ABSTRACT

Title of Dissertation PLASMA-PHOTORESIST INTERACTIONS
FOR REALIZING ADVANCED PATTERN
TRANSFER PROCESSES
Adam Pranda, Doctor of Philosop020
Dissertatiordirectedby: Professor Gottlieb S. OehrleiDgpartmentf
Materials Science and Engineeriauigd Institute
for Research in Electronics and Applied
Physics
Photoresis{PR) materials undergsignificant physical and chemical
modification from the ions, vacuum ultraviolet (VUV) photons, and readpecies
that comprise a plasnech processlhe modifications of these materials, which are
anintegralcomponent in the manufacturing process of semiconductor delhaes
key implcationson the control of the etching and roughening behavi@tare vital
for establishingselective pattern transfer procestes maintain feature fidelity at
increasingly smaller feature sizes and pitclhesheinitial chaptersof this
dissertation, wéocus onestablising afundamental understanding thie rdationship
between PR modification and thesulting etching behavior undan inert argon
plasma procesg.o establish the key relationships, we utilize a combination situ

ellipsometrysupported byx-ray photoelectron spectroscopy (XR@dattenuatd

total reflection Fourier transform infrared (ATIRTIR) spectroscopto develop a



ellipsometric modethatinterprets theorrelation betweethe PR Iayer structurg

which developsdue toenergetidon bombardment in plasma procesand the
correspondig etching behavioiF-rom this analysis, we find that energetic ion
bombardment produces a dense amorphous carbon (2}&2)on the PR surface
that reduces the overall PR etch rate with increasing thickBesendary
characterization via atomic force microscopy (AFA§o showgorresponding
development of surface roughness. Expanding the scope to reactive plasma
chemistries containing fluorocarbon (FC) speaiesfind that the FC species interact
with the DAC layer to produce an F@ich modifiedlayer on the surfacén thelatter
partof this dissertationweapply our findings regarding the PR surface niiodition

to address an industriakedto improve theetchselectivity ofsilicon dioxide GiOy)

to PRby minimizingthe thickness lossf an extreme ultraviolet (EUV) Pénder an
atomic layer etching (ALE) proceby systematically evaluating tid_E processing
parametersWe find that cyclic ion bombardment afdeposited FC layer leads to the
developmenof a modified layethatsignificantly reduces PR loss while
simultaneously maintaining§iO; etching, thus producing a high SIBR etching
selectivity.Lastly, we &amine another industrighallengeconcerning thextent of

off-normalions affecting the etching uniformity of PR samples.



PLASMA-PHOTORESIST INTERACTIONS FOR REALIZING ADVANCED
PATTERN TRANSFER PROCESSES

by

Adam Pranda

Dissertatiorsubmitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2020

Advisory Committee:
Prof. Gottlieb S. OehrleinDepartment of Materials Scienaad EngineeringChair
Prof. RobertM. Briber, Department of Materials Science and Engineering
Prof. Raymond J. Phanewepartment of Materials Science and Engineering
Dr. Sebastian Engelmani8M
Prof. John T. Fourka®epartment of Chemistry and Biochemistry



© Copyright by
Adam Pranda

2020



Dedi cati on

| would like to dedicate this worio my family whose unwavering love and support

hasenabled ra topursue my personal and academic aspirations.



Acknowl edgement s

There are numerous individual$o | am immensely grateful faheir
contributionstowards the success of my PhD researaist, | wouldlike to thank my
advisorProf. Gottlieb Oehrlein, whoeached out to me amve mehis opportunity
to bein his research grouphen Idid not have a cleafirectionin my graduate
studies Through his years of mentorshifhave learned thenmeasurable value of
structured and responsible reseatdtis meaningfulto thewider scientific
community | could have scarcely imagined thavould one day be presentingy
work at numerous conferencesth theinterest and appreciation of some of the
leading companies in the field.has beema greaprivilegefor meto have Prof.
Oehrleinasmy advisor and | will alwaysstrive touphold thepersonal and
professional valuethat e instilled in mehathave hdped me to be successful.

| would like tothank my dissertation committeferof. Briber, Prof. Phaneuf,
Prof. Fourkas, and Dr. Engelmafar their feedback on my PhD proposahich has
helped me tamprove upon and present the work here.

| would also like to thank the U.S. National Science Foundation, U.S.
Department of Energy, and the Semiconductor Research Corporation for financial
support of my work.

| also would like to thank mgolleagues and collaborators who worked with
me on thehreecolor lithography proje¢twwhich enabled my initial fundamental
studiesand gave me my initial exposurethe field ofphotolithography Thank you
to the UMD group ofProf. John Fourka$rof. Daniel Falvey, Prof. Amy Mullin,

Sandra Gutierrrez Razduleykhan Tomova, Nikolaos Liaro®aniel Jovinelli,



Matthew HourwitzHannah Ogden, Stevénolf, Matthew Thum and Dr. John
Petersen from imefor the years of insightful discussioasd comraderyhatgave
me a positive outlook and a different perspextm my researchvhich | greatly
appreciate.

| would also like to thankny collaboratorgrom IBM, Dr. Sebastian
EngelmannDr. Robert Bruce, Dr. Eric Joseph, and Dr. Dominik Metzler as well as
members from Tokyo Electrobr. Angelique Raley and Dr. Amew Metzfor their
support of my recent workvhich allowed me tapply my research towards a useful
applicationand pursue a career opportunity.

| would also like to thank my collaborators from other fundamental projects
including Dr. Carles Corbella, D&abine Portal, and Dr. Youngsik Seo for their
experience and knowledge in helping to apply my work in a broader context.

A significant portion of this work would not have been possible without the
support of my colleagueasn Pr of . @kohave ecomésemel ofanty best
friends. Thank you to DElliot Bartis, Dr. Dominik Metzler, Dr. Andrew KnolDr.
Chen Li,and Dr. Pingshan Luan farelcoming me into the lab and giving me the
confidence ta@etstartedn thefield of plasma science. Thank youkangYi Lin for
sharingyour vastexperience and knowledgéth medaily to helpdirect my research
Thank youas well to Dr. Shigiang Zhang, Yudong Li, as&ngJin Chungor
sharing your lab experiences with me. | have made many fond memdhes| of
you during my time in the lab and | hope thatwit work together again in the

future.



| am also grateful forie experiences and contributions that | have received
from theinterns and undergraduate studaxibo have worked with me over the years
including Stephen Hong, Alex Jennion, Qixang,and Eike Beyer.

Thank you to the many individuals in the Departnarivlaterials Science
and Engineering andREAP for your support céll my academic need¥hank youo
Kathleen HartKay Morris, Jenna Bishop, Ginette Villeneu¥arin ShortinoBrian
Quinn,Nolan Ballew,Dottie Brosius, William Schusteand Thomas Weimar.

| would like to thank the many friends tHahade over the course of my
graduate studies who were there alongsidénnoeir collective journey towards a
doctoral degredt has been a pleasure to be in your company over these years.

| owe a great amount of gratitude to my family, my mother Katarina, my
father Pavol, and my sister Pa#leanddor their resolve when times were difficult
and for being selfless miving me the opporturiés to succed in my personal and
academic pursts. | could never say thank you enough!

| would also like to thank my parents and sistelaim, Irina, Alexander, and
Victoria Shumakovich for theirontinued support.

Lastly, noamountof words could express my gratitude for my wiarina
Prandawho hasselflessly supported nie the more than nine yeatsat we have
spent togethewhile earning both our Bachelors and PhD degreesuld not be the
successfuperson | am today were it nfar thetireless dedication and numerous
sacrificeshatshehas madan the interest®f myself and our growing family.

Finally, I would like to acknowledge mgonEmil. He is thebiggest bundle of

joy who brings me so much happiness every ditsy motivates me toonstantlygive



my maximum efforandimprove myselfand Iwill always strive tdbe the best that |

can be for him and my family.

Vi



Tabl e of Content s

D =To [ o3 11 0] o PP PPRPPPR I
ACKNOWIEAGEMENTS .....ciiiieieieii st e e e e e e e e e eerer e s e e e e e e e e e e e e e e e eeeeesnnns iii
Table Of CONIENLS........coo it e e e e e e e enee s Vil
LISt Of TADIES ... ..ttt nnne e ix
LISt Of FIQUIES....ceeeieieeeeeee et eeeee e X
Chapter 1: INtrOAUCLION .......uueiiiiiie e eeeee e e e e e e e e e e eeeaaaaannes 1
O R O | o] [T ox 1)V SRR PPPPPPPPP PP 3
1.2  Description of PR MaterialS............uuuiiiiiiiiiceeeicieie e eeeeeeveeeen e 3
1.3  Description of Plasma ProCesses........ccccccocviiiiiicciiiieceie 4
1.4  Experimental APProach...........ccccoiiiiiiiiiieee e 7
1.5 Overview of Characterization Methods............cccceeiiiiiiiiccciiiiiiiiee . 11
1.5 1 EIPSOMEIY...cueiiiei i eeeeeeeeeee e emee e 11
1.5.2  X-ray Photoelectron Spectroscopy (XRPS).........ccccevvvrviriimemnnnnnne 12
1.5.3  Atomic Force Microscopy (AFM)........cceeeiieieieeeiiiiiieeeiee e 12
1.5.4  Attenuated Total Reflection Fourier Transform Infrared Spectroscopy
(ATRFTIR) ettt e e ettt e s aenb b et e e e e e e e aaaaeeeeeseameees 13
1.6  Dissertation OULIINE..........uiiiiiiieie e eeeeerree e 13
Chapter 2: The Role of the Dense Amorphous Carbon (DAC) Layer in
PRhOtOreSiSt ETCHING........uuviiiiiiiiiiiiiie e 17
P22 A [ o1 o o [¥ox 1 o] o WA TTRT 19
2.2 EXperimental SETUD........uu e 21
2.3 RESULIS....co oo e a e 25
2.3.1  EllIPSOMELIY.. oot 26
2.3.2  XP S ————— - 26
2.3.3  AFM e e e e e e e e e e e e e e e annnas 27
2.4 Ellipsometric MO@ING ..........ooovmmiiiiiiiiii i eree 30
2.4.1 DAC Layer EVOIULION.........ccuiiieeeiiiiieee e 31
2.4.1.1 Formation of the DAC Layer..........cccoovviiiiiiiiieeee e 31
2.4.1.2 Depletion of the DAC LAY r........ccooiiiiiiiiiiieeee i 34
2.4.2 Photoresist Layer StruUCIUIE............oooevvviiiiiieeme e 37
2.4.3 DAC Layer/Etch Rate RelationShip...........cccovviiiiiiiiieaniiiiiieeeeee 40
2.5 Summary and CoNCIUSIONS........cccooeeeiiiiiiiiiieeee e 45
Chapter 3: Evolution of Photoresist Layer Structure and Surface Morphology
under Fluorocarbon-Based Plasma EXPOSUIe..........coeieiiiiiiiiiiicceeie e 47
G 200 R [ 011 o To [1 [ £ o S PPRUPRUPRR 48
3.2  Experimental SECHON..........coooeiiiiiiiie e 50
3.3 ReSUltsS and DISCUSSION. .....uuiiiiiiieeeeeeeeieieeeis e e e e e e et nnne e e e e e eees 54
3.3.1  EHPSOMELIY.. oottt eee e e 54
3.3.1.1 Basetie Model of Surface Modificatian...............ccceeeeieiieecennnnnnnd 54
3.3.1.2Surface Interaction With 488 ............uuvviiiiiiiiiiiiieeeiiieeiiiieeeee e 56
3.3.1.3 Photoresist Layer StrUCIUIE.............ouvvvvveiimmmreeeeeeeeiiiinee e 60
B.3.2 X P S 63

Vil



3.3.3  AFM 65

3.3.3.1 Influence of 10N ENEIgY.......ccuuiiiiiiiiiiiiiiieeeeeeeeeee e 65
3.3.3.2 Influence of Fluorocarbon Concentration...............cuvvvveeeennnnnnd 67
I @0 o o] 1153 [ o PP 69
Chapter 4: Significance of Plasm&Photoresist Interactions for Atomic Layer
Etching (ALE) Processeswith Extreme Ultraviolet (EUV) Photoresist..............72
72t R 1 1 {0 To [ [ 1o ] o PP PPPPPPPPPPPPPRR 74
4.2 EXPerimentBSetUR. ..o e e 77
4.3 RESUIS...ceiiieiiiiiii e 81
4.3.1 PR Surface Modification from ALE Process..........cccccuvvvvvunuceeen.. 81
4.3.1.1 Distinctiveness from CW ProCeSSES........ccvvvviiiiiiiiieeseiiiiineeenn 81
4.3.1.2 Interpretation of Surface Modification................coooeiiiicereeieens 86
4.3.1.3 Impact of ALE Processing Parameters...........cccceeeeeevieeevvvnnnnnnnn 38
4.3.2 Impact of ALE Parameters on S#BR Etching Selectivity............ 91
4.3.2.1 10N ENEIQY. .. iiiiiiiiiiiie e emmeat ettt reee et eaans 91
4322 Etch ®p Length.. ... 93
4.3.2.3 FC Deposition ThICKNESS............cvuviuuiiiiimmeeeeeiiiiiesie e e e eenas 95
4.3.3  Surface MOrPNOIOgY.........uuuuummiiiiiiiiiiieeeiiiiieir et 97
4.3.4 Surface ChemicaComposition/Molecular Structure..................... 98
A4 DISCUSSION....cciiiuuuiuunniiaasseeeeeeestnnnaaaaaaeaeeaseseeesamaasaaaeaeaeeeeeeeeeessssnnnnns 103
4.4.1 Mechanisms Behind ALE Procebsduced PR Surface Modification.
................................................................................................... 103
4.4.2 Estalishing SiQ/PR Etching Selectivity..............coooeeivviinnnnnnnns 106
4.4.3 ALE Process Impact on PR Roughening Behavior and Surface
Composition/Molecular Structure.............ooeeevviiiiieeee e 109
4.4.3.1 PR Roughening BehavViQr...............ccuiiiiiiieemiiiiiieiieeeeeeeeee e 109
4.4.3.2 Surface Composition/Moleculatructure..............cceeeeevvrivvieenn... 110
4.5  Summary and CONCIUSIONS..........coovviiiiiiiiienee e 113
Chapter 5: Extent of NonVertical lon Bombardment Due to Edge Effects on
Polymer Surface Morphology Evolution and Etching Uniformity ................... 116
S0 R [ 1 o [§ o 1o o VAP P PP UEPUPURURPRRR 119
5.2  EXPerimental SEIUD...........uuuuuiiiiiiiiiiieeeiiiiiiiieeee et 121
5.3 RESUIS .ot 124
5.3.1  Thickness UNifOrmity..........ccccuuuummmimmimiireeiiiiiieiiieeeeeeee e 124
5.32  Surface Morphology of Ripple Features...............ccceeevvieeeeennnn. 125
5.3.2.1 Ripple Feature Directionalily............cccuvvvmrmmrimemiuiiiiiiiiiieeeeeeeenn 125
5.3.2.2 Spatial Extent of Ripple Features..............ccoooviiceciieiieeeeeennnnn, 127
5.3.3  PSD ANAIYSIS...coiiiiiiiiiiiiiiie e 130
5.4 DISCUSEDN....ciiiiiiiiiieeiitett ittt e e e e e e eret e e e e e e e e e e e e eeeeeens 133
5.4.1 Properties of the Plasma Sheath................cccccovieeviiiiiiiiiiinnnnnnn. 133
5.4.2 Properties of the Ripple Features..........cccccoevieviiiiemeiiiiiie e 135
5.5 Summary and ConCIUSIONS.............c.uuuiiiiiiiiieeeiiiiiiiee e 137
Chapter 6: Conclusions and Future WorkK.............ccoouviiiiiiiiiieeecciiie e, 140
BiblIOGraphy .....oooiiiii e 148

viii



Li st

Chapter 4

Table 4.1

Table 4.2

Table 4.3

of Tabl es

Definition of the key ALE parameters in the process setup. Several of

the parameters were varied in ordeewaluate the impact on the

SiO./PR etching selectivity.

Identification of the key bonds within specific functional groups in the

PR composition s i n gF TARhRtare impacted by the ALE

process

Summail yitnpeseod t AALhEe p a rtar neentdestt enleat i v e
etchirreogtdisreal el ERV&SmnNet selesctivity
defined as t hezettathaeld amdtahtiaambdbu®t @ he
of PR etched over the process durat.



Li st

Chapter 1

Figure 1.1
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Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

of Figures

Outline of the experimental approach of the research presented in this
dissertation.

Schematic of the experimental setup. The formation and tetaplef

the DAC layer are observed in Phases | and Il, respectively.

(a) Depiction of the events responsible for the deviations in the
ellipsometric data. (b) Raw ellipsometric data for the various oxygen
pulse lengths used. The box indicatesrigion of interest in this

study, which is shown in (a).

