ABSTRACT

CARROLL, NICHOLAS MICHAEL. Experimental and Computational Investigation of Lateral
Growth Mechanisms, Material Properties, and Feature Shape Evolution durin§dleetive
Deposition of Polymeric and Metal Oxide Thin Filngginder the directionf Dr. Gregory N.
Parsonk

The focus on ggressive downscaling of device features for advanced semiconductor
fabricationhasplacedtremendous strain ahelithographic patterningechniquesequiredto
form metaloxide-semiconductor fielgeffect transistor (MOSFET) structurdresentlythe
industry is shifting from FinFETo gateall-around FET (GAAFET) designs @:nm node
technologies are ramped toward higiilume manufacturingHVM). Thin film deposition
techniques, including chemical vapor deposition (CVD) and atomic lapesd®n (ALD),
have served as pivotdévice patterningteps for decadeRecently, areselective deposition
(ASD) has emerged as a new strategy for botipmchemically selalignedpatterning during
thin film deposition Through this technique, material is preferentially deposited in a designated
region while growth is avoided in an adjacent area. ASD has already seen industry adoption to
selectively formthin cobalt (Co) capping layexsa CVD on copper (Cu) interconnect lings
prevent electromigration while avoiding growth on adjacenthatelectric material. However,
further mechanistic understanding is required to meet indsistnglard$or integration in other
high-impact areassuch adully self-aligned vias (FSAV).

This dissertation reports on recent experimental advancements in the understanding of the
relationship between surface chemical treatments and selectivity behavior during ASD of the
organic conjugated polymer poly(3gdhylenedioxythiophene) (PEDOT). Netetegies to
achieve flexible ASD behavior are discussed, including benchmark terminologyiacigles

for selectivity inversion and dusébne ASD .Particular emphasis is also placed on understanding

subtleties in film growth behavior, including latefemu s h r 0 o mi n gndesiteddvard i n g t

o



growthduring processingddditionally, physical property modifications of PEDOT are also
reportedo showcase its potential as a versatile masking material during plasma deposition and
etchingprocesses. Furthermotbge developmenbf a novelcomputationaénvironment for
simulatingASD on patterned surfaces discussedandalterations tdhe operating assumptions

for this systenare examinetb reveal similaritieso experimentaASD.

Chapter lincludesa contextual outline of past and present innovations to transistor
architectures in the semiconductor indusargeneral discussion of relevant approaches to
vaporphase thin film depositigrand an assessment of computational modeling methodologies
for these techniques. Chapter 2 contains descriptions of laboratory equipment and key analytical
techniques utilized in this worlkChapter 3 investigates du@ne ASD of PEDOT via selectivity
inversion on Si/Si@patterns enabled by a carefully controlled surface treatment pathway that
takes advantage of silane inhibitor chemistry. Chapter 4 expands on these disdiyverie
demonstrating the effects thfermal annealing and rinsing in Dp®l to manipulatéhe plasma
etch resistance behavior of PEDOT thin filimsChapter 5a stochastic lattice deposition model
for ALD and ASDof metal oxidess introduced, and the theory behind varibekavioral
modification parameters is discusseadomparison to published examples of ASD. In Chapter 6,

a new version of the model is presented, demonstrating ASD on 3D patterned nanostructures and
incorporating defectivity mechanismssablithographic pitch sizes to comment on the

challenges of ASD process integration in advanced nodes.



© Copyright 2@6 by Nicholas M Carroll

All Rights Reserved



ExperimentabndComputationalnvestigationof Lateral Growth Mechanisms, Material
Properties, and Feature Shape Evolution during-Sedactive Depositionf Polymeric and
Metal Oxide Thin Films

by
NicholasM. Carroll

A dissertatiorsubmitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Chemical Engineering

Raleigh, North Carolina
2026

ApprovedBYy:

Dr. Gregory N. Parsons Dr. Jan Genzer
Committee Chair

Dr. Michael D. Dickey Dr. Jacob L. Jones



DEDICATION

To my wifeEmily, my best friend in this life who maeeery day othis journey possible



BIOGRAPHY

Nicholas M. Carroll was born in Kissimmee, Florida on August 14, 1999. He attended
elementary, middle, and high school in North Carolina and graduated from High Point Christian
Academy as salutatorian in May 2017. The following August, he moved to Raligh,

Carolina and attended North Carolina State University to pursue his B.S. in Chemical
Engineering. In May 2021, he graduagetnma cum laudend as valedictoriawith his B.S,
completing three internships at Qoraond 2 years of undergraduate reskan the Parsons
Groupalong the way. In the fall of the same year, he remained in Raleigh to pur8&hand
Ph.D. in Chemical Engineering at North Carolina State University.

In the spring of 2022, Nicholas began working with Dr. Gregory Patsor@nduct
experimental and computational research on understanding and controlling lateral film growth
and feature shape evolution during ase&ectivethin film depositionfor semiconductodevice
applications His experimental efforts focused on manipulating the selectivity behavior and
plasma etch resistance of poly(&thylenedioxythiophene) to enable new routes for selective
thermal and plasma film deposition during nanofabricatHe also designed and wrote code for
a novel computational modety framework in Python to simulate atomic layer deposition and
areaselective deposition onfagtrary threedimensionapatternechanostructures. Nicholas has
publishedwo first-authored articles arttireeco-authored article with several additional
manuscript drafts either submitted or in preparafimrsubmissionAfter completing his Ph.D.,

he will begin his caredan an industry rolehat isto be determined.



ACKNOWLEDGMENTS

Many people have graciously supportedimére andluring my graduate studies, and |
owe them a great debt of gratitutha@t | can never truly repafirst, | would like to thank my
advisor, Dr. Gregory Parsorisappreciate him for being open and willing to recruit me as an
undergraduate research assistant, wbidtivated my newly developed interest in
semiconductor fabrication into a passion for the field. | am also thankful that he remained open
to the idea of working with me once more as | chasedpssion into graduate school. His
patience and straightforward feedback were incredibly helpful during experimentation and
manuscript preparatioand he was never afraid to tell me something | did not want to hear if he
knew it would challenge me to become a better sciehtish.forevergrateful for his academic
and personal guidance over the last six years.

| want to take a moment to recognize my undergraduate research mentor and fellow
Parsons Group alumnus, Dr. Rachel Nye de Castro. Rachel was the first person that invested in
me from a research perspective and helped me understand what it means tertestis@n
academic setting. She is extremelyhard worker, and her efforts and achievements continue to
inspire me to this day. Her perspectives and habits formed the basis of my approach to
experimentation and manuscript publication in graduate $céwd | cannot thank her enough
for her time and her willingness to train me.

| also want to specifically recognize Dr. JuBik (Justin) Kim, another Parsons Group
alumnus, for mentoring me at the beginning of my Ph.D. studies. Justin took time out of his
schedule during the busyonthsleading up to his Ph.D. defense to help me transition fnym
undergraduate role e metalorganic framework side dhe research group to my graduate

role in the thin film deposition side of the group. We spent many hours over the course of two



months completely stripping down an atomic layer deposition reactor and replacing nearly every
part of it to tailor its capabilities to my research project. | learned the bulk of my reactor
hardware knowledge from this immersive, handsexperience, anthé reactor we built

generated most of the data for the experimental work in this dissertation. | appreciate Justin for
working hard to help me bring the reactor online quickly and for taking the time to teach me
reactor construction and troubleshootindlskilong the way.

| am very grateful for the assistance and mentorship of Bruce Ash and Dr. Christopher
Oldham. As the Parsons Group lab manager, Bruce contributes to an innumerable number of
invaluable safety and logistical tasks that keep the group running smoothljzeardefforts are
often not given the appropriate level of appreciation. He is always willing to lend an ear to listen
or a hand for troubleshooting, and the engineering skills that he brings from his industry
experience arexceptionallyhelpful. As an estblished entrepreneur with an extensive
background in ALD, Chris has beamazinglyhelpful for troubleshooting and experimental
input. His advice is always direct and straightforward, and | am grateful for his willingness to
share his knowledge withe Parsons Group Ph.D. studehtsuly do not think | could have
made it through the NSFQorps program without his support and encouragement as well as his
help with outreach efforts to push us over 100 Hilgpact industry interviews.

Of course, | am also thankful for the camaraderie that | have shared with current and
former members of the Parsons Group. It truly felt like being a part of a family during my time in
the group. | willnever forget the countless group members that have supported imel @ei
me grow, including SaraMorgan Golnaz DianatSeungkeun§K) Song HwanOh, Hannah
Margaviqg LandonKeller, Hyuenwoo Yang JeremyThelven Man Hou (Jog Vong, Jimmy

Nguyen Mai Abdelmigeed Yujin Jang,lan Winek, and Chirantan Shdfurthermorel want to



especially thankny former undergraduatesearcistudens CarwynnRiveraand ZachDubisky
for giving me the privilege of mentoring them. | am so impressed with the research that we
conducted together during their time in the group, and | am proud of the publications that have
grown out of that work.

Last, but certainly not least, | would like to thank my family for supporting me
throughout my graduate studies. | am immensely thankful for my lovely wife, Emily. Her
support has meant the world to me over the past several years, and | truly coul&enot hav
accomplished this without her. | cannot wait to see what the next chapter holds for us. | also want
to express my gratitude to my parents. | am so grateful for the safe, loving household that they
raised me in and for their unwavering support througbfathty endeavors leading to this

moment. | love you all very much, and | appreciate you from the bottom of my heart.

Vi



TABLE OF CONTENTS

Y = 1S Y I 3 X O PP U PUPPPRRR [
DEDICATION ittt eees sttt et e e e s aans e s seeeeeeeaaaeaeeeeaeessmmmeeeaaeaeeeeessssnnnnnnns ii.
BIOGRAPHY .ttt e e e e e e e e e as il
ACKNOWLEDGMENTS ...ttt eeees ettt ee e e e e e e e s smeseeeeeseeeaeeeeaaaaeaeessammeeeeeend iv
TABLE OF CONTENTS ...iiiiiiiiiciiitiiisieeseinesrrreeeeeeee e e e e s snnsensseseesaaaaeeaeeeesssssmmmeeseees Vi
LIST OF TABLES ...ttt ettt ettt e e e e e s st et e e e e e e e e e e e e e e e e s e s s s sammne e e e e e e s e e e annnns Xil
LIST OF FIGURES .....coiiiiii i emee ettt eens sttt e e e e e e e e e s emmmraeeaaaeaeaeas Xiii
AUTHORSHIP STATEMENT .ottt eees et e e e e s snesssaeeeeeeaaaaaeaaaaaeeas XXii
Chapter 1: Introduction and Background...........ccccoeeeiiiiiiiiiieeeiii e eeeeeeeeeeeeeeeee e 1
1.1: Semiconductor Device Fabrication: Historical Overview and Discussion of Current
and Future TranSiStor ArChItECIUIES. .......uuuiiiiiiiii e 1
1.2: Thin Film DEPOSITION.......uuiiiiiiiiee e e e e e e e aeees e s e e e e e e e aeeeeeeeeeesennanas 3
1.2.1: Thin Film Deposition in Semiconductor Applicatians........................ 3
1.2.2: Chemical Vapor Deposition (CVD)..........uuiiiiieiiiiecceeciciee e 4
1.2.3: Atomic Layer Deposition (ALD)......ccoooeeeiieeeiiiiiiieeeii e 5
1.2.4: AreaSelective Deposition (ASD)........uuveieiiiiiiiiiiiiieeeeeeeeeeee e 8
1.3: Computational Modeling of Thin Film Deposition..............ooovieiiiimmne i 9
1.4 REIEIENCES ... .o e e e enen e 11
Chapter 2: Experimental MethodsS.............uuuiiiiiiiiiiii i 21
2.1: Film DepoSitioN REACIQL. ........ciiiiiiiiiiie et 21
2.2 Film DeposSition ProCEAUIE............vvviiiiii et ceee e eeemre e e e e e e 22
2.3 ANNEAIING FUMMABCE. ....eiiiiiiiiiiiii e 24
2.4 EHlIPSOMETIY.....uiiiiiiiiiieiiii e 25
P T € To] a1 010 1= 1 Y/ USSP 27
2.6: X-Ray Photoelectron SpectroScopy (XRPS).....ouevviiiiiiiiiiiiiiene 28
2.7: X-Ray ReflectiVity (XRR)......uuuuiiiiiiiiiiiiiiii ettt 30
2.8: FouriefTransform Infrared (FTIR) SPectrOSCOPRY.......ceveeiieiiiiiiieieeeieeeeeeiiien 31
2.9: Transmission Electron Microscopy (TEM).......cooooviiiiiiiiiiccc 32
2.10: REIBIENCES. .. uueiiiii ittt ettt reee e e e e e e e e e e eeeaeeteann s mmmeeeeeeenrees 34
Chapt er -Bo n & ®bMdctva Deposition: Selectivity Inversion of Polymer on
Patterned Si/SiQ Starting SUIMACES...........cvvvuiiiiiiii i eerre e e e e e eeaes 35
TRt I Y o1 1 = Tt AP PPPPPPPPPPRRPN 35
I 1 0T [FTox 1 o] PP 36

Vil



3.3: Experimental MethOUS............uuuuiiiii it eeeer e e e e e e e e e 41

3.3.1: Reactor Design and Reaction SEqUENCE............coceuvieemrererieieininn 41
3.3.2: Deposition and Inhibition Reactants.................cccuvvmeerneiciiiinninenee. 42
3.3.3: Deposition SUDSIIALES......cccceeeeeeeieeeeeeeeee e 43
3.3.4: Sample Characterization...............ueeeeeiiiieeeiiiiiieiieieee e 43
3.4: ReSUItS and DiSCUSSIQN........ccciiiiiiiiiiiiiinmme e e e e eeeeeeeeeatbee e e eeeennnn e e eeas 45
3.4.1: Selectivity Inversion on Blanket Substrates....................ccceeevvvnenenn. 45
3.4.2: ASD on Patterned SubStrates............ccooveviiiieeei e 51
3.4.3: Inversion Mechanism and Lateral Growth.................cccceeivcccveviiinnnnns 55
3.5: Framework for Selectivity Inversion and Ddane ASD.............cccccvvvvvvvvniiceeen. 56
GBI o o (153 o £ 59
3.7 ACKNOWIEAGIMENTS. ....uuiiiiiiiiiiiii et 60
3.8 RETEIBNCES ... ..ttt ettt e e e e e rmmne e e e e e 61
3.9: Supporting INFOrMALIAN.......coiiiiiiiiee e 64
3.9.1: Nucleation Model Background..............cccoiiiiieemiiiiiiieeee 64
3.9.2: Model Fitting RESUILS.........ccoiiiiiiieieeee e 65

Chapter 4: Plasma Etch Resistance Switching of oCVD Poly(3Rthylenedioxythiophene)
Thin Films via Mild Thermal Anneal and Liquid Water Exposure to Manipulate Antimony

[T oTo] o To] r= 11 o] o S UPUSPRPPPPRRRRPRROIN 68
I 011 - Vo 68
A [ 1o o 18 ox 1o o PP 69
4.3: EXPerimental..........cooiieiiiii e eeeeeee e ] O

4.3.1: Deposition and Etching Reactants................cccccciemnn i 73
4.3.2: Deposition SUDSIrateS..........ccoiiiiiiiiiiieeee e 74
4.3.3: REACIOr DESIQN....cci e it 74
4.3.4: PEDOT OCVD REACHON.......ceeeiiiieeeeeeititeeme e eeeeeeeitee e s eeeeeennees 75
4.3.5: PEDOT ANNEAIING........evtiiiiiiiiii e et eeeeiiee e veeens e e e e e e 76
4.3.6: PEDOT RINSING....cuttttuiiiiiiiiie e e e e ceeeiiiiie s e e e e e e e e eaeeeeeesaenneaaaeeeaeeeeesennnnns 17
4.3.7: Remote CCPAAand N Plasma EXPOSUIe..........cccoeeviiiiiiiiicceeeeeeeee 77
4.3.8: CHEJATN RIE... ..ttt e e e e e e e e e emmn e e e e e e e e e e e e e e e nnnnes 78
4.3.9: Sample Characterization............ccooveeiiiiiiiii e 78
4.4: ReSUIts and DISCUSSIQN............uuuuruuunimeeeeeeernnnnaaasseeaeesamnmsnnaaasseaeeaeasseeeees 81
4.4.1: Results of PEDOT Deposition and Annealingan.N..............cccceeunne. 81
4.4.2: Discussion of PEDOT Deposition and Annealingdn.N..................... 87
4.4.3: Results of Plasma Etching of-Bgposited and Annealed Films......... 87

viii



4.4.4: Results of DI kD Rinsing of AsDeposited and Annealed Films......... 90
4.4.5: Discussion of Plasma Etching of-Beposited, Annealed, and Db@&

RINSEA FIlMS...oeiiiiiiiiiii et e 93
4.4.6: CHR/Ar Reactive lon Etching of ABeposited, Annealed, and Db@&
RINSEA PEDOT ... .ottt e e e e e e e e e e e e e enne s 94
4.5 CONCIUSIONS....coiiiiiiiiieie et e e ettt e e e s ennbb et e e e e eees 96
4.6: ACKNOWIEAGMENTS. . ...t ieeei et eerer e e e e e e e e e e e e e e e 97
O O < (] (= o = PSP PUPPPRPR 99
4.8: Supporting INfOrmMatiQn...............uuiiiiiii i e rrrrre e 104
4.8.1: FTIR After Q and N Plasma Exposure of ABeposited and Annealed
FIIMIS e 108

Chapter 5: Stochastic Lattice Model for Atomic Layer Deposition and AreaSelective
Deposition of Metal Oxides: Visualization and Analysis of Lateral Overgrowth During

Area-Selective DEPOSILION.......ciie i e eeee e mmme e ennneas 119
Nt I 1 1 = T U PPPRRTRR 119
VA [ o1 (oo [FTox 1 o] o PP 120
5.3: ALD Growth MOEL........ccooiiiiiiiiiiiii et e e e e 124

5.3.1: Substrate Grid and Grid DIMENSIQN.............euvvvemiicccreeeeeeieiiinnnn 124
5.3.2: ALD ProCess SEQUENCE.........cevrmmmmiiniiimmmeeieeeeeeniin s emrnernnenes 125
5.3.3: Approach for ALD and ASD Model Development.......................... 127
5. 3. 4: ABas.e..ALDa..Madel. ... 129
5.3.5: Adjustments .t.o..t.he..ABas.e.181L D0 Mo
5.4: ASD Growth Model and Parameters that Influence Lateral-Gr@wth............. 136
5.4.1: Lateral OveGrowth in the ASD Model...........ccoovviviiiiiiiieeee e 136
5.4.2: Lateral OveGrowth Adjustments to the ASD Model....................... 138
5.4.3: Ligand/Metal Surface Attraction................ovvvvviiiccreeeeeeiiicieee e 140
5.4.4: Ligand/Metal Surface RepuUISION............coviiiiiiiiiieane e 141
5.4.5: NeasEdge Substrate Reaction...............ueiiiiiiicecevieiiiieeeee e e e ee e 143
5.4.6: Molecular Reorientation.............cc..uuvereeiieemiiiiriiiiiieeeeeeeeee e e s eeeeeeeeeees 144
5.5: Comparison of Model Results to Literature..............coooeeiieemneeenecciiiiinee, 146
5.5.1: Excess Lateral Growth..........ccooovviieeiiiieeeiciiee e 147
5.5.2: Suppressed Lateral Growth.............ccoooiiiiiemriiiii e, 147
5.5.3: Equal Lateral GrowWth...........cooooiiiiiiiiiiccc e 148
Lo I o o 1153 o £ 148
5.7: ACKNOWIEAGMENTS.....cooiiiiiiiieii et e e et e e e e e aaannan 150
oIS I = (=] =] o7 = PRSP 151



5.9: Supporting INformMatiQn.............oovviiiiiiiir e 157

Chapter 6: Simulating Area-Selective Deposition via a Stochastic Lattice Model: Atomistic
Monte Carlo Analysis of Defectivity and Selectivity Loss on Suhithographic 3D

