate bias
was switched from -100V to -50V. In this case,ibtaiy the voltage and achieving

steady-state surface etching took several seconds.
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The changes caused by hydrocarbon addition tdasnga are time-dependent
and reversible. Fig 4.2. shows the response ofi#gnpa electron density to
hydrocarbon addition with time. When ¢4 introduced into the chamberg N
quickly drops. The small, quick spike in. bbserved for some cases is due to a
transient pressure increase due to valves switdiefigre stabilization. For most
cases (besides the low, 2% Cthse) the decrease in electron temperature gedili
and saturates within ~10 seconds. The slower satnraf the 2% Cl case may be
due to the initial depletion of most Glfom the plasma from deposition onto the
substrate and exposed walls. After Gldw is turned off, the electron density
recovers to initial levels. At higher flows (abo2#) this effect takes longer, likely
due to a buildup of volatile hydrocarbon specieshenwalls. Surface derivedg,
has a faster rate of interaction upon the Ar plasrha case shown here is a surface
etched at -100V, before being switched to beingduaat -50V, and finally with bias
turned off. The source of8y, in this case, is immediately removed from the
chamber and the plasma relaxes to its original gnegs.

Corresponding extracted plasma densities and etetgmperatures of CH
addition and surface derived hydrocarbon casestaren in Fig. 4.3. Ndecreases
drastically with the addition of CHElectron temperature increases very slightly at
high CH, additions, due to the depletion of low energy &etets. This effect is similar

to the addition of other reactive molecules to Fasma’>*%

and can be explained
by a drop in density due to depletion of electroargy through molecular vibrational
processes. Comparatively, surface derivgd,@ehaves in a very similar way foe.N

At the highest amounts of etching (equivalent ¢ovB of ~1% CH), a decrease ind\
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similar to the decrease seen with [ddition is observed. As;.tThanges from CH
addition in this low regime are minimal, a dropligfrom surfaces was not expected.
Te seemed to decrease slightly in this regime buhgés are within the experimental

error of the temperature measurement.
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Figure 4.3: Electron densities and temperatures vs.,@élv into the plasma. Black
squares show the electron effect of flowing, ©Hl the Ar plasma. Red triangles show
the electron effect of erosion of a-C:H effectdl@nAr plasma.

The speed limitations and the gas residence tintleeo€H, cases is
showcased here, as it takes longer for the vatvastuate and flow CH~100’s of
ms) than for a biased surface to begin etching’é-dfus). Also, when the flow of

CH, is turned off, there is a fast response (relabetie gas residence time) and a
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slower response (related to adsorbgdGand B coming off the walls). Nin surface
derived carbon cases is also seen to recover todecrease faster. This is due to the
sole location of hydrocarbons within the chambeftammer emitting significant {y,
whereas in Ckicases much more chamber surface area is coatedoltile
hydrocarbons.

The maximum magnitude of change tphy 1% surface/gaseous
hydrocarbon emission is ~4% the initiad (¥1.1 x 18 >~9.6 x 16%. Above 2%
addition with gaseous CHlow, the decrease in\Ns greater and linear up to 10%
addition, with a decrease of ~8% in per %CH added to the plasma. Though these
changes in Blare significant, for etching/deposition applicagpthe reactive
addition may have large consequences. The etclofratgdrocarbons can rise with
these small additions saturated with H atoms. &nyito small GFg additions to Ar
plasmas increasing the etch rate of Siltns by F atom reactivity, H atoms
drastically increase the etch rate of hydrocarfgfh®lanning plasma processes to
have large flows from the substrate and long-texdeposition/etching from plasma-
facing surfaces is important for controlling prajges and reproducibility, and will
become a greater consideration as etching surfacesase and surface derived

impurities constitute significant fluxes into thiagma.

4.5 Conclusions

We conclude that small amounts of hydrocarbon intipgrcan drastically
affect plasma electron behavior. A distinct 4% dirople has been observed when
only ~1% flows of hydrocarbons are introduced itie reactor from surface sources.

With large surface areas and ion energies, an alegpsvalent flow from the surface
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compared to gaseous ¢ How can be achieved. The drop iR &f surface
hydrocarbon sources compares well with,ClPlasma properties quickly react to the
addition of hydrocarbon impurities and returns tigioal properties once gaseous
impurities are removed from the chamber. Theseceffshow that impurity flow
from surfaces affects plasma properties when higtase areas of reactive materials

face the plasma, and introduces time-dependenthpl@soperties.
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Abstract

Plasma-assisted shrink (PAS) of features, involylagma deposition onto
sidewalls to shrink features has been describ#ueipast for symmetric features. In
this work we explore shrinkage of asymmetric feasursing fluorocarbon-based
plasma deposition. Using top-down and cross-sestianning electron microscopy
(SEM), we find the dependencies of this shrink pescon top-down blanket
deposition thickness, pressure, source power, apdsition plasma chemistry with
the aim of achieving the best 1AL:AW shrink of asymmetric features. In a baseline
condition (Ar/20% GFg plasma, 400 W, 20 mTorr) we find conformal coafiragn
the top to the bottom of a narrow trench and shmigpkrom ~100 nm to ~50 nm. For
strongly asymmetric features, the long dimensidroya ~100 nm) sidewall
deposition rates scale closely to top-down bladlegtosition as neutral arrival is not
feature-impeded and growth rate depends only osttbking/reaction probabilities.
In feature dimensions below ~100 nm, sidewall dejposrates decrease rapidly with
feature size, as neutral arrival becomes featungdd as the solid acceptance angle
of neutrals and/or low-energy ions is diminishetthfgher deposition thicknesses,
asymmetric shrink increases, leading to large dispsiin AL andAW. For best 1:1
AL:AW shrink of features, we find conditions of lowapdsition thicknesses, higher

pressures, lower powers, and smaller amountséf {€action to be best.
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5.1 Introduction

Recently, plasma-assisted shrink (PAS) has begiopeal as a method to shrink sizes
of patterned photoresist (PR) featutés*PAS relies on using polymerizing plasmas
to deposit films that cover sidewalls of featurésranitial patterning. These films
could shrink features by 10’s of nanometers wittueatial deposition/etching
cycles. Some success has been reported of shrirkid@ nmcircular contact holes
and trenches with depositing hydrocarbon and flcaroon plasmas up to ~60 nm
shrink.>* >*>'These processes do not shrink perfectly, and ikeseme distortion

of the pattern that increases with shrink magnitMibile using PAS has been
effective for shrinking symmetric circular contéxtles, successful PAS of
asymmetric contact holes and features has not tepented.

Hydrocarbon- and fluorocarbon-based plasmas hawerssome success for PAS
and feature sidewall depositidrt: >#~>Fluorocarbon-based plasmas are used
extensively in etching of dielectric films for deei manufacture and deposition of
low-k materials’® >°Fluorocarbon deposition on sidewalls during digleand

silicon etching is an established method to coréature dimensions'® >A FC-
based deposition step during the Bosch processidgyocess to etch high AR
features through silicon vias) protects silicoresidlls by passivation™* °>**The
sidewall passivation step and the thickness op#ssivation layer has been studied
extensively’** By tuning plasma chemistries, thin fluorocarbdm§ coat sidewalls
and protect silicon from reactive species (atorhiorine, etc.) during etch. These
fluorocarbon-based plasmas could possibly be erttbeyond sidewall preservation

during etch to PAS processes. Etching applicatiossymmetric features and
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features with high AR show problems with gettinfisitent passivation of sidewalls
and available etch reactants at the bottom of feafd> >*°This effect, known as

RIE lag, results in major difficulties for etchig high-aspect ratio featuré§'® This
work investigates the problem of shrinking asymmeétoles uniformly, the physical
limitations of depositing in shadowed features, amich plasma parameters can give

the best results.

w FC L
deposition

AW | —{AL —

Figure5.1: (a) Example cross section views of asymmetric plsist features on a
substrate before FC deposition. (b) Example chamyéngth (L) and width 4W)
with deposition of a FC film.