XPS spectra of the (a) Cls and (b) Ols peaks for the PR193 samples at
various points in the plasma process compared with the pristine
sample. The inset in (a) shows the structure of PR193. The circled
regions in the structure are prone to bond scissiongiptasma
exposure, and reform the bonds shown with the dotted lines. Reprinted
with permission from Weilnboeaodt al, J. Vac. Sci. Technol. BO,
031807 (2012). Copyright 2012, American Vacuum Society

AFM scans performed at variopsints in the plasma etching process.
Stresses in the surface layer of the photoresist are released through the
formation of roughness. Further pulsing results in additional cycles of
DAC layer depletion and formation, increasing the surface roughness.
(a) Ellipsometric model used for describing the evolution of the DAC
and bulk layers in the photoresist. The inset shows the significance of
the directionality in the ellipsometric model. (b) SEM cross section of
the photoresist structure after @taa processing. Reprinted with
permission from Metzleet al, J. Vac. Sci. Technol. B3, 051601

(2015). Copyright 2015, American Vacuum Society

Overlay of the experimental data on the ellipsometric model used for
describing the evolution of ¢hDAC and bulk layers in the photoresist.
(Insed Significance of the directionality in the ellipsometric model.

(a) Ellipsometric model used for describing the evolution of the DAC
layer during an oxygen pulse. Each data point to the leftedbitk
thickness line represents a @ increment of the oxygenated DAC
layer thickness. (lse) Significance of the directionality in the
ellipsometric model (b) Overlay of the experimental data on the
model.

Modeled thicknesses of the laye@mposing the photoresist during
oxygen pulses of (a) 2 s, (b) 6 s, and (c) 10 s. The outlined area
indicates the period over which oxygen is being input into the system.
The dashed line represeritse maximum thickness of oxygenated
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Figure 2.9

Figure 2.10

Figure 2.11

Chapter 3

Figure 3.1

Figure 3.2

Figure 3.3

DAC layer if there isa complete conversion of the depleted DAC layer

into an oxygenated layer. In (b) and (c), the thickness loss rate of the

bulk layer increases rapidly due to the depletion of the DAC layer,

resulting in a greater total bulk layer thickness loss over tise pu

duration

Relationship between the PR193 etch rate and the thickness of the

DAC layer. Arrows indicate the direction of the trend during the

depletion and reformation of the DAC layer.

Evolution of (a) the DAC thickness and (bgthtch rate during the

initial formation of the DAC layer from higknergy ion bombardment

and depletion from interaction with oxygen in the plasma. The initial

high etch rate as the DAC layer is forming correlates with an enhanced

etch yield of the surfaclayer as primarily oxygen and hydrogen is

volatilized. Upon attainment of a steasiate DAC layer thickness, the

etch rate is sharply reduced due to the DAC layer having an etch yield

that is much lower than that of the bulk layer.

Relation$ip between (a) the PR193 etch ratel (b) the thickness of

the DAC layer as a function of the oxyg®rargon ratio during

pulsing, as measured via OES.

1. Beginning of pulse partially depletes DAC layer, but etch rate
remains stable

2. Continuation of pulseurther depletes DAC layer, resulting in a
sharp increase in the etch rate

3. Completion of pulse results in decrease in oxygen/argon ratio,
allowing DAC layer to reform which is accompanied by a sharp
decrease in the etch rate

The smaller hysteresis in theletrate versus DAC layer thickness

relationship (Fig. 2.9) compared to the etch rate versus oxggen

argon ratio indicates that the etch rate is primarily controlled by the

thickness of the DAC layer.

Process diagram for the exprantal setup. Segment A: Prolonged
bias time under an FC absent position, which allows for the
development of a prominent DAC layer. Segment Bis@jection

and resulting modification and etching of the DAC layer. Segment C:
Evacuation of residual £s in chamber leading to reformation of the
DAC layer.

Observed deviations in the raw ellipsometric data. The regions marked
A, B, and C repsent the deviations originating from the
corresponding regions in tipeocess diagrarshown in Fig. 3.1.

(a) Interpretatiorof the directionality in the ellipsometric datased

on a twelayer model(Inset) Schematic of the moeelphotoresist

layer structure.i) Raw data overlaid on the ellipsometric model
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Figure 3.4  (a) Ellipsometric model for the period in which the FC interacts with

the PR193. Overlays of the raw data on the model foi5(®),

(c)-75V, and (d)-100 V substate bias conditions. DAC thickness

loss without any concurrent modification of the layer would cause the

raw data to follow the O nm reference line, whereas complete thickness

DAC thickness loss as a result of conversion into a mixed layer
correspondstdite Aimaxi mum mi xed | ayer thickn
point to the left of the O nm reference line corresponds to an increment

in the mixed layer thickness of 1 nm.

Figure 3.5  Extraction of the individual layer thicknesses during the FC interaction
with the AR193 for (a)}50 V, (b) -75 V, and (c)-100 V substrate bias
conditions.(Inset) Table of bulk layer etch rates at specified points in
the pulse. The bulk layer etch rate increases by the end of the pulse
due to the depletion of the DAC layer. After the ctetipn of the
pulse, the bulkkayer etch rate further increases as a result of the
removal of the surface mixed layer and the reformation of the DAC
layer. Once the DAC layer reestablishes its steady state, ~30 s after the
pulse ends, the bulk layer etdte is restored to a magnitude
comparable to that before the pulse.

Figure 3.6  XPS data for the C1s peak for a (a) 20° and (b) 90° emission angles at
points corresponding to the pristine PR193 sample, prior todRe C
pulse, at the midpoint of thesks pulse, and after the pulse. Ar ion
bombardment removes the@type species from the pristine sample
while the introduction of the 4Eg results in the formation of GF
species on the sample surface. Once #ke Qulse is terminated, ion
bombardment removeke Ck species from the surface.

Figure 3.7  (a) Ellipsometric map with representative points indicating where the
samples were evaluated using AFM. The numbers in the boxes
correspond to the RMS roughnesses in the corresponding AFM
images. (b) Correspormti AFM scans of the PR193 samples. In all
cases, the initial £&s interaction with the PR193 results in a
smoothening of the sample surface.

Figure 3.8  (a) Ellipsometric map with representative points indicating where the
samples were evaluated usidgM. (b) Corresponding AFM scans of
the PR193 samples. For all pulse lengths with the same magnitude of
substrate bias, once theFg pulse dissipates, the surface roughness
associated with the reformation of the DAC layer is comparable in all
cases.

Chapter 4

Figure 4.1  Molecular structure and chemical composition of the polymer
backbone of the model EUV PR

Figure 4.2  Schematic of the ALE process setup. Timaningof eachlettered
region isgivenin Table 4.1.
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Figure 4.3

Figure 4.4

Figure 4.5

Comparison of the Model EUV P&ching behavior under equivalent
duration CW Aronly (40 V bias), CW Ar/GFs (40 V bias), and ALE
Ar/C4Fg (100 V bias) plasma processes. The inset compass describes
the physical significance of the directionality of the ellipsometric data.
Energetic Aron bombardment forms a modified surface lapat
enhances the etch resistance of the PR. A CWRg/esults in the
greatest amount of etching due to the continuous flux of reactive
specieswhich prevents the modified layer from formjrag well as

the high bias voltagevhich is required to prevent FC accumulation on
the surface. An ALE Ar/@Fs produces yields a high degree of PR etch
resistance due to the prominence of the established modified layer
from the cyclic interaction of energetic Ar ionstiwvthe deposited FC

films.
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Side view schematic of the plasma sheh#tdevelops around the
sample surfagesshowingthe regions near the sample edges where the
ions collide with the sample surface at a shallower incident angle due
to the conformation of the sheath

Line scans performed across the sample suglaceingenhanced
thickness loss under all mditions near the sample edgdsom

shallower angle incident ion bombardment.

AFM imagestaken(a) parallel and (b) perpendicular to the sample
edge for a procegzerformedwith a-100 V biaghatshow the

prominent formation and directiongliof the ripple featurethatare
oriented perpendicular to the direction of incident i@isplifiedtop-
down sampldlustration of the expected ripple features in the (c)
parallel and (d) perpendiculacandirectionsrelative to the sample
edge

Crosssections othe AFM scans for samples processed witi@0 V
bias taken within um of the sample edge orientations that are
perpendicular and parallel to the ripple features. The relative directions
of the incident ions are also indicated. The roughness profile in the
direction perpendicular to the ripple features has a smaller
characteristic wavelength relative to the profile in the direction that is
parallel to the ripple features.

(a) Spatial dependence tife RMS roughnesmeasuredn the

direction parallel to the ripple features and perpendicular to the
direction of incident ionsThe AFM imagesaken at a substrate bias of
-100 V at (b) the sample edge andgajnple centerl(cm from the
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Figure 5.6

Figure 5.7

Figure 5.8

sample edgeshow that the ripple features are mmtsnear the sample
edge, but diminish and are indistinguishable from the background
roughness at the center of the sample.

(a) Spatial dependence tife RMS roughnesmeasuredn the

direction perpendicular to the ripple features and patalltie

direction of incident ionsThe AFM imagesaken at a substrate bias of
-100 V at (b) the sample edge and (c) sample centan ftom the
sample edge) show that the ripple features are present near the sample
edge, but diminish and are indistinguadle from the background
roughness at the center of the sample.

(a) Topdown view illustration of the AFM scan orientation and
direction for the PSD analysis. TR&D analysis of the AFM scans
performed parallel to the sample edge for samplesgsised at

(b) -100V, (c) -75 V, and(d) -50 V substrate bizs

(a) Topdown view illustration of the AFM scan orientation and
direction for the PSD analysis. TRSD analysis of the AFM scans
performedperpendiculato the sample edge for samples processed at
(b) -100 V, (c) -75 V, and(d) -50 V substrate bizs
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Chaptemntdoducti on

Photoresist (PR) materials areessential component in the patterning of
features for semiconductor devicegssemiconductor device manufacturing, PR
materialsfunction as théntermediatenediumthatfacilitatesthefabrication of
features into a substrate matetiaditially, the desired device features gaterned
on the PR material by the procesgpbbtdithography in whichlight is shown
through gophotomaskhatcontains the pattern of the device featufidee light that is
transmitted through thghotomasks of a specific wavelengtsuch thatvhen it
impinges on the PR material, it resultsaaiphotochemical reaction to occur in the PR
materialthattransferghe pattern from thphotanask into the PR aterial? After a
cleaning stepthe featurepresent in the PR material dransfered intoa substrate
materialby the use of plasma etcprocessin order to meetheetch requirements,
the compositiorand structuref the PR materiatontainscomponentshatenable the
preservation of the lithographically patterrfedturesunder a plasma etch procéss.
Specifically, the PRnaterialsconsist of a polymer backbotteat undergoes
crosslinkingandbond scissioningeactions as a result of both fight exposure in
the photolithographic process and thieraction withphoton and iorspecies that are
present in the plasma procédsThereforejn order to preserve the fidelity of the
featuresafter lithography and after plasma exposuetgracteristics ohie PRsuch as
anelemental compositiowith minimal oxygen conterdr a molecular structuravith
aromaticfunctional groupsareessentiafor improvingetch resistancender a plasma

exposure:’®Previous works have establishegood correlation between the net



etching behaviorrad the intrinsicchemical compositioA¥ 14 However the
interactiors amonghe various species in the plasaral the components of the PR
compositiondo notresult in uniformetching throughout therocess duratiorhe
components of the plasma, namely vaeuum ultraviolet (VUV) photons, ions, and
reactive speciesnduceadditional modificatios to the PRnolecular structure in the
form of photoninducedbondformationandscission, ioninduced scission of volatile
speciesandreactivespeciesnducedchemical transformation of treample
surface!™ 1® Eachof these interactions has botheaporaland a spatial dependence
whichresults inthe development of depthdependent PR layer structuhathas
significant implications okey PR properties such as the etching and surface
roughening behavid® Thus,althoughthere is an established understandinthef
mechanisms of the photon and ion species in the plsatiaad to crosslinking and
scissioning of the PR molecular structutes extent of correlation of these
modifications to tk PR etching and roughening behawiasnot clear Acquiring an
understanding of thenderlying mechanismnthat result in the evoluin of the PR
etching behaviois beneficial for predicting PR behaviors ungéasmaetch
processesespecially with the emergenceadvanced processes such as atomic layer
etching (ALE)thatdo not utilize a continuous process-urthermorehaving the
ability to follow and analyze the evolution tife PR behavioover the entire duration
of a plasma process represenssgaificantadvantageén thescope of industrial
applicationghattypically only analyze thetarting andending states of theR, thus
lacking theintermediate datthatcontains the key informaticfor determining the

underpinning®f the PRresponse under a plasma procéss.



1.1 Objectives

Thefirst objective of thisvork is to establish &undamental understanding of
therelationshipsamongthe PR moleculastructure, thelevelopeglasmainduced
modifications otthe PR materialsand the correspondi®R behavias such as the
etch rateanddeveloped magnitude of surface roughn&sss initial workbegins
with a simplified plasma processestablish a fraework for ouranalysis
methodology of plasmphotoresistnteractionsandthenprogresses tthe evaluation
of amore compleyplasma compositiothat is more relevant in industrial
applicationsThis work proceeds intthe second objectivewvhichis to apply the
knowledgefrom the plasmgohotoresist interaction studi investigateseveral key
challengeghat are currently presentimdustrialetch applications. First, we seek to
leveragehe establishmendf plasmainduced PR modificatioto provide a solution
for an industrial motivation to improve tiperformance opattern transfer
applicationsSecondywe utilize aPR material to investigate tirapacts ofsample
geometry on nonuniform etching as a resulplasmasheathinduced variations in
the incident ion angléur evaluation of these industriahallenges highlights the
significance and applicability afnderstanding the underlyimglationshipshetween

plasma procegsand PR materials.

1.2 Description of PR Materials

For the first objectivef this work, we utilized®00 nm thickblanket films ofa
193 nmPR material that was thorougtdiaracterizedh prior works?>?° The
extensive prior characterizatiamd the prominent use of this class ofiRfhdustrial

applications throughout the 201jdstified the use of this PR #se benchmark
3



material for our initial workFor theinitial study inour second objeate, which
involved an industrigbattern transfeapplicationwe transitioned to theiseof a
model extreme ultraviolet (EUV) PR materias$ this class of PR materiads
emerging as the next generation of PR mateftalenabling fabrication processes
with feature sizes smaller than ten nanomefére.model EUV PRvasfoundto

have a nearly identical etching behauwmthatof a commercial EUV PR with a
confidentialproprietary formulation, and therefore the model EUV PR was, asatl
allowed forsupportingcharacterization of thinpacts of the plasma process on the
chemical composition anaolecular structureAs part of this studyplanket samples
of SiO; were ato used t@valuate the etching performance of piesma process and
determine an overall Sginodel EUV PR etching selectivitin the finalwork for

our second objective, whighvolvedthe characterization of thiefluence of the
incident ion angle oRPR etching uniformity we used anodern193 nm PR with a
proprietary formulationas t provided a good visibility of the directional ion effects

that were essential to interpreting the results.

1.3 Description of Plasma Processes

All the work wasperformed in a lowpressure inductivelgoupled plasma
(ICP) reactorwhich has théey ability toselectively control the plasma density and
ion energy independently of one anothEris type of plasma reactorase ofthe
technologiecommonly used imidustrial etch processékhe reactowasoperated at
abase pressure belal®® Torr, which ensures clearoperating condition that
minimizes the presence of spedieatare not a part of the desired plasma

composition. Additionally, the use of a loldtk totransfer samples into the
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processing chamber eliminatasy atmospheric species fronterfering with the
process conditiong.he ICP reactor consists okpiral antenna on a quartz dielectric
that is located 13 cm aboveld.5 cm diamete®i eledrode The plasma is created by
excitation of the antenna at an Rieduency of 13.56Hz. Additional control of the
ion energy is provided by biasing the substedte radio frequency (RF) of 3VIHz.
A consistent sample temperatwfel0 °Cwas maintained bysing watercooling on
the substrate backside.

In the firstpart of ths work (Chapters 23), an inert argorcontinuous wave
(CW) plasmawith a constant substrate bias to accelerate ions wagarsatl
experimentsThe purpose of the constant bias was to increase the energy of the
incoming ions such thétresulted in théormation of a promineribn-modified
dense amorphous carbddXC) layeron the PR surface

For theexperimentsn Chapter 2an energetic inert plascondition was
usedto producea constant thickness of tearface DAQayer for all experimentas
the DAC layemwas the focus for thimitial study. Then, a pulse of oxygegas of
various durations was introducedo the chamber in order to deplete DwC layer
and track the corresponding impact onébtehing behavior of the bulk PR material
The setup ofhis experiment was primarily usedunderstandhe development and
evolution of the DAC layerasthe use of an inert plasma conditismot viable for
meaningfully etching substrate materials in a pattern transfer process

In Chapter 3different magnitudes of thonstansubstrate bias were used to
produceDAC layers ofvarying thicknesses#lowever for these experiments, a pulse

of a fluorocarbon (FC) precursarctafluorocyclobutanedsFs), was usedasit is



more relevant to plasma etch applicatit#%2® Similarly to the first set of
experiments, the impact on tRR® etch behaviawvas explored along with the
interaction of the FC species with the DAC lay&re use of aeactiveplasma
chemistry is moreepresentative of a conditidhat is used in a pattern transfer
processhoweverthesequential use of aanergetidnert argon plasma followed an
FC pulsdliffers from a typical CW pattern transfer process wiaegen anda FC
precursor are simultaneouglyesent from the beginning of the plasma process.