Patterned NaNOSIIUCIUIES. ... ...uu e e ceeer ettt nnne e e e e e e e eeeeeaeenan s smmeeees 164
G I 13 1 - 1o SRR 164
6.2: INTTOTUCTION. ...t e ettt e e et e e e e e e e e e e e e s s e e e e e e as 165
6.3: Description and Refinement of the Stochastic Lattice Deposition Madel....167
6.4: Evaluation of Nucleation Defect Mechanisms................coouvviimeeeiiiiieeeeeiinnn. 168
6.4.1: Individual Nucleation Defect MechanisSms.........ccccccceveeiiieeenennnnnnn. 168
6.4.2: Combined Nucleation Defect MechaniSms..........ccccoeeeeeevieeeecieennn. 170
6.5: Investigation of Feature Shape and Size Effects on.ASD...............oeviieee. 172
6.5.1: Effect of Feature Shape on Film Growth and Selectivity................ 172
6.5.2: Effect of Feature Size on Film Growth and Selectivity................... 174
6.6: Comparisons of Empirical and Simulated ASD..............ccceviiiieemniiiiiiiiiinee. 176
6.6.1: ASD on a NedPlanar 3D NanOStruUCtUIe............ccoevviiiiiennn e 176
6.6.2: ASD for BottordJp Trench Filling...........ccooooiiiiiiiiiicce e 177
6.7: Summary and CONCIUSIONS..........cooiiiiiiiiiicee e 178
6.8: ACKNOWIEAGMENTS.... ..o 179
6.9 REIEIENCES. ... ittt e 180
Chapter 7: Conclusions and Recommendations for Future Work..............ccccoevvvvvvieen. 185
7.1: HydrogerTerminated Silicon Surface Conversion during PEDOT Bumale ASD
............................................................................................................................. 185
7.2: The Use of Antimony Pentachloride as an Oxidant for PEDOT oCVD........186
7.3: Suggested Feature Updates to the Stochastic Lattice ASD .Madel............. 186
A 2 U= (= =] L0 188
Y o] 01T 06 [0l 2 ST TP P TP 189
Appendix A: Additional Data from Ongoing Project Work...............cceeeiiiicmeennnnn. 190
Atomic Layer Deposition of Barium Titanate Thin Films...................ovveee 190
ThreeColor AreaSelective Deposition: Controlling Polymer Selectivity on SiN,
SiOp, and Si by Adjustment of PfEreatment SequencCe.............ooeeeeeeeeeenn. 200
Appendix B: CeAuthored PUbIIiCatIONS.............ovviiiiiiiiieeeeecee e 208
VaporPhase Zeolitic Imidazolate FrameweBksrowth on Fibrous Polymer
YU 0153 1= 1 RO 208

SiO; Atomic-Layer FluorinatiorPassivation for DuaMaterial
Molybdenum/Polypyrrole Are&elective Deposition and Strategies for Surface
Y= T 1AV o ) P 210



Controlled Air Gap Formation between W and TEiIms via SubSurface TiQ
ALOMIC Layer ELCNING ... ..uuiiiiiiiiiiiiii et 212

Proximity Effects during GeTe AreBelective Deposition by Atomic Layer
Deposition: Nanopattern Induced Thickness Profile Alteration................ 214

Catalyzed Molecular Layer Deposition of MethyleBedged Silicon Oxycarbide
and the Effect of Annealing on Molecular Structure and Electrical Propepti€s

Appendix C: Summary of Technical Presentations...............ccoocimeeeiiiineeiinnnee, 218

Xi



Table S3.1.
Table 4.1.

Table S4.1.

Table 5.1.

Table S5.1.

Table S5.2.

Table S5.3.

Table S5.4.

LIST OF TABLES

Model fitting parameters for plots Figure 3.3..........oooiiiiiiiiiiiiiiienee 65
Summary of atomic concentration determined via XPS compositional
guantification analysis after PEDOT oCVD followed by annealing and rinsing
TrEAIMENTS. .. e e e e e e e e e e e e e e s e 93
Summary of conductivity data measured after PEDOT oCVD followed by
annealing treatMeNntS.........ooooe e i 105
Summary of simulation results showing Al:O ratio, % void sites, % blocead

groups, and average growth At hicknesso

(LL)Y/ cycle) for the fibase ALDO model
includes various extents ofaanic packing and muksite bonding adjustments.

Film growth metrics from 10 simulations of 100 cycles of ALD using the
conditions associated with sample 6lable 5.1 The data is included with

additional significant figures to illustrate relatively low ftoarun variation... 158
Summary of simulation results frofable 5.1showing computation times for

100 ALD cycles based on different extents of the atomic packing andsitelti
bonding adjustment parameters. The computation time at each condition scales
approximately linearly with the number of ALD cycles............ccceeeeeee. 159
Summary of simulation results froRigures 5.55.8andFigures S5.255.3

showing computation times for different examples of simulated ASD.....161
Summary of relevant simulation input parameters used to generate the movies
attached in the Sl section. All movies were generated from 30 cycles of ASD with
the packing extent and muKite bonding probability set to 0.5. The initial

substrate consistedo a 35 x 70 fAgr owt h-growthdattitei c e
sites extending out 300 x 400 lattice units in the X and Y directions. The initial
surfacel OH concentration was set at 20%. The computation time required to
generate each movie iksa shown in the table..............ccooooiiiiiieeeiicieen. 163

Xil

S

(s

u



Figure 1.1.
Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 2.1.
Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.

Figure 3.1.

LIST OF FIGURES

Historical overview of MOSFET scaling trends and associated transistor structure

designs. (Adapted with permission froM...........ccccoveveeieeiceeiie e 2
Schematic illustrating the elementary steps of a CVD reaction. (Adapted with
PEIMISSION TTOMP) ...ttt eee e areeeeen 5

Schematic of an ADs ALD cycle on ari OH terminated starting surface using
TMA as a precursor and2B as a caeactant. (Adapted with permission frdf
...................................................................................................................... 6
Pictorial representation of ideal ASD (top) and ASD with defects (bottom) on an
arbitrary set of prgpatterned growth (blue) and ngnowth (gray) areas.

(Adapted with permission frofT) ..........ccvovviiieieece e 8
P&ID diagram of the vacuum reactor used for ALD and CVD................... 22
P&ID diagram of the annealing furnace used for fgysithesis thermal

modification of deposited thin films............cccueiiiiiiieee e 25

Depiction of the key components of an ellipsometry measurement. A light beam
reflects off a sample into a detector, and differences in polarization caused by the
geflection are used to calculate optical properties. (Adapted with permission from
)P ERR 26
Diagram showing a liquid droplet deposited onto a solid surface in a surrounding
vapor medium. Arrows are shown indicating the balance of interfacial surface
tension contributions for the solid, liquid, and vapor phases. (Adapted with
PEIMISSION FIOMP).....viiiiiiitie et ceee et e et e et e et e s eteeereeeeteeeree e 28
Pictorial representation of the process of collecting XPS datayXirradiate the
surface of a sample, and an analyzer measures the kinetic energy of the ejected
electrons to calculate their binding energies. (Adapted with permissior )fr@
lllustration of a typical XRR equipment configuration. Filteredays reflect off

the surface of a sample, and a detector interprets changes in the reflected intensity
to generate reflectivity data. (Adapted with permission ffhm..................... 30
Diagram depicting the major components of an FTIR spectrometer. Incident IR
radiation is passed through a pair of mirrors before recombining to pass through a
sample of interest and into a detector, generating interferograms that can be
turned into outputlata via Fourier transform. (Adapted with permission ftm

Diagram of the lenses, sample, and detector for STEM imaging. Electrons are
emitted by a source, focused through lenses to form a thin probe, and scanned
across a sample, and the scattering of these electrons is detected and used to

generate an image. (Agt@d with permission from?) ...........cccceeveeveeveeieennnnn 33

Top: starting SH/SiO, patterned sample showing-Biand SiOH termination on

the Si and Si@regions, respectively. Bottoine f t : Ai nherent sel ec
PEDOT CVD after DHF treatment, leading to ~40 nm PEDOT ASD on Bith

only trace nucleation on the-Hiregion. Bottorr i ght : fi nverted sel

where the Si@is passivated, and the-BHiis selectively oxidized to enable ~40
nm PEDOT ASD on the original &l region without deposition on the original
1 [@ 7 1=To | (o] o PSPPSR 39

Xiii
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Figure 3.3. PEDOT film thickness vs. CVD time for (a) Si@nd (b) Si samples after each
treatment step in sequence B. Thickness data ona®iSi samples after steps 2
(c) and 4B (d) are replotted together to illustrate the selectivity windows in these
steps. (e) Selectivity vs. thickness in the inherent and inverted selectivity
configurations compared against previous PEDOT CVD WwoAdl dashed lines
are fitting curves generated by an analytical ASD model described previtisly.
Figure 3.4. The starting substrate consists of Si/Sife-space structures. The piranha
cleaning process in step 1 leads to the formation of a chemical oxide layer with
hydroxyl termination on Si and SiOIn step 2, DHF dipping forms an-Hinon
growth surface. PEDOT CVD on this surfa
ASD on SiQ vs. StH. In sequence A, liquid DI ¥ exposure in step 3A has a
negligible effect on the surface, and DMATMS vapor exposure in step 4A forms
TMS termination on Si© SiH and SiQ-TMS both function as passivated
surfaces, so PEDOT CVD in this Apassiva
nucleation. In sequence B, the DMATMS vapor exposure in step 3B occurs
immediately after the DHF dip. Afterward, liquid Db8 exposure in step 4B
hydroxylates the Si surface, producing a favorabl®8igrowth surface for
PEDOT. Thus, PEDOT CVD | eads to-OAi nvert
VS. SIO-TIMS .. erme e e e e e e e e e aenne s 52
Figure 3.5. (@) Asreceived Si/SiQpatterned substrate. (b) Si/Si@atterned substrate after
steps 1 (30 min piranha cleaning) and 2 (5 s DHF submersion). (e3é\ective
deposition from 15 s PEDOT CVD after step 1. (d) Selective deposition from 15 s
PEDOT CVD after step 2, leading to ~40 nm PEDOT growth on ®ith only
trace nucleation on $i. (e) Inhibition on two surfaces from 15s PEDOT CVD
after 15 s vapephase DMATMS exposure in step 3B, leading to trace nucleation
on SiQ and SiH. (f) Inverted selectivity from 15 s PEDOT CVD after 15 s
vaporphase DMATMS exposure followed by 1 h selective hydroxylation via
submersion in DI BD in step 4B, leading to ~40 nm PEDOT growth oiOSi
with only trace nucleation 0N SHQ.........c..ueiiiiiiiiiiieeee e 53
Figure 3.6. (a) Selective deposition from 15 s PEDOT CVD after 5 s DHF submersion in step
2, leading to ~40 nm PEDOT growth on $SMith only trace nucleation on-§l.
(b) TEM image of the highlighted region in image (a), showing tapering lateral
growth of PEDOT from Si@onto SiH. (c) STEMEDS elemental map showing
uniform distribution of PEDOT along Svith no significant concentration on
Si-H. (d) Inverted selectivity from 15 s PEDOT CVD after 15 s vagguse
DMATMS exposure followed by 1 h selectitagdroxylation via submersion in
DI H20 in step 4B, leading to ~40 nm PEDOT growth oi©O&i with only trace
nucleation on Si@ (e) TEM image of the highlighted region in image (d),
showing tapering lateral growth of PEDOT from@H onto SiQ. (f) STEM-
EDS elemental map showing uniform distribution of PEDOT alor@I$iwith
no significant concentration 0N SIO........ccooiiiiiiiiiiiiiiicc e 54
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Figure 3.7.

Figure S3.1.

Figure S3.2.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Analysis of lateral overgrowth for different cases of PEDOT ASD: (a) SEM

image of PEDOT on Sigvs. StH patterned wafers. (Adapted with permission

from 23) (b) Pictorial representation of image (a), showing a film contact angle of
approximately 40°. (c) Pictorial representatiorFafure 3.6b, showing a contact
angle of approximately 40° for PEDOT ASD on $i3. StH. (d) Pictorial
representation dfigure 3.6e, showing a contact angle of approximately 30° for
PEDOT ASD on SOH vs. SiQ-TMS in the inverted selectivity configuratids/
Conformal PEDOT growth with a thickness of ~50 nm from 15 s CVD on a
patterned Si/Si@substrate after a modified version of treatment sequence B with
an extended DI FD exposure step of 3 dayS.......ccoovvveriiiiiiiiiiccceeeed 66

XPS spectra of (a) Si 2p, (b) O 1s, (c) C 1s, and (d) N 1s regions for Si samples
after steps 2 (DHF dip), 3A (DI4® exposure), 3B (DMATMS vapor exposure),
and 4B (DMATMS vapor exposure + D8 exposure). (e) Zoomed in version

of (a) with corresponding WCA measurements for each treatment step...67

(a) XRR data after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C
(red) and 350 °C (blue) for 5 min ireNThe spectra have been offset from the
origin for clarity. (b) Summary of film thickness (orange) and density (green) data
data derived from XRR model fitting, with arrows indicating the evolution in the
data as the annealing temperature was increagdgevgtution of WCA data for

the annealing treatments. Error bars represent the 95% confidence interval for the
ALASELS. ...eeeeiiiiii e 82

(a) Full spectrum of FITR absorbance data after PEDOT oCVD at 150 °C (black)
and after annealing at 250 °C (red) and 350 °C (blue) for 5 min.i(bN

Zoomedin plot corresponding to the boxed region in (a). The spectra have been
baseline corrected and offset from the origin, and scalar multipliers have been
applied to the annealed samples for Clarity.............ccvvviiiiiieemiiiiiiiiiieieeeee, 83

XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C
(red) and 350 °C (blue) for 5 min irelM the (a) S 2p, (b) Sb 3d, (c) Cl 2p, and

(d) C 1s regions. The spectra have been offset from the origin for clarity..84

(a) TEM image after PEDOT oCVD at 150 °C on a patterned Si/Sifstrate.

(b) Higher magnification HAADF STEM image of the boxed region in (a). (c)

EDS map of (b). (d) HAADF STEM image after PEDOT oCVD at 150 °C on a
blanket Si substrate followed by annealing at 350 °C for 5 min.ige)l Higher
magnification image of the boxed region in (d). (f) EDS map of (e). The bright
regions above the films are Pt deposited during sample preparation for irB&ging.
(a) @ plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing
at 250 °C (red) and 350 °C (blue) for 5 min ind$ a function of RF source

power on blanket Sigsubstrates. (b) fplasma etch rate as a function of

annealing time for films annealed at 250 °C (red) and 350 °C (blue)2(c) N
plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing at 250
°C (red) and 350 °C (blue) for 5 min irp Bs a function of RF source power on
blanket SIQ SUDSIIALES..........uuuuiiiiiiiie e ereera e e e e e e e 38

XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 350 °C
for 5 min in N (blue) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy
(green) using @plasma at an RF source power of 50 W in the (a) S 2p and (b) Sb
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Figure 4.7.

Figure 4.8.

Figure S4.1.

Figure S4.2.

Figure S4.3.

Figure S4.4.

Figure S4.5.

Figure S4.6.

Figure S4.7.

3d regions. Each etching cycle consisted of 2 s of plasma exposure. The spectra

have been offset from the origin for Clarity.........ccccceeeeiiiiiiieee 89

XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 350 °C for 5

min in Nz (blue), and rinsing in DI kD at 80 °C for 10 min (green) in the (a,c) S

2p and (b,d) Sb 3d regions. The spectra have been offset from the origin for

clarity. (e) Etch rates of the films during @Plasma exposure at 100 W before

(black) and after (red) rinSiNg iN DIB........covvvviiiiiiiii e, 91

(a) Etch rates of adeposited and annealed films during GH¥ RIE at 75 W

after oCVD at 150 °C and annealing at 250 °C and 350 °C for 5 mipefdre

(black) and after (red) rinsing in DI2B. (b) Etch selectivity ratios of Si@o as

deposited and annealed filMS............ouuiiiiii e 95

GIXRD analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250

°C (red) and 350 °C (blue) for 5 min ir.N'he Si substrate (green) is also

included for comparison. The spectra have been offset from the origin for clarity.
104

XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C

(red) and 350 °C (blue) for 5 min irel the (a) Si 2p and (b) N 1s regions. (c)

Full-range XPS spectra for these samples. The spectra have been offset from the

(ol To T[T (0] o F= T4 2P PPPPPPPPURPR 106

(a) @ plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing

at 250 °C (red) and 350 °C (blue) for 5 min ind$ a function of RF source

power on blanket Si substrates. ()pglasma etch rate as a function of annealing

time for films annealed at 250 °C (red) and 350 °C (blue). {@l&ma etch rate

after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and 350

°C (blue) for 5 min in Mas a function of RF source power on blanket Si

SUD ST ALES. ... et e e et e e e et eeeee s e e et e e ettt nmne e e e et eeeeateneeann s amrernnnnnn 107

FITR absorbance data for films under various annealing conditions (see table in

figure) combined with (@) O, and (ed) N2 plasma exposure at 50 W for 5 cy,

with each cycle lasting 10 s. The spectra have been baseline corrected and offset

from the origin, and scalar multipliers have been applied to samples 2 and 3 for

(o3> 114725 109

XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C

for 5 min in N (red) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy

(green) using @plasma at an RF source power of 50 W in the (a,c) S 2p and (b,d)

Sb 3d regions. Each etching cycle consisted of 2 s of plasma exposure. The

spectra have been offset from the origin for clarity............ccccccvvivieeennnenn. 110

XPS analysis after PEDOT oCVD at 150 °C (black) followed by etching for 1 cy

(pink), 5 cy (cyan), and 10 cy (green) usingplasma at an RF source power of

50 W in the (a) CI 2p, (b) C 1s, (c) Si 2p, and (d) N 1s regions. Each etching cycle

consisted of 2 s of plasma exposure. The spectra have been offset from the origin

10 o1 = 1 |25 111

XPS analysis after PEDOT oCVD at 150 °C (black) and annealing at 250 °C for 5

min in N2 (red) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy (green)

using Q plasma at an RF source power of 50 W in the (a) Cl 2p, (b) C 1s, (c) Si

2p, and (d) N 1s regions. Each etching cycle consisted of 2 s of plasma exposure.