There is difficulty in equally shrinking featurestivvery short, confined
dimensions versus those with longer dimensionstlaae is a dependence of shrink
on initial critical dimensions. Figure 5.1 show$fiematics for an asymmetric feature
and introduces terminology used in analysis of skusly. Figure 5.1 (a) shows a
model of PR features on a substrate from two pets@s (length, L, and width, W)

before a fluorocarbon PAS process. The height®fR film is ~100 nm. Figure 5.1
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(b) is an example of an ideal fluorocarbon PASrdhprocess with uniform shrink of
large and small feature dimensions of varyingahgizesAL is the change in the
longer feature dimension, amdV is the change in the shorter feature dimension.
Top-down blanket depositiongllis the total fluorocarbon film thickness depodite
during the shrink process on a monitor blanket wafkeally, PAS would minimize
net gy, AL is equal toAW, and the sidewalls would be uniformly coated. pbé&ar
angle,0, for the direct acceptance of fluorocarbon plaspecies, changes depending

on the AR of the feature and its location in thattiee.

5.2 Experimental details and methods

An inductively coupled plasma reactor, describegrevious publications®®
was used for the PAS process. Briefly, a 13.56 MHmower supply with an L-type
matching network powers a planar coil above a quaimdow. A substrate electrode
can be independently biased at 3.7 MHz to controlenergies. The distance between
the substrate electrode and the quartz windowci®.8PR samples (2.5 cm x 2.5 cm)
were thermally attached to the substrate electwdtese temperature was held
constant at 10° C. A base pressure of 5% Torr was achieved before all plasma
processes. Plasmas for PAS processes wergBmaxtures with varying gas
composition, source powers, and neutral pressarese deposition properties.
Labelleet al. previously investigated the blanket depositionethejencies
(composition, deposition rate, optical index, etd.)hese films while varying plasma
properties.

193 nm PR blanket films and patterns were usetutbysieposition rates and

shrink by PAS in this study. Patterned films cotesiof PR features (~100nm in
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initial height) on silicon substrates (pristinetigas of different AR’s are shown in
Fig. 2 (a-c)). Deposition rates were monitoredrbgitu ellipsometry of blanket 193
nm PR films during PAS processing to determine @widts of plasma processes. We
find the index and thickness of top-down deposibedrocarbon films using a
multilayer ellipsometric model accounting for th@3hm PR film index and
thickness’?° Scanning electron microscopy (SEM) was used tosnreanitial

feature sizes and the changes to features cauded®ynd cyclic processes.
Dimensions of features were measured using Digintize-drawing software

coupled with the microscope scale. Statisticaludatton of line lengths were

performed multiple times per feature type.

5.3 Results

As reported previously for fluorocarbon PAS proesss the Ar/CFs plasma
deposition drastically changed the dimensions afiuies. After 60 nmgd(Fig. 5.2
(d-f)), a buildup on the sidewalls and bottom a trenches is observed (Fig. 5.2 (d)).
Cross sections of the features with fluorocarbaatiog shows uniform trench (~100
nm W and >5 um L, initial) sidewall deposition frahe top of the feature to the
bottom, and compares well with top-down SEM measerds (Fig 5.2 (e)). A net
increase in total film thickness matches closelthet seen in the blanket film. In
some initially narrow areas (~65 nm W), completelasion of the feature is

observed (seen in Fig. 5.2 (f) in the long, narfeature near the top).
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Figure 5.2: Cross section and top-down SEM micrographs of plestst features
before ((a), (b), and (c)) and after FC deposit{¢ah), (e), and (f)). (a) and (d) show

the cross section of holes and long lines showm fadop-down perspective in (b)

(f)

and (e). (c) and (f) show features of varying aswyinies.

AL and AW (nm)

Figure 5.3: Feature size dependence on change in dimensihnand4W) at

different top-down deposition thicknesses for stadaondition. The horizontal lines
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Figure 5.4: Changes in dimensiondl({ and4W) normalized to glandAL over4W
for different deposition thicknesses.

Changes to featurtl. andAW with different initial dimensions are shown in
Fig. 5.3. The fluorocarbon PAS process was cawigdor three deposition
thicknesses (20 nm, 40 nm, and 60 nm) on the difteleature dimensions. As top-
down deposition increased from 20 nm to 60 AlnandAW increased. Initially in
the 20 nm deposition case, the sidewall deposiatmis slower. Once above 20 nm
dy is deposited, the shrink rate matches well wiitrdown deposition (40 nm and 60
nm cases). A clear difference in feature shrinkgas seen between larger and
smaller features. Larger feature dimensions (L>10) shrink at about twice the top-
down deposition thickness for 40 nm and 60 nm wprddeposition. The

differences for a highly asymmetric feature (1085165 nm) are highlighted in Fig.
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5.4. At 20 nm ¢, AL is close toAW. As d, increasesAL increases faster thaxwW

for highly asymmetric features. The rate of incee@aBAW with d;, in contrast ta\L,

does not follow g at higher values.
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Figure5.5: Changes in dimensiondl{ and4W) for d, 20 nm and 40 nm for

different GFg (a) concentrations, (b) source powers, (c) andspuees.
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Plasma parametric dependencies for asymmetricreeatuink were also
explored. Figure 5.5 shows the effects of plasmarficarbon chemistry, chamber
pressure, and applied source power odth@and AW of highly asymmetric features
(1035 nm L x 65 nm W) at different,dThe total change a&fL andAW is
normalized to g. An increase in botAL andAW per @, is seen with increasing
%C4Fs in Ar/C4Fg plasma (Fig. 5.5 (a)). Increasing source poweval2®0 W
dramatically increases thd. per d, (Fig. 5.5 (b)). An increase in source power at
these conditions greatly increases plasma densttydessociation. Figure 5.5 (¢)
indicates that there is a local peakvbfat 20 mTorr when changing the pressure.
These results are normalizesl (AW) and displayed relative to the baseline

condition (400 W, 20 mTorr, 20%4Eg in plasma) in Fig. 5.6.

5.4 Discussion

During plasma etching of oxides with fluorocarb@ses, steady-state
fluorocarbon films are formed as intermediatestthiag products:** C,Fg
molecules in the plasma are dissociated into K@ fifecursors that deposit onto
plasma facing surfac@$? The composition, etch and deposition rates, aiuttribss
are determined by plasma parameters such as dagagiis chemistry/concentration,
plasma density, ion energy, et Fluorocarbon film deposition is highly dependent
on depositing species fluxes, and reactivity ofaxe sites. The sticking coefficient
(s) expresses the reaction probability that ardewt fluorocarbon species will
deposit onto surfaces. For fluorocarbon films, grisbability is increased with ion-

induced surface defects/ reactive sites. Low engngypombardment can break
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bonds, sputter fluorine and create reactive sgeadditional bonding and film
buildup to occur:?®

There are two regimes of deposition into high aspsE® features. Blanket
films and low AR features are in a surface-reaclioited regime where the
deposited film thickness is independent of featize and the deposition rate

depends on & The deposition rate can be expressed as:

h (1)

whereDR is the deposition ratdy, is the flux of neutrals to the surface and $iés t
effective sticking coefficient for a depositing e, and will reflect factors like

synergistic ion bombardment, etg, film density, N, Avogadro’s number, anil

the mass per mole.