In Chapter 4we transitioned to the use of an atomic layer etching (ALE)
processhatconsisted of aantinuous argon plasma anyklic injections of a FC
precursoyeither GFs or CHF, and periodic activation of substrate biasifige
systemdt evaluationof theavailablecomponents of thevide parameter spaae an
ALE processincluding the ion energy magnitudstch step length (ESLandFC
deposition thicknessiltimatelyrealizedimproved SiQ/PR etching selectivity
compared to a CW proce$$?° The conditions and setup of tEgsperiment are fully
representative of a commercial pattern transfer proeésthe exception of the
separate blanket PR and Sidms thatwere used fosurface characterization
purposes.

The last set of experiments Chapter &utilized aCW argonplasmawith a
fixed -100V substrate bias in order to prodgceface morphologshatallowed for
thedetection obff-normalion effects While a reactive plasma chemistry was not
usedthemagnitude of theff-normal ion effectsinder an inert pma condition still

provides ageneralguideline for theanagnitude of oHnormal ion effects thatan be



expected to be present undee typical conditionsisedin a pattern transfer

application.

14 Experimental Approach

The starting point fomterpretingthe behavior of the PR matenaasto
implement previous knowledg# the modificationghatoccur to PR raterials from
plasma exposur@to an approach that could relate these modifications tettieng
behavior in golasma proces®reviouswork developed a good understanding of the
photoresist modificationthatarisefrom bothVUV irradiation and ion bombardment
in a plasma proces$®°Specifically,at high ion enagies there is significant bond
scissioning in the surface layers and depletion of oxygen, hydrogen, and volatile
productforming speciesThis processesulsin the formation of AC layer with a
thickness that iselatedby theion penetration deptht*?*The findings from por
works, whichobservedhat thephysical properties dhe DAC layetincludea density
and etch resistance that are significantly greater than thosdiwéphotoresist
polymers provided the motivation for us to focus or ttevelopmenbf the DAC
layerin a plasma process! In order totrack the evolution of this layer in a plasma
process, wextensively reed uponin situellipsometry as the centerpiece
characterization method for providing re@he informationon the evolution ofhe
PR material The raw data provided by ellipsometry containdbkective
information of the entir®R thicknessAnalysis of the dateequired the development
of an ellipemetric modeto clearly define and track the evolution of individual layer
within thePR structureEach of the layers in the ellipsometric model is defined by a

thickness and a refractive index, thus allowfioigtracking the reatime evolution of
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theetching behaviorrad the developed surface modification via the refractive index.
For example, thencrease in density that corresponds with the formati@a@AC
layermanifests itself as an increase in the refractive in@ee. of the key limitations
of theellipsometric setupthough,is that it does not provide any information about
the chemicapropertiesof the sampleThereforethe use ogecondary
characterization ansupplementaknowledge of the material system isavifor
ensuringrealism of the ellipsometric moddlhus we utilized a combination of-say
photoelectron spectroscopy (XPS)ustify thecarbonrich surface region that
signifies thepresence of the DAC layand ion implantation simulations to defitie
DAC layerthickness based on the ion energy.

After defining our modeling approach for the first stua, decided upon an
experimental approadh whicha stableDAC layerof a set thickness was developed
andthen selectively ddpeted byoxygen spedcs.Our justification for this approach
was thathestrongdistinctiveness of the ellipsometric daliaring the DAC layer
depletion as further explained in Chapterallpwed forclear interpretationf the
time-dependent thickness changes of both the DAChaiidlayers.The
determination of these behaviors allowed us to realizkahdinding of this work
whichis the significance o$ingle nanometerhanges in the thickness of the DAC
layerleadirg toup toan order of magnitude differenacethe etch rate of the bulk PR
material.This study established the fundamental importance of thaduced
surface modificationtheDAC layer, as a component of tretching behavior of a PR

material.



In thesecond set dbaseline experimentdescribedn Chapter 3ye utilized
the setup from the first set ekperimentsnvolving the DAC layer, but with two
main modifications. Firs FC precursor, 4£s, was used instead of oxygen to
deplete the DAC layeas this type oplasma chemistry is more relevant for
applications such as pattern transfzcond, we developed various thicknesdahe
DAC layer tobe representativef a wider range of conditions under whitie DAC
layerwould be presenBy utilizing similar secondary characterization via XPS
analysis at various points in the process cyeiaugmented our initial ellipsometric
model to interpret the interaction betwded species and the DAI@yer. The key
finding from this work emphasizetiat the FC speciggact with the DAC layer to
produce an F@ich modified layer thahas intermediate properties of batie DAC
layer and a nativeC layer. However, this modified layer stihhances the etch
resistance of the PR material.

For theapgdication-focusedpartof this work,starting in Chapter,4ve
exploredsolutions for an industrial objectiwehich soughttheimprovementof
pattern transfer performangeapplications with increasingly smaller feature sizes of
ten nanometers arigtlow. In order for the research to be relevemmodern
processes, thiwork necessitated the use of an EUV PRwever, a key limitatioof
EUV PRs is a smalleavailable starting thickness compared to 193 nm RRsough
a pattern transfer processolvesPR-defined features over a hard mask material,
such as Sig) we instead decideo utilize blanket samples of boEUV PR and SiQ
in order tomaintain our capability to use situellipsometry Ellipsometryis an

optical tehnique whichrequires flat, unifornsurfaces to produce meaningful data



from thelight reflected off the sample surfadeny surface structures would scatter
theincoming lightand reduce the signal integrity captured by the detésteralso
decided to transition frora CW process to an ALE procedsie tothe previously
demonstragd ability ofan ALE process to control the etching behaviarre
preciselycompared t@ CW procesas a result ofireater flexibilityin the processing
parametersAdditionally, a CW process it reactiveplasma species does not allow a
prominent DAC layer to forprand thus there is no significant improvement in the PR
etch resistancd@he hypothesis of this work was that #hieE processing parameters
could be systematically evaluatedfited conditiors in whichthethickness loss of the
EUV PR could be minimized through the developnadrtharacteristisurface
modification.At the same time, the etching behavior of 8@, would continue
unimpeded due tthe absence dhe native carbon coent which forms a modified
surface layer in the PR materibltilizing our previous knowledge, wmplemented
an ALE setughatdeveloped a promineRC-rich modified layer from the interaction
betweerenergetic argon ions and a deposited FC Ithaistrongly inhibited the
thickness loss of the EUV Pihile maintaining a acceptable etching behavior on
the SiQ. Thus, we were able ttevelopa process witlagood overall SIQPR
etching selectivitghat has the potential to be appliedamindustrialpattern transfer
process.

Thework done in Chapter wasfocused orproviding insightsnto the
impacts of nonuniform PR etchirag a result of variations in the incident ion angle
that arise from the sampigometry The variation in the incident angbecurs

mainly at the sample edgehie to the geometry of the plasma shélasttsurrounds
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the sample. lons are accelerated normé#iégplasma sheatfhus areasvherethe
sheath wraps around the sample, such as near the exigeisencaon bombardment
thatis not normal to the sample surfaée.the incident angleoves farther away
from normal, the etch yield increases, with a maximum occurring aTh&S, a
spatia ellipsometric scan aioss the sample surfacan elucidat¢he enhanced
thickness etched near the sample ed@ydditionally, the variation in the incident ion
angle can also be seen in #temic force microscopy (AFM) analysis of therface
morphologywith the presence of rippfeaturesWe find thatfor that tested plasma
condition, theextent of the directional ions extends approximait€i90 umfrom the
sampleedge. The insigktfrom this studyprovidean initial overview of the scope of
the etching and morphologicahpactsnear theedges of samplesvhich isessential

for controlling sample uniformity in plasma etch processes.

15 Overview of Characterization Methods

Numerous characterizatiagechniquesvere used to support the interatgon
of the plasmaphotoresist interaction3he following section describes an overview
of the employed characterization techniques. Further details of each rieihare
specific to each of the main research objectives are discussed in their vespecti

chapters.
1.5.1 Ellipsometry

In situand linescan spatiatllipsometry vereused tanterpret the layer
structure of the PR materialg& an optical modahattranslates the raw data,
collected as the amplitude rafjosi) and phase difference (d&)of the reflected

light, into athickness and refractive index for each defined lajee. ellipsometer
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model SOFIE STE7Qyas seup in the polarizerotating compensategample

analyzer configurationsinga wavelength of 632.8 nm
1.5.2 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was used to provide information about the surface chemistry
specificallythe presence of spiéic chemical bondsof thePR materials at various
points in the plasma proced$e analysis was performed using a Vacuum Generators
ESCA MK Il surface analysis chamberwithammmm noc hr omat irayed Al K U
source (1486.6 eV). The instrument was opetah a constargénergy analyzer mode
with a 20 eV pass energiglectron takeoff angles of 20° and 90° were used to probe
the chemical evolution of the PR surfatle probing depths of the 20° and 90° scan
angles are approximately 2 nm and 8 nm, respalgtiAll plasma processed samples
were delivered for XPS analysis using a vacuum transfer system to prevent any

interaction with ambient atmospheric species.
1.5.3 Atomic Force Microscopy (AFM)

AFM analysis was used to providdormation on the surfaamorphology of
the PR sample3he analysis was performed using an Asylum Research MFP3D
instrument in the tapping mode configuration with a fixed scan size of 10 um x 10
pum. Surface roughness information from these scans was quantified by calculating
theroot mean square (RM&ughnesof the surface profildnformation on the
surface roughness distributiand characteristic roughness wavelengths also

obtainedvia a power spectral density (PSD) analysis

12



1.5.4 Attenuated Total ReflectionFourier Transform Infrared

Spectroscopy (ATRFTIR)

ATR-FTIR characterization was useamlcomplement the XPS analysis by
providinginformation on the impactsom the plasma process specific functional
groupswithin the PR compositiarThe FTIR setup awsisted of éShimadzu
IRTracer100 equipped with a HQCdTe (MCT) detector and variable angle single
reflection ATR accessonyith a Ge crystal. The incident light angle at the Ge crystal
was set t@0°. The use of an ATR accessory in combination with ai@stal probes
the sample surface down to a depth of approximately 50\rdnSe polarizer was
installed on the optical inlet of the ATR accessorintiucep-polarization of the
incident IR light IR spectra were acquireshd averaged over 20 scdrem 600cm'?

to 3400cm’ with a resolution oft cmi®.

1.6 Dissertation Outline

The goal of thisvork is to establish &indamentalinderstanding of the
interactions between plasma spe@ad PR materials and the correspogdi
implicationson properties such as the etching and surface roughening behaviors. By
developing a comprehensive understanding of the mechathat=ontrol the
photoresist behaviorsder a plasma exposuysge canexplain not only hownucha
PR materials etched for a given plasma procdss alsoprovide insight orthe
contributions ofaspects such dkse PR compositiorand layer structuren the time
dependent evolutioof the etching behaviotJltimately, we careverage the
knowledge oplasmaphotoresist interactions &stablish a frameworto tailor

plasma processemdcompatible PR materiathatarerelevant forand meet the
13



requirements for practical industrial applicatioAsvsisual depition of the

organization and flow of the thesis work is shown in Figure 1.1.

.

Impacts of Plasma-Induced Surface
Modification

Reactive Improvement Evaluation of

Inert Ar

Plasma Ar/C Fy of SiO,/PR Sample Edge
Chemist Plasma Etching Etching
(Chapterr;) Chemistry Selectivity Effects

(Chapter 3) (Chapter 4) (Chapter 5)

Figure 1.1. Outline of thexperimental approach of the research presented in this
dissertation

In Chapter 2yve examine thestching behavior, surface roughness evolytion
ard surface chemistry evolutiaf the193 nm PR materidhat is exposed under an
energetidnert argoronly plasma processVe utilized the XPS characterization in
combination within situellipsometry to developur initial ellipsometricmodel
which desdbes the development afsurface DAC layeas being a conitruting
factor towards the controlled etching of a PR matefFiais study emphasized the
large variation in the overall PR etching behati@t occursas a result othangesn
the thickness of the DAC layer on the ordénanometers.

In Chapter 3, we expand upon our inisaidyof the 193 nm PR materitd
examinethe impacts from glasma processat containg reactive GFg-based gas
chemistry due to itsrelevance to industrigdattern transfer application&.similar
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approach as in the initial studly Chapter 2allows us to develop a revised
ellipsometric model thdtighlights a process by which the FC spedn the plasma
react with the DAC layer tproduce a modified layer that has intermediate properties
to those of a pristine DAC or FC layefshis study alsshows the effect of FC

species on reducing the magnitude of surface roughness which initratly faom

ion bombardment.

In Chapter 4, we apply the knowledge from the previous chaptaddress a
currentindustrialchallenge of enabling highly selective pattern transféeatures
approachinglimensions of ten nanometers and smaer.this wak, we utilize a
model EUV PR that iselevant for modern industrial processes. To enable a high
degree ofelectivity, a minimization of thER thickness loss is required. We find that
by incorporating a ALE process with a moderately energetic etchieg,sh
prominent FCGrich modified layer develops on tiRR surfacethatstrongly mitigates
the PR thickness loss even in the presence of reactive FC species. Furthermore,
etching ofSiO, which is necessary for a pattern transfer application, continues
unimpeded by this approach, resulting in a high net/Bi®etching seleatity.

In Chapter 5, we investigate another industrial challenge pertaining to
maintaining thickness uniformitguring anetch process. We utilize extensive AFM
characterization with PSD analystselucidate thextent of varying directionality in
the ionbombardment as a result of tikeraction between the plasma sheath and
sample geometry. We find thidte areas near the edge of the sample within several
Debye lengths exhib#élevated surface roughness wtle formation of ripple

featuredrom shallower angleincident ions This studyprovidesuseful insights on the
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implications oflocal plasmasurfaceinteractiondor semiconductor manufacturing
applications
Lastly, Chapter 6 provides an overall summary of the thesis work and

discusses thiture direction of theesearch.
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Abstract

The development of new photsists for semiconductor manufacturing
applications requires an understanding of the material properties that control the
plasma etching behavior. lon bombardment at ion energies of the order 100s of eV is
typical of plasmebased pattertransfer processemsd results in the formation of a
dense amorphous carbon (DAC) layer on the surface of a photoresist, such as the
PR193type of photoresist that currently dominate the semiconductor industry. Prior
studies have examined the physical properties of the €}, but the correlation
between these properties and the photoresist etching behavior had not been
established. In this work, we studied the #t@ale evolution of a steadstate DAC
layer as it is selectively depleted using an admixture of oxygennnaogamn plasma.
Observations of the depletion behavior for various DAC layer thicknesses motivate a
new model of DAC layer depletion. This model also correlates the impact of the DAC
layer thickness with the etch rate of the bulk photoresist. We findithtat a 40%
depletion of the DAC layer thickness does not have a significant impact on the bulk
photoresist etch rate. However, further depletion results in an exponential increase in
the etch rate, which can be up to ten times greater at full deplesioridhthe fully
formed DAC layerThus, with these trends we show that the photoresist etch rate is
controlled by the thickness of the DAC layEurthermore, thickness loss of the DAC
layer in an @-containing plasma coincides with a chemical modificatbthe layer
into an oxygerrich surface overlayer with properties that are intermediate between
those of the DAC layer and the bulk photoresist. Support for this interpretation was

provided via Xray photoelectron spectroscopy characterization. Atoanaef
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microscopy was used to gauge the impact on surface roughness as the DAC layer is
formed and depleted. The trends established in this work will provide a benchmark in
ourdevelopment of new photoresists, which will be suitable for pattern transfer
proaesses that williltimatelybe a part of enabling smaller semiconductor device

feature sizes and pitches.