The spectra have been offset from the origin for clarity............cccccoeeeee. 112
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Figure S4.8. XPS analysis after PEDOT oCVD at 150 °C (black) and annealing at 350 °C for 5
min in N (blue) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy
(green) using @plasma at an RF source power of 50 W in the (a) CI 2p, (b) C 1s,
(c) Si 2p, and (d) N 1s regions. Each etching cycle consisted of 2 s of plasma
exposure. The spectra have been offset from the origin for clarity. (Data for the S
2p and Sb 3d regions is &ted inFigure 4.68-D)..........ccccoeiiiiiiiiiee 113
Figure S4.9. XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 250 °C for 5
min in Nz (red), and rinsing in DI kO at 80 °C for 10 min (green) in the (a) S 2p
and (b) Sb 3d regions. The spectra have been offset from the origin for tlb4ity.
Figure S4.10.XPS analysis after PEDOT oCVD at 150 °C (black) and rinsing inJ0I & 80
°C for 10 min (green) in the (a) Cl 2p, (b) C 1s, (c) Si 2p, and (d) N 1s regions.
The spectra have been offset from the origin for clarity. (Data for the S 2p and Sb
3d regions is located HRigure 4.7a-b)............uvvvuiiiiiiiii i 115
Figure S4.11.XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 250 °C for 5
min in Nz (red), and rinsing in DI KD at 80 °C for 10 min (green) in the (a) Cl
2p, (b) C 1s, (c) Si 2p, and (d) N 1s regions. The spectra have been offset from the
(ol To ][I0 (0] o F= 14 PP UPPPSPPURPR 116
Figure S4.12.XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 350 °C for 5
min in N2 (blue), and rinsing in DI kD at 80 °C for 10 min (green) in the (a) ClI
2p, (b) C 1s, (c) Si 2p, and (d) N 1s regions. The spectra have been offset from the
origin for clarity. (Data for the S 2p and Sb 3d regions is locat&tgure 4.7c-d)
117
Figure S4.13.Crosssectional SEM images of films after (a) PEDOT oCVD at 150 °C and
annealing at (b) 250 °C and (c) 350 °C for 5 min gfdllowed by 180 s
CHRFS/AI RIE @t 75 Wi ittt e s st e e e e e e aa e e e 118
Figure 5.1. Variations in lateral ovegrowth observed during different ASD processes: (a)
HfO2/Al>03 nanolaminate ASD on Cu vs SICOH. (Adapted with permission from
%9) (b) HfO/TiO2 nanolaminate ASD on Cu vs SiCOfdapted with permission
from 9 (c) TiO, ASD on SiQ vs Si. (Adapted with permission frotj......... 124
Figure 5.2. (a) Blanket substrate of a single growth material (dark gray) with initial growth
sites (red). (b) Substrate from (a) after 5 cycles of ALD. (c) Patterned substrate of
a growth material (dark gray) with initial growth sites (red) bordered by a non
growth aea (light gray). (d) Substrate from (c) after 5 cycles of ASD. The
zoomed in diagram associated with (d) demonstrates how atoms are arranged in
the 3D 1attiCe grid.........cvviiiiiiiiie s eeeer e e e e e eeaaaans 126
Figure 5.3.  Flowchart illustrating the algorithm for the ASD model. The orange boxes
indicate refinement steps t.hat..alk8 bypa
Figure 5.4. Diagrams displaying the (a) packing and (b) msilie bonding adjustments
implemented to improve the realism of the model growth performance. Some
adjustments have many possible outcomes, depending on bonding and molecular
(o] 1=T 0] r= 11 0] o K VPSPPSRI 132
Figure 5.5. Zoomed out and crossectional images of simulated.8: ASD after (a) 0, (b)
10, (c) 20, and (d) 30 cycles of growth using conditions corresponding to sample
6 in Table 5.1 In all cases, the extent of lateral growdhi¢ approximately equal
to the extent of vertical growth). ............coooeeriiiiiiiiiceee e 137
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Figure 5.6. Diagrams depicting the (a) ligand/metal surface attraction and repulsion, (b) near
edge substrate reaction, and (c) attractive and repulsive molecular reorientation
effects that modify the lateral growth behavior of the simulate@#ilms.... 139
Figure 5.7. Zoomed out and crossectional images of simulated8k films after 30 ASD
cycles with various effects enabled to influence lateral-gvewth: (a) no effects
enabled, (b) enhanced attractive interactions between the precursor molecules and
the nongrowth substrate, (c) repulsive interactions between thelfs@c
molecules and the negrowth substrate surface, (d) localized substrate/precursor
reactions at the leading edge of the film.............ccoooeeiiiiiicee e, 142
Figure 5.8. Zoomed out and crossectional images of simulated8k films after 30 ASD
cycles with various effects enabled to influence lateral-gvewth: (a) no effects
enabled, (b) attractive molecular reorientatioii ©H groups during the #D
dose, and (c) repulsive molecular reorientation@iH groups during the D
(0 0 S 146
Figure S5.1. Comparison of AlOs nucleation and growth behavior simulated by the stochastic
lattice model described in this work and a previously published analytical
(00T [ SRRSO 157
Figure S5.2. Zoomed out and crossectional images of simulated>8k ASD with film growth
adjustments fronsection 5.3applied: (a) starting substrate for the simulations,
(b) 30 cycles of ASD with a packing extent of 0 and a ruilé bonding extent of
1.0 (corresponding to sample 5Tiable 5.1), and (c) 30 cycles of ASD with a
packing extent of 1.0 and a mudite bonding extent of 0.5 (corresponding to
sample 7 infable 5.1) . I n all cases, the extent of
approximately equal to ¢éhextent of vertical growth (h), demonstrating that
changing the extent of the packing and rrsilie bonding effects does not

Figure S5.3. Zoomed out and crossectional images of simulated8k films after 30 ASD
cycles with various effects enabled to influence lateral-gvewth: (a) no effects
enabled, (b) repulsive molecular reorientatioit ©H groups during the # dose
with a restriction that the top 1% of the film thickness is excluded from
reorientation, and (c) Aunresti®H ctedo r
groups during the ¥D dose. The unrestricted case in (c) demonstrates that the
control restriction in (b) is necessary to prevent the excessive vertical propagation
of TOH groups into the highest possible z coordinate, which leads to an
exaggeration of the GPC from the expected value established by the film growth
adjustments irbection 5.3 We tested other extents of this growth restriction
beyond 1%, and successful suppression of the unwanted vertical film propagation
was observed. However, the 1% restriction serves as a favorable balance to
achieve corrected film growth without creatintper undesired modifications to
the film growth Shape..........eeeeiiiii e, 162

Figure 6.1. Evaluation of the effects of nucleation defect mechanisms after 35 cycles of ASD
in the stochastic lattice model: (a) starting substrate, (b) no defect mechanisms, (c)
initial surface defect sites, (d) generated surface defect sites, (e) generated surface
defect sites with incubation enabled. (f) Evolution of selectivity over 90 cycles of
ASD as a function of thickness for {{®). All scale bars are 10 nm............ 169
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Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure A.1.
Figure A.2.

Figure A.3.

Figure A.4.
Figure A.5.

Figure A.6.

Figure A.7.

Figure A.8.

Stochastic lattice model simulations carried out for 90 ASD cycles on the
substrate layout frorRigure 6.1a with various feature shape modificationsbja
10 nm norgrowth area barrier layer, 4@ barrier layer reduced to 2.5 nm;Hp
growth area height raised to 2.5 nm, anrkl) (growth area height increased to 10
nm. (c,f,i,l) Evolution of selectivity owe90 cycles of ASD as a function of
thickness. All scale bars are 10 NM...........cooiviiiiiiiiiiemn e 173
Stochastic lattice model simulations carried out for 90 ASD cycles on the
substrate fronfrigure 6.1a with varying haHpitch sizes: (a) 30 nm, (b) 25 nm, (c)
20 nm, (d) 15 nm, (e) 10 nm, and (f) 5 nm. (g) Evolution of selectivity over 90
cycles of ASD as a function of thickness for-(8) All scale bars are 15 nm175
(a) Al:O3 ASD on W/SIQ patterned samples using selective aniline passivation
on W followed by singlerecursor pulsed CVD of aluminutri-secbutoxide
(ATSB). (Adapted with permission frofd) (b) Stochastic lattice model
simulation of AbO3 ASD on a 1:1 scaled replication of the structure from (a),
showing ~4 nm of film growth after 45 cycles.............cccovvrrrviieeec e, 177
(a) TiO2 ASD on aC/SiN4 patterned structures vialdlasma prareatment
followed by ALD. (Adapted with permission froff) (b) Stochastic lattice model
simulation of AbO3 ASD on a 1:1 scaled replication of the structure from (a),
showing ~3.5 nm of film growth and nucleation on the-gomwth surface after

25 CYCIBS .t 178
Schematic of the ALD reactor used in thisS WOrK.........cccccccvviiiiieecennnnnn. 190
Saturation curves showing the effects of (apHose and (b) titanium
tetraisopropoxide (TTIP) dose on the growth per cycle (GPC) fof AKD. The
curves are handrawn overlays to serve as a guide to the eye................. 191
Effects of (a) bis(tri(isopropyl)cyclopentadienyl)barium (B&{Cp),) dose time
and (b) BaPrsCp). bubbler argon (Ar) flow on the GPC for BaO ALD. (c) BaO
film thickness measured by SE after varying numbers of ALD cycles at fixed dose
and flow conditions. The lines and curve are hdralvn overlays to serve as a

QUIAE O the BYE.... ..o 192
(a) HAADF STEM image of a BaO film deposited on a blanket Si wafer. (b) EDS
map of the region indicated iN (Q)............coevvvviiiiiicce e 193

HAADF STEM images after (a) 20 supercycles of FEaO ALD to form a BTO
superlattice and (b) annealing in air at 600 °C for 1 h. (c) EDS map aof.(l1)93

XPS data collected after 150 cy Bi®LD (orange), 150 cy BaO ALD (green),

and 10 supercycles of TBaO ALD to form a BTO superlattice (black) in the

(a) Ba 3d, (b) Ti 2p, (c) O 1s, and (d) C 1s regions. Spectra have been offset from
the Origin fOr Clarity.........ooovviiii e 194

XPS data collected after 10 supercycles of2/lB20 ALD to form a BTO

superlattice (black), annealing the BTO superlattice in air at 600 °C for 1 h (blue),
and annealing the BTO superlattice in air at 700 °C for 1 h (red) in the (a) Ba 3d,
(b) Ti 2p, (c) O 1s, and (d) C 1s regions. Spectra have bésat tsbm the origin

FOI CIAITEY ... 195
GIXRD spectra for BTO superlattice ALD where i@ deposited via (a)

TTIP/H20 and (b) TiC{/H-0 followed by annealing in air at 600 °C for 1 h

(black) and annealing in air at 700 °C for 1 h (red). The general locations of BTO
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Figure A.10.

Figure A.11.

Figure A.12.

Figure A.13.

Figure A.14.

Figure A.15.

Figure A.16.

Figure A.17.

Figure A.18.

crystal phases are indicated, and spectra have been offset from the origin for

(03 =T 11 Y28 U 196
HTXRD contour plot collected while heating a BTO ALD superlattice to 1000

°C. The general locations of BTO crystal phases are indicated, and the layer
diagram indicates the sample used in this experiment..................cc.oeeee... 196

XRR spectra for the sample corresponding to the inset layer diagram.
Corresponding thickness data from model fitting is included in the table and
compared to thickness data obtained on the same samples from SE. Density and
roughness data from model fittimge also included................cccceeiiiiiieeennnns 197

SEM images of BTO thin films where Ti@s deposited using TTIPAD (a) after

BTO superlattice ALD, (b) after annealing in air at 600 °C for 1 h, and (c) after
annealing in air at 700 °C for 1 h. SEM images of BTO thin films where i§iO
deposited using Ti@H20 after (d) BTO superlattice ALD and (e) annealing in
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(d) IV and (b) GV data for BTO ALD superlattice films after annealing in air at
600 °C for 1 h (black) and annealing in air at 700 °C for 1 h (red). (c) Layer
diagram showing the device stack used for this experiment.................... 199

(a) SE data after 7 s DHF submersion followed by PEDOT oCVD on SiN (blue),
SiO; (black), and SH (red). The dashed lines are fitting curves generated by an
analytical ASD model described previously. Corresponding XPS data collected in
the S 2p region on (b) SiN, (c) SiGnd (d) SiH after 0 s (black), 7 s (blue), and

15 s (red) of deposition. Spectra have been offset from the origin for clagd@

SEM images after acetone/isopropanol solvent cleaning followed by 15 s PEDOT
oCVD on (a) Si/SiQpatterns and (b) SiN/Si(patterns. (c) Pictorial

representation of neselective deposition on-®IH, SiQ, and SiN after solvent
cleaning. (d) SEM image after solvent cleaning and 7 s DHF submersion followed
by 15 s PEDOT oCVD on Si/Sipatterns. (e) Pictorial representation of PEDOT
ASD on SiQ and SiN vs SH after DHF treatment..............cooevvvvvvvvieeennn.. 201

(a) SE data after solvent cleaning, 7 s DHF submersion, and 15 cy DMATMS
exposure followed by PEDOT oCVD on SiN (blue), 5(Black), and SH (red).

The dashed lines are fitting curves generated by an analytical ASD model
described previously. Corresponding XPS data collected in the S 2p region on (b)
SiN, (c) SiQ, and (d) SiH after 0 s (black) and 15 s (red) of deposition. Spectra
have been offset from the origin for clarity.............cccocoiiiiennnie, 202

SEM images after solvent cleaning, 7 s DHF submersion, and 15 cy DMATMS
exposure followed by 15 s PEDOT oCVD on (a) Si/Satterns and (b)

SiN/SIQ; patterns. (c) Pictorial representation of ASD on SiN v @it SiH

after DMATMS treatMeNLi. ......uueuiiieie e eeeceeeecs e e e e e e eeeeernne e e e e e e aeeees 203

SE data after solvent cleaning, 7 s DHF submersion, 15 cy DMATMS exposure,
and 1 h DI HO submersion followed by PEDOT oCVD on SiN (blue), 5iO

(black), and SH (r&d)........coovuiiiii e 204

(a) SEM image after solvent cleaning, 7 s DHF submersion, 15 cy DMATMS
exposure, and 1 h DIJ® submersion followed by 15 s PEDOT oCVD on

SIN/SIG; patterns. (b) Pictorial representation of ASD on SiN ar@ISivs SiQ

after DMATMS + HO treatmMent..........uuuuuieiiiiiii e eeeeeeees 205
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Figure A.19.

Figure A.20.

(a) SE data after solvent cleaning, 7 s DHF submersion, and 1 ayeMpésure
followed by PEDOT oCVD on SiN (blue), Si@vlack), and SH (red). The

dashed lines are fitting curves generated by an analytical ASD model described
previously. Corresponding XPS data collected in the S 2p region on (b) SiN, (c)
SiO,, and (d) SiH after 0 s (black), 7 s (blue), and 15 s (red) of deposition.
Spectra have been offset from the origin for clarity..............ccccccvieeennnns 206
SEM images after solvent cleaning, 7 s DHF submersion, and 1 cy MoF
exposure followed by 15 s PEDOT oCVD on (a) Si/Satterns and (b)

SiN/SIG; patterns. (c) Pictorial representation of ASD on SiN ard 85 SiQ-F
after MOFs treatMent........coovv i 207

XXi



AUTHORSHIP STATEMENT

Chapter 1: Introduction and Background

| amthe sole author a@hapter 11 conducted the literature review and drafted the
content contained within this chaptErgure 1.1, Figure 1.2 Figure 1.3 andFigure 1.4were
reprinted with permission from their respective published works. The permission statements for
reprinting each of these figures are included befothe order listed aboy@nd each instance
was cited ints respectivdigure caption and the corresponding t&tiere are no additional

contributions from other authors beyond standard academic citations.

~.}CC fe]

RightsLink

New structure transistors for advanced technology node CMOS
ICs

Author: Zhang, Qingzhu; Zhang, Yongkui

OX_FORD Publication: National Science Review

LNIVERSITY PRESS Publisher: Oxford University Press
Date: 2024-01-05

Copyright © 2024, © The Authors) 2024, Publizhed by Oxford University Press on bahalf of China
Science Publishing & Media Lid.

Creative Commons

This is an open access article distributed under the terms of the Creative Commons CC BY license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

You are not required to obtain permission to reuse this article.

© 2025 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy statement Data Security and Privacy
| For California Residents Terms and ConditionsComments? We would like to hear from you. E-mail us at customercare@copyright.com

XXil



SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Nowv 20, 2025

This Agreement between Nicholas M. Carroll ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by

Springer Nature and Copyright Clearance Center.

License Number

License date

6153140884738

Nowv 20, 2025

Licensed Content Publisher Springer Nature

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/
illustrations

Nature Reviews Methods Primers

Chemical vapour deposition

Luzhao Sun et al

Jan 14,2021

Thesis/Dissertation

academic/university or research institute

print and electronic

figures/tables/illustrations

Will you be translating?

Circulation/distribution

Author of this Springer
Nature content

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person /

Organization to Appear on

the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

Experimental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University
Dec 2025

Figure 1

Nicholas M. Carroll

Mr. Nicholas Carroll
911 Partners Way

Raleigh, NC 27606
United States

0000
Invoice
nmmearrol @ncsu.edu

North Carolina State University
911 Partners Way

Raleigh, NC 27606
United States

0.00 USD

xXxiii



Number of figures/tables/
SPRINGER NATURE LICENSE illustrations
TERMS AND CONDITIONS

1

Will you be translating? 00
Nov 19, 2025

Circulation/distribution 1-29

This Agreement between Nicholas M. Carroll ("You") and Springer Nature ("Springer Author of this Springer
Nature™) consists of your license details and the terms and conditions provided by Nature content
Springer Nature and Copyright Clearance Center.

no

Expenimental Investigation and Computational Modeling of
License Number 6152830350231 Title of new work Lateral Growth Mechanisms, Film Material Properties. and
Feature Shape Evolution during Area-Selective Deposition

License date Nov 19, 2025
Institution name North Carolina State University

Licensed Content Publisher Springer Nature
Expected presentation date Dec 2023

Licensed Content .
Publication MRS Bulletin Portions Figure 1

Progress and future directions for atomic layer deposition The Requesting Person /
and ALD-based chemistry Organization to Appear on  Nicholas M. Carroll
the License

Licensed Content Title

Licensed Content Author  Gregory N. Parsons et al
Mr. Nicholas Carroll

. 911 Partners Way
Licensed Content Date Nov 18, 2011 .
Requestor Location
e . Raleigh, NC 27606
Type of Use Thesis/Dissertation United States
Requestor type academic/university or research institute Order reference mumber 0000
Format print and electronic Payment Type Tnvoice
Portion figures/tables/illustrations Email Address ol@ncsu edu
North Carolina State University
011 Partners Way
Billing Address
Raleigh, NC 27606
United States
Total 0.00 USD

XXIV



Requestor type

AMERICAN CHEMICAL SOCIETY LICENSE

TERMS AND CONDITIONS
Format
Now 20, 2025 .
Portion
Number of Table/Figure/

This Agreement between Nicholas M. Carroll ("You") and American Chemical Society Micrographs
("American Chemical Society") consists of your license details and the terms and
conditions provided by American Chemical Society and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume

Licensed Content Issue

Volume number

Issue number

Type of Use

Title of new work
6153211401488
Nov 20, 2025 Institution name
American Chemical Society Expected presentation date
. . Portions
Chemistry of Materials
The Requesting Person /
Area-Selective Deposition Fundamentals, Applications, and Organization to Appear on
Future Outlook the License
Gregory N. Parsons, Robert D. Clark
Jun 1, 2020 Requestor Location
32
1 Order reference number
Payment Type
32
Email Address
12
Billing Address
Thesis/Dissertation
Total

Author (original work)

Print and Flectronic

Table/Figure/Micrograph

—

Experimental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University

Dec 2025

Figure 1

Nicholas M. Carroll

Mr. Nicholas Carroll
911 Partners Way

Raleigh, NC 27606
United States

0000

Invoice

nmcarrol@ncsu.edn

North Carolina State University
911 Partners Way

Raleigh, NC 27606
United States

0.00USD

XXV



Chapter 2: Experimental Methods

| am the sole author of Chapter 2. | conducted the literature review and drafted the
content contained within this chaptBrgure 2.3 Figure 2.4, Figure 2.5 Figure 2.6, Figure
2.7, andFigure 2.8were reprinted with permission from their respective published works. The
permission statements for reprinting each of these figures are included below in the order listed
above, and each instance was cited in its respective figure caption and theoodirestext.

There are no additional contributions frorhet authors beyond standard academic citations.

OPEN ACCESS

Spectroscopic Ellipsometry for Operando Monitoring
of (De)Lithiation-Induced Phenomena on LiMn,0O4

and LiNig sMn4 504 Electrodes

Marta Cazorla Soult, Valerie Siller, Xinhua Zhu, Robert Gehlhaar, Pawel J. Wojcik, Alex Morata,
Albert Tarancén, Philippe M. Vereecken and Annick Hubin

Published 4 April 2022 + © 2022 The Author(s). Published on behalf of The Electrochemical Society by I0P
Publishing Limited

Journal of The Electrochemical Society, Volume 169, Number 4

Focus Issue on Women in Electrochemistry

Citation Marta Cazorla Soult et al 2022 J. Electrochem. Soc. 169 040501

DOI 10.1149/1945-7111/ac5ceb

This is an open access article distributed under the terms of the Creative Commons
Afttribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse of the work in any medium, provided the original work is
properly cited.

XXVi



SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Nov 24, 2025

This Agreement between Nicholas M. Carroll ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by
Springer Nature and Copynght Clearance Center.

License Number 6155340360485
License date Nov 24, 2025
Licensed Content Publisher Springer Nature

Licensed Content

Publication Nature Protocols

Licensed Content Title Surface-wetting characterization using contact-angle
Licensed Content Author ~ Tommi Huhtamslki et al

Licensed Content Date Jul9, 2018

Type of Use Thesis/Dissertation

Requestor type academuc/university or research mstitute

Format print and electronic

Portion figures/tables/illustrations

Number of figures/tables/
illustrations

‘Would you like a ugh

1

resolution image with your no

order?

‘Will you be translating?