The neutrals in our deposition plasma have moledlda characteristics
(interaction with the wall/surfaces before intenagtwith another gaseous neutral).
When depositing into geometrically shadowed featuilee sticking coefficient
remains constant while the flux of species intoftlme is constrained as they begin to
interact with feature sidewalls. PAS shares thegss deposition into asymmetric
features of feature impact on incident particléas been discussed for aspect-ratio-
dependent-etching using fluorocarbon plasmas ashpm-enhanced atomic layer
depositior?*>°>1">#The cause of non-uniform deposition and etchingpirall
features has been explained by several procesdadiimg ion shadowing/deflection,
neutral shadowing, and Knudsen transport of neitral>*’As ions in our
deposition plasma have only low energies and ajlydirectional, the neutral

behavior may dominate deposition onto the featidevgalls. The solid angle of
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acceptance on a sidewall changes drastically il sisymmetric features and
neutrals may experience shadowing. The polar asfgieutral acceptanc®, of the
feature will change drastically during shrink. Feaiample, if the feature in Fig. 5.1
(a), had initial L and W dimensions of 300 nm af@ hm, respectively, the polar
angle of acceptance half-way down the feature is

8 = tan '(AR) (2)
where the AR is defined as

AR = = (3)

* drg

where x is the L or W of the feature angk & the length from the top of the feature to
the angle origin. For this examp#g is 80° while®yy is 63°. This initial angle
changes after deposition of 20 nm fluorocarbon bimo each side of the sidewalls
(Fig. 5.1 (b)). The polar angle of acceptance desae from 80° to 79° and from 63°
to 50° for®_ and®y, respectively. The effect of neutral shadowingaoneptance
angles is readily apparent and gets worse as &sasinrink during the deposition
process. We can expect that as feature sizes astramed, scattering of low-energy
ions will increase and fewer depositing,&pecies will migrate to the bottom of the
features.

Beyond shadowing effects, the flow of neutralsighhAR features will
behave collisionally with the sidewalls. Coburn aNthters created a conductance
model of Knudsen (collisional) transport of spediethe bottom of high AR holes,

relative to the flux at the top of the hal&

Ibsb:fr_(l_kjfr_k(l_sbjfb (4)
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WhereJ, andJ; are the fluxes to the bottom and top the holgeaetvely,S, is the
sticking coefficient at the bottom of the featuaad k is related to the time-dependent
aspect ratic:*’ The more interactions with sidewalls, the higther probability of
deposition. At high AR, depositing neutrals may deposit deep into features if
interaction lengths become too short. The depaesihay be constrained and taper
close to the top of the feature.

While we see no evidence of tapering depositiarvuatconditions, AR effects
are seen when depositing into the asymmetric featWe see a sharp transition
(=100 nm) when the deposition transitions from fiaee-reaction limited regime to a
flux limited regime (by intervening feature par(g)g. 5.3). At very low depositions,
the features all initially grow slower thal. Deposition into patterned features has a
lag period during which the coating shows only ~df ?hed, amount, withdy, being
20 nm. This could be due to initial surface comais on patterned features and the
resolution/contrast limitations of our SEM imagéshe polymer due to charging.
Above 20 nndy, large feature dimensions (100+ nm) shrink inshian that follows
dy closely. This is direct evidence for features #rat surface-reaction limited; the
flux of depositing species is near-identical tostgeen by the blanket surface.
Features below 100 nm do not change dimensioneglglasth d,.. A decrease in
shrink is seen as feature sizes get smaller. Tieaseres fit the criteria for the flux-
limited regime. The feature sidewalls are gettingchmless neutral deposition than
the larger features. Changing plasma parametearsthis baseline condition can
affect the dependence on these relative chamdedYV). Figure 5.6 shows the

combined effects of changing parameters at diftedeposition thicknesses. At 20
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nm d, (Fig. 5.6 (a)), the effects of the change in patars is obscured by the large
error bars and the insensitivity of the SEM imaglesugh we would like to point out
that the relativ\L andAW differences are much lower for less depositiond@nm
doi,(Fig. 5.6 (b)) effects become clearer.

At higher %GFsg flows there is very little change from the baselagondition
in relativeAL:AW. This is evidence that starting with 20%Fg; the process is on the
high end of neutral-ion fluxes for this ion enertpading to favoring deposition in
surface-reaction limited feature dimensions. Desirep%GFg in plasmas is
advantageous for better 1A1: AW shrink. Deposition in the narrow (< ~100 nm)
dimensions is still limited by neutral incidencedahe density of depositing species
is lower for all surfaces. It is possible that imwv %C4Fs in Ar ion etching effects
reduce growth on ion-exposed surf£édss relative ion bombardment increases in
these open areas (due to an increase in ionizatilmwer %GFg and a decreased
flux of depositing neutrals), film deposition isgguessed, giving comparable
deposition rates to short dimension features. €haive shrink for both the 20 nm
and 40 nndy, cases are within 5% of each other.

The effect of source power on the process is showAg. 5.5 (b) and 5.6. As
source power is increased from 200 W to 600 Wrgela\L perdy, is achieved,
while AW perdy remains constant. With increasing source powerddgree of
dissociation and available depositing species as®e greatly, allowing for more
deposition. While the density and energy of iors® @ahcreases, the sputter rate

without additional ion energy is very low. At high@owers the degree of asymmetric
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shrink is amplified, due to a lower amount of serittg of surface-reaction limited
feature dimensions relative to deposition, simieeffect to raising the %Fg flow.
Chamber pressure had the high®lstAW at 20 mTorr. Above and below 20
mTorr, lessAL andAW per d, was observed, along with lesser differences in
AL/AW. At lower pressures, plasma density drops alonig eensities of
fluorocarbon depositing species. Lower pressure lpagviously been seen to help
control FC species in high AR features when etcldi@®.>'’ As changing
ion:neutral ratios in features can affect depositates, another parameter that will be
important for future work to investigate is ion egye Since substrate electrode was
kept floating we did not constrain the ion enemlylower pressures and higher
powers, ion energies can increase dramaticallylyhpp a bias also controls

directionality of ions, allowing for more anisotiomistributions of ions in features.