2.1 Introduction

A plasmaexposed photoresist can undergo modification due to processes that
include vacuum ultraviolet (VUV) irradiation and ion baanttment.>*° These
surface modifications are important for the understanding of the st¢aigyetching
behavior in a plasma environment, because at high ion energies there is significant
bond scissioning in the surface layers degletion of oxygen, hydrogen, and
volatile-productforming species. These phenomena result in the formation of a dense
amorphous carbon (DAC) layer with a thickness that is proportional to the ion
penetration depth->>’ Previous work involving deposited amorphous carbon films
has characterized the physical prosrf these films as having a density and etch
resistance that are significantly greater than those of photoresist poRffens
properties of photoresisterived DAC films are similar to those of deposited
amorphous carbon films. The photoresist layer structure formed in a plasma
environment consists of a DAC layer on tomdfulk photoresist layer. The DAC
layer behaves as an enefgjgsipating layer that is depleted of precursors of highly
volatile species, and thus mediates the etching of the bulk. Similar behavior is
observed for Si@overlayers on Scontaining photorests and fluorocarbon

overlayers on Si or gil,27:3233
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The main objective of the work presented here is to examine the etch
mediating behavior of the DAC layer by describing the quantitative relationship
between thehickness of the DAC layer and the corresponding etch rate of the bulk
photoresist. By selectively controlling the thickness of the developed DAC layer via
oxygen addition to the plasma composition, we have identified the threshold DAC
layer thickness regred for maintaining a steaebtate photoresist etch rate and have
identified an exponentially increasing etch rate trend with decreasing DAC layer
thickness below this threshold.

One of the secondary effects that we have observed by controlling the DAC
layer thickness via oxygen injection is that thickness loss occurs concurrently with a
chemical modification of the DAC layer. Based on evidence frerayX
photoelectron spectroscopy (XPS), depletion of the DAC layer coincides with the
formation of an oxygemich overlayer on the DAC layer. The optical density of this
overlayer is intermediate between those of the DAC layer and the bulk photoresist
layer, which is consistent with amorphous carbon erosion mechanisms that have been
explored for deposited film¥ %6 These observations prioe insights into the
sensitivity of the DAC layer to processing conditions, as a stable DAC layer is
required for maintaining a stable and reproducible photoresist etch rate.

For patterrtransfer applications, a wetbntrolled photoresist surface
roughress is as critical for reproducibility as is the etch rate. Although VUV
irradiation plays a lesser role in the etching of a photoresist relative to ion
bombardment, a synergistic effect between VUV irradiation and ion bombardment

leads to a buckling indvdity in UV -sensitive photoresists, resulting in surface
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roughening® 1%1° Attaining critical feature sizes requires the minimization of surface,
line edge, and line width roughness to preserve feature fidétftharacterization

of photoresist surfaces by atomic force microscopy (AEMj) be used to correlate

the impact of the DAC layer thickness and structure on the observed surface
roughness.

In this article, we evaluate the influence of the DAC layer thickness on
etching behavior, photoresist structure, and surface rougheningamiapstry
standardPR193 photoresist. Experimental data collected using XPS, AFM, and
ellipsometry provide the basis for an ellipsometric model that describes the evolution
of the photoresist layer structure. Application of this model to-tiegendent
ellipsometric data allows for the reaime thickness tracking of each of the individual

layers that compose the photoresist structure.

2.2 Experimental Setup

The samples used in this work consisted of a 193 nm photoresist material
produced by the Japaryi@hetic Rubber Corporation (JSR) that has been extensively
characterized>?° In this work, we studied the photoresist in the form of a blanket
film with a thickness of appxmately 200 nm. The general formulation of 193 nm
photoresists consists of a terpolymer structure with a polymethylmethacrylate
(PMMA)-based backbone with leaving, lactone, and polar groups serving as the
functionalized side groups.

Plasma etching of the samples was conducted using an inductively coupled
plasma (ICP) reactor. The system consistssfial antenna on a quartz dielectric

that is located 13 cm above a Si electrode with a 12.5 cm diameter. We operated the
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top antenna at an excitation frequency of 13/8€z. The substrate was biased at a
radio frequency (RF) of 3.MHz. Additionally, thesubstrate temperature was
maintained at 10 °C using wateooling on the substrate backside.

For the plasma processing of the samples, we kept the chamber at a pressure
of 10mTorr. An argon plasma with a 40 sccm flow rate was used as the carrier gas.
We used a source power of 300 W. Immediately after plasma ignition, we applied
a-100 V substrate bias to bombard the sample with-biggrgy (up to ~125 eV) ions.
This steadystate configuration is representative of the conditions that are used for
photoresst pattern transfet.

The general processing diagram for the experiments is shown A Eighe
three phases of the processing setuppfas, Phase |, and Phase Il, correspond to
setting up the gas flow in the absenc@laEma, observing the formation of the DAC
layer, and observing the depletion of the DAC layer, respectively. The computer
controlled gas injection system introduced oxygen into the chamber for intervals of 2,
6, and 10 s to modify the DAC layer by vanyiamounts. The flow rate of the oxygen
was set so that the differential pressure between the argon and oxygen flows would be
minimized, ensuring a smooth flow of oxygen into the chamber during the oxygen

pulsing.

Pre-bias Phase | Phase |

- —— -

Substrate Bias

0,

Ar T, w r
Figure2.1.Schemat i c of the experimental se
| ayer are observed in Phases | and |

22



Information regarding the thickness anttaetive index of the photoresist
structure was collected in ret@ine usingin situ ellipsometry in the polarizewotating
compensatesampleanalyzer configuration at a wavelength of 632.8 nm. We
interpreted the raw data generated from ellipsometrynpeteaized through the
optical constants psi and delta, by an optical model that incorporates modification to
the photoresist from VUV irradiation and ion bombardment.

Ellipsometry is a powerful tool for examining the evolution of the photoresist
layer stucture, as any deviations in the trajectory of the raw data correspond to a
change in the thickness and/or the refractive index of one or more of the layers.
Notably, under steadstate etching conditions, the initial deviation in the trajectory
(Fig. 2.2a), which is characteristic of Phase | in our processing setrpgsponds to
an impact on the photoresist structure. This deviation is due primarily to the
formation of the DAC layer from the impact of highergy ion bombardment. The
high reproducibilityof the data under different conditions indicates that the
photoresist structure responds in a consistent manner teheygy ion
bombardment. Changes from the steathite structure can be probed by transiently
altering the plasma composition for a fixduration. We implement this process by
using a computecontrolled gas injection system to introduce oxygen into the plasma
for various durationslhe alteration of the steadyate plasma condition corresponds
to Phase Il in our processing setup. Theasatiage of this approadch that we can
control the degree of modification of the DAC layer. The impact of the oxygen pulse
on the overall photoresist structure and the corresponding etch rates can be

ascertained for both partial and complete modificatibtme DAC layer.
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Postprocessing, we obtained information about the chemical structure and
morphology of the samples with XPS and AFM. The XPS analysis was performed
using a Vacuum Generators ESCA MK Il surface analysis chamber with a
nonmonochromatized Al 6 -pdy source (1486.6 eV). Spectra were obtained at
emission angles of 20 and 90 degrees in the corstamgy analyzer mode at a
20eV pass energy. To preserve the surface conditiongrosessing, we moved all
samples to the analysis chamber using@um transfer system. The AFM analysis
was performed using an Asylum Research MFP3D instrument in the tapping mode
configuration with a fixed scan size of 2 um x 2 um. We acquired surface roughness
information from these scans by calculating the root nsgaare (RMS) of the
surface profile.

In addition to evaluating the sample properties, we also determined the
composition of the plasma using optical emission spectroscopy (OES). The oxygen
emission line near 844 nm was monitored relative to the argosiemige near
764nm, as tle ratio of their intensitieprovides information on the fraction of
dissociated oxygen that is present in the plasma. The fraction of dissociated oxygen
can, in turn, be related to the ellipsometric etching data. The 844 rgerorynission
line was chosen because emission at this wavelength corresponds to the formation of
atomic oxygen, which is the main oxygen reactive species that interacts with the

sample surfac&3°
2.3 Results

Our interpretation of the structure and etching behavior of the photoresist

system is based primarily on the fitting of the raw ellipsometric data to a model. In
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the following section, we discuss the experimental data that were used to develop and

supportthe model, and the behavior of the photoresist as interpreted by this model.
2.3.1 Ellipsometry

The psidelta trajectories obtained via ellipsometry for the different oxygen
pulse lengths used are shown in Ag@b. We implemented a cyclic process, with the
pulsing repeating every forty seconds for each pulse length. This approach permits
the effect of the modification from oxygen to be observed in atiependent
manner and also allows us to verify the repradhility of the modification. In the
boxed area in Fig2.2b, which corresponds to the data in 2g@a, we focused on a
comparison of the modification during the first pulse, as the initial state of the
photoresist prior to the pulse shows excellent ctersty among the three tested
conditions. As we discuss below, we can use one model for the quantitative
evaluation of the evolution of the layer structure and etch rate as the modification
progresses for all the different samples tested.

2.3.2 XPS

The XPS scans shown in Fig.3 provide information on the composition of
the surface layer as it undergoes initial modification fromeigérgy ion
bombardment, followed by the subsequent modification from oxygen interaction. We
compared the sample before lgeBubjected to the plasma (pristine), during etching
but before the oxygen pulse (befgrelse), and during the oxygen pulse (¥pigdse).
Compared to the pristine sample, the befause sample has more@bonding and
less GO bonding, which is consistewith the formation of a DAC layer on the

surface. Similarly, the enhancement e0Gand C=0 bonding in the mjaulse
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sample confirms that the oxygen pulse modifies the DAC layer into one that is
significantly more oxygemich. The C1ls spectrum in Fig.3aindicates that oxygen
addition produces a shoulder on the main peak that is representative of oxidation of
the DAC layer, as has been observed previdlisline O1s spectrum in Fi®.3b is
consistent with previous experimental work that found that C=0 a@dGnds are
dominant on an amorphous carbon surface that has been exposed to an oxygen

containing plasm&: These XPS findings support the DAC layer structure indicated

by our ellipsometric model.
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2.3.3 AFM

Figure2.4 compares the amount of surface roughening observed in the

pristine sample, under steadtate argon plasma etching, during the middle of the
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first oxygen pulse, and following each of the first three oxygen pulses. The key
observation from these data et the depletion of the DAC layer during the oxygen
pulse does not have a significant impact on the magnitude of the surface roughness.
This observation is consistent with current understanding. Stress leads to the
formation ofa bucklinginstability andis released by surface roughening. When the
DAC layer reforms after the pulse, the magnitude of surface roughness is enhanced
relative to the migoulse and prdirst pulse conditions. A possible explanation for this
behavior is that the loss of oxygenpalymer materials induces surface roughening

as stresses form in the material. Increased surface roughness may result from the
depletion of oxygen from the DAC layer after the oxygen ptisethe DAC layer is
etched and reformed over subsequent pulses, this mechanism is a likely contributing
factor for the increasing surface roughness. Additionally,renog models have
suggested that the mitigation of surface roughness is dependent on the relative
magnitudes of the lateral and vertical diffusion of species in the photdresist.
Therefore, this interpretation suggests that the enhanced roughness observed after
each pulse is a result of an enhanced magnitude of species diffusing vertically instead
of laterally in the phtoresist. Because the net amount of material etched increases
continuously during the plasma exposure, the greater total amount of material
removed when each subsequent pulse occurs is consistent with the production of
greater surface roughness by the teaet movement of surface species that has
occurred up to that pointhe significance of these AFM results is that the oxygen
induced modification and depletion of the DAC layer during the pulse does not result

in a noticeable change in the surface rhotpgy; this has the implication that a
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plasma process that involves oxygen will primarily reduce the thickness of the DAC
layer without causing an increase in the surface roughness. The introduction of
oxygen in fact mediates any increase in surface meggsince the PR193 surface
roughness increases only once the oxygen is removed from the chamber upon the
completion of Phase Il of our process and an admmninant plasma regime is

restored in Phase | of the next cydibe observed magnitude of the fage

roughness provides information on the sensitivity of the surface morphology to

changes in the photoresist structure as a result of plestneed modifications.

Pristine Sample Before 1st Pulse Mid-1st Pulse

After 1st Pulse After 2nd Pulse ) After 3rd Pulse

Figure 24.AFM scans performed at various
Stresses in the surface | ayer of t he
roughnespul Fiumdg hreesul ts in additiona
formation, increasing the surface r«
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2.4 Ellipsometric Modeling

Based on our experimental data, we developed a-tay#r ellipsometric
model that tracks the evolution of the DAC layer and the bulk photoresist layer during
the plasma exposure. In F§5a we visualize the model in pdelta space to
describe the sigficance of the directionality of the raw ellipsometric data. Our
model distinguishes between the DAC layer and the bulk photoresist layer, because
the XPS data and SEM cross sections in Ekp indicate that the DAC layer is a
separate entity from thautk photoresist. In the following sections we discuss the
parameters of our ellipsometric model, analyze the modifications to the photoresist
structure that occur as the plasma process outlined i Bigroceeds, and comment

on the observed relatiorniph that impact the etching behavior.
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2.4.1 DAC Layer Evolution

2.4.1.1Formation of the DAC Layer

For a pristine, PR198oated Si substrate, there are three separate layers: the
Si substrate, a native Siayer, and the deposited bulk photoresist. Upon plasma
exposure coupled with higénergy ion bombardment, a fraction of the bulk
photoresist layerndergoes modification from VUV irradiation. The thickness of the
affected layer depends on the VUV penetration depth. For Rp83Jhotoresists,
this penetration depth is on the order of 200%fon bombardment preferentially
removes hydrogen and oxygen from finst several nanometers on the surface of the
bulk photoresist layer, thus forming a DAC lafél? Based on simulations using the
Stopping Range of lon in Matter (SRIM) software package, for an ion energy of 100
eV, the corresponding thickness of the DAC layer is apprately 2.83.6 nm for
our conditions. This thickness has been confirmed experimentally in previous
work.#34 We assume that the DAC layer has a uniform refractive index over its
entire thickness for the entire gpelse duration. In reality, the ion penetration depth
decreases as the DAC laylvelops ands sustained unddrased plasma exposure.
As a result, the initially formed DAC layer is eventually converted into a thinner
DAC layer with a greater refractive due to the decreased ion penetration depth.
Generally, the agreement between theaoergydependent DAC layehickness
measured ellipsometrically and that predicted by SRIM is excellent. This comparison,
along with consideration of the effect of the changing ion penetration depth on the
DAC layer properties and etching behavior, will be discussed in a future Eaoér

layer incorporated in the ellipsometric model can be simulated over a range of
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thicknesses or refractive indices of the simulated layer itself and/or of other layers.
For evaluating the properties of the DAC layer during plasma exposure, we stmulate
the thickness of the DAC layer over a range of DAC refractive indices at various
thicknesses of the bulk layer. This combination of simulated parameters allows for
the evaluation of the DAC layer properties as the bulk photoresist layer is etched
away. As the bulk layer is being etched away, it is also modified by VUV irradiation,
as the quaternary carbons that make up the PMMA backbone of PR193 photoresist
are prone to bond scission upon VUV irradiatiobVe integrated the rate of
modification from VUV exposur@to the model for the bulk layer based on an
experimental calibration in which no substrate bias was applied, thus minimizing ion
bombardment. One consideration that we took into account for the DAC layer
refractive index is that the ieinduced dehydrogwtion of the photoresist surface
results in the development of an amorphous carbon layer that absorbs light, and thus
no longer behaves as a pure dielectric material. This phenomenon is modelled by
introducing loss in the form of an extinction coefficiétft’ A relationship for the
magnitude of the extinction coefficient relative to the real component of the refractive
index for amorphous chon films was previously established by Schwaetinger et

al 3! More recent work by Metzler et al. used the work by Schwgaiinger, in

conjunction with newer studies on amorphous carbon, to improve the acotithe
extinctioncoefficient relationship for a wider range of refractive indf®aa/e used

these data to model the DAC layer extinction cosdfit
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Figure2.6 shows our model superimposed on the raw ellipsometric data.
Based on these data, we proposed the following interpretation of the DAC layer
behavior.In Phase | of our proceagyon initiation of substrate biasing, etching of the
bulk layer proceeds. Ahe same time, there is a distinct change in the trajectory of
the psidelta data, corresponding to the growth of the DAC layer. Prior to the
introduction of the oxygen pulse, the DAC layer attains a stetdg thickness of 3.6
nm. Combined with the infanation from the SEM crossection in Fig2.5b, the
XPS data for the before pulse condition in @, and the reproducibility of the

ellipsometric data upon the initiation of higihergy ion bombardment, we have
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distinguished the formation of a distti@AC layer that has a composition that is
distinct from that of the bulk photoresist.
2.4.1.2Depletion of the DAC Layer