Circulation/distribution

Author of this Springer
Nature content

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person /

Organization to Appear on

the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

Experimental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University
Dec 2025

Figure 1

Nicholas M. Carroll

M. Nicholas Carroll
011 Partners Way

Raleigh. NC 27606
United States

0000

Invoice

nmearrol @ncsu.edu

North Carolina State University
011 Parmers Way

Raleigh. NC 27606
United States

0.00 USD

XXVii



CcCC ® @

RightsLink

X-ray photoelectron spectroscopy as a useful tool to study surfaces and

A model systems for heterogeneous catalysts: A review and perspective

surface science

Author: Paul 5. Bagus,Hans-Joachim Freund
Publication: Surface Science

Publisher: Elzevier

Date: July 2024

@ 2024 The Author(s). Published by Elsevier B.V

Creative Commons

This is an open access article distributed under the terms of the Creative Commeons CC-BY license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

You are not required to obtain permission to reuse this article.

To request permission for a type of use not listed, please contact Elsevier Global Rights Department.

Are you the author of this Elsevier joumnal article?

£ 2025 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Data Security and Privacy
| For California Residents | Terms and ConditionsComments? We would like to hear from you. E-mail us at customercare@copyright.com

XXViii



SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Nov 24, 2025

This Agreement between Nicholas M. Carroll ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by

Springer Nature and Copyright Clearance Center

License Number

License date

Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/
illustrations

6155340498066

Nov 24, 2025

Springer Nature

Joumnal of Electroceramics

Back-to-Basics futorial: X-ray diffraction of thin films

George F. Harrington et al

Oct 13, 2021

Thesis/Dissertation

academic/university or research institute

print and electronic

figures/tables/illustrations

‘Will you be translating?

Circulation/distribution

Author of this Springer
Nature content

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person /
Organization to Appear on
the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

no

1-29

Experimental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University
Dec 2025

Figure 1

Nicholas M. Carroll

Mr. Nicholas Carroll
011 Partners Way

Raleigh. NC 27606
United States

0000
Invoice
nmcarrol@ncsu.edu

North Carolina State University
911 Partners Way

Raleigh. NC 27606
United States

0.00 USD

XXIX



SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Nov 25, 2025

This Agreement between Nicholas M. Carroll ("You") and Springer Nature ("Springer

Nature") consists of your license details and the terms and conditions provided by
Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

6155891032065

Nov 25, 2025

Springer Nature

Springer eBook

Fourier Transform Infrared Spectroscopy for Molecular
Analysis of Microbial Cells

Jests J. Ojeda, Maria Dittrich

Jan 1. 2012

Thesis/Dissertation

academic/university of research institute

print and electronic

figures/tables/illustrations

Number of figures/tables/

1llustrations

Will you be translating?

Circulation/distribution

Author of this Springer

Nature content

Title of new work

Institution name

Expected presentation date

Portions

The Requesting Person /
Organization to Appear on

the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

no

Experimental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University

Dec 2025

Figure 2

Nicholas M. Carroll

Mr. Nicholas Carroll
911 Partners Way

Raleigh, NC 27606
United States

0000

Invoice

nmecarrol@ncsu.edu

North Carolina State University
011 Partners Way

Raleigh, NC 27606
United States

0.00 USD

XXX



===IUCr
HEN

Terms and conditions of use of the article titled

Advanced electron crystallography through model-
based imaging

[Van Aert et al. (2016). 1UCr), 3, 71-83
https://doi.org/10.1107/52052252515019727]

Permission to reproduce or reuse in whole or part the above article is
granted to

Nicholas M. Carroll

provided that the reused material is accompanied by an attribution
statement according the terms of the open-access licence under which
the original article was published, and that permission has been
obtained from any other organizations or individuals where any parts of
the material are subject to explicit statements of copyright or prior
reproduction permission from such third parties.

1‘\ Louise Jones
N s ,
55 Head of Publishing Operations, IUCr Journals

XXXI



Chapter 3:fi Du-a 6 n e 0 -SAlecteva Deposition: Selectivity Inversion of Polymer on
Patterned Si/SiO2 Starting Surfaces

Chapter 3 is a reprint of a manuscript publishe@hemistry of Materiald designed the
experiments, collected the associated data, performed the required analyses, and drafted the
manuscriptDr. Hannah R.M. Margavio prepared TEM lamellae and conducted TEM analysis
and EDS elemental mapping. Dr. Gregory N. Parsons oversaw grant funding acquisition,
provided feedbacknd guidancen experimental results, and reviewed manuscript drafts. The
full citation for this work and the permission statement forindimg the work in its entirety are

included below.

N. M. Carrol I, H. R. M. Ma r-Tgoarve oeSelectiweadepdsitioN:. Par so

Selectivity Inversion of Polymer on Patterned Si/S8arting Surfacesshem. Mater36 (8),

3655 3665 (2024).

XXXil



AMERICAN CHEMICAL SOCIETY LICENSE
TERMS AND CONDITIONS

Jan 06, 2026

This Agreement between Nicholas M. Carroll ("You") and American Chemical Society
("American Chemical Society"”) consists of your license details and the terms and
conditions provided by American Chemical Society and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume

Licensed Content Issue

Volume number

Issue number

6183261469803

Jan 06, 2026

American Chemical Society

Chemistry of Materials

“Dual-Tone” Area-Selective Deposition: Selectivity
Inversion of Polymer on Patterned Si/Si02 Starting Surfaces

Nicholas M. Carroll. Hannah R. M. Margavio. Gregory N.
Parsons

Apr1,2024

36

36

Type of Use

Requestor type

Format

Portion

Title of new work

Institution name

Expected presentation date

The Requesting Person /
Organization to Appear on
the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Total

Thesis/Dissertation
Author (original work)
Print and Electronic
Full article

Experimental Investigation and Comp 1 Modeling of
Lateral Growth Mechanisms, Film Maternial Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State University

Jan 2026

Nicholas M. Carroll

Mr. Nicholas Carroll
011 Partners Way

Raleigh, NC 27606
United States

0000
Invoice

nmcarrol@ncsu.edu

North Carolina State University
911 Partners Way

Raleigh, NC 27606
United States

0.00 USD

XXXiii



Chapter 4: Plasma Etch Resistance Switching of oCVD Poly(3Bthylenedioxythiophene)
Thin Films via Mild Thermal Anneal and Liquid Water Exposure to Manipulate Antimony
Incorporation

Chapter 4 is a reprint of a manuscupaftthat has been accepted for publicatioA®S
Applied Materials & Interfaced designed the experiments, collectedch ofthe associated
data, performed the required analyses, and drafted the manuscript. Carwynn D. Rivera assisted
with carrying ounumerousexperiments for PEDOT filndeposition annealingand gas plasma
etching Jeremy M. Thelven conducted XPS analysis under a variety of differerddposition
annealinggetching,and rinsing condition®Brennon M. Brown assisted with carrying out
CHRs/Ar RIE for PEDOT films under differerdeposition annealing, and rinsing conditions. Dr.
Man Hou Vong conducted XRR and subsequent interpretation, model fitting, and analysis for as
deposited and annealed PEDOT films. Dr. Hannah R.M. Margavio and Cole A. Hodges prepared
TEM lamellae and conducted TEMalysis and EDS elemental mapping. Dr. Hwan Oh
provided input and analysis on the initial direction for experimentation and conducted GIXRD.
Dr. Gregory N. Pargts oversaw grant funding acquisition, provided feedback and guidance on
experimental results, and reviewed manuscript drafts. The full citation for thissvodkuded

below.

N.M. Carroll, C.D. Rivera, J.M. Thelven, B.M. Brown, M.H. Vong, H.R.M. Margavio, C.A.
Hodges, H. Oh, and G.N. Parsons, Plasma Etch Resistance Switching of oCVD Poly(3,4
Ethylenedioxythiophenélhin Films via Mild Thermal Anneal and Liquid Water Exposure to

Manipulate Antimony IncorporatiQiACS ApplMater. Interfaces(Accepted).

XXXV



Chapter 5: Stochastic Lattice Model for Atomic Layer Deposition and AreaSelective
Deposition of Metal Oxides: Visualization and Analysis of Lateral Overgrowth During
Area-Selective Deposition

Chapter 5 is a reprint of a manuscript published inJthenal of Vacuum Science &
Technology Al wrote the model code in Pythatesigned the model run parametgresrformed
the required analyses the model outputaind drafted the manuscripir. Gregory N. Parsons
oversaw grant funding acquisition, provided feedback and guidanoedelingresults, and
reviewed manuscript draft§he full citation for this work and the permission statement for

reprinting the work in its entirety are included below.

N.M. Carroll and G.N. Parsons, Stochastic lattice model for atomic layer deposition and area

selective deposition of metal oxides: Visualization and analysis of lateral overgrowth during

areaselective depositiord. Vac. Sci. Technol. #2 (6), 062411 (2024).

XXXV



ATP PUBLISHING LICENSE
TERMS AND CONDITIONS

Jan 07, 2026

This Agreement between Nicholas M. Carroll ("You") and AIP Publishing ("AIP
Publishing") consists of your license details and the terms and conditions provided by AIP
Publishing and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Licensed Content Volume

Licensed Content Issue

Type of Use

Requestor type

6183651337968

Jan 07, 2026

American Vacuum Society

Journal of Vacuum Science & Technology A

Stochastic lattice model for atomic layer deposition and area-
selective deposition of metal oxides: Visualization and
analysis of lateral overgrowth during area-selective

deposition

Carroll, Nicholas M.; Parsons, Gregory N.

Nov 14, 2024

42

Thesis/Dissertation

Author (original arficle)

Format

Portion

Will you be translating?

Title of new work

Institution name

Expected presentation date

The Requesting Person /
Organization to Appear on
the License

Requestor Location

Order reference number

Payment Type

Email Address

Billing Address

Tofal

Print and electronic
Full article
No

Expenmental Investigation and Computational Modeling of
Lateral Growth Mechanisms, Film Material Properties, and
Feature Shape Evolution during Area-Selective Deposition

North Carolina State Umiversity

Jan 2026

Nicholas M. Carroll

Mr. Nicholas Carroll
911 Partners Way

Raleigh, NC 27606
United States

0000
Invoice
nmearrol@ncsu.edu

North Carolina State University
011 Partners Way

Raleigh, NC 27606
United States

0.00USD

XXXVi



Chapter 6: Simulating Area-Selective Deposition via a Stochastic Lattice Model: Atomistic
Monte Carlo Analysis of Defectivity and Selectivity Loss on Suhithographic 3D
Patterned Nanostructures

Chapter 6 is a reprint of a manuscript draft in preparation for publication. | wrote the
model code in Python, designed the model run parameters, performed the required analyses on
the model output, and drafted the manuscript. Zachary R. Dubisky assitstét/thon code
modifications andhe development of new model features. Dr. Gregory N. Parsons oversaw
grant funding acquisition, provided feedback and guidance on modeling results, and reviewed

manuscript drafts. The full citation for this wasincluded below.

N.M. Carroll, Z.R. DubiskyandG.N. ParsonsSimulating AreaSelective Deposition via a
Stochastic Lattice Model: Atomistic Monte Carlo Analysis of Defectivity and Selectivity Loss on

SubLithographic 3D Patterned Nanostructyrée Preparation).

Chapter 7: Conclusions and Recommendations for Future Work
| am the sole author of Chapter 7. | conducted the literature review and drafted the
content contained within this chapter. There are no additional contributions from other authors

beyond standard academic citations.

Appendices
Appendix A containswo partial collectiors of data in preparation for future publication.
For the first collectionl| designed the experiments, collected much of the associated data,

performed the required analyses, and drafted the included figiaesynn D. Rivera assisted

XXXVil



with barium titanatelepositionand annealing. Mara P. Alonso also performed barium titanate
depositionand annealing, as well as XRR, GIXRihd HTXRD.Dr. Indrajith Palani performed
barium titanatelepositionand annealing and assisted with electrical characterization. Dr. Sarah
E. Morgan assisted with reactor modifications and characterization of ALD reactions. Dr.
Hannah R.M. Margavio prepared TEM lamellae and conducted TEM analysis and EDS
elemental mappingleremy M. Thelven assisted with reactor tamtsion and performed XPS
analysis on barium titanate films under various conditions. Dr. Man Hou Vong conducted XRR
and subsequent interpretation, model fitting, and analysis for barium titanateDfilnG&regory
N. Parsons oversaw grant funding acquisiaodprovided feedback and guidance on
experimental results.

For the second collectioderemy M. Thelven and | contributed equally to this work by
designing experiments, performing surfacefpeatments and PEDQdeposition and analyzing
the resulting data. Jeremy M. Thelven collected SE and XPS data, and | captured SEM images,
formatted the figures, and drafted initial manuscript confentGregory N. Parsons oversaw
grant funding acquisition, provided feedback and guidance on experimental results, and reviewed
manuscript drafts.

Appendix B contains information abamianuscriptghat! contributedto as a ceauthor.
Within eachentry, | have included basic information about the manuscript, a description of my

contributiors to the work and the full abstract.

Generative Al Disclosure
No generative Al tools were utilized during the conception, analysis, writing, or editing

of this dissertation. All content was authored directly by me.

XXXVili



Chapter 1: Introduction and Background

1.1: Semiconductor Device Fabrication: Historical Overview and Discussion

of Current and Future Transistor Architectures

The birth of modern microelectronics can be traced back to 1948, when researchers at
Bell Labs published their discovery of the petaintact transistor, ushering in a new era for
applications in electronicsLater, in 1958, other researchers at Bell Labs published work
describing the utilization of photolithographic techniques to form patterned features during
transistor fabrication, pioneering one of the cornerstone methodologies for contemporary
semicondugcir device manufacturingJack Kilby then demonstrated the concept of an integrated
circuit (IC) in 1959 through his work at Texas Instruments, paving the way for a wide range of
additional components to be developgdthese important milestones and others have shaped the
world we live in today, generating unprecedented levels of global connectivity and data transfer
through increasingly powerful consumer electronic products.

In 1975, Gordon Moore famously predicted that the number of transistors on a
complementary metaixide-semiconductor (CMOS) IC would double approximately every two
years? a revision of his more optimistic 1965 prediction involving doubling everyY/&his
prediction morphed into a guiding principle for the semiconductor industry knooas r e 6 s
Law. Mooreds Law and RaxidesenticonDuetorhieffectiransistd® 7 4
(MOSFET) scaling guidelinésirove the classical geometric scaling period, where feature sizes
were shrunk according to specifications of
Figure 1.1, thelast of these was the 90 nm node, which was introduced tevhigme
manufacturing (HVM) around 203After that time, posDennard equivalent scaling relied on

advances in power consumption management via channel strain engineering to scale the

1

me



( Geometric scaling |(_ Equivalent scaling ][ Channel structure scaling J( 3D integration scaling |
Transistor A CFET/3DS-FET 2DM, CNT, NC,

density Dennard scaling ; Post Dennard scaling ; . tunneling in
(lem?) ol I ) CFET/3DS-FET
GAAFET F
Source ﬁram lu A P A ﬁ
FinFET ' 4 3
300Bf Swve*uain |u
Source Drain } ) p
' 4 s & J
30B[ ] )
Vertical transistor
Planar transistor in CFET/3DS-FET
Source Drain ;;’
18} | al
Planar transistor
Drain
Source
50 Mb 15~35% ”
IC performance IC power IC area
20~40% 40~50% -
>180 nm y
{__248nmKiF__ < 193nmAF__><__Immersion 193 nm ArF + MP D4 EQV R4 , HNAEUV R
Before 2003 2003-2011 2012-2023 2024-2031 After 2031 Period (year)

Figure 1.1. Historical overview of MOSFET scaling trends and associated transistor structure designs.
(Adapted with permission frorf)

equivalent oxide thickness (EOT) of highgate dielectric materials in conjunction with reduced
gate length (k) to enhance carrier conductance and drive down leakage currents. This paradigm
persisted until the 22 nm node, which was released in 2011.

Eventually, field strength limitations prevented the continued scaling of singular, planar
gate structures, motivating the transition to more complex architectures, such as theydtzuble
fin field-effect transistor (FINFET) and the subsequent tg@ite(tri-gate) transistot®!
Optimizations to the FINFET design strategy met industry needs until as recently as early 2023
for iterations of the 3 nm node. Continued performance demands necessitated further shrinking
of gate electrode spacing, leading to the conceptualizationeala@tround FET (GAAFET)
structures consisting of wire or sheet channel electrodes surrounded entirely by gate dielectric
material*? This design serves as the current stdtthe-art MOSFET and has been phased into

various iterations of the 3 nm node, with widespread integration expected in 2 nm node designs



currently being prepared for HV&.Future iterations of MOSFET technology are expected to
rely on 3D stacking of alternatingahannel and qghannel transistor structures, known as a
complementary FET (CFET) configuratiéht®New material candidates are presently being
investigated with enhanced performance at the nanoscale feature sizes required for this
transition, such as carbon nanotubes (CNTs);dimmensional materials (2DMs), and indium

gallium zinc oxide (IGZO}% 18

1.2: Thin Film Deposition

1.2.1: Thin Film Deposition in Semiconductor Applications

Il n general, the term Athin filmd is ascrib
between several atoms and several micrométdisin film deposition is a critical processing
step for many applications, including sensing, energy storage, optics, and electronic?fevices.
The performance and characteristics of a thin film are governed by the combination of reactants,
deposition technique, and operating conditions, as evidenced by the composition and structure of
the resulting film. In semiconductor applications, thin fdeposition is a ubiquitous process
utilized for forming gate dielectrics!?® isolation structure? 2 transistor spacer$,*? interlayer
dielectrics3! 3 electrical contact® 2 barrier layers¥ 43 anti-reflective coatingé? 4’ etch stop
layers?®5 and passivation layePé,>> among others.

A wide variety of thin film deposition techniques have been developed usingfibage
and vapoiphase media based on desired material properties and growt?f Kaftesn
specifically discussing vapgrhase systems, these techniques have typically been classified into
two major categories: physical vapor deposition (PVD) and chemical vapor deposition (CVD).

PVD is accomplished by using heat or energized ions to éranshatile material from a solid



target source to a desired substrate material. These techniques are often employed for depositing
metals when a high deposition rate is more important than the uniformity or conformality of the
film.%” By contrast, CVD deposits films via controlled chemical reaction processes, offering
uniform coverage and precise composition. While PVD and CVD are both critical for
semiconductor fabricatiot¥,additional background in the following sections will focus

specifically on CVD techniques.

1.22: Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) utilizes continuous exposure of yatpase precursor
molecules to carry out a sustained chemical reaction to deposit a thin film on a heated substrate
surface. CVD benefits from the tunability of chemical reaction proagssimabling pure, highly
conformal, structured films to be rapidly depositeéth general, some form of energy input is
required to modify the chemical kinetics and carry out the reaction at a suitable rate to obtain the
desired film characteristics. The most common examples of this are thermal (or conventional)
CVD, plasmaenhancedcCVD (PECVD), and photassisted CVD, although a growing body of
research has explored the influence of magnetic and electric energ§linput.

As shown inFigure 1.2°° CVD occurs through a series of elementary steps, beginning
with mass transport of reactant gases into the chamber. The reactants may either react
homogenously in the gas phase or directly adsorb to the substrate and diffuse across the surface
before parttipating in a subsequent heterogeneous reaction. Propagation of this reaction leads to
nucleation and coalescence, forming a continuous film. As the reaction proceeds, gaseous
byproducts and unreacted species desorb and are purged from the reactor chawier.
continues until the supply of reactant gases to the chamber is ceased. Over time, CVD reactions

have been classified based on precursors, additives, temperature, and general char&tteristics.
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Figure 1.2. Schematic illustrating the elementary steps of a CVD reaction. (Adapted with permission
from 9

CVD has been adapted for many processing steps in semiconductor fabrication. For
instance, polycrystalline silicon (pelyi) has historically served as a reliable, ezfé¢ctive gate
electrode deposited via lepressure CVD (LPCVD§?®3Similarly, silicon dioxide (Si@) has
seen extensive use as a gate dielectric deposited via LPCVD or PEE4hough its role has
shifted toward specific insulation and passivation layers in recent nodes due to the introduction
of high-k gate dielectric§® Silicon nitride (SiN4) is also a core material of fundamental
importance that can be deposited via LPCVD or PECVD as a diffusion barrier layer, passivation

layer, or component for gate dielectric statk&

1.23: Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a specialized variant of CVD that is defined by
complementary pairs of discrete, skffiiting half reactions carried out in a repeating cyclical
sequence. This scheme provides ALD with several key benefits, includingeakceinformality
on complex 3D structures, superior step coverage, simplification of reaction kinetics, and
angstromlevel thickness contrdf. In general, the introduction of reactants to the substrate

surface is carried out in brief, alternating precursor aacaotant dosesnder constant inert



carrier gas flow, which each dose followed by a purge step to remove excess material from the
reactor chamber. Temperattdependent reactivity in ALD systems is often discussed in terms
of the AALD mwsindlewof which the growth rate is
window, growth rate variations can be observed due to insufficient activation energy,
condensation, decomposition, or desorptfovihile most ALD systems are composed of binary
reaction sequences involving two vajpdrase reactants, more complex doped, ternary, and
quaternary systems have been developed for specific materials and applications of interest.