5.5 Conclusions

Fluorcarbon-based plasmas were investigated witlyttal to achieve 1:1
AL:AW PAS of asymmetric features. We find that fluorbca plasmas can shrink
trench and hole sidewalls conformally and to a liggree (e.g. 100 nm shrunk to 50
nm in width). We find that diffusion of neutral spes into features for deposition is
highly AR dependent, similar to problems describedR dependent etching of
silicon using fluorocarbon plasmas. Through turpfasma properties from our
baseline condition, we were able to find conditiamgere AL: AW gets closer to 1:1.
Minimizing AL andAW by short depositions (20 ndg)) conserved the asymmetry
due to the flux limitations getting worse at smatlenensions. Decreasing

fluorocarbon gas admixture (from 20% to 10%) imgasymmetric shrink by
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decreasing neutral deposition on surface-reacioneld feature dimensions, bringing
them closer to flux-limited depositions in smalinginsion features. Going to
higher/lower pressures (10 mTorr and 50 mTorr nedatb 20 mTorr, respectively)

also helped as plasma properties changed drantatical
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Abstract

We studied the influence of isotopes on the ArdHd Ar/D, plasmas using
Langmuir probe and ion mass analyzer measuremesévaral pressures relevant to
low temperature plasma surface processing. As B0% H is added to Ar plasma,
electron energy distribution functions show a daseein electron temperature (from
2.5 eV to 3 eV for 30 mTorr with 50% addition) amdecrease in electron density
(2.5 x 16* cm>>2.5 x 13° cm® at 30 mTorr with 50% addition). At lower pressures
(5 and 10 mTorr) these effects are not as pronaunidas change in electron
properties is very similar for Ar/Dplasmas due to similar electron cross-sections for
H, and D. lon types rapidly transition from predominantly’Ao molecular ions
ArH*/H3" and ArD'/Ds" with the addition of Hand B3 to Ar, respectively. At high
pressures and for the heavier isotope additios,ttansition to molecular ions is
much faster. Higher pressures increase the ioneulds induced formation of the
diatomic and triatomic molecular ions due to a dase in gaseous mean-free paths.
The latter changes are more pronounced foadlition to Ar plasma due to lower
wall-loss of ions and an increased reaction ratéoio-molecular interactions as

compared to Ar/kH
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I ntroduction

Ar/H, plasmas are of interest to for control of defewtls during graphene
depositior’*®?doping transistor®and control of hydrocarbon surface
propertie$* Recent works have aimed at characterizing plazoperties and
surface interacting species in Ag/plasmas:“°*?At low pressures (1-100 mTorr),
major surface interacting species in Arfplasmas are ions, reactive H atoms,
UV/VUV photons and Ar metastable atoms. Gudmunds$ssnmeasured the ion
mass and energy distributions for most ion typesemt (H, H,*, Hs*, and Af).6>6°
Kimura and Kasug&i and Hjartarssost al®®then collected electrical/optical data
and modeled the complete system using a global imogtewithout direct quantified
ion composition measurements. They found that phedemsity decreased rapidly
with the introduction of Kinto the pure Ar plasma. They showed that the Ada
should make up a significant portion of ions. Setlal. recently measured calibrated
ion mass distributions for Ar/iplasmas that accurately described the ion types mo
completely. One of his reported findings was thatArH" ion is a much more
substantial fraction within the plasma. Sa&del. also measured dissociation fractions
and free H atom density in the Ag/iHlasmas:® *'°Wanget al®** and Fox-Lyoret
al.>*?recently reported on the effect of kiddition to Ar plasma on Ar metastable
atom concentrations using optical methods and pnodgesurements.

Sodeet al. described the measurement of all surface reldeartypes with
different flows of H in Ar plasma (0-100% Kin Ar plasmas, 7.5 mTorr, with a
constrained electron densitye N 3 x 13° cm®).1% Their work effectively predicted

the change in ion composition when only changireggas fraction of § by
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adjusting the Nthrough applied rf power modulation. For the pwgmof surface
processing, we are interested in how the plasmaggsawith only one parameter
changing at a time. We are also interested in hiéferent conditions (such as
pressure) affect the density and energy of spedibsn the plasma. At higher
pressures, plasma species mean-free paths dedesabrg to more molecule-
electron and molecule-ion collisions. As the pred@nt molecular ions in Ar/H
mixtures (ArH and H") are only formed by ion-molecule collisions, we expect
that ion composition distributions will be drastlgalifferent. In this study we
explore the effects of chamber pressure has omplaectron energy distribution
functions (EEDF) and ion composition distribution.

Another area of interest is plasma characterizaifadhe low-H flow regime in
Ar/H, plasmas. When etching hydrocarbons at low presswe found that the
plasma-surface interactions transitions from algyyRysical sputtering regime to a
chemical sputtering regime when up to 20%d+dded to Ar plasnts’ The etch
rate becomes significantly higher and large degoéssirface re-hydrogenation of the
H-depleted surface is observed. Even with smalfdyen flows in Ar (~10% Kin
Ar), the surfaces experienced up to a 3-fold inseda etch rat&? Kimura and
Kasugai predicted a very rapid transition of iopey and electron densities when
small amounts of His added to Ar plasm&<.Sodeet al’s experimental
measurements of ion distributions encompasses grges of K flow, but with
minimal information in this transition regime whehe predominant ion transitions
from Ar* to ArH".%*% lon mass plays a large role in surface modifizatind etching

of hydrocarbon films. ) in place of H, has been used to compare ion mass effects
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on collisional energy transfer at surfaé$There have been no experimental
measurements of ion mass distributions and elettetavior with D addition to Ar
plasmas in this processing regime. We compareftaet®f D, flow has on Ar

plasma properties and species.

Experimental detailsand methods

Ar/H,/D, plasma characterization and reactive etching af hgdrocarbons
was studied using an inductively coupled plasmatogaThis reactor has been
described in previous publicatiofisThe plasma is generated by a planar coil above a
guartz window with a 13.56 MHz rf power supply wéh L-type matching network.
lon energies to the substrate electrode are céedrbly independently biasing at
3.7MHz. The plasmas used in this study were caoigdt 5-30 mTorr and 300 W
applied rf source power. Substrate bias was ordg asiring deposition/etching of
hydrocarbon films. Ar/lHand Ar/D» ion compositions were characterized using a
HIDEN quadrupole ion mass spectrometer with a sengplrifice located near the
substrate electrode. lon masses of 1-42 AMU'’s weamned and integrated
individually to find the total relative compositiari species. For purposes of
compositional analysis of relative concentratioas,intensities were normalized to
their transmission coefficient (in this AMU ranggeis approximately 1/M,). High-
resolution measurements of EEDF, Ahd average electron temperaturg (iere

obtained using a Plasma Sensors Langmuir pfoe .
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Results and discussion

EEDF’s were obtained for ArfHand Ar/D; plasmas at 10 and 30 mTorr at
0%, 25% and 50% #Hand b admixtures (Fig. 6.1). The electron behavior clesng
significantly with the addition of reactant specésl increases in pressure. With
increasing molecular gas flow, the integrated afdhe distribution decreases, while
increasing pressure causes an increase. The itedgnaea corresponds to thg N
displayed in Fig. 6.2(a). The reduction i@ Ns more pronounce as pressures increase
due to an increase in inelastic electron-molecalkstwons. At 30 mTorr, Iy
decreased by a factor of almost 10 (~2.5% &> > ~2.9 x 16° cm®) with 50% H
or D, addition to Ar plasmas. The average value fordis&ibution corresponds to
the Te displayed in Fig. 6.2(b). With increasing/B; flow in Ar plasmas, a slight
increase is seen in.TAgain, this effect is more pronounced at highespures, when
electron-molecular collisions increase. At 30 mTadgincreased from ~2.5 eV to ~3
eV with Hy/D, addition to Ar plasmas. The electron behavior oHA and Ar/D
plasmas is very similar, showing little isotopeeetfon electron properties. The
insensitivity to the type of molecular gas was eted, as the electronic excitation
and ionization cross-sections of Bhd > molecules are very similar for low energy
electron$1° Ar metastable atoms are also of interest to mealepirocessing and have
large changes have been observed upon introdusttidpa and other impurity gases
into Ar.°*%12Ar metastable atom densities are governed by génar(Ar atom
densities, i and E) and quenching (molecule-metastable atom collsiorall-
metastable atom collisions, and short lifetimesing an optical technique reported