In Phase Il of our procesthe introduction of the oxygen pulse rapidly
depletes the DAC layer thickness. Figar@ shows that thBAC layer is partially
depleted by 2 s and 6 s pulsasd fully depleted by 10 s pulses. It is evident from the
trajectory of the raw data that the addition of oxygen into the plasma selectively
depletes the DAC layer, as has been observed previtiBased on our
ellipsometric model, the raw data trajectory would seem to imply absence of bulk
layer etching for a brief period. In reality, etching of the bulk layer must continue, as
there is uninterrupted ion bombardment of the sample. Based on theaXd® Sve
interpret this behavior as being due to a modification of the DAC layer properties by
the interaction with the oxygen species as the layer is depleted. We termed this
modification oxygenation of the DAC layer. A close examination of the data
trajectory during the depletion of the DAC layer shows that the trajectory tracks in the
opposite direction of bulk layer etching, implying a net growth of the thickness of the
composite layer. A more plausible explanation is that the oxygen modifies the DAC
layer as it is depleted in such a way that the modified DAC layer has properties that
are more comparable to those of the less dense bulk layer. Several experimental
studies have found that the density of deposited amorphous carbon decreases in an
oxygen plama environment?*®° Therefore, it is likely that the photoresdrived
DAC layer undergoes a similar modification. Not only is the thickness of the DAC

layer reduced, but the refractive index of the oxygenated layer also decreases due to
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the incorporation of oxygen. As the refractive index is related to the density, this
decreaseugygests a decrease in density of the DAC layer as well. To model this
modification, we developed a separate model to interpret the properties of the DAC
layer during the oxygen pulse, as shown in Biga. The model is based on the one
for the formation 6the DAC layer, but with the addition of a component to account
for oxygen modification. We make two main assumptions for this model. First, the
etching of the bulk photoresist layer initially proceeds at the same rate during the
oxygen pulse as beforedipulse. Second, the refractive index of the oxygenated
DAC layer is between those of the unmodified layer and bulk photoresist layer. The
first assumption is likely an underestimation of the actual etching rate during this
period, given the fact that anggn/oxygen plasma synergistically enhances the
etching of an amorphous carbon surface through physical and chemical spottering.
4 For the timescales considered here, the modification of the DAC layer during the
oxygen pulse is expected to be considerably greater than the modification of the bulk
photoresist layerThe second assumption is supported by previous modeling work
that included a soft layer in addition to the graphitic layer when describing
modification to PMMA under ion bombardme®itAdditionally, oxygen modification

of the DAC layemproduces a highly graded layer. Because the optical parameters
measured by ellipsometry are representative of the average properties in a graded
layer, we assume that this layer has a refractive index that is less than that of the
parent DAC layer but gréer than that of the bulk photoresi$&or simplicity, we

also assme that the extinction coefficient of the oxygenated DAC layer is negligible.
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To ensure that the model is physically consistent, wecalenlated a limit for the

maximum potential oxygenated DAC layer thickness that can be achieved through a
modification of the parent DAC layer. This limit is based on the concept of

conservation of optical density, which is the product of the refractolexiand

thickness of the DAC layer. As Schweselinger et al. showed, the refractive index

is proportional to the density of an amorphous carbonilfihus. the conservation

of optical density is consistent with a conservation of mass. As shown iR Hig.

overlaying the model on the raw data, we observeréumardless of the oxygen pulse

length, approximately the first nanometer of depleted DAC layer is fully converted

into a modified, oxygenated DAC layer with a thickness of approximately 1.6 nm.

Further depletion of the DAC layer is also accompanieddsceease in the

oxygenated DAC layer thickness as the oxygenated DAC layer reaches steady state
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and then begins to be etched. Once the oxygen pulse begins to dissipate, we observe a
sharp interruption in the DAC layer depletion, and an almost immediatenaion

and increase in thickness of the layer. From the modeling work and experimental
characterization, we have identified a modification mechanism for the DAC layer in

the presence of plasma oxygen species that corresponds with the depletion of the

layer.
2.4.2 Photoresist Layer Structure

We used the ellipsometric model to extract the tdapendent thickness of
each of the dynamic layers in the photoresist structure for each of the various oxygen

pulse lengths, as shown in F&8.
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Due to the number of dynamic layers during the pulse, we manually fitted the
thickness change of the bulk layer during this period to a smooth transition between

the calculated thickness prior to and following the pulse. This procedure allowed for
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the thikness of the modified and unmodified DAC layers to be modeled explicitly.
We identified three distinct behaviors that occur during the oxygen pulse. First, as
oxygen is introduced into the chamber, the thickness of the oxygenated DAC layer
develops concuently with the depletion of the DAC layer. The partially

hydrogenated photoresiderived DAC layer depletes more slowly thannon
hydrogenated, amorphous carbon fifth&econd, once the oxygen pulse is

terminated, the oxygenated DAC layer begins to be etched away concurrently with a
reformation of the DAC layer. Upon the resumption of an argon plasmanant ion
bomkardment regime, the oxygenated DAC layer is preferentially etched relative to
the unmodified DAC layer, because the higher oxygen content has lower etching
resistancé*!3 Third, the rate of thickness loss of the bulk layer is dependent on the
thickness of the DAC layer. For a depletion of the DAC layer of approximately
1.6nm (Fig.2.8a), the bulk layer thickness loss reg¢enains unchanged. However,

for the greater depletions of the DAC layer that occur with the 6 s and 10 s pulse
lengths (Figs2.8b,c), the thickness of the DAC layer is no longer sufficient to
mediate the steaestate etching of the bulk layer, and thus bulk layer is removed

at an increasing rate. This relationship between the DAC layer thickness and the bulk
layer etch rate can be explained by the ion dose reaching the bulk layer being
mitigated by the thickness of the DAC layer, which leads to a egtisjputter yield of

the bulk layer2>® Our key conclusion is that the initial thickness loss of the DAC
layer occurs as a resulf the oxygenation of the layer, which persists only for as long
as oxygen is introduced into the system. Once the oxygen dissipates, the oxygenated

DAC layer is rapidlydepletedand the DAC layer begins to reform.
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2.4.3DAC Layer/Etch Rate Relationshp

We determined the overall photoresist etch rate as a function DAC layer
thicknesgrom the timedependent thickness evolution of the photoresist layer
structure, which was the main objective of this study. We illustrate this relationship in

Fig. 2.9 for the three tested pulse lengths.
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The key impacts of the DAC layer thickness on the photoresist etch rate become

evident based on the duration of the gey pulse. For the 2 s pulse length, the

depletion of the DAC layer by approximately 1.6 nm does not result in a significant

increase in the overall etch rate. The DAC layer remains sufficiently thick that the

introduction of oxygen enhances the phototestish rate by less than 10 nm/min. In
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this condition, there remains a sufficient graphitization of the surface of the
photoresist to maintain the etch rétet the longer pulséengths, the effect of the
thinning DAC layer on the photoresist etch rate becomes much more apparent. Below
a DAC layer thickness of 2 nm, the etch rate increases inversely proportional to the
DAC thickness. Below a DAC layer thickness of 1 nm, the tfenthe etch rate is

further enhanced, culminating in a maximum etch rate 260 nm/min upon full

depletion of the DAC layer. As the DAC layer reforms after the pulse, the trajectory

of the etch rate with increasing DAC layer thickness follows a similar teenthen it

is being depleted. The increased or decreased rate of etch rate progression as the DAC
layer is nearing depletion or is being formed initially, respectively, implies that the
presence of the DAC layer plays a large role in controlling the ruatgof

photoresist etching. Correlating the time dependence of the DAC layer thickness and
etch rate, as shown in Fig.10, provides information on the relative etch yield of the
DAC layer compared to the unmodified bulk layer. Upon initiation of {eiggrgy ion
bombardment, the etch rate is elevated as the corresponding etch yield of the surface
layers is enhanced due to the volatilization of oxygen and hydrogen in the polymer
structure. As the DAC layer thickness approaches stsiadly, the etch ratdarply
decreases and attains a steatfife threshold as the etch yield of the DAC layer
decreases not only due to the dehydrogenation and cross|inkirop occurs in this

layer, but also because the ion penetration depth in the modified layer isalesisah

in the unmodified bulk lay€ett At the surface of the DAC layer, dangling bonds
predominate the structure. Upon the introductboxygen into the plasma, the etch

yield of the DAC layer is enhanced by the oxygen reacting with the dangling bonds
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and forming a sputtering product. However, from the reduced penetration depth of
ions in the DAC layer, up to a 1.6 nm depletion of thigel does not cause the etch
rate of the total layer structure to increase appreciably. The ability of the remaining
approximately 2 nm thick DAC layer to maintain an etch yield that is significantly
lower than that of the bulk layer, and thus can to raairthe overall steadstate etch

rate, is supported by findings from MD simulations and other experimental

work 42,61,62
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We corroborated the etching behavior of the photoresissing OES to

interpret the DAC layer etching behavior from the perspective of the plasma

condition. Figure2.11a and2.11b depict the relationship between the ratio of
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monatomic oxygen to argon in the plasma versus the etch rate and DAC layer
thicknessrespectively. We believe that the increasing hysteresis with pulse time for
both properties arises from the following mechanism. The initial presence of oxygen
in the plasma primarily reduces the thickness of the DAC layer, but the overall etch
rate remain stable as the thickness of the DAC layer remains above approximately
2nm. For the 6 s and 10 s oxygen pulse lengths, a greater relative amount of oxygen
is present in the plasma, resulting in an enhanced depletion of the DAC layer, which
also corresporgito an increasing etch rate. Upon the termination of the oxygen pulse,
the monoatomic oxygen fraction stabilizes. The oxygen fraction only begins to
decrease as it is pumped out of the chamber, in an interval that is determined by the
chamber residencatie. As the oxygen residence time at the given processing
condition is approximately 2 s, we observe the jpodse effects on the DAC layer
thickness and etch rate after an initial rapid decrease in the atomic oxygen fraction. In
this region, the sharp date of the atomic oxygen fraction results in the
reestablishment of regime that is dominated by argon ion bombardment, which leads

to the reformation of the DAC layer and a corresponding decrease in the etch rate.
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The key conclusion @m this analysis is that a threshold DAC layer thickness of
approximately 2 nm is required to maintain a stable etch rate of the PR193
photoresist. As long as there is sufficient oxygen in the plasma, depletion of the DAC
layer proceeds, resulting in a ghancrease in the photoresist etch rate when the layer
is depleted beyond the threshold thickness. From the narrower hysteresis in the
relationship between the etch rate versus the DAC layer thickness compared to the

relationship between the etch ratestex the atomic oxygen fraction, we conclude
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that the etch rate is primarily controlled by the thickness of the DAC layer, rather than

the amount of oxygen that is present in the gas phase.

2.5 Summary and Conclusions

In this work, we developed an ellipsetric model to interpret the role of the
DAC layer on the photoresist layer structure and overall etch rate. Under an argon
plasma with a maximum ion energy of 125 eV, a distinct and reproducible DAC layer
with a steadystate thickness of approximately 3w forms on the surface of the
photoresist. At the steaetate condition, the etch rate of the photoresist is
maintained at a value of approximately 30 nm/min. Upon introduction of oxygen into
the plasma, the surface of the DAC layer becomes oxygerregliting in a greater
susceptibility to etching. Depletion of the DAC layer occurs via the incorporation of
oxygen into the layer, which is then etched away.

A partial depletion of the DAC layer, up to a remaining thickness of
approximately 2 nm, is suéfient to maintain the steadstate etch rate. Further
depletion of the layer causes a sharp increase in the etch rate, as the DAC layer can no
longer sufficiently mediate the etching of the underlying bulk photoresist layer.

The initial formation of th&AC layer induces stresses within the surface of
the photoresist which leads to surface roughening. Because the stress is relaxed upon
the formation of roughness, the depletion of the DAC layer from the oxygen pulse
does not impact the magnitude of theeed roughness. Reformation of the DAC
layer after the oxygen pulse introduces additional stresses which enhance the

magnitude of surface roughening.
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Overall, we benchmarked the DAC layer properties and the etching behavior
for a PR193ype photoresistnder varying sets of plasma parameters. A further
extension of this will work will involve benchmarking the etching behavior of
additional photoresists and polymers to develop a model that can connect the DAC
layer properties, etching behavior, and chehgomposition of the processed
materials. This comprehensive model, along with the current work, will allow us to
understand the etching behavior of new photoresist materials that are currently in

development to achieve suld nm feature sizes using newhbgraphic techniqués.
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Abstract

lon bombardment gbhotoresist materials during plasma etching results in the
formation of a surface dense amorphous carbon (DAC) layer that contributes to both
etch resistance and the development of surface roughnesstinkeallipsometric
measurements/analysis revealatth GFg-containing plasma interacts with an-Ar
plasmaformed DAC layer to produce a modified DAC/fluorocarbon (FC) layer by FC
deposition/diffusion of fluorine into the surface. The depletion of the DAC layer via
modification and ion bombardment caudes étch rate of the bulk layer to increase.
As the modified surface layer is formed, a noticeable decrease in surface roughness is
observed. These findings provide an understanding of the mechanisms of atomic layer

etching processes in photoresist matsrial

3.1 Introduction

Two of the key requirements for reproducible, high fidelity, photorésised
pattern transfer are high etch resistance and low surface aretifyeeroughness. For
typical photoresist materials, such as PR193, the presence of ion borabadimng
plasma exposure has a significant correlation with both the etch resistance and
roughness. Sufficiently energetic ion bombardment forms a dense amorphous carbon
(DAC) layer on the sample surface, as a result of the depletion of oxygen, hydrogen,
and volatileproductforming species!?33¢This depletion results in thegace layer
becoming significantly denser than the underlying bulk material, resulting in an
enhancement of the etch resistahte?*However, as the DAC layer grows from the
underlying bulk layer, the increase in density introduces compressive stresses within

the surface layers, causing a buckling instability that can lead to the enhancement of
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surface roughness.Therefore, the tradeoff between enhancement of etch resistance
and degradation of feature fidelity due to surface roegh needs to be considered
carefully when processing photoresist materials under energetic plasma conditions.

The addition of reactive gases, such as octafluorocyclobutakeg,(® the
plasma composition during pattern transfer is necessary to facgdiificient etching
selectivity between the photoresist and S60SksN4. However, maintaining a
controlled and consistent etching selectivity depends on the stability of the etch
resistance of the photoresist material. For a 193 nm photoresist expeseuigetic
plasmas, the etch resistance is proportional to the developed thickness of the surface
DAC layer®3°8 60 However, the DAC layer is susceptible to chemical sputtering from
reactive plasmas, which depletes the layer and decrésech resistande?5364
For this reason, it is imperative to understand the impact of reactive gases on the
DAC layer in conditions representative of a pattern transfer procassubarly with
regards to the potential implicatiofts process stability and reproducibility.

The main goal of the work presented here is to evaluate the impact of a
reactive plasma composition containing=§&on the photoresist surface
characteristicssuch as the DAC layer thickness, layer structure, and surface
roughness, and the resulting etching behavior. By altering the ion energy and the
duration of the GFgs exposure, we are able to perform discrete evaluation of the
impacts of the chemical reagty of the CjFg and the physical sputtering from ion

bombardment on the evolution of the surface characteristics and etching behavior.
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3.2 Experimental Section

The samples used in this study were 200 nm thick blanket films of 193 nm
photoresist materigPR193) produced by the Japan Synthetic Rubber Corporation
(JSR); these films have been characterized extensively in previous3/G#sThe
193 nm photoresist consists of a terpolymer structure with a polymethylmethacrylate
(PMMA)-based backbone with leaving, lactoard polar groups serving as the
functionalized side group's.

Plasma processing of the samples warégopmed using an inductively coupled
plasma (ICP) reactor that has a spiral antenna on top of a quartz dielectric located 13
cm above a Si electrode with a diameter of 12.5 cm. The top antenna was operated at
an excitation frequency of 13.56 MHz and thbstrate was biased at a radio
frequency (RF) of 3.7 MHz. Water cooling of the substrate backside maintained a
substrate temperature of 10 °C during processing.

Plasma processing was performed at a chamber pressure of 10 mTorr and a
source power of 300 Wof all experiments. The chamber gas consisted of Ar at a
flow rate of 40 sccm and4€Es at a flow rate of 2.7 sccm for all experiments. This
C4Fs flow rate was chosen such that the differential pressure between the Asland C
flow rates into the chamber waninimized, ensuring a smooth flow affg into the
chamber during the pulsed operatibigure3.1is a schematic process diagram for

the experimental setup.
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Figure3.1. Process diagram for the experimental setup. Segment A: Prolonged bias
time under an FC absent position, which allows for the development of a prominent
DAC layer. Segment B: 45 injection and resulting modification and etching of the
DAC layer. Segment C: Evacuation of residuaffd3n chamber leading to
reformation of the DACdyer.

Each experiment consisted of two distinct operating modes;abEent
regime and a Fpresent regime. At the outset of each experiment, only argon with an
applied substrate bias €50 V,-75 V, or-100 V was supplied for 40 s, tacilitate
the formation of a weltlefined, steadgtate DAC layer. As the plasma potential is
approximately 25 V at the chosen processing conditions, the corresponding maximum
ion energy at the sample surface is 75 eV, 100 eV, and 125 eV, respectihely at
chosen applied substrate biases. After 40483 ®as injected into the plasma
chamber for 2 s, 6 s, or 10 s. The injection gfginto the plasma chamber was
precisely controlled using LabView software to open and close the gas valves at the
specifictimes. Upon completion of the pulse, the residugk®@as evacuated from
the chamber within-35 s depending on the pulse length. For experiments in which
the ion energy was varied, thaRginjection times were held constant at 10 s,
whereas for expaments with varied injection times, the applied substrate bias was
held constant atLl00 V.