A general schematic representing a typical ALD process is shokigtne 1.378In this
case, the canonical example of aluminum oxide@&IALD using trimethylaluminum
(AI(CHa3)3, TMA) as a precursor and water>(®) as a caeactant on an initially hydroxyl OH)

terminated surface is shown as a model system. This is widely considered to be the most well

OH surface +
AI(CH,).: ﬁ CH, surface:
@vvﬁ 3
purge @3???}"
ALD +H,0 @&,
OH Surface, cycle

repeat Al(CH,),

i;c’\‘/'c@ CH,

Figure 1.3. Schematic of an ADs; ALD cycle on ari OH terminated starting surface using TMA as a
precursor and ¥D as a caeactant. (Adapted with permission frééh




known ALD reaction due to its consistent growth beha(#8?flexible range of operating
temperatures and pressufé®andthereasonable electrical insulation performance of the
resulting AbOs film. 82 The initial TMA dose promotes chemisorption via a ligaxdhange
reaction with surfaceOH groups, forming primarily OAI(CHzs), alongside someO,AICH3

with methane (Clk) gas as a byprodu®tDuring the TMA dose, an equilibrium is reached
where steric hinderance from relatively bulky adjacent meilgHg) ligands bonded to the
surface prevents the complete consumption Gf@GH groups in a given ALD cycle, leading to a
condition referred to as saturatiotf’ Saturation necessarily dictates that a partial monolayer
will form, even under ideal conditions, with this value ranging fror@% of a monolayer for

Al ;03 specifically® Importantly, once saturation is reached, continued dosing of TMA will not
lead to further reaction with termin&CHs groups. After a purge step to removeGiid
unreacted TMA, the ¥D dose promotes a hydrolysis reaction with the terniiG&ls groups,
reforming the initial OH termination. An additional purge step is required for exceSsatd
CHa, completing the ALD cycle.

The level of precision afforded by ALD has positioned it for several key points of
integration in semiconductor fabrication. The most noteworthy of these iklggte dielectrics,
with HfO2 ALD in the Intel 45 nm node design from 2007 serving as the first mainstream
example that transformed ALD from a laboratory technique into a process step in CMOS
HVM.8 ALD of metal gate electrodes is also being integrated into contemporary device nodes,
with processes for titanium nitride (TiR)tungsten (W$! molybdenum (Mo}? ruthenium
(Ru) > and cobalt (CSYf under intense investigation. ALD of spacer materials during +stap
pattern transfer procedures to augment photolithographic patterning, such asisfinedr

double patterning (SDDP) using S®®or Al.O3,°° has also garnered considerable attention.



1.24: Area-Selective Deposition (ASD)

Areaselective deposition (ASD) encompasses a particular subclass of thin film
deposition reactions (often CVD or ALD) where
aread and mitigageodwitm amead jFydeldl ddnASh r at ed
leads to settligned thin film deposition on chemically distinct regions of agaterned
starting surface. In reality, unwanted nucleation in thegromth area is eventually observed
due to preexisting surface defects, geomettgpendenhucleus stabilization, or generation of
defect sites during processiffgrhe selectivity required for ASD is most commonly achieved
through selective passivation of the rgmowth area using small molecule inhibitors (SNS§
or seltassembled monolayers (SAMSY:1%1Other strategies leverage the inherent surface
chemistry of the substrate materigi$activation of particular surface regiot¥s or
incorporation of periodic etching steps to remove unwanted nd¢tf@°Many classes of ASD

systems have been investigated, including dielectric on dielé&riwgtal on metal®’ dielectric

on metalt®® metal on dielectri¢®® semiconductors!® and organic materiafs?!

Figure 1.4. Pictorial representation of ideal ASD (top) and ASD with defects (bottom) on an arbitrary set
of pre-patterned growth (blue) and ngnowth (gray) areas. (Adapted with permission fftn



The primary figure of merit for an ASD systenthe selectivity parameter, which can be

calculated according tBquation 1.1

3 M (1.1)

where S is the selectivity parametgrandq are the surface coverage values in the growth and
non-growth areas, respectively, andnd ¢ are the film thicknesses in the growth and-non
growth areas, respectively. Film thickness is often substituted into the calculation due to the
comparative difficulty of quantifying surface coverage, but this usually leads to an
overestimation of the selixdty parametef.’112

ASD has become an increasing focus for potential semiconductor fabrication applications
as a means to augment existing photolithographic patterning techniques throughugpottom
chemical seHalignment during thin film deposition. ASD has already been adadptrecent
CMOS device nodes for Co capping via CVD on copper (Cu) interconnect structures adjacent to
low-k materials to prevent electromigration based on fundamental research by IBM and Applied
Materials!!® Other opportunities for ASD integration, including fully saligned vias

(FSAVs)}!*and 2DM ASD® are under further study.

1.3: Computational Modeling of Thin Film Deposition

As thin film deposition techniques have become more targeted and sophisticated, interest
in computational modeling to explain existing phenomena and predict new results has grown
considerably. In general, computational modeling of thin film depositioteatassified based
onthecapability to address varying length and time scales. Density functional theory (DFT)
methods simulate individual electronic interactions, limiting the system size to a few hundred

atoms in the picosecond temporal regime, so #neygenerally utilized for individual molecular

9



interactions and energy barrier calculations for transition st&t®tlecular dynamics (MD)
methods relax these electronic interactions in favor of empirical potentials, enabling a broader
range of atomic motions and increasing the size t8 atbdns and the timescale to the
nanosecond range. Kinetic Monte Carlo (KMC) models are typically executed on a lattice
coordinate system and further relax the complexity of molecular interactions, allowing them to
operate with over Foatoms on the minute timescale. A range of models with individual
assumptions and relaxations ardéizegd at the microscopic and mesoscopic scaler longer
timescales, including phas$eld (PF), Monte Carlo (MC), levedet and geometrical models,
computational fluid dynamics (CFD), and finite element metiéds.

As an established vapphase thin film deposition technique, many computational
models have been developed for CVD. Accordingly, considerable effort has been directed
toward multiscale modeling, in which several modeling methodologies at differgithand
time scales are united®’A notable recent example discussed a coupled-nasmmacro
scale modeling system using a MI~CFD framework for metabrganic CVD (MOCVD) of
WSe, a 2DM of interest for semiconductor device integratiespite a comparatively
smaller body of work that intensified in the early 2000s, ALD simulations have also advanced in
recent years, with multiscale models becoming increasingly available as the semiconductor
industry places a larger emphasis on proogssmatics and digital twinst® However,
computational modeling of ASD remains a challenge, with many examples primarily utilizing
DFT to probe surfaemhibitor interactions?° Only as recently as 2022 have researchers begun
to explore length antime scale expansions of ASD modelitd.*?® Moreover, frameworks are
needed to addressmiesoc al e trends that | ead to | ateral

lateral overgrowth, film profile evolution, and feature shape effé&tg®12”
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Chapter 2. Experimental Methods
2.1: Film Deposition Reactor

Atomic layer deposition (ALD) and chemical vapor deposition (CVD) reactions were
carried out in a hombuilt, hotwalled viscousflow, stainless steel reactor with a cylindrical
main chamber. A piping and instrumentation (P&ID) diagram of the reactor is shéigune
2.1 The main chamber is attached to a flange with three inlet lines, each equipped with different
chemical precursors. The precursor vessels are attached to manual ball valves &XcaptH
pneumatic diaphragm valves. A computer conttimésflow of compressed air through pneumatic
actuators, allowing for small pulses of a desired precursor to be introduced through the delivery
lines and swept into the main chamber by inergak. By programming automated recipes in
our custom Python reaction interface, ALD and CVD can be accomplished repeatably by
precisely controlling the duration that each pneumatic valve remains open. A combination of
pneumatic diaphragm valves and maewftontrollers (MFCs) regulate the flow of the ¢as
from a sandalone gas cylinder.oigas is also sourced from the head space of a liqute ik
during the venting process. The reactor is equipped with a pressure release valve to avoid
hazards from over pressurizing the chamber.

A rotary vane pump enables the chamber to reach vacuum pressure (typical base pressure
~25 mTorr) and facilitates the continuous flow of gases through the system. Sodasorb and
activated charcoal filters are attachiedhe inlet side of the pump to neutralize hazardous gases
before they are sent to the exhaust system for the building. The main chamber, exhaust line,
delivery lines, and precursor vessels are heated resistively by heat tape connected to separate
proportioral-integratderivative (PID) controlirs that allow different zones to be heated to

individual set points. A remote, capacitively coupled plasma system is incorporated into the
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Figure 2.1. P&ID diagram of the vacuum reactor used for ALD and CVD.

reactor via a quartz glass tube encircled by a copper coil positioned above the center of the main
chamber. An additional MFC is present on the gas line attached to the plasma column to enable

the flow of N> gas for normal operation anc @as for plasma exposure.

2.2: Film Deposition Procedure

The general procedure for film growth processes depends on the desired growth
technique. Before any reaction, the base pressure andpealte of the chamber are measured
to ensure that the chamber has been sufficiently purged of excess material fpoevithes

process and to check for any unexpected leaks that may have been introduced since the last
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diagnostic assessment. To load samples into the chamber, all pneumatic valves and manual
valves associated with chemical precursors angdas are closed, the clamp is removed from the
door, and the manual valve on the vent line is opened to increase the pressure of the chamber to
atmospheric pressure. Once the door is removed, a rod is used to retrieve the sample boat, and
samples are posined in the desired locations on the boat. Finally, the boat is inserted into the
main chamber at the appropriate thefor the process of interest, the door is held in place while
the pneumatic valve to the pump is opened, and the manual valve on the vent line is closed. Prior
to starting a reaction, the samples are typically allowed to reach thermal equilibrium wnder N
flow for 30 minutes, at which point the base pressure andupakte are checked again, and the
temperatures of the various zones of the reactor are verified against their expected values via
thermocouples attached to several locations in each zotlesAtage, the manual valves
associated with the chemical precursors needed for the intended growth process are opened.
For a CVD process, a typical recipe begins with a short initialization period uadesN
flow to ensure that the reactor control software is working properly and that the chamber is in a
stable state. Next, the pneumatic valves for the reactant améctant are both opened
simultaneously for a given deposition time (typically betwesrafd 30 s), depending on the
desired film thickness and the extent of the selectivity window forselegtive deposition
(ASD) processes. For example, poly¢dthhylenedioxythiophene) (PEDOT) CVD is achieved by
dosing 3,4ethylenedioxythiophene (EDOT) and antimony pentachloride ¢b@b the
chamber together, leading to an oxidative polymerization reaction. For this reactor system,
EDOT is stored in a flovthrough bubbler vessel due to its comparatively low vapor pressure,
while SbC# is dosed from a singlport vessel attached directly to the delivery line. The growth

rate for this process is typically -2nm/st
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For an ALD process, recipes once again begin with an initialization step undas N
flow. Afterward, the pneumatic valve associated with the first reactant is opened for a short
period of time (typically between 0.1 s and 1.0 s). Next, the chamber is allowed to purge under
N2 gas flow for between 30 s and 60 s, depending on the propensity of the reactant in question to
saturate the chamber and adhere to the chamber walls. After the purge stepe#uotart is
dosed, and another purge step ensues. The two dose and pwsderstepe basis for one ALD
cycle and are thus repeatedsaquence to achieve layley-layer film growth. Much like CVD,
the total number of ALD cycles depends on the desired film thickness and the extent of the
selectivity window for ASD processes. For instance, aluminum oxid©¢AALD is
accomplished using trimethylaluminum (TMA) as the reactant afilds the caeactant. In this
case, TMA and kD have relatively high vapor pressures, so neither vessel is heated, and both
are attached directly to the deliverydim singleport vessels. The growth per cg¢IGPC) for

this process is typically1.1-1.3 A/cycle?

2.3: Annealing Furnace

The annealing furnace was used to modify PEDOT films after deposition by heating them
to the desired temperature in a controlled manner under a specific atmospheric condition. A
P&ID diagram of the annealing furnace is displayeBigure 2.2 The main chamber is a
cylindrical tube of quartz glass, and the central region is surrounded by an insulated heating
manifold with an embedded PID temperature controller. The inlet line consists oftareegh
tube on the door flange.oNas is supplied from a ligei N2 tank, and the flow rate is controlled
via an inline variable area flow controller. An integitabnnet needle valve is also present

between the liquid MNtank and the flow controller for better isolation of the line when the N
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Figure 2.2. P&ID diagram of the annealing furnace used for ysysithesis thermal modification of
deposited thin films.

flow is not required. The outlet line of the furnace contains a Convectron pressure gauge, a
pressure relief valve, a needle valve for venting the chamber to atmospheric pressure, and a
bellows valve that opens to the rotary vane pump attached to the system. As such, theze are

atmospheristates that samples can be annealed under: air, vacuum, and contingasgidiv.

2.4: Ellipsometry

Ex-situ ellipsometry was employed to measure the film thickness values after PEDOT
CVD. As shown irFigure 2.3 ellipsometry utilizes a light source to emit electromagnetic

radiation that is directed through a polarizer, giving it a known initial $tatéhis initial state,
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Figure 2.3. Depiction of the key components of an ellipsometry measurement. A light beam effiects
sample into a detector, and differences in polarization caused by the reflection are used to calculate
optical properties. Adapted with permission frof)

the polarized light can be decomposed into two components that are parallel and perpendicular to
the plane of incidence. The electric field vector in this case oscillates in a single plane and

follows a linear path, meaning that the light is linearly ppéat. The polarized light then

contacts the sample of interest at a certain angle of incidence, and some of the incident light is
reflected, while another portion is refracted. The reflected portion is now in a new elliptically
polarized configuration, stidhat the electric field vector follows an elliptical path as the

constituent waves oscillate in two perpendicular planes with different amplitudes. At this stage,

an analyzer polarizes the light again and sends it to a detector. The detector detbemates t

of the amplitudes of the parallel and perpendicular components of the light beam, as shown in

Equation 2.1

M — (2.1)
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where R is the amplitude in the parallel direction angifthe amplitude in the perpendicular
direction. This ratio can be expressed using the following relationskiguation 2.2to

determine the ellipsometry parameters of interest:

— OAWy A (2.2)
w h e rigthe@mplitude of h e r a tsithe shift m the pipase. These two parameters can
then be fitted to a model that describes the optical properties of a film, such as the thickness and
refractive index. Single wave ellipsometry (SWE) uses light at one fixed wavelength, while
spectroscopic ellipsometry (SE) uses a light source with a spectral range of wavelengths. SE has
the advantage of greater flexibility to measure many sefsasfdpvalues to iteratively carry
out leastsquares regression while calculating optical properties. This procedure also accounts for

defects such as roughness and strain in the films.

2.5: Goniometry

Goniometry was used to measure the relative surface energy of blanket Si and SiO
wafers after undergoing various surface treatments in order to correlate the obtained water
contact angles with PEDOT CVD selectivity performance. To understand the theory behind
using a water contact angle as a means to measure surface energy, weincosisider the
generalized scenario where a liquid droplet is placed onto a solid surface in the presence of a
surrounding vapor medium, as showrFigure 2.4° In this case, an interfacial surface tension is
present at the boundaries between the solid, liquid, and vapor phases. Because the droplet is
static and not changing shape, Youngds equat.
must be balared according t&Equation 2.3

r r rAT O Tt (2.3)
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Vapor

Figure 2.4. Diagram showing a liquid droplet deposited onto a solid surface in a surrounding vapor
medium. Arrows are shown indicating the balance of interfadidhce tensionontributionsfor the
solid, liquid, and vapor phasd#dapted with permissiofrom °)

w h e rvas the interfacial tension between the solid and vapor phases,the interfacial

tension between the solid and the liquid phasesthe interfacial tension between the liquid and

the vapor phases, angoung is the contact angle between the solid and the inside of the droplet.
Following this equation, surfaces with a higgy tend to exhibit low contact angles and are
referredenergy Bhobrfghces. 0 Conwaealikeytoyisplays ur f ac e
high contactanglesandear cor r espondi ngényercgunssurffiadeaso AU
the energetic nature of a surface has many implications in fields where the localized bond

termination plays a strong role, including applications in thin films and coatings res&arch.

2.6: X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to probe the surface state of Si
substrates after surface termination treatments and to understand the effects of thermal annealing
and plasma exposure on PEDOT thin films. XPS is a powerful analytical geehini which the
top portion (average measurement depth-6frzn) of a sample is irradiated withrays, as

shown inFigure 2.57 The energy imparted by the-pdys causes valence and core electrons to be
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ejected via the photoelectric effect. Accordingly, an energy conservation equation can be written
following the general form dEquation 2.4

Bd % % n (2.4)
where hisP | a n c k 6 s ische fmeguerecynof the pBotons from thea¥ source, EndingiS
the binding energy of the ejected electron relative to its chemical potertiak & the kinetic
energy of the ejected electrann @pectrdmeteiS the work function of the spectrometer. Once the
kinetic energy of an ejected electron is knowsideg can be determined, and the electron can be
classified, indicating what elements are present in the material and what elements are bound to
one another. By tilting the sample over a controlled range of angles during irradiation, the
emission depth of thdextrons can be modified, leading to a-®abegory of analysis known as
angleresolved XPS (ARXPS). Using this method, a depth profile can be collected that indicates
the concentration profiles offterent species in the materfal.

Photo-Emitted Electrons .‘Electrqgfnergy Arglyzer
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/') » .

Beam Electron ~
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5 - —
i\
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Figure 2.5. Pictorial representation of the process of collecting XPS datayXirradiate the surface of a
sample, and an analyzer measures the kinetic energy of the ejected electrons to calculate their binding
energies.Adapted with permission frorf)
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2.7: X-Ray Reflectivity (XRR)

X-ray reflectivity (XRR) was used to determine the density of PEDOT thin films after
annealing and to corroborate their thickness values with SE data. When incidsstfXom a
known source come into contact with a thin film deposited onto a sampleeswgfeme of the X
rays are reflected from the surface of the film, and others are reflected at the interface between
the film and the substrate. As showrFigure 2.6 these Xrays can be filtered through a series
of input and output optics and directieda detector to examine the deviation in the reflected
intensity of the wave$The resulting XRR curve consists of a series of oscillations known as
Kiessing fringes, which are caused by interference between the two modes of reflection. Thicker
films have shorter periods of oscillation, and denser films have higher amplitudeslafiosc
(assuming the substrate material is unchanged). Thus, a model can be constructed from a

theoretical layer structure to generate reference values for the thickness, density, and interface

X-ray detector
source
) "-...'.,. . ."- £ P
Incldent ....... ..'.- ,}: ....................... .\:': ‘‘‘‘‘ reCIevlng
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Figure 2.6. lllustration of a typical XRR equipment configuration. Filteredays reflect off the surface
of a sample, and a detector interprets changes in the reflected intensity to generate reflectivity data.
(Adapted with permission frof)
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roughness. Experimental data can be fitted to an appropriate model by minimizing the residual
difference between the measured and calculated reflectivity data, yielding the desired physical
properties. Importantly, XRR measurements must be conductedagtiaggangle in order to
maximize the reflected intensity. For a given material, a critical apgeists that marks the
transition between total reflection of the incidentays away from the film surface and

refraction of the incident Xays into thdilm. When the incident angle is equaldg X-rays

propagate parallel to the surface of the fifin.