previously®*?we found that densities of Ar metastable atonssnislar with H, and
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D, addition to Ar plasmas, without large differencelis conclusion makes sense as
Ar densities and EEDF’s are near-identical for bdtrand 3 addition and there is
minimal molecule-metastable atom quenching. At prassures (below ~75 mTorr),

mean-free paths between neutrals is much largartbeachamber wall, and lifetimes

of Ar metastable atoms are shorter than interadéingths>*" 18

1011_
Ar/X, plasma
o] 300 W
1075 100% Ar
= ] 25% H,——D,——
“’g 10°d/ 50% H, D,
(?’5 '
e 10°
[m) 3
w ]
Lu 4
1074
i(a
] )
e romror W
0 5 10 15 20 25 30
electron energy (eV)
1011
Ar/X, plasma
o 300 W
L 100% Ar
o 25% H,——D,——
8.5
e 10°;
@) :
w ]
Lu 4
107 5
(b)
10° 130 mTorr mm

0O 5 10 15 20 25 30
electron energy (eV)

Figure 6.1: Electron energy distribution functions for Ai/ldnd Ar/Dy plasmas at 10

mTorr (a) and 30 mTorr (b).
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lon composition distribution effects from pressre, and %D flow in Ar
plasma, and isotope effects is shown in Fig. 6t3o¥ pressures (10 mTorr), the
relative amounts of Ar Hs", H,", and H matches well with data presented by Sode
et al.at (7.5 mTorrf° The Af* ion rapidly diminishes with addition. At higher
pressures, the relative prevalence of these lagig switches. [ and " are
suppressed at higher pressures due to the inmagtih neutral Hand 3 atoms,
respectively, to form triatomic ions. The formatiohmolecular ArH is mainly by
Ar* collisions with an Hmolecule? This ion-neutral collision causes dissociation of
the H, molecule and formation of an AfHobn. At higher pressures, the transition to
molecular ions is faster. Similarly to the effecégsure has on electron properties,
this if due to an increase in molecular interacianth charged ions in the plasma

and neutral molecules. The significantly lower mé&ae paths become apparent.
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Figure6.2: (a)N¢'s for Ar/H, and Ar/Dy plasmas at various pressures. (RsTor

Ar/H,/D, plasmas at various pressures.
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D, addition to Ar plasma, relative toptdddition, appears to cause a faster
transition to higher measured densities of moledolas. This could be due to its
mass-dependent lower loss rate to walls. The tréanse is much lower for H
containing molecular ions, leading to depletionhmtthe plasma bulk. Another
reason for this is that as the predominant molecates are only formed by
molecule-ion collisions, the larger collisional ssesection of deuterium atoms causes
increased. The important ions for hydrocarbon serfateracts are ArArH”, and
ArD”. These ions can impart the most energy into sesfand effectively sputter C
and H. In Fig. 6.4, these ions are displayed fieint pressures. The depletion rate
of Ar’ ions and the formation rate of Afkbns and ArD ions increases with

pressure. Paddition is favored for the formation of moleculans in each case.
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Figure 6.3: lon composition distributions for Arand Ar/D; plasmas at 10 mTorr

and 30 mTorr.

With these large differences in Aildnd Ar/D, ion composition distributions

and molecule-ion interactions, hydrocarbon surfaeesinteract differently. Figure

6.5 shows the results of etching a hard hydrocanmbaiiute Ar/H, and Ar/D,

plasmas. The hard a-C:H film etched in this stugyengrown using a CHplasma

with high energy bombardment of the substrate. mudeposition, the films were

monitored using in-situ ellipsometry to gauge thiekness and optical index of

refraction. Hardness of the films was confirmecgdtopfet al’s optical index of
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refraction-bulk property (H:C ratio and densitylateonship of a-C:H films and the

film’s properties’'® The substrate was actively cooled with a chiltet®° C.
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ArD") in Ar/H,/D; plasmas at 5 mTorr, 10 mTorr, and 30 mTorr.

The etch yield for P containing plasmas is much greater tharcéhtaining

plasmas. This higher rate is possibly due to séearsses. Firstly, the higher degrees

of dissociation by molecule-ion impacts could Iéadhigher reactivity at surfaces.

This higher reactivity could mean a higher chemsgalttering rate for Pcases.

Secondly, for all %okHand %D conditions, the average ion mass is higher foDAr/

plasmas than Ar/kHplasmas. This higher ion mass means a more eféeitinsfer of

energy into the a-C:H film, leading to higher etates. Thirdly, the molecular ions

contain D, which can sputter hydrocarbons at moelef energies due to its higher

mass. As molecular ions split their energy relatovéheir mass, D atoms end up with

more kinetic energy from Arbmolecular ions than H atoms from Ariholecular

ions.
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Figure 6.5: Etch yield differences in Ard-and Ar/D; plasmas.

Little work exists on the how energy is split wHew-energy molecular ions
interact with surfaces. ForsHD3s" molecular ions, there is evidence that energy is
split equally for each atofif° Harriset al. saw a potential molecular size effect of
larger molecules advantageously having higher spaog rates than single atomic
ions with normalized energies. Our results coulghgsst that ArD and ArH and
other molecular ions are significantly better aitsgring hydrocarbon films than Ar

ions.

Conclusions
We explored the effect chamber pressure and ma@aegak isotopes have on
Ar/H, plasma species. Large decreases.i(bM ~10x seen for 30 mTorr cases, by

~10x seen for 30 mTorr cases, by ~4x for 10 mTases, and by ~3x for 5 mTorr
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cases) were observed with the addition gHd D to Ar plasmas. For EEDF’s,N
and T, D, addition to Ar did not significantly differ from Haddition. While B
molecules have similar electron cross-sections;tmblecules, they have slightly
larger collisional cross sections. This effect,@ed with the slower loss of D-
containing molecular ions at walls, leads to higlm@ounts of molecular ions in the
plasma with B addition than for Haddition. For all reactive molecule flows in Ar
plasmas, Pcreated a higher percentage of ions relevantrfasiinteraction with
hydrocarbons. the etch yield of hard a-C:H was éidbr D, addition than H
addition due to having more relevant ions, haveigtively heavier molecular ions,

and more free D atoms for reactivity (due to ionlecalar interactions).
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Abstract

Etch rates and modification of hydrocarbons durgsgrtive plasma etching
depends on surface composition and the energytadistry of incident plasma
species. In this study, we explore how plasma-deggblydrocarbon films with
varying hydrogen content and densities interadh Wwitdrogen and deuterium plasmas
at different ion energies. The predominant surfateracting species aresHand °
and reactive atoms. We observe that films with Bigh and low density etch
significantly faster than low %H films and high déy (48% H vs. 31% H). By
normalizing etch rates with hydrocarbon densiteegdt C atom yields, we observe
that there is only minor dependence of C atom rexhon the %H content of the a-
C:H film. Soft/hard films are modified differentlyy plasmas with hard films up
taking additional carbon at the surface during iegghwhile soft films losing
hydrogen in surface layers. By modulating the epefgncident hydrogen/deuterium
ions, the surface behavior (densification or hyéragion/deuteration) can be
controlled during etching. Deuterium causes lestasa modification due to

significantly higher etch rates (up to 10x highwart H, depending on conditions).
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I ntroduction