In situ ellipsometry was employed to obtain information about the thickness

and refractive index of the photoresist samples. The ellipsometer was set up in a
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polarizer-rotating compensatesampleanalyzer configuration using a wavelength of
632.8 nm. Interpretation of the ellipsometric raw data, parameterized via the optical
constants psi and delta, was performed using an optical model that takes into account
surfacemodification from ion bombardment as well as interactions with the reactive
FC species.

Ellipsometry is the key characterization tool for probing the layer structure of
the photoresist sample. Any changes in the thickness and/or refractive index of the
layers that make up the photoresist sample are manifested as deviations in the
trajectory of the raw ellipsometric datigure3.2 shows the relevant deviations in
the ellipsometric data that motivate the analysis for this study. The initial deviation
from high energy ion bombardment is associated with the formation of the DAC
layer. Through the control of the magnitude of substrate biasing or duratiaRsof C
injection, we can use differences in the ellipsometric data trajectory to visualize both
the prominace of the initially formed DAC layer and the subsequent modification
and etching of this layer as a result of th€&ginteraction. Interpretation of this data
through an ellipsometric model, which is supported by secondary characterization
techniques, ylds quantitative information about the thickness evolution of the

photoresist layer structure.
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Figure3.2. Observed deviations in the raw ellipsometric data. The regions
marked A, B, and C represent the deviations originating from the corresponding
regions in therocess diagrarshown in Fig3.1.

The secondary characterization techniques employed intticig were Xray
photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). XPS
analysis, which was used to verify the surface chemistry evolution, was performed
using a Vacuum Generators ESCA MK Il surface analysis chamber with a non
monochromatie d A | -ra)Ksdurck (1486.6 eV). The instrument was operated in a
constardenergy analyzer mode with a 20 eV pass energy. Emission angles of both
20° and 90° were used to probe the surface and near surface regions as well as for
determination of the thikmess of a modified surface layer using asrglolved XPS

analysis. All samples were delivered for XPS analysis using a vacuum transfer system

to prevent any interaction with ambient atmospheric species. AFM analysis was
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performed using a Veeco Multimodetrument with a scan size of 2 um x 2 um and
a resolution of 512 x 512 pixels. The surface roughness of the samples was defined as

the root mean square (RMS) of the surface height data.

3.3 Results and Discussion

3.3.1 Ellipsometry

To interpret the r@-time surface modification in appropriate detail, our
ellipsometric model analyzes both the general modification behavior that occurs over
the duration of the entire experiment and the specific modification mechanisms that
occur when GFg interacts withthe sample surface.
3.3.1.1 Baseline Model of Surface Modification

The fundamental details of our baseline ellipsometric model have been
discussed extensively in our previous wetRkhe components of the model, which
correspondo the directionality of the raw data in gtlta space, are depicted in
Fig. 3.3a Briefly, our baseline model treats the bulk layer of the photoresist and the
developed surface DAC layer that arises from ion bombardment as separate entities.
The evoluion of these layers, specifically the formation and etching of the DAC layer
and the etching of the bulk layer, each has its own characteristic directionality in psi
delta space, due to sufficiently distinct refractive indices. This distinction allows for
the construction of the ellipsometric map as shown in¥FR&p. Overlaying the raw
experimental data on top of this map, as showfign3.3b, allows for the visual
interpretation of the magnitude of the surface modification from the plasma exposure.
For example, in the shown case with various substrate biases, there is a greater

observed deviation when high energy ion bombardment is introdacgdater
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substrate biases, due to the formation of a DAC layer with a greater thickness. The
greater the substrate bias the greater the acceleration of the ions, yielding a greater ion
energy and thereby increasing the penetration depth of the torthénmaterial.

a) b)
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Figure3.3. (a) Interpretatiorof the directionality in the ellipsometric ddtased on a
two-layer model(Inset) Schematic of the moeel photoresist layer structule)
Raw data overlaid on the ellipsometric model

The argon ions scission bonofshydrogen and oxygestomswithin the
penetration depth, thus generating a discrete DAC layer that is distinct from the
underlying bulk materil>!2 The ion penetration depth, and thus the resulting
thickness of the DAC layer, ranges from approximately 3.6 b0V substrate
bias to 3 nm at50 V substrate bias for the PR193 material. This range is based on
simulations using the Stopping Range of lons in Matter (SRIM) software package, as
well as on previous experimental resdft& Additionally, the magnitude of substrate
bias proportionally controls the etch rate. Therefore, for the equivateorly
processing time of 40 s, there is less etching of the bulk layer iB@hé bias

condition relative to the/5 V and-100 V conditions.
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Upon introduction of the §Fs pulse, we initially observe a selective depletion
of the DAC layer thickness. Once the DAC layer has been thinned by a certain
amount, there is a corresponding decrease in the bulk layer thickness. This reactive
etching of the DAC layer is consistent whor works,in which selective depletion
of the DAC layemwas observednder either a reactive oxygen or FC plasma
environment34548 However, based on the directionality of the ellipsometric data,
the interaction of the 4&£s with the DAC layer does not purely reduce the thickness of
the DAC layer, but also induces anotherface modification that has a directionality
opposite to that of bulk layer etching. We believe that this modification is caused by
the diffusion of fluorine into the DAC layer, which results in the observed change in
the measured optical properties. Mepecific details of the modeling of this
interaction are discussed in the next section. Under all conditions, once the reactive
C4Fs gas is evacuated from the system, the resumption-dbArinated ion
bombardment results in the reformation of the DAGtagnd reestablishment of the
normal regime of bulk layer etching.
3.3.1.2Surface Interaction with CaFs

At ion energies below 50 eV, FC groups from th€&s@leposit on the sample
surface, forming a FC polymer lay&r’-%This polymer layer has optical properties
that are distinct from those of the DAC layer. Thus, the presence of the polymer layer
is indicated by a distinct trajectory in the ellipsometric data. However, weotlid
observe an ellipsometric profile that is representative of a deposited FC layer. This
finding is consistent with our experimental setup, because the substrate bias is applied

for the entire duration of each experiment with a magnitude range-{®0V) that
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prevents any appreciable buildup of an FC layer; the corresponding ion energies
(75eV to 125 eVxauseany deposited FC film to immediately be removed from the
surface. In determining the most likely nature of thEs@hteraction with the

photoresist surface, we propose the ellipsometric model showigir8.4a
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Figure3.4. (a) Ellipsometric model for thperiod in which thé-C interac$ with the
PR193. Overlays of the raw data on the mode(bp¥50 V, (c) -75 V, and(d) -100 V
substrate bmconditions. DAC thickness loss without any concurrent modification of
the layer woulccausethe raw data to follow the Om reference linevhereas

complete thickness DAC thickness loss as a result of conversion into a mixed layer
correspondismum mihxed maxyer thicknesso | ine.
of the Onm reference line corresponds to an increment in the mixed layer thickness of
1nm.
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Because the deviation in the ellipsometric trajectory during tRelilse is
not consistent with F@yer buildup and also cannot be justified with a growth in the
thickness of the bulk layer, as suggested by our baseline model Bh3&igwe
hypothesize that a modification mechanism must exist that alters the measured optical
properties of theeacted surface laydndeed, in fitting our experimental data we
found that a plausible modification is fluorine from the FC groups diffusing into the
DAC layer, thus altering its optical properties such that they are intermediate between
those of a staty-state DAC layer and a discrete FC film. The mixing of fluorine
within the surface layers to form a modified layer has been observed in numerous
studies with both inorganic (S¥0SkNa4) and organic (PR193, PR248, PMMA)
surface compositiorfs?”:6566A similar modification mechanism has also been
observed with an oxygen plasma in our prior work; the model setup from that work
motivated the model setup for the current WrRue to the complexity of the
surface interaction with ££s, we made the following assumptions in establishing the
ellipsometric model. (1) The etch rate of the bulk layer remains continuous between
the start and end of the pulse. This assumption is necessary to limit the number
of dynamic variables and fas our analysis on the surface region. (2) The refractive
index of the modified layer was fixed at a value less than that of the DAC layer but
greater than that of a pristine FC layer. This assumption is supported by experimental
work that found the fluonation of a photoresist surface to decrease the refractive
index of the surface layér®7(3) There is an upper bound for the maximum
thickness of the modified layer that camdchieved via the modification of the initial

DAC layer. The purpose of this limit was to ensure that the model is physically
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consistent. The limit is based on the concept of conservation of optical density, which
is the product of the refractive indexdathickness of the DAC layer. The
conservation of optical density is consistent with a conservation of mass for the DAC
layer as it has been shown that the refractive index of an amorphous carbon film is
proportional to its densit}

Using this model, we can deduce the following behaviors of the photoresist
interaction with the GFs. At low substrate biases €50 V and-75 V, shown in
Fig. 3.4b-c, the initial 0.5 nm to 1 nm thickness loss of the DAC layer can be
attributed to conversion of the DAC layer into a modified DAC/FC layer. After this
region of initialconversion, further thickness loss of the DAC layer is attributed to
etching of the DAC layer without any further modification fron§&nteraction. Due
to the oxygerpoor nature of the DAC layer, the fluorination of the surface assists in
the removal otarbon atoms that are not bonded to oxy®ext these magnitudes of
substrate bias, reactive sputtering is partially suppressed due to the surface deposition
of FC group$¥7°In both cases, the modifidayer develops a maximum thickness
between 1.6 to 2 nnOnce the GFg pulse is terminated, the modified layer is rapidly
etchedaway,and the DAC layer begins to reform. TH®0 V substrate bias
condition,Figure3.3d, follows a similar progression, with one notable difference
being the presence of a transient region imatetl after the initial @Fs pulse
injection that results in a delay of approximately 1 to 1.5 s before the DAC layer
thickness starts to decrease from the reaction with hg C

A 0.5 s transient region is also present in-iteV substrate bias conuih.

As the duration of this transient region is proportional to the substrate bias voltage,
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one possible origin of this transient effect is the interaction between the bias electric
field and the GFg, which we have observed to lead to a brief increatieeiapplied
substrate bias voltagAn increase in the bias voltage likely promotes an increase or
temporary stabilization in the DAC layer thickness in the presence of reaghye C
gas’! At the same time, the small percentage gfsGhat is introduced into the
plasma composition has a small impact on the ion current defi$ft{? However,
based on Langmuir probe measurements, the introductiosFef&3ults in an initial
reduction in theelectron density, and corresponding ion density, of as much as
3 x 10%°cm®.7* As a result of all these changes to the electrical properties, upon the
introduction of GFg, the initial impact on the surface from ion bombardment
diminishes and the impact from chemical modification from the deposited FC groups
becomes more promemt.Once the GFs pulse injection stabilizes electrically and the
deposited FC starts to volatilizéne thickness of the DAC layer begins to decrease
due to the GFs interaction.
3.3.1.3 Photoresist Layer Structure

Using the ellipsometric model, the tearpl evolution of each of the layers
that make up the photoresist structure was extracted, as sh&vwgn3rb. For all
three substrate bias cases (Bi§ac), the evolution of the layers followed the same
trend, with the quantitativeifferences arising from the different magnitudes of
substrate bias. The key to the evolution of the layer structure is the fluorination of the
surface. Upon initiation of the4Eg pulse, there is an immediate small loss of the

DAC layer due to the FC grps arriving at the surface.
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Figure3.5. Extraction of the individual layer thicknesses during the FC interaction
with the PR193 fofa)-50 V, (b) -75 V, and(c) -100 V substrate bias conditions.
(Inset) Table of bulk layer etch rates at specified pamtse pulse. The bulk layer
etch rate increases by the end of the pulse due to the depletion of the DAC layer.
After the completion of the pulse, the bidlyer etch rate further increases as a result
of the removal of the surface mixed layer and therneétion of the DAC layer. Gre
the DAC layer reestablishes gteadystate ~30 s after the pulse ends, the bulk layer
etch rate is restored to a magnitude comparable to that before the pulse.

The FC groups present in the plasma and deposited on theesadntribute
atomic fluorine to the sample surface, which is the main component for initiating

surface etching of the DAC layé&t.” Atomic fluorine is of added significance in an
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~94% Ar/6% GFg plasma admixture as used in this work, because at this

composition the flux of neutral species becomes comparable to the flux offtris.

lon bombardment of the FC groups at the surface releases atomic fluorine, which

begins to reduce the thickness of the DAC I1d§¢#:8° The initial thinning during the

first ~5 s of GFg exposure is a result of fluorine diffusing into the DAC layer,

lowering its refractive index andedsity, and producing a modified layer at the

photoresist surfacE®! The etch front of the modified layer propagates deeper into the

layer structure. The depth is determined by a balance between available fluorine at the

greatest depth of the modified layer, which promotes additional conversion of the

DAC layer intothe modified layer, and ion bombardment of the surface, which etches

the top of the modified layef+8928:3382837g the magnitude of the substrate bias

increases, the modified layer etch front propagates at a faster rate because more

fluorine is available from the deposited surface FC groups and can be driveen mor

deeply into the underlayé? The maximum thickness of the modified layer

corresponds to the point the concentration 4% the chamber is the greatest, at

the end of the pulse duration. Thisqoalso corresponds to the smallest thickness of

the DAC layer, due to the presence of a reactive etching environment. In all cases, as

the thickness of the DAC layer decreases, its ability to passivate the bulk layer

likewise decreases, and so the ettb od the bulk layer increases. Because the DAC

layer decreases the ion dose that reaches the underlying bulk layer, a decrease in the

passivating thickness leads to an increase in the sputter yield from the buf@tyer.
Upon the termination of thesEs pulse, the bulk layer is etched at a faster rate

due to the removal of the passivating modified layer and the reformatiba BIAC
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layer. Once the DAC layer reestablishes its steady state, the etch rate of the bulk layer
becomes comparable to the etch rate that was present before the pulse. The evolution
of the layer structure seen here is comparable to that observed in\oauprgork

on oxygen interactions with the DAC layer. Reactive plasma species, such as oxygen
or GFsg, readily modify the DAC layer to form a modified surface layer which then
proceeds to reduce the thickness of the DAC I&/€he reduction in the DAC layer
thickness has a corresponding impact on the bulk layer thickness. The main
difference between the oxygen angF§gases in impacting the layer structure is that

the rate of modification from 4Es is slower than tht from oxygen, because the FC
deposited on the surface functions as an additional passivating layer that mediates the
existing etching interaction between the DAC layer and underlying bulk layer.

75,7679,80,84

3.3.2 XPS

The evolution of the C1s peak of the photoresist surface as it undergoes
energetic ion bombardment followed by interaction witke@s shown inFig. 3.6.
The photoresist sample was scanned in the pristine state, duriengtiyetic steady
state Ar ion bombardment, at the midpoint of thBs@ulse, and after the conclusion
of the pulse. The pristine sample primarily consists-@f,C-O-C, and GC=0 type
bonding, which is consistent with the backbone structure of PRWU®3n initiation
of energetic ion bombardment, we observe an elimination@£O type bonding
and anncrease in &€ type bonding as a result of the formation of the DAC layer on
the sample surface. WhenHRg is introduced during the pulse, the XPS data indicate

the formation of numerous CEype species, including CF, gfand CE. The
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formation of these species is consistent with the findings of numerous other
works 552741682 The peaks corresponding to thex@fpe species are prominent due

to the underlying DAC layer being oxygen p&or.
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Figure 3.6 XPS data for the C1s peak fofa@g 20 and(b) 9¢° emission angles at
points corresponding to the pristine PR193 sample, prior todReplse, at the
midpoint of the GFs pulse, and after the pulse. Ar ion bombardment removes-the C
type species from the pristine sample while the introduction of fRgr€sults in the
formation of Ckspecies on the sample surface. Once #ke Qulse is terminated,

ion bombardment remeg the Ckspecies from the surface.

We used an angleesolved XPS analysis technique to estimate the thickness
of the modified layer to be approximately between 1 to 3%ihhis thickness range
for a modified FC layer is consistent with that observed in other i6&& When
the GFs is evacuated from the chamber upon comphetibthe pulse, the peaks
corresponding to the GBpecies disappear as the modified layer is etched from the
surface. The concurrent reformation of the DAC layer is also evident from the fact
that the peak shape of the afperise condition is identicabtthat of the beforpulse
condition when the steaestate DAC layer is formed. Through the XPS analysis, we

provided support for our ellipsometric model by both confirming the presence of a
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FC-rich surface layer and quantifying the depth of the FC spdtatsiefine the

maximum thickness of the modified surface layer.
3.33 AFM

3.3.3.1 Influence of lon Energy

Understanding the surface roughening behavior of the photoresist duFigig C
interaction is critical for applications involving photoresist materials. To gauge the
evolution of the surface roughness, we evaluated the surface roughness at the
representative points indicated in the ellipsometric md&pgn3.7 at applied substrate
bias voltages of50 V,-75 V, and-100 V (75 eV, 100 eV, 125 eV ion energies). For
this analysis, we chose points corresponding to immediately before and after the
initiation of the GFs pulse to evaluate the immediate impact of thigs©n the
steadystae DAC layer. At the points immediately preceding the start of the pulse, we
consistently observe that the magnitude of the RMS roughness scales proportionally
with the magnitude of the applied substrate bids’88% As the substrate bias
increases, a greater ion energy is dissipated within the surface layers, which leads to a

more prominent buckling instability that gives rise to surface roughéhing.
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Figure3.7. (a) Ellipsometric map with representative points indicating where the
samples were evaluated using AFMhe numbers in the boxes correspond to the
RMS roughnesss in the corresponding AFM imagé@s) Corresponding AFM scans
of the PR193 samples. In all cases, the initifds@teraction with the PR193 results
in a smoothening of the sample surface.