2.8: Fourier-Transform Infrared (FTIR) Spectroscopy

Fouriertransform infrared (FTIR) spectroscopy was utilized to study the chemical
bonding modes present in PEDOT films before and after thermal annealing treatmeédt®and
N2 gasplasma exposure. As depictedrigure 2.7, incident IR radiation is passed through a
beam splitter to fixed and movable migtefore recombining, leading to either constructive or
destructive interferencé.A portion of the resulting beam is passed through the sample of
interest to a detector, generating a collection of many interferograms that are added and
converted via Fourier transform to transmittance or absorbance data that can be plotted against
wavenumber values. Importantly, the constituent functional groups of different materials will
generate dipole moments that lead to characteristic absorbance behavior at the same general
wavenumber values. In this way, a particular substance can be repeatabfiediby
categorizing the observed modes in its IR spectrum. Note that certain materials, such as pure
metals, cannot be detected through FTIR, as IR radiation does not generate a significant dipole

moment due the nature of the bonding structtire.
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Figure 2.7. Diagram depicting the major components of an FTIR spectrometer. Incident IR radiation is
passed through a pair of mirrors before recombining to pass through a sample of interest and into a
detector, generating interferograms that can be turned into @a&fauvia Fourier transform. (Adapted

with permission front)

2.9: Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to collecttagblution images of
PEDOT thin films and confirm their composition before and after annealing treatments.
Fundamentally, TEM passes electrons from a source through a series of lensesalssinge p
through a sample to impact a detector and generate an image. The diaGigumer2.8shows a
typical instrument arrangement for scanning TEM (STEM) mode, where electrons are focused to
a thin probe to scan points on a sanpl&s the electrons from the beam interact with atoms in

the sample, they are scattered both elastically and inelastically. Elastic scattering scales more
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Figure 2.8. Diagram of the lenses, sample, and detector for STEM imaging. Electrons are emitted by a
source, focused through lenses to form a thin probe, and scanned across a sample, and the scattering of
these electrons is detected and used to generate an imagae(di#h permission fror¥)

intensely with atomic number (Z) than inelastic scattetfrig.this way, highangle annular

darkfield (HAADF) STEM uses an annular detector to collect highly scattered electrons, leading
to an imaging signal where contrast is determined by Z. Thus, materials can be visually
differentiated by their chemical diffences. An energglispersive Xray spectroscopy (EDS)

detector can also be included to study elemental composition. By exposing the surface of the
sample to higkenergy electrons, inner shell electrons can be knocked out. To fill this vacancy,
an electron W migrate from a higher energy level, emitting arra§ with a specific energy that

can be detected and categorized to generate an elemental map from regions across the sample.
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3.1: Abstract

Areaselective deposition (ASD) has recently emerged as a promising augmentation to
lithographic patterning of small device features. However, current ASD processes are restricted
to predefined growth and negrowth surfaces, limiting their flexibility imdustrial processing.

I n this work, we debheeASbDeé, coheeptaopafidtenhe:
enable ASD on either one of two adjacent surfaces while avoiding growth on the other surface.

For the example case in this work, startmith ASD of poly(3,4ethylenedioxythipohene)

(PEDOT) conjugated polymer on Si@s. hydrogerterminated silicon (SH), we demonstrate a

method to modify a patterned-BISiO; surface to invert the selectivity, enabling PEDOT to

grow selectively on the modified Si region and not on the modified. i@ selectivity

inversion was achieved by selective modification of the substrate surface energy via treatments

with dilute hydrofluoric acid (DHF), (dimethylamino)trimethylsilane (DMATMS), and water.

Versatilecontrol over selectivity configurations during ASD has implications for deposition of
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lateral control layers to reduce ovgnowth defects, blocking layers for neelective deposition
steps, and sacrificial layers for recently reported simultaneous depositietchimd) processes.
Through this study, wiglentify generalized requirements for selectivity inversion as a patterning
strategy in the ASD toolbgxand we show how this strategy is consistent with previous reports
of ASD on metalielectric patterned surfacesxtension of these surface energy treatment
strategies to other materialsll provide additional opportunities for selectivity inversion,

leading to flexible applications for ASD in manufacturing settings.

3.2: Introduction

For more than five decades, photolithography has served as a foundational patterning
technique for the development of nanoscale features from blanket metal and dielectric films
during electronic device fabrication. However, continued downscaling of dedtees has
threatened to slow the transi s tPresentlyeprosesst y pr o
nodes as small as 3 nm (corresponding to smallest feature pitch sizes of 24 nm) are being tested
at the forefront of academia and industry, which necessitates a continued transition from
lithography based on deep ultraviolet (DUV) ligioiurces at a wavelength of 193 nm to new
processes leveraging extreme ultraviolet (EUV) light at 13.5%accordingly, developing new
classes of light sources and photoresist materials is a key challenge for the future of the
semiconductor industry. Efforts to implement EUV lithography into more process nodes are
ongoing but have been complicated by the smpmver required to maintain high throughput,
reticle cleanliness defects, the high capital cost of the required equipment, and the time needed to
research new EUV photoresist materfal&urthermore, at such a small size scale, the potential

for alignment and critical dimension errors has become a core cdtt€@ansequently, new
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advanced patterning technigues are needed to augment existing photolithography. As a result,
areaselective deposition (ASD) has garnered considerable attention in academic research in
recent years and is already being implemented in various layers efrintidevice patterning
processe$10

ASD generally proceeds by all owing deposit
mini mizing deposi tgiromwtihny'a®mSHdsofcansigerable iritenest n
to augment lithographic patterning, but new strategies are needed to leverage its usefulness. An
important target of ASD is control over surface selectivity, including selectivity inversion of a
deposition reaction to manifate two arbitrary patterned surfaces to display either growth or
nortgrowth behavior.

Severalprevious studies demonstrate the concept of selective passivatiornrand de
passivation steps on patterned surfaces to control selectivity. For instahit8ji patterned
surfaces have been prepared using two different passivation steps. Passivating lilgea8iO
octadecyltrichlorosilane (ODTS) sedssembled monolayer (SAM) allows ASD of Hf@nh SiH
vs. passivated SOSimilarly, the SiH region can be passivated bydtadecene
hydrosilylation, permitting Pt ASD on Si@s. inhibited SiH.16 Starting with patterned S¥Cu
surfaces, orthogonal SAM passivation has been demonstrated where dodecanethiol (DDT) first
protects the Cu. This passivation is known to allow ASD of ZnO on Bi(passivated CtY.

After DDT adsorption on Cu, the exposed S@@n be passivated with
octadecyltrimethoxysilane (OTMS), and a heat treatment selectively removes the DDT, thereby
enabling ASD of ZnO and ADs on Cu vs. Si@*

In this article, we presemt means for selectivity control where we start with an

inherently selective process and demonstrate
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switches the patterned growth and fgyowth surfaces to negrowth and growth surfaces,
respectively, for the same ASD material. Further, we use these findings to more generally
describe the concept antdompe®cASB, mthlwwnm esnemd s
Figure 3.1, providing new capability for ASD integration and implementatitnaditionally, the
t er m-tiodnuead has been applied to photores-i st mat
tone or negativéone patterning behavior, depémglon exposure and developing conditiéhs.
Here,téddeaASDO0O i s defined as the ability to m
adjacent materials A and B to selectively deposit on A and not on B, or selectively deposit on B
and not on A.
Forthe example described here, the original starting pattern consistsdinggon
silicon, where after treating the Si/Si€ubstrates in dilute (5%) HF solution (DHF), chemical
vapor deposition (CVD) of poly(3;dthylenedioxythiophene) (PEDOT) proceeds on the SiO
growth region, and nucleation is inherently delayed in thHe Bongrowth regiore® We
describe a sequence of treatments to modify the patterretb&d), surface so that PEDOT
deposits preferentially aime modified SiH vs. the modified Si@ The feasibility of this result is
first demonstrated on blanket Si and Swfers throughinterfacialsurface energy data
guantified via water contact ang/CA) measurements at different stages of the treatment
strategy. Wdind that the contact angle difference between the two surfaces after a given
treatment camdicatesuccessfuhucleation or inhibition duringSD. We alsomeasured
PEDOT thickness on blanket wafensd compared growth behavior to an analytical ASD model,
with results matching presusly published data for PEDGY The treatment strategy was
extended to Si/Sigpatterned substrates, showing successful ASD of ~40 nm in both selectivity

configurations
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Inherent Inverted
Selectivity Selectivity

Figure 3.1. Top: starting SH/SIO, patterned sample showing-8iand SiOH termination on the Si and
SiO;regions, respectively. Bottome f t ©: Ai nherent selectivityo from 1
leading to ~40 nm PEDOT ASD on Si@ith only tracenucleation on the Sl region. Bottoraright:

fi i nv setedtivdtyl 0 wh e r .ds passivatedSandXhe-Hiis selectively oxidized to enable ~40 nm

PEDOT ASD on the original $i region without deposition on the original Si@gion.

The ability to deposit PEDOT in opposite selectivity configurations provides a unique
opportunity totailor the resulting ASD layer to any desired patterning application. As a result,
PEDOT can perform the same functions as a small molecule inhibitor (SMI) or SAM but has
additional benefits, such as tunable thickness and enhanced chemical resistasampla,
recent work demonstrated that PEDOT ASD onz$j€nerates a suitable ngnowth layer for
tungsten ASD to proceed on8ivs. PEDOT, and that PEDGsimultaneously functions as a
blocking layer to limit lateral growth of tungsten out of theHSiegion?* Furthermore,
selectivity inversion can be usedgain insight into the differences in surface and material
dependencies on lateral overgrowth and eventual fesliage development as deposition

proceeds. Based on the data in this workfimekthat properties inherent to the deposition
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material of interesandthe surface energy of the adjacent4gmowth surface contribute to how
lateral growth will occur.

The general strategy for successfully achieving selectivity inversion poses several
requirements. First, the sample must possess an initial configuration of growth agavwin
surfaces that promote ASD. Next, a step or sequence of steps must beedlenpfssivate (or
de-activate) the original growth surface and activate (epaisivate) the original negrowth
surface. Ideally, these surface conversions would be accomplished in parallel in one step, but
multiple steps in series may be required. om@ntly, the modification steps must be chemically
orthogonal or mutually compatible, so that the passivation and activation reactions occur locally
only in the desired regions, without substantially affecting the adjacent surface region. Through
this stategy, the original surfaces have switched their deposition performance, and selectivity
inversion occurs.

In the following sectionsve demonstrate a methodology to achieve selectivity inversion
starting with the inherently selectivéSD of PEDOTon SiQ vs. Si-H.22 We then identify a
surface modification sequence to invert selectivity, so growth becomes favored on the modified
Si-H surface with growth minimized on the modified Si@/e also examine the influence of the
nongr owt h surface termination on the shape and
we combine our findings on selectivity inversion with results of previous studies and provide a

framework toinclude seldctv i t y i nver sion as a genrReral schem
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3.3: Experimental Methods

3.3.1:Reactor Design and Reaction Sequence

PEDOT CVD was performed in a horbailt, isothermal, hetvalled, viscoudlow
reactor. The reaction chamber consisted of a cylindrical staistiesstube ~18 cm long with an
inner diameter of ~4 cm. A substrate holder with a length of ~10 cm and widgh5o€m was
placed slightly offcenter in the chamber near the gas inlet flange. The reactor temperature was
150 °C forall runs, and heating was supplied resistivelyphyportionalintegralderivative
(PID) controllers. A rotary vane pumpfgiffer Adixen Alcatel 2012A, 19 &) filled with
hydrocarbon oil maintaineithe low pressure in the reactor. Activated charcoal and sodasorb
filters (MassVac Inc.) were attached to the inlet side of the pump. TV rate was
maintained at 65 standard cubic centimeters per minute (sccm) using mass flow controllers,
which corresponded to a working pressure of ~450 mTorr during CVD. An attached computer
system actuated pneumatic diaphragm valves to conirah@lireactant flow. The precursor
vessels were directly attached to ports on gas delivery lines adjacent to the crearthber,
which were maintained at 80 °C. EDOT was located in a bubbler vessel with a temperature set
point of 60 °C. SbGlwas heated to 385 °C in a stainlessteel vessel, depending on the desired
growth rate of PEDOT. These conditions led to pressure increases of ~10 mTorr for EDOT and
~10-20 mTorr for SbG@when dosed individually. For the PEDOT CVD reaction, EDOT and
SbCE were dosed simultaneously through separate gas delivery lines with independently
adjustable Mflow. Before the reaction, the salap were allowed to reach thermal equilibrium
in the reactor chamber for 30 min underfldw.

DMATMS exposure was performed in a separate homik, isothermal, warmawalled,

viscousflow reactor described previoustyA homebuilt sample holder was used to suspend

41



the substrates in the center of the cylindrical chamber parallel to the gas flow and heat them to
250 °C during DMATMS dosing. The system was heated resistively using variac variable
transformers at constant set points that corresponded to the desiredatengs. The reactor
chamber was maintained at 160 °C, DMATMS was kept in a staisiessampoule at room
temperature, and the gas delivery lines were held at 60 °C. The working pressure of the reactor
under ~80 sccm Nlow was ~500 mTorr, and the dagi sequence for DMATMS exposure was
DMATMS/Nz for 1/35 s. A needle valve was attached at the outlet of the DMATMS vessel and
was adjusted to throttle the release of DMATMS vapor such that the measured pressure change
from a 1 s dose was ~100 mTorr. Before DMATMS dosing, the samples were allowadho re
thermal equilibrium in the reactor chamber for 60 min undsidw.

Before substrates were loaded into either reactor, 50 cycles@f ALD were
performed with trimethylaluminum (TMA, 98%, Strem Chemicals) and DI water to condition the
chambers. The ALD sequences fop@d consisted of TMA/N/H2O/N; for 0.1/60/0.1/60 s at

150 °C, which led t®.6 + 0.2 nm of AlOs growthon blanket SIOH wafers.

3.3.2:Deposition and Inhibition Reactants

The CVD reactants were Antimony pentachloride (Sh@%, Alfa Aesar) and 3;4
ethylenedioxythiophene (EDOT, 99%, Acros Organics). The inhibition reactants were aqueous
hydrofluoric acid diluted to 5% (v/v%) (DHF, TraceMetal Grade, Fisher Scientific) and N,N
Dimethyltrimethylsilylamine (DMATMS, 97%, Thermiéisher Scientific). All chemicals other
than HF were used as received without further purification or dilution. The materials were
transferred into stainless steel vessels inside of a glovebox purged with nitrogen gas. Nitrogen
gas (N, 99.999%, Arc3 Gasgsvas used as received as a reactant carrier and purge gas without

further purification.
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3.3.3:Deposition Substrates

Approximately 1 cm x 1 cm coupons of silicon (bowwrped Si (100),-42q -cm, Pure
Wafer) and silicon dioxide (100 nm thermally grown SdD borondoped Si (100), Pure Wafer)
were prepared for blanket deposition experiments.-patéerned Si/Si@samples with hailf
pitches of ~200 nm and ~500 nm and Si line heights of ~20 nm were provided by industry
collaborators. Prior to deposition, all blanket and patterned wafers were cleaned in heated
piranha solution (1:1 $¥$Qs:H202 by volume) for 30 min, rinseahiDI water for 30 s, and dried
with No. DHF treatments were carried out immediately before the substrates were used for
experimentation in order to minimize contamination and formation of a surface oxide layer. DHF
treatment time was limited to 5 s in order to reduce> $t€hing on the Si/Sigpatterned

substrates.

3.3.4:Sample Characterization

PEDOT film thickness on blanket substrates was measuregdiju spectroscopic
el | i ps o m&E ElipsomeiEJ.A. Woollam). The incidence angle of the measurements
was 70°, and the spectral range was-800 nm. Biaxial bspline models, transmission data, and
multi-sample analysis were incorporated into the mesmsents to correct for the known optical
anisotropy of PEDOT® A minimum of 3 sites were measured on each sample to reduce
variability.

Water contact angle (WCA) measurements and images of water droplets on blanket
wafers were obtained iy e p o s i t i Digwatér @ntoethie wadelr surface using a
micropipette and measuring the resulting contact angle agjogiometer with an attached
camerasystem (goniometer, ranf@rt). A minimum of 5 contact angle measurements were

performed for each sample to reduce variability.
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Crosssectional images of PEDOT ASD on blanket and patterned substrates were
obtained through scanning electron microscopy (SEM, FEI Verios 460L) with a voltage of 2 kV
and current of 13 pA. Thickness measurements were obtained directly from the integrated
measurement feature on the microscope, and a minimum of five measurements were taken at
each imaging location on each sample to reduce variability. SEM thickness measurements were
within 5 nm of SE measurements, depending on the total thickness of tstel@im.

The lateral growth profiles of PEDOT ASD on patterned SifSiibstrates were
characterized using craesgectional scanning transmission electron microscopy (STEM). An
electrontransparent crossectional lamella of the T#I5i electrode after electrochemical
cycling was prepared by means of focused ion beam milling (FIB, FEI Quanta 3D FEG). Before
milling, a 15 um x 4 um Pt strip with a thickness of 150 nm was deposited using a 5 kV electron
beam. On top of that, an additalr2 um of Pt was deposited usia@0 kV liquid Gaion beam
to protect the underlying cross section from ion beam damage. After performing bulk milling, the
lamella was welded to a Cu half TEM grid. Then, the 10 um x 10 um lamella was milled down
to a final thickness of <560 nm. Cresectional TEM studiewere conducted in higangle
annular dark field (HAADF) scanning mode STEM using a 200 kV poaveected TEM system
(FEI Titan 80300 TEM) equipped with Supet energy dispersive Xay spectrometry (EDS)
for elemental mapping.

Interactions between DMATMS and-Hisurfaces were characterized usingaX
photoelectron spectroscopy ( XPS, Kratos Analy

Peak positions were calibrated by referencing the adventitious C 1s peak to 284.8 eV.

44



3.4: Results and Discussion

3.4.1: Selectivity Inversion on Blanket Substrates

Beginning with separate starting sampl es
sampl eo) and Si wi(tihSs &, wetesied tchenrical ambdificatio®
steps to first form the inherently selective surfaces, then invert the selectivityaldrecontact
angle (WCA) wasised to probe changes in each sample after each modification tredtmstnt
the samples were treated with: 1) piranha cleaning for 30 min; and 2) submersion for 5 s in dilute
(5%) HF (DHF). Resulting images of watinoplets and corresponding WCA on each sample
are shown irFigure 3.2. After piranha cleaningoothsamplesare relatively hydrophilicwith
WCA < 30°, consistent with the expected@H surface terminatioff After DHF, the SiO;
sample remains hydrophilic. A decrease in WCA from ~30° to ~1&tisbed to the creation of
additional-OH surface siteg-or the Si samp|d®OHF treatment converted the surface from
hydrophilic tohydrophobig WCA ° 65°), consistent with the removal of the chemical oxide and
production of a hydrogeterminated SH surface?’ As shown below, after steps 1 and 2, the Si
and SiQ samples are inherently selective for PEDOT ASD orp 8g)Si.

Several pairs of Si ansiO> samples were identically prepared by steps 1 and 2 above,

and two treatment sequences were evaluated to create the inverted selectivity. Samples were

o

treated by fAsequence A0 i nOfouldhianddrying@ith)y e x posu

and 4A) exposure to 15 s of DMATMS vapor&0 °C.Other samples were treated with
Asequence BO consisting of: 3B) 15 s ODMATMS
exposure and drying inINSteps 3 and 4 in sequence A and B aredheesbut were performed

in a different order. In our discussion, sequence A consists of steps 1, 2, 3A, and 4A, and

sequence B includeseps 1, 2, 3B, and 4B.
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Figure 3.2. (a) Images of water droplets deposited on Si and &i@ples after prdeposition surface
treatments in sequence A. (b) WCA data corresponding to the images in (a). (c) Images of water droplets
on Si and Si@samples after prdeposition surface treaents in sequence B. (d) WCA data

corresponding to the images in (c).

Control samples were prepared for the DMATMS exposure process by carrying out the
DHF dip step followed by heating at the inhibition reaction temperature of 250 °C without
dosing the DMATMS vapor. After the heat treatment, the,Sabnple was hydrophilic, and the

Si sample was hydrophobic. These results match those obtained after the DHF dip step,
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indicating that the heating associated with the DMATMS exposure process had a negligible
effect on the surface termination of the samples.