Reactive plasma surface functionalization and nicatibn of soft
hydrocarbon and graphitic materials is an areatefést to biomaterials, device
manufacture, and high temperature plasma-matatieddctions:*~"*Hydrogen (H)
and other reactive plasma functionalization of eage/hydrocarbons is an promising
avenue for doping and surface modificatior:®In low pressure inductively coupled
plasmas, H plasma etching of hydrocarbons is damihlay reactive H atoms and
molecular ions (H, H,", Hs").”® Isotope effects are interesting to investigatejumstt
because of use of deuterium/tritium (D/T) isotojefuision plasma, but since it
provides information on the impact of bombarding rass on behavior and
evolution of hydrocarbon surfaces. Large amounisak have been done
investigating H/D plasma species interacting withpdpitic hydrocarbons at low
pressures and powets.”*°Hopfet al.investigated the effect of Hs. D' ion
bombardment on hydrocarbon filfi§ Due to D’s higher mass, kinetic energy
transfer to surface atoms/molecules is larger,ihgatb higher etching yields. Using
TRIM.SP"* models and experimental etching data, they preditte individual
chemical and physical sputtering components toigdhard amorphous
hydrocarbons with the isotope ions. Oehrkgirl. studied interaction of H and D
atoms with hydrocarbon films'? There is limited information on how the
hydrocarbons of varying densities and hydrogenardrdre etched and modified
differently in H/D plasmas. In soft polymers, théeet of reactive atom concentration

(O) on the Ar sputter rate can be expressed wétCthnishi parametét®

Etch Rate o — L (7.2)

N —Np
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WhereNr is the total number of atomN, is the number of C atoms, aNd is
the number of oxygen atoms. For triatomic polymers:

N.=N,— N,— Ny (7.2)

Where N is the number of H atoms. It is clear that if @ &hatom densities
decrease, or C-C bonding increases, the etch ilitdaeerease. This effect has not
been heavily explored for situations where dereitg hydrogen content changes, as
seen in amorphous hydrocarbon (a-C:H) films. Fdympers with few O atoms
(polyethylene), Chaudhumst al. did not see an etch rate Ohnishi parameter
dependencé*In the present work, we studied the influencenifdl %H in a-C:H
films has on etching behavior inp#®, plasmas. We report the effect ion mass has on

the etch rate and surface modification at differentenergies and chemistries.

Experimental details and methods

Plasma characterization and deposition/etching/dfdtarbons was carried
out using an inductively coupled plasma reactoscdbed in previous
publications”** Plasma deposited hydrocarbons can be ideal sy$teresarning
about plasma-surface effects. Amorphous plasmasiteohydrocarbon (a-C:H)
films can have properties ranging from soft (H-Jitdhhard (graphitic), depending on
plasma deposition conditiod<® Soft a-C:H have a high H:C ratio and have a large
percentage of $bonding (C-H). Conversely, hard a-C:H have littielrogen
incorporation, are very dense, and dominantly gitap{sp?) bonding. Polymeric a-
C:H films are typically deposited with H-rich hyai@rbon gases at low ion energies

and cooled substrates. Graphitic a-C:H films rezgjhigher C:H ratio feed gases,
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significant ion bombardment (to sputter off H t@yent incorporation), and becomes
easier at higher temperatures.

An inductively coupled plasma reactor was usegfasma deposition and
H./D, etching of films. Briefly, a 13.56 MHz rf powergply with an L-type
matching network powers a planar coil above a quamdow. lon energies to the
substrate electrode are controlled by independémlsing at 3.7 MHz. The quartz
window is located 8 cm over the substrate electrbl®, plasmas were operated at
600 W source power and 30 mTorr chamber presstaddilms for this study were
grown using CH plasma. During deposition, the films were monitbusing in-situ
ellipsometry to gauge the thickness and optica¢xnaf refraction. Hopét al.
established a relationship between the opticakirudeefraction of plasma deposited
a-C:H films and the film’s properties (H:C raticersity)’-*° The plasma deposition
was carried out at 10 mTorr and 300 W applied urse power. The substrate was
actively cooled with a chiller to 10° C. To achiedifferent a-C:H hydrogen contents
and densities, the parameter used was the substasteSubstrate bias (ion energy)
allows for flexible growth of films having hard sqdroperties with even H saturated
feed gase5®When no substrate bias was applied, and the etextwas floating, the
minimal ion bombardment causes a film to be depdsitat is ~48% H, and a density
~1 g/cmi. At the maximum substrate bias investigated instely (-200 V), films of
~31% H and a density ~1.9 g/émere obtained.

H, and B ion compositions were characterized using a HIRftEdrupole
ion mass spectrometer with a sampling orifice ledatear the substrate electrode.

lon masses of 1-6 AMU’s were scanned and integratigiidually to find the total
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relative composition of species. For purposes afpasitional analysis of relative

concentrations, ion intensities were normalizeth®r transmission coefficient (in

this AMU range, it has been show that the coeffitie approximately M™Y.
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Figure 7.1: lon concentrations for WD, plasma mixtures with different,@mpurity

flows in H plasma. In mixtures, different ions of massesAM&J’s cannot be

distinguished due to mass overlapping, so theypegsented as the total sum at each

mass.

Results and discussion

a-C:H surfaces are mainly affected by reactive atand ions in the plasma

(no effect on surfaces was seen from UV/VUV, whigéother species were filtered

out by a UV/VUV transparent MgHilter). As molecular dissociation fractions and
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free H/D atoms of these plasmas are very similah(iy, having a slightly higher
dissociation fraction}?°it is seen that differences in ions control swefatfects. The
predominant ions in bothplasma and Pplasma cases are found to b& Bnd 0o,
respectively (shown in Fig. 7.1 at the 0% and 1@®4addition to H cases,
respectively), with very low amounts of atomic iarsd diatomic molecular ions.
These results are unlike Gudmudsson'’s ion disinbatwith conditions in similar
pressures and electron temperatures where a nealr+atture of triatomic and
diatomic molecular ions was seeh’®Recent works by Sodst al and Kimuraet al.
show that the predominant species should be triatmms, consistent with the
results in this study:**~"**The dominant surface-interacting ions in pugeaHd D
plasmas at these conditions are therefafeadd 3" ions, respectively. When gas
chemistries are changed from purgtél D, containing plasma mixtures, the ion
species in the plasma change. Figure 7.1. show®lig/e ion species as they
transition from predominantly flions to D containing ions. Between ~30% and
~60% D flow in H, plasma, the predominant ions are molecular iortunes of H
and D atoms. Between ~30% to 45% B,D" is the predominant ion, while from
~45% to ~60% the predominant ion isHD. Above 60% B addition, the
predominant ion becomesD The earlier transition to D atom dominated ioas be
explained by a enrichment in plasmas due to diffege in mobility and losses at the
wall.?* Reactions and formation of mixed HD molecules mg has been heavily
studied in fusion and astrophysics togié3At low pressures and energies limited
work has been done on characterizing expectedimomsxed plasmas. Our