The key finding in the results shown in Fig. 3.7 is the Bhilf the GFs pulse
to affect an appreciable reduction in the RMS roughness after only a brief interaction
with the photoresist surface. Typically, when photoresist materials are exposed to
plasma discharges containing a continuous flow.6%Che surface roughness has
been found to increase with processing time and amount of material étt4éd.
However, a key difference between these studies and our work is thabthehe
works, the GFgs was introduced from the outset of the plasma exposure, whereas in
our work we introduced thesEs after 40 s of Aronly exposure. Our initial Aonly
exposure allows for the formation of a prominent DAC layer. Supplyifg f€om
theoutset of an experiment prevents the formation of any DAC layer, as any DAC

formed readily react with, and be etched away by, the FC. Therefore, in our

experiments other mechanisms are responsible for the smoothing the photoresist
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surface One possibilityis thata reduction in the magnitude of compressive stess
the DAC layer thins from the interaction withKg. For example, ®AC layer with a
thickness of approximately 1.1 nm has a compressive strass 10% less than that
of a DAC layer with a titkness of approximately.@nm.*® Similarly, the elastic
modulus of the fluorinated surface layer, if we assume it to be comparable to
polytetrafluoroethylene (PTFE), ahe to twoordess of magnitude less than that of
the DAC laye?*%? The significantly lower elastic modulus of the fluated layer
relative to the underlying DAC layer is a potential reason for the reduction in surface
roughnessAnother possibility is thatie introduction and diffusion of FC groujpgo
the rough DAC layer surface produces a locally lighcentration oFC polymer,
which may prefer to occupy the voids in the rough surface profile, thus smoothing the
surface. This hypothesis is based on the observation that high concentratiaifs of C
(>50 %) result in a deposition behavior that can leadréalaction inthe RMS
roughnes$§2®3 Theseideas are in agreement with our observed reditsrall, the
concept of being able to reduce the surface roughness of surfaces via a reactive gas
with depositing chemistry has significantplications for applications, such as
pattern transfer, for which controlling roughness profiles is essential for feature
fidelity.
3.33.2Influence of Fluorocarbon Concentration

In addition to evaluating the impact of ion energy on the surface roughness,
we sought to determine the longevity of the smoothing effect and its relation to the
presence of FC species on the sample surface. The left p&igl B depicts the

represerdtive points on the ellipsometric map at which AFM scans were taken, and
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the right panel shows the corresponding images. In this experiment, the substrate bias
voltage was fixed atLl00 V (125 eV maximum ion energy) and=epulse durations

of 2s,6 s, ath 10 s were tested to alter the concentration of FC at the photoresist

surface.
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Figure3.8. (a) Ellipsometric map with representative points indicating where the
samples were evaluated using AR) Corresponding AFM scans of the PR193
samples. For ajppulse lengths with the same magnitude of substrate bias, once the
CaFs pulse dissipates, the surface roughness associated with the reformation of the
DAC layer is comparable in all cases.

A reference point was chosen before the start of tke [ililse todetermine
the initial roughness prior to anyks interaction. Points were then chosen at a
similar amount of thickness etched after the completion of the various pulse durations
to determine if the pulse duration has any residual impact on the surfigtmess
once the modified layer is removed. As shown in Big, although the surface after
the GFs pulse did exhibit a lower RMS roughness than before the pulse for all pulse
durations, the magnitude of the RMS roughness did not differ as a resiingkea

C4Fg pulse duration. These results suggest that the modified layer is so thin that the
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initial roughness mitigation that it provides upon initiation of thEs@ulse is rapidly
countered by the roughness that is reintroduced as a result of ttmeatedo of the

DAC layer. However, in the case of 2 s and 6 s pulse durations, the AFM
measurement corresponds to a point at which the DAC layer has reestablished a
steady state. Thus, in these cases the peleyiGteraction does have an effect in

reducng the surface roughness even once all the FC is etched away from the surface.
The lower surface roughness after the pulse, where more material has been etched,
relative to the greater surface roughness before the pulse, indicates that the transient
CaFe/surface interaction can reduce the surface roughness even for later points in the
plasma proces$:!’ The ability to reduce and/or stabilize the surface roughness

during a plasma process involvingReis potentially advantageous for cyclic

processes such as atomic layer etching, ilchvioughness control is essential for

preserving feature fidelity.

3.4 Conclusion

In this work, we evaluated the impact of a pulseBs@jection onto a PR193
photoresist material with a wetistablished DAC layer. We determined the influence
of the FC on the evolution of the photoresist layer structure, the surface chemistry,
and the surface morphology. The thickness of the initial Déy@rks varies between
3nm at a50 V bias to 3.6 nm at-400 V bias. Upon introduction of theiks pulse,
the surface of the DAC layer is converted into arle@ modified layer that has
properties intermediate between those of the parent DAC layer@rstiae FC film.

As the FC species on the surface volatilize, a combination of further chemical

conversion and physical sputtering reduces the thickness of the DAC layer.

69



Concurrently, the reduction in the DAC layer thickness coincides with an increase in
the etch rate of the underlying bulk material. Once tii& @ulse is terminated, the
modified layer is rapidly removed, and the bulk layer etch rate is reduced once a
steadystate DAC layer is reestablished.

At all the substrate bias voltagested, he magnitude of surface roughness is
reduced immediately after the introduction of th&4CAlthough the magnitude of
the substrate bias affects the magnitude of the surface roughnesssfom C
interaction, the duration of thesks pulse does not. Howevezven after full removal
of FC species from the surface, the surface roughness after the pulse is smaller than
the roughness prior to the start of the pulse.

The goal of this work was to identify the interaction behavior between a
PR193type photoresisind a FGcontaining plasma under conditions in which the
surface had already developed a DAC layer due to ion bombardment. In future work
we will incorporate the knowledge gained from these analyses to evaluate photoresist
materials under experimental sggtthat are more conventional in pattaamsfer
applications. In particular, we will investigate the behavior of existing and in
development photoresist materials under continuous wave and atomic layer etching

processes to ascertain their viability fatterntransfer applications.
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Abstract

Extreme ultraviolet (EUV) lithography has emerged as the next generational
step in advancing the manufacturing of increasingly complex semiconductor devices.
The commercial viability of this new lithographic technique requires compatible
photoresist (PR) aterialsthatsatisfy both the lithographic and etch requirements of
good feature resolution, chemical sensitivétyow line edge roughness (LERnd
good critical dimension uniformity (CDU). Achieving the decreased feature pitches
of modern processingodes via EUV lithography places a limit on the available
photoresist thickness for a pattern transfer process. Therefore, etch processes are
requiredthatmaximize the etching selectivity of a hard mask material, such as SiO
to an EUV photoresist. Inithwork, we evaluated the ability of an atomic layer
etching (ALE) process to maximize the SiEUV PR etching selectivity. Through
the flexible parameter space available in an ALE process, we evaluated the etching
behaviors as a function of the ALE parameters of ion energy, etch step length (ESL),
fluorocarbon (FC) deposition thickness, and premugss type. We find that the
interaction between energetic argon ion bombardment and a deposited FC layer
produces a modified surface layer on thetR®Rcan strongly control the PR etch rate
and even produce an etch stop under some conditions. Undantleegprocessing
conditions, the etching behavior of Si€bntinues unimpeded, thus resulting in a high
overall SiIQ/PR etching selectivity. Secondary characterization usiray x
photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) wasoused
supportthe conclusions derived from the ellipsometric modeling based on the surface

chemistry evolution and determine the impact of the ALE process on the surface
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roughness of the EUV PR, respectively. Additionally, attenuated total reflection
Fouriertransform infrared (ATRFTIR) spectroscopy was used to track the impact on
specific functional groups within the PR composition from both the argon ion
bombardment and FC deposition components of the ALE process. Théasdd

PR etching concept establishie this work serves as a foundation for both the
understanding of the impacts of an ALE process on an EUV PR material and for

future work employing an ALE process for ased pattern transfer.

4.1 Introduction

Semiconductor devices are becoming indregg more complex to
manufactureboth in the lithograpi stegs, with constantly increasing feature
densities, and in the pattern transfer stapwhich highly selective etch processes
are required in order to produce multilayer, multicomponent steswith high
aspectratio features. One of the key reasons why EUV lithography has emerged as an
alternative to the current stavéthe-art 193nm immersion lithography is an overall
streamlining of the lithograptprocess. To produce feature densitiéscl are
characteristic of the 18m or 7nm processing nodes using ArF lithography requires
multiple patterningtepssuch as double, quadruple, and even octuple pattething.
Althoughthese techniquemnable the fabrication ofiore complex devices with
established 93 nmdeep ultraiolet (DUV) lithography, the requirement of multiple
patterning steps increases fabrication time, cost, and complERaynost significant
consequence of thedeawbackss alow production yieldFor the same cost, EUV
lithography can halve theumber of patterning steps for existing devices and makes it

viable to pursue processing nodes beyonth?® However, despite this advantage,
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several key technicahallenges remain f&UV processingOne major challengis
termed the RLS (resolution, LER, sensitivity) tradedtfe to the difficulty of
simultaneously obtaining lahree parametef$ %8 At the heartof this tradeoff is the
compatibility of the PR material with the fabrication wavelength. The main issue with
PR materials for EUV lithography has been the low sensitivity of the caémic
response to EUV photonshich is necessary in order to pattern feat8?@3Not
only is the absorbance of EUV photons significantly lower than that of DUV photons
in PR materials, but current EUV sources cannot produce the same photon density for
a given dos&1%A consequence of the reducabsorbance is nonuniform
crosslinking within the PR materjathich results in poor LER®°*However, recent
advances in both PR materials and highever EUV sources, which increase the
dose received by the PR material, have sufficiently improved the RLS tradeoff to
make EUV lithography commercially viabte?

Critically, though, thedbrication of semiconductor devices also requires the
ability to transfer the lithographically patterned features into a substrate material via a
plasma etch process. Thus, an Etiimpatible PR material must have a high etch
resistance relative to the stitage material and the ability to preserve the fidelity of
the patterned features, namely the LER and CDU, under a plasma exposure. In this
area, a key constraint of EUV Hiased pattern transfer is that the available PR
thickness is often limited to und®0® nm due to physical constraints, such as
preventing pattern collapse or minimizing profile variation in subsequent pattern
steps, and to enable integration with featease processing nodegich require

thin layerst®31% Due to this thickness limitation, a highly selective etch process is
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required in order toninimize the amount of PR loss relative to the substrate material,
such as Si@ Thisselectivityis especially important for the patterning of high aspect
ratio features. Traditional continuous wave (CW) pattern transfer processes with a
reactive gas cheistry, such as Ar/@Fs, are not ideal for high SEPR etching
selectivity, due to the susceptibility of PR to etching under this condititnich
involves a reactive plasma composition with energetic ion bombarditdanaging
the PR etch rate while simultaneously having a plasma condition that is favorable for
etching ofsubstrate materials, such as SMOSkcontaining antreflection coatings in
trilayer stacks, requires selective thiependent control of plasma parameteush
as the plasma composition and ion energy. For this reason, an ALE process is a good
candicate for an EUV Pkbased pattern transfer proceasan ALE procesgrovides
a flexible parameter space via a cyclic FC passivation layer deposition followed by
energetic ion bombardmetitat can potentially mitigate PR loss while proceeding
with SIO; etching?’29196.10Compared to a CW process, an ALE progessnitsfor
the decoupling of the synergistic effect between reactive species and ion
bombardment, allowing for both components tacbetrolledindividually for better
etching selectivity. In this manner, the thickness limitation of EUV PRs can be
overcome while also enabling a highly selective etch for the pattern transfer-of high
aspectratio featureg!108.109

In this work, we evaluate the impaaf several key ALE processing
parameters, namely the ion energy, etch step length (ESL), FC deposition thickness,
and precursor gas composition, on the relative etching behaviors of a model EUV PR

and SiQ. Sample characterization via ellipsome#M, XPS,and ATRFTIR
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spectroscopy provides information on the interaction of the EUV PR with the ALE
process in terms of the surface modification and etching behavior, surface
morphology evolution, and chemical composition impacts, respectively. The results
of this work provide a foundational understanding of the application of ALE

processes on EUV RRor the purposes of pattern transfer
4.2 Experimental Setup

The samples used in this work consisted of separate blanket films of a model
EUV PR and Si@ The model EUV PR films
had a thickness of approximately & and a

polymer backbone formulatichatconsiss of

polyhydroxystyrenamethyladamarmt

methacrylate (PHOSMAdMA) as shown in
viate ( ) x=0.6 ; y=0.4

Fig. 4.1. The model EUV PRvasafull
Figure4.1.Mo |l ecul ar

formulationthat also contained a chemical compo:
pol ymer baamiohlert
triphenybulfonium nonaflate photoacid EUV .PR

generator anbase quenchaonsisting of,4,5triphenylimidazole Theasreceived
PRfilms werealsofully exposedvith ultraviolet light. This model EUV PR
formulation was used as it had identical etching behavior to that of a proprietary
commercial EUV PRwhile also having a known composition for our chemical
characterization work. The Si@ims had a thickess of 7Gm.

Plasma processing of the samples was performed using an inductively coupled
plasma (ICP) reactor. The chamber setup consists of a spiral antenna on a quartz

dielectric that is located 13 cm above a 12.5 cm diameter Si electrode. The top
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antenna is operated at an excitation frequency of 1B1b& andthe substrate is
biased at a radio frequency (RF) of BIAz. The temperature of the substrate was
maintained at 10 °C via watepoling on the substrate backside.

Figure4.2 outlines the ALE proessused hereFor all experiments, the
chamber pressure was kept at 10mTorr, an argon carrier gas with a fixed flow rate of
50 sccm was used, and the source power was kept at 200 W. Two different FC
precursor gases were evaluatettafluorocyclobutanedsFs) andtrifluoromethane
(CHR). The flow rate of the FC precursor gases for experiments wihadd CHRE
was 2.2 sccm and 6 sccm, respectively. The difference in flow ratedesignedo
produce equivalent FC deposition thicknesses between thaffereit precursors.
Table4.1liststhe key components of the ALE process that were investigated as part
of this work.
Table4.1.Def i niti on of the key ALE parar

parameters were varied in offRIRTrettoh
selectivity

Step Processing Parameter Value
FC Deposition Thickness ~0.5nm, ~1nm
B FC Purge Length 12s
C Substrate Bias Voltage 20-40V (3555eV)
D Etch Step Length 6s, 10s, 18s
A B D

A
Tl_l_l_l_l Substrate Bias

| 10mTorr, 50sccm Ar, 2.2scem C,Fg or 6sccm CHF, Ar/FC

FC Absent FC Present
Figured.2.Schematic of thé&€hALmMepnoongssefs
is given in Table 4. 1.
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The ALE process follows the framework established by prior works and
consists of théollowing component& 2874 At the start of a cycle, there is first an
injection of the precursor gas into the chamtrich deposits an FC layer on the
sample surface (ANext comes 42 spurging step to evacuate any residual FC
precursor from the chamber (B). Next, the substrate biasing is activated (C) to
increase the ion energy of the incident argon ions during thimgtstep (D). Upon
the conclusion of the etching step, the substrate brasnigved and the FC
deposition step of the next cycle begaiter a onesecond delay to prevent any
overlap with the energetic ion bombardment of the etching Atepart of thé work,
the substrate bias voltage/ion energy, etch step length, and FC deposition thickness
were systematically varied in order to analyzerthedative impact on the model
EUV PR and Si@etching behavia

An understanding of the surface modificateomd etching behavior was
obtained by using redgimein situ ellipsometry. The ellipsometer was setup in the
polarizerrotating compensatesampleanalyzer configuration at a wavelength of
632.8 nm. The raw data generated from the ellipsometric scan,giaraed through
the optical constants psi and delta, was interpreted via an optical model that allowed
for distinguishing the extent of surface modification and etching throughout the
duration of the ALE process.