Consider first the change in WCA that occurs during sequence A, shdvwguie 3.2a
b. For the Si@sample, step 3A (liquid DI ¥D) maintains the hydrophilic surface, and 4A
(DMATMS vapor) converts the surface from hydrophilic to hydrophobie hydrophobic
surface is consistent with the formation of trimethylsilane surface terminatiopt TMS) when
DMATMS reacts with surfaceOH sites?®?°For the Si sample, step 3A maintains the starting
hydrophobic surface, indicating that the liquid DXHdid not substantially oxidize the-Bi
surface. Step 4A theproduces a slight increase in hydrophobicity, with WC25°. This small
change may be due to DMATMS reacting with a small number-6ft-&sites, or due to some
physisorption of DMATMS on the Sl surface®

The changes in WCA for both surfaces during sequeraxe Bhown irFigure 3.2c-d.
For the Si@ sample, step 3B (DMATMS vapor) convettte surface fromhydrophilic to
hydrophobic, consistent with SiTMS termination Then, step 4B (liquid DI kD) leads to
minimal change. For the Si sample, step 3B leads to minimal change, then stegngBs the
surface from hydrophobic to hydrophilic, with a substantial decrease in iGA~75° to ~45°.

Here we note an interesting observationboth sequence A and B, the Si sample was
exposed to liquid DI ED (step 3A and 4B). After step 2 (DHF dip), exposing the Si sample to
DI H20 (step 3A) caused no change in the WCA, whereas exposing the Si to the same liquid DI
H20 (step 4B) after step 3B (DHF and DMATMS vapor) led to a large decrease in THZA.
suggests that exposing-8ito DMATMS helps promote more rapid silictwydroxylationduring

the subsequent liquid DIJ® exposure
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After each treatment, the Si samples were also measureddity XPS after ~3h of air
exposure. As shown fRigure S32, the DHFtreated sample (after step 2) showed the smallest
amount of oxidation, but as expected, the air exposure led to visileBiall samples.

To observe how the surface energy influences film nucleation and growth, PEDOT CVD
was carried out on Si and SiBlanketsamplegreated usingteps 14 in sequences A and B. On
a typical receptive Sigsurface, 15 s of PEDOT CVD produces a uniform coating of ~40 nm, as
shown inFigure 3.3a. However, after completing sequence A, PEDOT was deposited for 15 s,
andspectroscopiellipsometry indicate that the film thickness on Si and Si€amples was 11.5
+ 0.9 nm and 7.4 £ 6.7 nm, respectively. The thicknedues and relatively large thickness
variability across the surface are consistent with inhibited nucleation on both sample surfaces.
This isalso consistent with results igure 3.2a-b showing that treating Si and Si€amples
with sequence A produces the same WCA on both surfaces, and therefore, we conclude that
sequence A is not a viable pathway for selectivity inversion.

PEDOT CVD was studiedn SiQG and Sisamples following sequence Bigure 3.3a-b
displays the results for PEDOT thickness measured via spectroscopic ellipsometry vs. CVD time
on blanket Si@and Sisamples, respectivelgfter each step in sequence B. The dashed lines are
fitting curves generated from an analytical model of nucleation and film growth during’ASD.
As shown inFigure 3.3a, deposition occurs readily on the Si€ampleafter the piranha cleaning
and DHF dip steps, but the growth becomes inhilafest the DMATMS exposure stegmd
remains inhibited after the DIJ® soakResults inFigure 3.3b show thadeposition is favorable
on the Ssampleafter piranha cleaninfconsistent with SOH terminationland becomes
unfavorableafter the DHF dip stefconsistent with SH termination)?® Deposition remains

unfavorable after DMATMS exposure but becomes favorable again after thgODdddk step
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Figure 3.3. PEDOT film thickness vs. CVD time for (a) Si@nd (b) Si samples after each treatment step
in sequence B. Thickness data on S@d Si samples after steps 2 (c) and 4B (d) are replotted together to
illustrate the selectivity windows in these step$.Jelectivity vs. thickness in the inherent and inverted
selectivity configurations compared against previous PEDOT CVD wdxk dashed lines are fitting

curves generated by an analytical ASD model described previBusly.
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As mentioned above, the Si sample is first prepared by 1) piranha cleaning for 30 min;
and 2) 5s submersion in DHF, producing a hydrophobic surface. Then, following sequence A,
exposing the Si sample to liquid Db@ (step 3A) maintains the hydrophobic surface
termination, and it remains hydrophobic after the subsequent DMATMS vapor treatment (step
4A). This hydrophobic surface is expected to inhibit polymer CVD. For sequence B, the Si
sample remains hydrophobic aftte DMATMS vapor treatment (step 3B)owever, after
liquid DI H20 exposure (step 4B), the surface converts from hydrophobic to hydrophilic, making
this surface receptive to PEDOT CVDherefore, sequence B is expected to provide a path for
inverted ASD.

The thickness data on the Si@hd Sisamplesafter the DHF dip stefsom Figure 3.3ab
arereplottedin Figure 3.3 to illustrate the selectivity window in the inherent selectivity
configuration. High selectivity is maintained for this process up to 15 s CVD time. Similarly,
data from lhe SiQ-TMS and SiOH surfaces after the DIJ@ soak stejn Figure 3.3ab are
replotted inFigure 3.3d to emphasize the selectivity window in the inverted selectivity
configuration. This configuration also exhibits high selectivity for PEDOT CVD upto 15 s
reaction timeFigure 3.3e compares thealculatedselectivity values of the inhent and inverted
selectivity configurations in this wonkith previously reported dafd Although the formal
definition of selectivity involves comparing the thermodynamic driving forces for nucleation on
the growth and negrowth surface®*2 a reasonable estimate can be obtained by comparing the

measured film thickness values on both surfaces:

v M

Where S is the selectivityg is the surface coverage on the growth surfgees the

surface coverage on the ngrowth surface itis the film thickness on the growth surface, and t
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is the film thickness on the nagrowth surface. Note that the substitution of thickness values
into the selectivity equation will always generate a larger value for S when compared to the
surface coverage formula. The data pointSigure 3.3e were calculated using the film

thicknesses, and the results indicate that the invartdshherentconfiguratiors
displayed comparable selectivity performafmePEDOT CVD with film thicknesses up to
approximately 100 nirPreviousresults from this proceshowed betteselectivity, which is
attributed to the decrease in DHF dipping time from 30 s to 5 s, as described in the experimental
section?® Overall, the blankewaferdeposition resultsupport the hypothesis that sequence B is
favorable to achieve selectivity inversion for dtmte ASD of PEDOT on Si and SiO
substrates.

Figure 3.2b andFigure 3.2d illustrate substantial differences in the WCA in each step
within sequence A and Bhese differences and the blanket CVD resultSigure 3.3above
indicate a correlation between WCA and nucleation beha&smdicated by the color gradient,
the more hydrophilic surfaces are expected to be more favorable for PEDOT nucleation and

growth?3

3.4.2: ASD on Patterned Substrates

Due to effects related to loading and feature geometry, selectivity results obtained on
large blanket surfaces do not always translate to small features on patterned $@daeeson
the blanket results shown abo¥égure 3.4shows the expected results if pattdapendent
mechanisms are negligible.

In order to fully characterize the PEDOT selectivity inversion treatment pathway
described earlier in sequence B, PEDOT CVD was carried out on patternec Sulsé@ates to

demonstrate the potential for duahe ASD in this systenfigure 3.5shows the resulting cross
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‘ PEDOT CVD ‘PEDOT CVD
Passivated Inverted Selectivity

Figure 3.4. The starting substrate consists of Si/Si@e-space structures. The piranha cleaning process
in step 1 leads to the formation of a chemical oxide layer with hydroxyl termination on Si anthSiO

step 2, DHF dipping forms an-&i nongrowth surfaceP EDOT CVD on this surface

selectivity, evs.\BiHtImseqhehe Adiquid BlifDexposure in step 3A has a
negligible effect on the surface, and DMATMS vapor exposure in step 4A forms TMS termination on
SiO,. SkH and SiQG-TMS both function as passivated surface®4DOT CVD i n t hi s

configuration leads to trace nucleation. In sequence B, the DMATMS vapor exposure in step 3B occurs

immediately after the DHF dip. Afterward, liquid Db® exposure in step 4B hydroxylates the Si

surface, producing a favorableGH gr owt h sur face for PEDOT. Thus,

selectivity,-OHvaSIQO-RMMSASD on Si

sectional scanning electron microscope (SEM) images when PEDOT CVD is performed at each

step in the treatment pathway to observe the evolution in surface selectivity ovéfiguamne.

3.5a-b show the aseceived patterned substrate as well as the state of the patterns after steps 1

(30 min piranha cleaning) and 2 (5 s DHF submersion). Based on previous etch rate

measurements, the brief DHF exposure will etch the &i&ures by ~% nm. InFigure 3.5,
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Figure 3.5. (a) Asreceived Si/Si@patterned substrate. (b) Si/Sigatterned substrate after steps 1 (30
min piranha cleaning) and 2 (5 s DHF submersion). (c)-&&ective deposition from 15 s PEDOT CVD
after step 1. (d) Selective deposition from 15 s PEDOT @ftérstep 2 leading to ~40 nm PEDOT
growth on SiQwith only trace nucleation on-l. (e) Inhibition on two surfaces from 15s PEDOT CVD
after 15svaporphase DMATMS exposuria step 3B leading to trace nucleation on Siéhd SiH. (f)
Inverted selectivity from 15 s PEDOT CVD afterd¥aporphase DMATMS expsure followed by 1 h
selective hydroxylation via submersion in Di®Hin step 4B leading to ~40 nm PEDOT growth on Si
OH with only trace nucleation on SiO

PEDOT CVD was performed on the patterned substrate after step 1, resulting in ~40 nm of
PEDOT film deposited conformally across the entire surflaicgire 3.5d shows ~40 nm

PEDOT ASD on Si@vs. SiH after step 2, which is consistent with previous regtlis Figure

3.5e, onlytrace nucleation is observed on both surfaces when PEDOT CVD is carried out after
DMATMS vapor exposure in step 3B, with a slightly higher concentration of nuclei in the
boundary region between the surfaces. Fin&ligure 3.5 displays PEDOT CVD on the Si/SiO
patterns after the 1 h DI2B® soak in step 4B, leading to ~40 nm of PEDOT ASD clearly visible
in the Si region, with no significant nucleation visible on Si@ this case, full inversion of the

surface selectivity has beerhaved.
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To confirm the high selectivity of PEDOT ASD in the inherent and inverted selectivity
configurationspright-field (BF) transmission electron microscofé&M\) images angcanning
transmission electron microscopeergy dispersive Xay spectrometry{STEM-EDS)maps
were gathered on the Si/SiPatterned samples froRigure 3.50-f, and the results are shown in
Figure 3.6. Figure 3.6a shows the SEM image froRigure 3.5d to highlight the region of
interest for TEM imaging of the inherent selectivity configuratioriture 3.6, the resulting
TEM image is shown, confirming the gradual tapering and eventuaihi@tion of the PEDOT
film from the SiQ surface into the SH surface. ThR&TEM-EDSmap inFigure 3.6c confirms

that the characteristic S elemental signal for PEDOT (indicated by red coloring) is isolated

Figure 3.6. (a) Selective deposition from 15 s PEDOT CVD after 5 s DHF submersion in step 2, leading
to ~40 nm PEDOT growth on Si@ith only trace nucleation on-8l. (b) TEM image of the highlighted
region in image (a), showing tapering lateral growth of PEROM SiC, onto SiH. (¢) STEM-EDS
elemental map showing uniform distribution of PEDOT along. 8ifth no significant concentration on

Si-H. (d) Inverted selectivity from 15 s PEDOT CVD aftershiaporphase DMATMS exposure

followed by 1 h selective hydroxylation via submersion in BOkh step 4B leading to ~40 nm PEDOT
growth on SiOH with only trace nucleation on Side) TEM image of the highlighted region in image

(d), showing tapering lateral growth of PEDOT fromCBil onto SiQ. (f) STEM-EDS elemental map
showing uniform distribution of PEDOT along-SH with no significant concentration &iO..
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exclusively in the Si@patterned region. IRigure 3.6d, the SEM image frorigure 3.5 is
reproduced to show the TEM imaging area for the inverted configur&iigure 3.6e shows the
clear tapering and termination of PEDOT growth from th®Biregion into the SIi@TMS
region.Figure 3.6 shows the red S signal present only on the Si region of the substrate,
supporting the SEM data above for inverted selectivity. Thus, TEM imagin§ HBM-EDS
mapping further support the success of treatment pathwag@erating a dudgbne ASD

system.

3.4.3:Inversion Mechanism and Lateral Growth

The mechanisms driving the selectivity inversion result&gares 3.5-3.6 largely
depend on the surface state after each treatment step. As shown by the WCA measurements, the
chemical oxide layer produced by the piranha cleaning pratessp lis a highenergy surface,
making it favorable for PEDOT CVD on both patterned surfaces. After the DHR dipp 2
the high selectivity of PEDOT to Si®s. StH is ascribed to the chlorination of thetbisurface
by SbCk that initially delays the polymerization reaction from occurffighe nucleation
behavior afteDMATMS vapor exposuré step 3Bis attributed to the generation of a system
with two low energy nofgrowth surfaces: Si©TMS and SiH. We suspect that the increased
nucleus concentration at the feature eidgeéigure 3.5 is caused by the inability to sufficiently
passivate the rougdfe., nonlinear)edges of the transition region with either hydrogen
termination or TMS termination. Furthermore, ti@uniformity of this region provides
additional defect sites for precursor molecules to adsorb, increasing the likelihood of nucleation
to initiate.

The inverted selectivity afterd@ soakingn step 4Bis ascribed to the selective,

catalyzed hydroxylation of the Si surface in DXHafter the DMATMS vapor exposuie step
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3B to produce a SOH vs. SiQ-TMS patterned surfacés noted above, the selectivity in the
inherent configuration is ascribed to reduction of Slo@ISiH, thereby slowing the rate of
oxidative polymerization on that surfa€€The SbC4 could also be deactivated by chlorination
of the methyl groups in the trimethylsilane termination lagecordingly, the surface treatments
in sequence B for blanket wafddescribedn the previous sectiged to successful duabne
ASD of PEDOT on Si/Si@patterned substrates with high selectivity.

The contact angle between the tapering film and the underlying substrate in each case can
be used to quantitatively compare the lateral growth behdsigure 3.7a-b show an analysis of
lateral overgrowth for PEDOT ASD on Si@s. SiH, where the film contact angle with the
substrate was ~438.This is similar to the case &igure 3.7c, where PEDOT ASD on Si@s.
Si-H in this work also led to a contact angle of ~40°. This result suggests that the substrate
geometry plays a minimal role in the type of lateral overgrowth that is observed as the film
begins to coat the negrowth surfaceFigure 3.7d shows the case of inverted selectivity, where
the film contact angle was ~30°. This data indicates that the surface energy of-trewthn
substrate and the material properties of the depositioerialatself play a role in determining

the shape and extent of lateral overgrowth.

3.5: Framework for Selectivity Inversion and DuatTone ASD

As noted in the introduction, invarg an established ASD process requires a step or
sequence of steps to passivate (eadgvate) the original growth surface and activate (er de
passivate) the original negrowth surface, where the sequence allows each reaction to occur in
the desired regits without affecting the adjacent region. Ideally, the inverted selectivity should

be comparable to that obtained in the original configuration.
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Figure 3.7. Analysis of lateral overgrowth for different cases of PEDOT ASD: (a) SEM image of
PEDOT on SiQvs. SiH patterned wafer§Adapted with permissiofiom ) (b) Pictorial representation
of image (a), showing a film contact angle of approximately 40°. (c) Pictepe¢sentation dfigure
3.6b, showing a contact angle of approxima#l® for PEDOT ASD on Si@vs. SiH. (d) Pictorial
representation dfigure 3.6e, showing a contact angle of approximatd§ f&r PEDOT ASD on SOH
vs. SiQ-TMS in the inverted selectivity configuration.

For the inversion of PEDOT ASD shown here, the initiaHE&iO; pattern is inherently
selective for PEDOT ASD on Svith limited growth on SH. The SiQ can be passivated by
DMATMS vapor, and the SH can beactivated via oxidation in DI ¥D. The extent of

selectivity in each case is comparalfteggre 3.3e). As shown above, the SiPassivation by
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DMATMS vapor must come before-8i activation by oxidation in DI D. The reaction
sequencés important because performing theksoxidation first makes the surface uniform,
whereagerforming the passivation first allows thetsito oxidize while maintaining the SO
passivationFor this selectivity inversiona starting inherent surface undergoes ¢hemically
orthogonal treatments (passivation and oxidatiomnble one ASD material (in this case,
PEDOTCVD) to be deposited in two configuratiomsa k i n g to nae AADSUDROl pr oc e s ¢
Other examples of tunable ASD configurations can also be consiff@reekxampleSi-
H/SiO; patterned surfaces (like those shown above) can also enable ASDdfyHfi€ing
ODTS to passivate Sind allow HfQ to grow on the SH region'®*An fi nvert edo
configuration can likewise be attained usingctadecene hydrosilylatido passivate the S
surface, enabling Pt ASD on SIXPS and Auger electron spectroscopy (AES) were used to
confirm the comparable selectivity for both procesBes thisexample the initial selectivity
was achieved by passivation, and an orthogonal passivation enabled a different ASD material to
be deposited in the inverted configuration. This orthogonal passivation scheme would also likely
work for a single matéal in both selectivity configurations
Another example involves orthogonal passivation of a Cw/Sifface, where Cu was
first passivated with DDT, followed by passivation of Si@th OTMS?2! In this case, analogous
to the case shown above for the inversion of PEDOT ASD, the sequence of the surface
modification steps was important for successful selectivity inversion. If the patterned £u/SiO
surface is first exposed to OTMS, both regions become passivated, disabling ASD. However, if
the CuBiOz is first exposed to DDT, only the Cu becomes passivated. Then, exposing the sample
to OTMS allows the OTMS to react only on the Si€gion. A gentle heat treatment then

selectively removes the DDT, yikng an inverted configuration for ZnO and®k ASD, with
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selectivity >0.9 for deposition of 5.6 nm of ZnO and 1.5 nm eDAlrespectively. In a separate
study,?° ASD ZnO and AIOs have been reported @O, vs. Cu where the Cu is passivated by
DDT. Therefore, like the PEDOT inversion shown here, the orthogonal OTMS/DDT passivation
scheme on C&iO; is a viable example of dusbne selectivity inversion for a single ASD

material.

3.6: Conclusions

Duaktone ASD of PEDOT with high selectivity was demonstrated on $0SiH and
on SitOH vs. SiQ-TMS. The relative interfacial surface energy of the Si and Bliéhket
surfaces was studied using WCA measurements after each treatment step in two pathways:
sequence A and sequence B. The results indicated that the order of the DMATMS vapor
exposure and liquid DI #D soaking steps has a significant impact on the surface state of the
substrates. The DMATMS vapor exposure catalyzed the subsequent hydooxgfedi-H
during sequence B, which is attributed to either adsorbed DMATMS molecules or reaction with
isolated-OH groups on the surface. PEDOT CVD on blanket wafers further supported these
observations, displaying favorable selectivity for growth initlverted configuration after the
treatments in sequence B. Using these results, the expected selectivity and surface termination on
Si/SiO, patterned substrates during each treatment step was discussed for both sequences. SEM
and TEM images as well as STEBEDS mapping confirmed that sequence B leads to ~40 nm of
PEDOT ASD on SOH vs. SiQ-TMS with selectivity inversion from the inherent selectivity
configuration of SiQvs. SiH.