measurements are in good agreement with theorgtiedictions and experimental
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work on H/D- mixtures in plasmas at low temperatutésThe average ion mass
(Fig. 7.2) during the transition from,Ho D, plasmas is seen to increase linearly, as
the relative amounts of triatomic, diatomic, anghait ions changes very little.
Substrate bias potentialgdg) can be directly related to the ion energies
experienced by the etching hydrocarbons. The applidstrate bias plus the plasma
potential (~15V, at these conditions) account far lhigh energy peak position of the
ion energy distribution. For atomic ions, the efifee ion energy experienced at the
surface is this value. At high energies, molecidas (of uniform atomic
type/weight) at surfaces behave as individual atdoms with energies divided
between each ioh?® At low energies explored in this study, moleciitars have
been found to behave slightly differently. At a-Gstifaces, Krstriet al. modeled
how molecular H and D ions dissociate near surféaes to charge neutralization be
electron capture) and split energies among each.5t6Experimentally through ion
beam studies, it was shown that energy normalizelécular ions of H and D atoms
have slightly higher etch yields than respectiverat ions, signifying that the energy

distribution is not even or other effects are odogr’** ">
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Hydrocarbon surfaces interacting with &hd D plasmas etched at
significantly different rates. Figure 6.3 shows #tehing of various hydrocarbons
with H, and D plasmas with bias voltages ranging from -50V @0\2. For all types
of film and substrate bias potentials, flasmas had higher etch rates. The transition
from chemical sputtering to physical sputteringimegy as described by TRIM

simulation for hard a-C:H films by Hojett al*°

, Is evidenced by the differences in
low energy etching rates of,dnd B plasmas (Fig. 7.3 (a,b)). At low energies
(below ~35 eV, or 100 V with molecular ion energyitting normalization), the
difference between Dand H plasmas etching hydrocarbons is very large. Asdot

by Hopfet al°

, D ions can effectively etch below 15 eV, whiladfs cannot. With
normalization of ion energies, i.e. (plasma potniti/sg)/3, the energies each ion

fragment contributes is ~20 eV at -50\gV This energy is insufficient to achieve
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sputtering with H ions. Above ~-100VsY, the etch rates closely reflect the mass
differences in the ions. Starting from lower %Htfe initial hydrocarbon film, the
differences are not as large because of a decreasednt of chemical sputtering,
due to limitations in available H atoms to creatatile products at the surface. For
both H, and b plasmas soft H-saturated a-C:H etched fasterttit@hard, graphitic
a-C:H. The etch rates (seen clearly in the spaairige D, plasma data) increased as
%H in the initial film surface increased. At modeerto high biases, the 48% H film
ER is only a factor of ~2 to 3 higher fop Ind I plasmas, respectively. The biggest
jump in ER effect is seen in the 35-42% range fwhbH, and B plasmas. The
differences in the etching behavior of the hydrboas are due to the surface
interacting species and the initial film compositend density.

Surface modification of hydrocarbons is also sedet drastically effected by
initial film properties, ion energy, etch rate &sen in Fig. 7.4).We previously
investigated this effect on hard a-C:H for Ag, &hd Ar/H plasmas:*’ Using a 2-
layer ellipsometric model for a modified layer anaC:H film, we can find the etch
rates of the a-C:H film and an approximate degfemidace modification. As there
are two unknowns in this model, the depth of madiiion must be determined to find
the index of refraction of the surface layer. Thiss obtained using 90% ion-atom
displacement event depths,(@ from TRIM.SP code for films of various densitydan
ions of various energies. For more information dalibe TRIM.SP code, surface
binding energies and other parameters for a-Crhisfilve refer to Hopét al.’s
work.’® We obtained the index of modified layers feedimese depths into a model

for the analysis of the real-time ellipsometricadfdr the hydrocarbon film etching.
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Described in Eq. 7.2., the difference of this infiexn the underlying film4,) is
multiplied with dnoqto get an relative optical densitypod-

Pmod = Gmpa * Oy ay.
At low initial %H (31%) andvsy, the modification to the surface is highest aretdh
is a decrease in optical density. This is due ¢ohilgh degree of hydrogenation
required before etching takes place (as discusadiérefor this regime’s suppressed

yield).
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When the initial film has the highest %H (48%), tpical index is increased

as the film is saturated with H before etchingdleg to depletion of H in surface
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layers during steady-state etching. Mok¢ral. showed that hydrogen/deuterium
bombardment causes H atoms in soft a-C:H to seddgtsputter and diffuse out as
H, molecules, which leads to the net increase ircaptiensity.* In intermediate
%H films, the degree of modification decreasesaditm composition is closer to a
composition advantageous to etching. At 35% H atiserved that the optical index
switches from lower to higher optical density ie tinodified layer when substrate
bias (above -75V) is increased. The increasing napae of physical sputtering
actually decreases the required H in the surfae far etching, leading to a
depletion of H in the film. We previously reportacgimilar switch effect of surface
density when etching hard hydrocarbons while vayyire plasma chemistry in ArgH
plasmas.” D, plasma is seen to suppress the effects of losgdsbgen in the soft a-
C:H films. The high etch rate (4-8 times highemth& in 48% H films) prevents the
formation of highly modified layers. In 31% H filni¥ causes slightly less loss in
density as, again, higher etch rates disrupt thedtion of H/D rich layers. von
Keudellet al. showed this effect for soft/graphitic films beieghed in H plasmas”
Interestingly, we observe that when modulatingltias through critical physical
sputtering thresholds, a switching from higherawér surface density than the initial
moderately hydrogenated film can be obtained. $isching can be controlled
finely in real-time until the thickness of the filhas been fully etched back to the
substrate. This effect could be used to tailortyipe of surface modification a film

undergoes during etching.
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The modification and etch rates of the various gilim H, and 3 plasmas
should be related to the initial film’s physicabperties. For photoresists, the Ohnishi
parameter describes an etch rate effect for inorg@sygen in polymers. At higher
O densities, the etch rate of the film increasep@rtionally (Eq. 7.1¥:**C-O
species are easily volatilized by incident ionsevdas less O-saturated C atoms
sputter at a much lower rate. It is important teertbat all polymers fitting with the
Ohnishi parameter are of very similar density aowltain significant oxygen
densities’** If we consider a-C:H films in using the Ohnishidet where N
consists solely of Nand Ny, and N, is substituted for B, we can predict the
expected etch rate differences. Assuming théenNhis case is equal to 100, 31% H a-
C:H films would have an Ohnishi parameter of (69-3br about 0.026 while 48% H
a-C:H films would have an Ohnishi parameter of 487, or about 0.25. These
differences (here ~10x in predicted ER differerare)far off from actual etch rate
differences (~2-4x difference). Unaccounted foth@ Ohnishi model for soft
polymers, film density can play a large role inhetg films. At higher densities,
penetration and ion-atom displacement event defgbsease dramatically.
Normalizing for bulk densities of the films (~1.&g® for 31% H films down to ~1
g/cnt for 48% H film), C atom yields (C atoms removed jpeident ion), and
molecular ion energy splitting effects (treatingle#n as 3, due to molecular ion
splitting effects described above), we plot thdette data as C atom yields vs. film
%H content in Figure 7.5 (a,b). The etching défeze effects seen before with
different %H content initial films is much reducdebr our data, the etch yield of an

a-C:H film, Ya.c., can be expressed for most a-C:H film etchingasituns as:
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YE—C:H o l:Sh e (73)
a—-K

wherepa.c.nis the initial film density, and ms a factor accounting for the average
ion mass. In bHiplasmas, the yields agree well with this obseovatexcept in the
lowestVsp and low %H cases. This is due to an inabilityhiernically sputter the film
effectively due because of limited reactive H aiffusion and insufficient ion
energies. We previously described this slow etcbelgavior at low potentials for,H
etching of hard a-C:Ff D, also shows a significantly lower etch yield regiate
smaller a-C:H %H films (31% H and 35% H) that psssfor all i, For these hard
a-C:H films, yields have good agreement with restéported in beam studi&®’
This could be due to the limitations of availablratoms to saturate bonds at
higher etch rates. Without the formation of su#fitti volatile CH products, chemical

sputtering is at sub critical levels.