After sampleprocessing, information abbthe surface morphology and
surface chemical composition was obtained via AFM, XPS, and-ETIR analysis,
respectively. The XPS analysis was performed using a Vacuum Generators ESCA Mk

Il surface analysis chamberwitharmmo noc hr o mat iray ®uce A | KU X
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(1486.6 eV). The instrument was operated in a constagrgy analyzer mode with a

20 eV pass energy. Electron tadi® angles of 20° and 90° were evaluated to probe
the chemical evolution of the sample surface. The probing depths of the 20° and 90°
scanangles are approximately 2 nm and 8 nm, respect¥dlje spectra for the Cs
peak were fit using-C, GCR/C-O-C, CF,0-C=0,Ck, and Ck peaks at 285 eV,
286.5eV, 287.9 eV, 289 eV,290.3 eV, and 29.6 eV, respectively® All plasma
processed samples were delivered for XPS analysis using a vacuum transfer system to
prevent any interaction with ambient atmospheric species. AFNMsaaalas

performed using an Asylum Research MFP3D instrument in the tapping mode
configuration with a fixed scan size of 10 um x 10 um. Surface roughness
information from these scans was quantified by calculating the root mean square
(RMS) roughnes®f thesurface profile. The ATHETIR analysis was configured

based on the previous work done by Luan ét’athe FTIR setup consisted of a
Shimadzu IRTracet00 equipped with a HgCdTe (MCT) detector and variabigle
singlereflection ATR accessonyith a Ge crystal. The incident light angle at the Ge
crystal was set t@®0°. The use of an ATR accessory in combination with a Ge crystal
probes the sample surface down to a depth of approximately 500hiach in the

case of thenodel EUV PRsamplegesults in chemical information being acquired
from the whole 126 m combined thickness of tieodel EUV PR film and Si©
substrateA ZnSe polarizer was installed on the optical inlet of the ATR accessory to
selectp-polarization of the incident IR lighlR spectra were acquireohd averaged

over 20 scanbetween 340@m' ! and 600 crh! with a resolution oft cmi L.
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4.3 Results

4.3.1 PR Surface Modification from ALE Process

4.3.1.1Distinctiveness from CW Processes

The motivation behind employing an ALE process for the etch control of the

model EUV PR resides in the unique interactimat occurs on the PR surface when

compared to traditional CW processes. A comparison of the surface bdbetween

an ALE processan inert CW process, and reactive CW process is shotwig.id.3
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The data for the various process types is shown for an equivalent prod¢essing

Both the CW Aronly and ALE Ar/GFs process were performed under a 40V
substrate bias while a higher bias of 100V was used for the CWRp&cesshoth

in order to overcome the accumulation of a FC layer on the suwaah restricts

etching of he PR materialand because this is a typical accelerating voltaggs

used in pattern transfer applications. A baselin@ily process develops a modified
surface layer in the form of a dense amorphous carbon (DAC)tlegtenitigates the

PR etch rte 8 This behavioris in contrasto a CW Ar/GFs processn whichthe

reactive FC species restrict the formation of the modified surface layer, and thus the
PR is susceptible to a greater amount of etching. An ALE procesntgesnovel
approach to controlled PR etchjrag the Ar process with cyclic deposition and

biased etching of a deposited FC layer produces a more prominent modified layer
relative to either CW process casdich yields the least amount of PR etchingrove

the equivalent process time. Comparing the CW®#lly and ALE cases over longer
durations, as shown in Fig.44, illustrates that the modified layer in an ALE process

is maintained throughout the process duration and remains more prominent than the
modified layer produced by the CW Anly process. Furthermore, as the modified
layer in the ALE process saturates, the corresponding amount of PR etching is almost
completely halted before proceeding at a greatly reduced rate. The differences in the
chemicalcomposition of the modified layer, Fig.4h, and emphasized in the

difference spectrd&;ig. 4.4c,show that the modified layer in the CW-Anly case is
dominated by & bonding, consistent with the presence of a DAC laybereashe

modified layer prodced by the ALE process is more abundant in CF anebGRded
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type species. Tracking the evolution of the surface chemistry throughout the ALE
process in K. 4.4d, with the difference spectra in Fig. 4.4bpws that the
composition of the modified layer becomes increasingly abundant in GFa@F

CRs bonded species and less abundant-id kbnded species as the number of ALE

cycles increases.
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4.3.1.2 Interpretation of Surface Modification

Determination othe mechanism that leads to the PR surface modification in
an ALE process wasursuedoy defining an ellipsometric model that is supported by
secondary XPS characterization. Based on this setup, the directionality of the
ellipsometric data describes theypltal significance of the modificatiotisatare
occurring on the PR. The pdelta trajectoryand the significance dhistrajectory
for a characteristic ALE cycle, in this case the second ALE cycle in the pracess,
shown in Fig4.5a. The supportmpn XPS characterization in F&5b,c and Fig4.4c,.e
suggestshe presence of a discrete FC layer at the end of the deposition steps in the
ALE processwhich leads to the formation of a progressively morerie@ modified

layer from thdon bombardment during the etching step.
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The directionaliy of the ellipsometric data suggests the following mechgnism
which leads to the surface modification and corresponding etch control of the PR
material in an ALE process. Prior to the beginning of the deposition step, the
interaction between the argamm bombardment and deposited FC layer from the
preceding cycles establishtbginitial formation of a modified layer on the PR
surface as can be seen in Figda from the second cycle onwards. Furthermore,
etching of the bulk layer takes platépon tte initiation of the FC deposition step,
the surface responsas indicated by the trajectory of the ellipsomgesryggestshat
there is alteration and/or depletion of the surface modified layer as it interacts with
the FC species that are arriving at $slieface. During this step, etching of the bulk
layer does not take place. Before the FC deposition step concludes, the FC interaction
with the modified layer saturatesfter which another sharp change in the trajectory
of the ellipsometric data indicatdse deposition of a discrete FC layer on the surface.
This deposited FC layer is stable on the PR surface throughout the conclusion of the
FC deposition and purge steps. Upon initiation of substrate biasing during the etching
step, the energetic argmn bombardment results in the concurrent depletion of the
FC layer, further growth of the modified layer on the PR suyfate a resumption in
the etching of the bulk layer. The growth of the modified layer, however, corresponds
with a decrease in the amouwftbulk layer that is etched with each subsequent cycle.
4.3.1.3 Impact of ALE Processing Parameters

The impact of the ALE processing parameters on the extent of surface
modification and resulting PR etch behavior is shown in Fig. 4.6. For the model EUV

PRsystem, etching of the bulk layer in the absence of any surface modification would
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cause he trajectory of the ellipsometric dat a
w/ o Surface Modification. o0 Any deviation t
is representative of the formation of the modified layer on the PR suviheecas

the progression of the data from lower right to upper left is representative of bulk

layer etching, as depicted by timsetcompass in Fig. 4.5a. Independent of the set

processing conditions, as the number of ALE cycles progresses, the establishment of

the modified layer results in a progressive decrease in the amount of bulthktyer

etched during each cycle. Under some conditions, an etch stop is almost obtained.

The inpact of the ion energy on the surface modification and etching behavior is

shown in Fig. 4.6a.
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bias to 40 V produces an even more prominent modified layer, but in this case the
enhanced formation compared to the 30 V case results in the next amount of thickness
etched to be comparable to that of the 30 V ¢abeut 23 nm Therefore, aubstrate

bias of 40 V was choseand held fixedor evaluation of the remaining ALE process
parametersasthis voltageprovided the best potential for maximizing S€dching.

Next, Fig.4.6b examines the impact of the etch step length at a fixed 403trate

bias. Compared to the substrate bias parameter, the ESL mainly controls the extent of
the bulk layer that is etched. Correspondingly, the longest ESL of 18 s yields the
greatest amount of PR loss and a decrease in the ESL to 10 s decreases the net
amount of PR losk approximately 18 nmNhen the ESL is further decreased to 6 s,

the duration of energetic ion bombardment is insufficientull removal ofthe

deposited FC from each subsequent ALE cyarhel eventually results in irreversible
deposiion on the PR surface. The last panel, &&¢, shows the impact of the FC
deposition thickness at a 40 V substrate bias arselE3L. The standard condition

with a 1 nm FC deposition thickness yields the characteristic ALE ¢yaids

produces the surée modification that limits the etching of the PR. Critically, a

decrease in the FC deposition thickness to 0.5 nm results in a less prominent modified
layer, a much longer duration to establish a stabilized PR etch regime, and a

significantly greater neamount of bulk layer etchingn excess of 30 nm
4.3.2 Impact of ALE Parameters on SiQ/PR Etching Selectivity

4.3.2.1 lon Energy
Figure 4.7 compares the total thickness change of the model EUV PR and

SiO over the duration of the ALE process using the two different FC precursor gases
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at substrate biasof 20 V, 30 V, and 40 V. At the lowest tested substrate bias of
20V, the net amount of material etched is comparable between the PR andzhe SiO
using a GFs precursor, but the CHprecursor results in deposition on both the PR
and SiQ. At 30 V, the etching behavior of Si@nd the PR is comparable between
the two FC precursorwith the PR being able to attain a steatigte etching regime
thus the oveall amount of SiQetched is about twice as that of the PR. Increasing
the substrate bias to 40rgsults inthe amount of Si@etched to be about two and a
half times greater relative to the PR. The net PR loss at the end of the process
duration is compable between the two precursdi#®wever the initial PR loss
during the initial ALE cycles before a steashate etching regime is established is
over one and a half times greater with Gldémpared to @s. Based on these
results, a 40 V substrate biaasheld fixedfor evaluation of the remaining ALE

process parameteiss it yielded the highest etching selectivity of SIOPR.
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4.3.2.2 Etch Step Length
Figure 4.8 compares the total thickness change of the model EUV PR and
SiO over the duration of the ALE process for ESLs of 18 s, 10 s, and 6 s. For an

accurate comparison of the overall etching amounts, the total process duration was
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kept the same for each examined ESL,(@p.experiment with a shorter ESL requires

a greatenumber of cycles to have the same processing duration as one with a longer
ESL). Decreasing the ESL from the initial 18 s to 10 s under both FC precursors
reduces the amount of PR loss during the initial five to six cyatesstrongly limits

any furthePR loss once the steadiate behavior is established after this point.
Actually, when using CH§; the PR exhibits an etch stop after the initial cycleth
subsequent cycles producing a minimal deposition on the PR surface. For both FC
precursors, thei©; attains a steadgtate etching behavior after approximately ten
cyclesandremains stable throughout the duration of the process. The consistent SiO
etching coupled with the PR etch staesults in the 10 s ESL yielding the greatest
netSiO/PR etching selectivityin excess 08:1). It is possible that a greater net

etching selectivity can be achieved by extending the process duration. A further
decrease in the ESL to 6 s results in irreversible deposition on the PR surface after the
initial PR loss occurs in the first five to six cycles. The decreased ESL duration also
results in a decreased amount of S@hing compared to the other ESL durations.
Based on these results, a 10 s ESL was chosavdtuwation of the remaining ALE

process parametess it produced the best SIBR etching selectivity.
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4.3.2.3 FC Deposition Thickness
Figure 4.9 compares the total thickness change of the model EUV PR and

SiO; over the duration of the ALE process 8FC deposition thickness
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approximately 0.5 nm and 1 nm. The indicated FC deposition thickness was
calibrated based on the thickness of the discrete FCtlagtformed on SiQ. The
processing parameters to achieve the desired thickness were then applied to the
experiments with th PR. The thickness of the discrete FC layer on the PR could not
be directly quantified due to the complex interaction between the FC and the surface
modified layer. A FC deposition thickness of 1 nm in each ALE cycle produces the
controlled PR etching bakior and continuous Si&tching that enables the high
SiO,/PR etching selectivity. Reducing the FC deposition thickness to 0.5 nm in each
ALE cycle results in much greater amount of PR loss before a sséatdyetching

regime is establisheb wellas a decrease in the amount of Si@t can be etched.
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4.3.3 Surface Morphology

The extent of the impact of an ALE process and the chosen FC precursor

chemical composition on the model EUV PR surface morphology is shown in Fig.

4.10. The AFM scans were taken for an equivalent amount of material etched for the

processed samples. The pristine model EUV PR has a low RMS roughness of 0.2 nm

which increases to 0.4 nm as a result of a baseline argon plasma exposure with a 40 V

substrate bias. Under an ALE process, the RMS roughness increases to 1.0 nm and

1.5 nm witha CFs and CHE precursor, respectively.

Pristine Ar only
RMS: 0.2nm RMS: 0.4nm

ET

Ar/CHF,
RMS: 1.5nm

Figure410AFM measurements of the surface
Controlling the PR etch rate via an
roughness relAmnVyg pHooveetdHaes ed v erreal |

magnitude remains smal|l
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4.3.4 Surface Chemical Composition/Molecular Structure

Figure 4.11 depicts the evolution of specific bonds of characteristic functional
groups within the model EUV PR composition at various timepoints in the ALE
process as measured using AFRIR. The identities of the indicated bonds and
associated functional groups observed in the spectra are listed in TaBteé4?.

The FTIR spectra of the processed model EUV PR samples were taken at the end of
the FC deposition steps of thg 8", and 2 ALE cycles ad compared with a

pristine unprocessed sample. As the spectral intensity obtained via the ATR technique
is sensitive to the quality of the contact between the sample surface and the Ge
crystal, the peak intensities were normalized to a characteristicsf#Otral peak

(PeakH), as this peak originates from the substnatéch is not impacted by the

plasma processind is identical for all the samples tested.

Table4.2l dent i fi cation of the key bond:
compogwsist inglhTARRarnte i mpacted by the A
Peak Label A B C D E F
Absorption Peak(cm-?) 3400 2920-2862 1713-1692 1614-1597 1514 1448
Vibrational Mode O-H C-H C=0 stretch C=C stretch C=C stretch  C-H scissor
stretch stretch - - -
. Methyl/
Functional Group/ Ester/ . . Methyl/
Bond Phenol Methylene/ Ketone Aromatic Aromatic Methylene
Aromatic
Peak Label G H | J K L
Absorption Peak(cm?)| 1377-1360 1217 1172-1146 1103-1094 887 831
Si-O-Si
Vibrational Mode C-H rock stretch/ C-F stretch C-O stretch C-H bend C-H bend
C-O stretch
Functional Si-O/ Substituted Substituted
Group/Bond Methyl Ester Fluoroalkane Ester Alkene Aromatic
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precurBlbe details of the | abeled peaks are
The functional groups in the model EUV PR molecular struchatare most

significantly impacted by the ALE process are examined in&1@.. The decrease in

the signal intensity of these groups with an increasing number of cycles highlights the

volatility of the oxygenand hydrogeftontaining functional groups. Spécally,

there is a depletion in ti@-H stretch vibrational mode corresponding to phenol

group (Fig.4.12a) adepletion of theC=0 stretchvibrational mode corresponding to

an ester or ketone groupig. 4.12b), and a depletion of thé-H scissor(Fig. 4.12c)

and GH rock (Fig. 4.12d)vibrational modesorresponding to methyl/methylene and

methyl groups, respectivelyhe C=C stretch vibrational mode corresponding to the

aromatic functional group (Fig.12c) also exhibits a progressive depletionfas t

number of ALE cycles increasdsotably, howeverthereis an increase in the

amount of CH stretch vibrational modes corresponding to methyl, methylene, and

aromatic groupgFig. 4.12a)with an increasing number of ALE cyclésgure4.13a

illustratesthe main regiom whichthe impacts from the FC species patentially
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observed vian increase in the peaks at 1172 tand 1146 cm, which can be
interpreted asriginating from theC-F stretch vibrational moddkatare

characteristic of fluoroalkane groups. This region also shows a depletion efdhe C
stretch vibrational mod#hatcorresponds to the ester functional group. The included
FC reference line represents the characteristic spectrum of a thick depositedrFC laye
on siliconproducedv i a@®Fsp r e c .ur'hesexpanded wavenumber range
compared against the reference spectrum in&A@b illustrates the characteristic
peak of native FC species as being a broad peak in the region e1400@m'. As

the number of ALE cycles increases, thegpessive FC enrichment of the surface
results in the pristine PR FTIR spectrum to become more similar in conformation to
that of the reference FC spectrumithin the region shown in Fig. 13b, there is
expected to be an additional@stretchvibrational modecorresponding to the ester
group around 1210 cf however this peak is obscuriey the characteristic SiO
spectral peak at 1217 chFigures4.11-4.13 show the surface chemistry evolution
for an ALE process using asks precursor, but the surfaceearhistry evolution under
an ALE process with a CHFprecursor is nearly identical for the majority of the
functional groups. The one notable difference in the surface chemistry evolution
between the two precursors is shown in Bigi4h where the CHE-precusor results

in the emergence of a8 bend vibrational mode that is characteristisabstitutions
occurring on alkene groupwhereas the 4Fs precursor (Fig4.14a) does not exhibit
this modification behavior on the PR.this wavenumber region, howay both FC
precursors exhibit a similaepleting impact on the-8 bend vibrational modthat

corresponds teubstituted aromatic groups.
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