Conclusions

In this work we explored the effects of etchinge&liént hydrocarbons in
H./D, plasmas. We find that having a higher initial %dhient a-C:H leads to higher
etch rates that do not follow Ohnishi parameteredejencies. These etch rate
differences are due mainly to differences in a-@lid densities. The yield for hard
(31% and 35% H) a-C:H in+plasmas is at low biases is smaller due to insefii
free H atoms to create volatile etch products anddd physical sputtering and
chemical sputtering. lons in.plasmas (predominantlys) can impart more kinetic
energy into the film, lowering the threshold ioreeyy required for chemical and
physical sputtering. This effect is magnified whetohing at low substrate biases, as

D" is effectively imparting enough energy for cherhimad physical sputtering while
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Hs" ions cannot. Different kinds of modification caké place as etch rates increase
and incorporation of Hinto films decreases. Modification can be H-depbpor
H/D-incorporating at the film surface at some ere@nd initial film properties. By
starting with intermediate density and %H filmsiaetswitching from densification

to hydrogenation was observed.
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Chapter 8. Conclusionsand Futurework

The main goal of this PhD thesis was to increaskerstanding of
fundamental plasma-surface interactions betweatyrieactive plasmas and
hydrocarbon films during etching conditions to ease the level of control over
plasma kinetics and evolving surfaces. This knogéeand control of plasmas and
surfaces is valuable for applications in device ufacture, the high temperature/ion
flux first-wall in fusion chambers, and other area& investigated the evolution of
hydrocarbon surfaces by plasma exposure and thgeha plasma properties with
the addition of reactive species.

In Chapter 2, we investigated the fundamentalcgdfef reactive and inert
plasmas on hard amorphous hydrocarbon (a-C:H) filfieough experiments and
molecular dynamics (MD) simulation we looked at thechanisms governing ions
and reactive atoms interaction with hydrocarboffies@s. In inert Ar plasmas, the
main surface interacting species, Aons, cause densification and loss of hydrogen
that scales with ion energy;ldlasmas cause rapid population of the near-surface
region with H atoms, leading to large decreaseaiifase density and higher etch
rates. With higher ion energies the hydrogenatgerlevas decreased, as the degree
of hydrogenation in the surface required for effecsputtering was suppressed.

Using these insights, we also explored the effettaixed plasmas on
hydrocarbons. With inert/reactive Arflglasma mixtures, the surface properties were
controllable by changing the plasma chemistry amdeinergies. Reversible effects of

plasma modification were found, and were revisite@hapters 6 and 7.
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In Chapter 3, the effect of reactive hydrogen addiand changes to pressure
have on Ar metastable atoms was investigated. Aasteble atoms are important
surface-interacting ions and are important enegggiars in the plasma. Using
multiple concurrent plasma diagnostics and modwlexcited electron states, we
find the changes to Ar metastable atom densitresehses in pressure cause an initial
increase in Ar metastable atom density, as electemsity increases strongly with
pressure. As pressure continues to rise, eleatropérature falls leading to a slower
metastable atom formation rate; &tldition to Ar plasmas causes a rapid loss in
electron density as molecular processes quenclasdpl electrons. These results
showed an application of a new method for deteathranges to notoriously hard to
characterize Ar metastable species. Further efteatsed by Haddition to plasmas,
such as ion mass distributions and surface effeete described in Chapter 7.

In Chapter 4, we studied how the addition of hydrbon species into the
plasma (from both gaseous and surface derived eguadfects inert Ar plasma
properties. As industrial etch processes are itaobivith a high surface area of
hydrocarbon films, quantification of the feed-badfects on the plasma properties is
important. By etching plasma-deposited hydrocanaterials concurrently with
surface characterization, we calculated the effedaseous hydrocarbon flow into
the plasma. We found that both types of hydrocadmidition cause large decreases
in electron density. By etching large areas of bgdrbons into the plasma, we found
that surface-derived GHivals the impact of the equivalent ¢Hom a gaseous

source.
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In Chapter 5, we provide the first in-depth lookta plasma properties that
govern the conformal fluorocarbon deposition inighhaspect ratio, asymmetric
features for plasma-assisted shrink. Plasma agshtank is a plasma deposition
process that ideally conformally coats patterneduiees with polymeric film and
shrinks the critical dimensions. Limited academarkvexists on this subject and the
parametric dependencies and limitations were nditumelerstood. We find that we
can create highly conformal fluorocarbon layerswmiewalls of photoresist features
using Ar/GFs plasmas. We find that lower deposition thickneskeger plasma
densities, higher pressures, and lower amountskyi@ the plasma are
advantageous to more uniform deposition in asymmigatures. These parameters
control the diffusivity and deposition charactedstof depositing neutral and ion
species in the photoresist features. Within auameter space, we find the best
amount of shrink to retain feature dimensions tdirbéed to ~20 nm (in 65nm wide
features) or less.

In Chapter 6, we investigated the effect of isotbps on reactive plasma
properties and plasma-surface properties of vailgdsocarbon films. Bplasma,
relative to H, has higher ion masses, but the same triatomisipredominant. p is
much more effective at etching hydrocarbons, spatiy very H-deficient € 35 %

H) hydrocarbon films. D containing ions can effeety cause more sputtering of
hydrocarbon species. We saw that modificationlof 8urfaces depended on initial
film composition, ion energy, and ion mass. In $girocarbon films, depletion of H
atoms was seen with ion bombardment. In hard hydbon films, the films were

seen to swell with hydrogenation/deuteration be&tohing. On this same line of
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thought regarding isotope impurities/plasma mixdune Chapter 7 we compared the
effects that isotope impurities have on inert plagroperties. We found that both
impurities in Ar plasmas caused near-identicaltebeceffects, due to very small
amounts of electron-molecule interaction at thesssures. Conversely, there are
noticeable amounts of ion-molecule interactionthase pressure which cause the
formation of molecular ions (3, ArH*, D3*, ArD"). In low impurity flows, D
molecules cause a faster transition from atommadtecular ions, due to their larger
(vs. H) molecular interaction cross section.

Overall, this work showcases the drastic differerecsurface can experience
with minute changes to plasma conditions. We fainad there are dramatic changes
to surfaces undergoing plasma. Going the next stepsieed to continue to
investigate dilute reactant addition to plasmas affects unintended flows have on
plasma properties, and unconventional plasma psesdsr feature and surface
control. Applying new knowledge about surface colnto real-world situations, such
as photoresist processing, could improve curredtfature generation etch

technology.
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