The ability to manipulate the surface selectivity of PEDOT allows for new applications in

selective passivation for sensitive patterning steps. Furthermore, the concepittohdusbD
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can be extended to other processes for direct patterning of critical layers on desired substrate
regions. For instance, a similar surface treatment strategy could be adapted from the inherently
selective ASD system in this study to an inhibited ASD system, such as adiekdetric

patterned surface. A generalized set of requirements for seleatirsion has been presented

in this work to expand the ASD toolbox. Thésalings will enhance the versatility and

flexibility of ASD systems, allowing forasier integration into existing process flows.
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3.9: Supporting Information

3.9.1 Nucleation Model Background

The analytical model for nucleation and growth during -@edactive deposition (ASD)
has been discussed and utilized in previous work to gain insight on the expected selectivity
between a given pair of growth and rgnmowth surfacesThe model generates trends in film
thickness vs. deposition cycle (for ALD/MLD) or deposition time (for CVD) that can be fitted to
experimental data tdraw generalized conclusions about the nucleation site characteristics of
different surfaces. The parameteis defined in the model as the increase in film thickness per
deposition cycle [nm/cycle] (for ALD/MLD) or per deposition time [nm/s] (for CVD). This
deposition is assumed to be independent of the growth direction and remains constant on a
growth surfaceFor the SiQ and SiOH growth surfaces in this work,represents thslope of
the linear region on a plot of PEDOT thickness vs. CVD time. Growth is assumed to begin on the
nontgrowth surface at nucleation sites that are either initially present or generated during
deposition. The model defines two fittipgrametes of interest to describe nucleation:
represents the initial density of nucleation sites on a surface [sifgsamah. denotes the rate at
which nucleation sites are generated [site$/oyuole] (for ALD/MLD) or [sites/nm s] (for
CVD). Another model parameter that is important for fitting is the incubation tirfoyeles]

(for ALD/MLD) or [s] (for CVD), which describes the number of cycles that elapse before the
nuclei generation rate initiates.

On the norgrowth surface, the model describes nucleation during deposition in terms of
hemispheres with radii that increase at a rate pér unit cycle. The nuclei grow and coalesce
according to the Avrami formalism, yielding data for surface coverage vs. cycle (for ALD/MLD)
or time (for CVD). The volume of deposited material is obtained by integrating the surface
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coverage curve, and dividing this volume by the surface area of the substrate generates a value

for the film thickness.

3.9.2 Model Fitting Results

To start the fitting process, is determined by examining the linear region on a plot of
PEDOT film thickness vs. CVD time generated from empirical data on a growth surface. To
modify the curve shape, or. can be tuned until the curve provides a reasonable fit to the data.
The analysis in this work was simplified by fixing= 0 and varying with an appropriated
value that accounts for any observed nucleation dé&lag curve fitting can be accomplished by
adjusting. or. independently, but a detailed mechanistic analysis of nucleation would require
additional data collection and model iteration that is beyond the scope of this work.

PEDOT film thickness was measured on planar substrates via spectroscopic ellipsometry
(SE) after the surface treatments described in sequence B, and the results are Bigawa in

3.3 Table S3.1lists the' , . , and \ values used to generate the fitting curves in each case.

Table S31. Model fitting parameters for plots Figure 3.3

FigurgTreatmerné(nm/ "E( si t%csy/dn va( s)
1. Pir 3. 0¢( 6.0 *x 1 0
3. 3a 2 . DHRE 3. 2( 6.0 “x 1 0
(SiS&Camplf 3B. DMA] 3. 2( 6.5 'x 1 0
4B..0H 2. 21 1.4 ®°x 1 30
1. Pir 2. 4" 328 40 0
3.3Db 2 . DHRE 3. 2( 9.0 ®x 1 15
(Si Sarn 3B. DMA| 3. 2( 228 40 0
4B .,.0H 2. 21 5.0 3x 1 15

65



Figure S3.1. Conformal PEDOT growth with a thickness of ~50 nm from 15 s CVD on a patterned
Si/SiG; substrate after a modified version of treatment sequence B with an extendgd &tpdsure
step of 3 days.
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Chapter 4: Plasma Etch Resistance Switching of oCVD Poly(3,4
Ethylenedioxythiopheng Thin Films via Mild Thermal Anneal and

Liquid Water Exposure to Manipulate Antimony Incorporation
The following work is a reprint of a manuscript draft that has lageeptedor publicationin
ACS Applied Materials & Interfaces
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Vong, Hannah R.M. Margavio, Cole A. Hodges, Hwan Oh, Gregory N. Parsons*

Department of Chemical and Biomolecular Engineering, North Carolina State University, 911 Partners Way, Raleigh,
North Carolina 27606, United States

*Corresponding authognp@ncsu.edu

4.1: Abstract

Thin, conformal poly(3,4thylenedioxythiophene) (PEDOT) films are rapidly deposited
on Si andSiO, via oxidative chemical vapor deposition (0CVD) using heated monomer and
SbCE. While this conjugated polymer has previously been reported as a candidate for hybrid
optoelectronic device applications, it has also been recently demonstrated as a patterning
material during areaelective deposition (ASD) processes to augment lithbgragatterning. In
this work, we extend the versatility of PEDOT by demonstggtine ability to dramatically
change the rate of film etching during plasma exposure. Whileaassited films etch rapidly in
Oz plasma and CH#Ar reactive ion etching (RIE), we find that after a mild 5 min anneal at 350
°C, the etch rate decreases by a factor of 30. Then, after annealing, we surprisingly find that
rinsing the films for 10Gnin in DI H20 at 80°C allows them to return to their original ragatch
condition. Theannealstep reduces film thickness, increases density, and leads to an increase in

the relative concentration of Sb remaining from the §b&dant used during deposition. High
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angle annular darkeld (HAADF) imaging indicates that the Sb remains highly concentrated on
the surface after annealing and etching. Under0dMRIE conditions, the etch selectivity for

SiO; relative to the annealed films exceeds 40:1, which is larger than many other polymeric and
dielectric hard masks. These results position PEDOT as a favorable ASD patterning material and

plasma hard mask polymer.

4.2: Introduction

Poly(3,4ethylenedioxythiophene) (PEDOT) is a versatile, conductive conjugated
polymer that boasts broad commercial use in certain organic electronic application areas,
including organic lightemitting diodes (OLEDs) and organic photovoltaics (OPVWPEDOT
excelsin these applications due to its high electrical conductivity, exceptional stability in air and
water, stability across a wide pH range, and visible transparéiBgcause PEDOT arranges
itself in a conjugated bond structure, the polymer backbone is rigid and enaloketal overlap,
which contributes to the overall chemical and thermal stability of the mat&iiathermore,
polymer chains in the PEDOT structure participate-gtacking, allowing for hole mobility that
heightens conductivit}’

Initially, the synthesis approach developed for PEDOT involved chemical oxidative
polymerization of the monomer 3gthylenedioxythiophene (EDOT) in an acetonitrile solution
using Fed as an oxidant!*?The resulting PEDOT powder was insoluble in most solvents,
making it difficult to process into a film for coating applications. This problem was eventually
addressed by the addition of poly(styrenesulfonate) (PSS) as a stabilizing dopant in aqueous
solution, yielding colloidal solutions referred to as PEDOT:P8%owever, spircoated

PEDOT:PSS films suffered from device corrosion issues, conductivity reduction from the

69



insulating PSS shell surrounding PEDOT units, and incompatibility of different substrate
materials with the necessary wet chemical techni¢ftiés.

As interest in PEDOT coatings increased over time, new synthesis techniques were
reported to broaden applicability. Researchers begatigatng substrate surfaces with ferric
salts, a solvent, and a reaction inhibitor, such as pyridine, followed by EB@F exposuré’

1% These nanoscale films had high conductivity, light transmittance, and crystallinity.
Furthermore, the liquid preeatment more effectively mitigated side reactions and allowed for
micro-patterning based on pteeatment location. The first reported oxista chemical vapor
deposition (0CVD) of PEDOT utilizkFeC}, EDOT, and pyridine in a vacuum systéhThis
vaporphase process required no solvent ortpratment steps and reduced the dependence of
kinetics on mixing and wetting effects. Additionally, vapeposition allows for conformal
coating of various substrates, including porous materials and fibers. Further synthesis
optimization was achieved via molecular layer deposition (MLD) of PEDOT using sequential,
isolated doses of Mogand EDOT vapof! PEDOT MLD generated films with impressive
conductivities and highly textured crystallinity with precise, layg#ayer thickness control
without inhibitors or additives. Additional studies also optimized PEDOT oCVD by introducing
liquid oxidants, such a8bCk and VOC}.?

Many contemporary reports have focused on PEDOT as an electrically conductive
organic thin film for hybrid optoelectronic deviegplications, demonstrating electrical
conductivity values as high @620+ 240Scm 22 However PEDOT has also recently been
studied as a candidate to assist in the formation of nanoscale patterned features during
semiconductor device manufacturitfgds device feature sizes continue to downscale, traditional

lithographic patterning technologies are facing increasingly stringent demands, with continued
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adherence to Moor eds ?°Cumrent focesnsalirected towardithe 3mmu e st i o
node, which boasts projected pitch sizes as small as 22 Testing and production of

technologies leveraging variations of this device layout are well underway in academia and

industry. Accordingly, photolithography has shifted to extreme ultraviolet (EUV) patterning
technologies, which utilize light at a wavedgh of 13.5 nnt/ However, process integration of

EUV has proven challenging due to the need for new photoresist materials, high equipment

capital cost, and increased potential for alignment and critical dimension errors at the highly

reduced size scaf€3? As such, areaelective deposition (ASD) has been increasingly

investigated as an augmentation to existing lithographic pattetfifigSD exploits chemical

di fferences between surfaces to promote depos
mitigating deposi-gi owt h & Gaenghiasiricticespetificafions n

on new device layouts, new strategies and continued optimizations of ASD are necessary to

achieve its full potential.

Several recent reports have featured PEDOT as an ASD patterning material. For instance,
PEDOT MLD and oCVD were assessed using EDOT ands3iC8iQ vs. SiH to determine
favorable conditions for ASPP During MLD, a growth rate of 0.32 nm/cycle was observed, and
~35 nm was deposited at 90% selectivity. However, a growth rate of 3.2 nm/s was observed for
oCVD, and the thickness at 90% selectivity was ~55.4 nm. These results were translated to line
pattened SiH/SiO, substrates, yielding >30 nm of highly selective PEDOT ASD with lateral
Amushr oomo gr owt dintotthe Sild negion. gnother report @madstrated
Adumaalt er i al o r tybaorygng ouaREDGTSOMD o Sidollowed by W atont
layer deposition (ALD) on SH.2* The order of the deposition steps was pivotal, as performing

W ALD first on StH leads to subsequent blanket deposition of PEDOT op&i®W.
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Performing PEDOT ASD first covers Si@ith a nongrowth surface for W ALD, enabling
ASD on SiH. An additional study found that the selectivity of PEDOT ASD can be inverted on
Si-H/SiO; surfaces, such that PEDOT deposits selectively on Si and not ef°Sids
inversion was accomplished by passivating>2i€ing (dimethylamino)trimethylsilane
(DMATMS) and depassivating SH using DI HO. Once again, the order of the process steps
was crucial, as the process required DMATMS exposure to occur prior tes$ibmersion.
The termnieduviasSIDO was defined to refer to one
the same deposition process with opposite selectivity configurations, enhancing ASD versatility
and flexibility.

Achieving deep, selective etching of Si® an ongoing challenge for many areas,
including micreelectremechanical systems (MEM$)jntegrated memory devicé$,
microfluidics and labon-chip technologies? precision optic$® and semiconductor dielectric
and packaging processeOften, a hard mask material is deposited on particular areas of the
surface, and operating conditiom® carefully tuned to etch exposed Siith minimal effect
on the hard mask for processing steps such as shallow trench isolation to define active regions on
a transistor devic¥. The effectivenessf a hard mask material can be quantified as an etch
selectivity ratio denoting the amount of Si€@ched per unit of hard mask etching. Recent hard
mask materials for deep Si®tching include SNa4, TiN, Ru, W, Al, AkOz, AIN, Ni, amorphous
carbon, poly(methyl methacrylate), and photoréesigt.Continuous improvement of masking
materials and etching processes is required forgemxeration technologiés.

In this work, we evaluate pasynthesis annealing treatments for nanomstate
PEDOT films deposited via oCVD at 150 °C using EDOT monomer ands8kidant on

blanket Si and Si@substrates. After a mild anneal underfldw at 250 °C or 350 °C, the
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PEDOT polymer bonding structure becomes progressively degraeteg. r&flectivity (XRR)

data indicates that a portion of the film volatilizes, and the remaining film densifies.
Furthermore, scanning transmission electron microscopy (STEM) aay photoéctron
spectroscopy (XPS) indicate that the relative concentration of the Sb constituent imparted by the
SbCk oxidant increases during annealing. As a result, the annealed films exhibit robust
resistance to subsequent etching under remote capacitivgliedgplasma (CCP) using@nd

N2 gases. The etch resistance can be tuned, with rapid etching (tens of nm/s) observed if no
annealing is performed, a reduction in etch rate of ~50% after annealing at 250 °C, and robust
resistance to etching after annealing at 350 °C. We observe via XR8dtSb content remains
stable through continued:@lasma etching; however, a brief rinse in DCHemoves Sb, re
enabling rapid etching for clean film stripping. These results were extended AT Hfactive

ion etding (RIE), leading to an etch selectivity of 41:1 for S@@mpared to films annealed at

350 °C for 5 min in M Thus, annealing PEDOT films enables new flexible pathways for

selective masking during plasma deposition and RIE steps.

4.3: Experimental

4.3.1:Deposition and Etching Reactants

Antimony pentachloride (Sb€&;199%, SigmaAldrich) and 3,4ethylenedioxythiophene
(EDOT, 97%, Sigmahldrich) were utilized for PEDOT oCVD. Trimethylaluminum (TMA,
98%, Strem Chemicals) and deionized water (BDHwere utilized for AIOz ALD as a means
to condition the deposition chamber between oCVD reactdhs,O for conditioning and
PEDOT film rinsing was lotained from an ultraviolevaterpurification and deionization system

(Dracor Water Systems\)itrogen gas (B 99.99999%, ARC3 Gases) sourdéemin compressed
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gas cylinders was used as a carrier gas, purge gas, coupon drying gasplasdhbl gas for
oCVD and plasma exposure, while nitrogen gas sourced from a liquid nitrogen tank (N
refrigerated industrial liquid nitrogen, ARC3 Gases) was utilized for venting the deposition
reactor and as a nitrogen atmosphere in the annealing furnace. Oxygep, §2s9@99%,

ARC3 Gases) was used to generai@l@sma. All chemicals and gases were used as received
without further purification or dilution. Sb€and EDOT wee placed in a glovebox purged with

N2 gas before transferring them into their respective staiskess and glass vessels.

4.3.2:Deposition Substrates

Blanket wafers of silicon (boredoped Si (100),-82 q -cm, Pure Wafer) and silicon
dioxide (100 nm thermally grown Si@n borondoped Si (100), Pure Wafer) were cleaved into
square coupons with side dimensions ~1 Eor FTIR measurements, blanket wafers of IR
transparent silicon (boretoped Si (100), 830 q -cm, Pure Wafer) were cleaved into square
coupons with side dimensions of ~2 cm. l-Bpgace patterned Si/Si@as provided by industry
collaborators. All wafer coupons were initiattieaned in piralmasolution heated to 60 °C to
remove organic residues and forrauafacechemical oxide layet? The piranha solution was
composed of a 1:1 volume ratio of sulfuric acid$u, 98% ACS Grade, Fisher Chemical) and
hydrogen peroxide (¥D., Electronic Grade 30% aqueous solution, J.T. Baker). The cleaning
sequence consisted of submersion in piranha solution for 30 min, rinsing #WOObH30 s, and
storage of coupons in DI2@ until use. Immediately before loading into the deposition reactor,

coupons were dried withaN

4.3.3:Reactor Design

PEDOT oCVD was carried out in a hotbailt, isothermal, hetvalled, viscouslow

reactor described previouslyEDOT was heated to 686 °C in a flowthrough glass bubbler
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vessel with a dip tube on the inlet side that extended to the bottom of the vesselv&bCl

heated to 30’0 °C in a singlgort stainlessteel vessel. These precurtamperatures were

adjusted as needed to promote the desired PEDOT growth rate and selectivity. A radiofrequency
(RF) power generator (Huttinger PFG 300 RF) and an impedance matching network (RF Power
Products MN500E) enabled the ignition and tuning of &d N gas plasmas. The plasma

column consisted of a fused quartz tube (Technicals®asducts) that was 30.5 cm longh

an inner diameter of 28 mm and an outer diameter of 32 mm. The quartz tube was connected to
the plasma gas feed line at one end and the top of the deposition chamber at the other end via
guick-connect couplings (Kurt J. Lesker Company). A coppenead wound around the quartz

tube and connected to the impedance matching network, completing the remote capacitively

coupled plasma (CCP) setup.

4.3.4:PEDOT oCVD Reaction

To carry out PEDOT oCVD, inertd\yjas was fed to the precursor delivery lines at a flow
rate of 65 standard cubic centimeters per minute (sccm), leading to a working pressure of ~400
mTorr during oCVD. The individual pressure increases during precursor dosing under these
conditions were 30 mTorr for EDOT and ~20 mTorr for SkCBefore oCVD, samples were
placed in the reactor for 30 min underfddw to establish thermal equilibrium. During oCVD,
EDOT and SbGlwere simultaneously delivered to the reactemmber for the desired
deposition time by actuating the pneumatic valves associated with the respective precursor
vessels. Excess reactant material was purged for 60 s witefdlre the samples weremoved
from the chamber.

After each PEDODCVD reaction, the deposition chamber was conditioned with 50

cycles of AbO3 ALD using TMA and DI BHO. The ALD sequence for this reaction consisted of
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TMA/N /DI H2O/N2 for 0.1/60/0.1/60 s. 100 cycles of this processulted inl2.6 £ 0.1 nm of
Al>03 ALD on blanket SIOH wafersat 150 °C corresponding to a growth per cycle (GPC) of
1.26 Alcycle. The chamber was also periodically cleaned witlpl@sma at an RF source power

of 200 W for 3 min to further remove unwanted contaminants.

4.3.5:PEDOT Annealing

PEDOT films were annealed in a hotmeilt, hotwalled, viscoudlow annealing furnace.
The annealing chanelb consisted of a fused quartz tube (Technical Glass Products) with a length
of 91.4 cm, outer diametef 50 mm, and inner diameter of 46 mm. A rotary vane pump
(Edwards E2M1.5, 2.2 #h) filled with hydrocarbon oil was used to evacuate the furnace
chamber. The tube furnace heating manifold (Thermo Scientific F21138,2D000°C) provided
insulation and programmable proportioiategratderivative (PD) temperature control for the
system. N flow was regulated using an acrylic variable area flow meter (Omeg®EQ). The
outlet line of the chamber contained a needle valve to vent the chamber to atmospheric pressure
using air, a pressure relief valve to prevent overpressurization of the @hamnt a manual
bellows valve that leads to the rotary vane pump. A Convectron pressure gauge (Granville
Phillips 275) was also present on the outlet line and transmitted the pressure reading to an
attached digitadlisplay controller (Granvilldhillips 275 Controller). For the annealing
procedure, the main chamber was-peated to the desired temperature setpoint under vacuum
before loading samples. The chamber was then vented to atmospheric pressure to load the
samples. After loading the samples and evacuating the chambitmwNvas adjusted to
establish a chamber pressure of ~800 mTorr. Once the desired annealing time had elapsed, the

chamber was vented again to remove the samples.
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4.3.6:PEDOT Rinsing

Rinsing of asdeposited and annealed filiesmodify Sb content was carried out using
conditions from a previous studyFirst, a beaker was prepared by rinsing with tap water, drying
with paper towels, and rinsing witbl H-O to remove any unwanted contaminants. The beaker
was then filled with ~100 mL of DI ¥D and placed on a hotplaf€isher Scientific
SP8885720Pset to 200225 °C. The temperature setpoint of the hotplate was adjusted so that an
attached thermocouple probe submerged in theDliHdicated a temperature of 80 °C. A small
metal sample holder was suspended in the middle of the beaker, and a magnatievsts b
placed at the bottom of the beaker with a stirring rate of 600 rpm. Once th&®©Dekched 80
°C, the samples were placed into the sample holder for 10 min. The samples were then carefully

removed and dried with AN

4.3.7:Remote CCP Q and Nz Plasma Exposure

O and N gas plasma exposure sequences were performed in the same reactor described
above for PEDOT oCVDB® For O; plasma exposure, an etching cycle consisted of evacuating
the chamber of Npurge gas for 60 s, activating the gas flow at 17 sccm and stabilizing for 30
s, activating the RF source to generaigl@sma for the desired duration, then purging the
chamber with Mfor 60 s. For N plasma exposure, an etching cycle consisted of turning off 2 of
the 3 N purge gas pneumatic valves (leavingdds flowing at 20 sccm through only the plasma
column) to pump out excess for 60 s, activating the RF gize to generate A\blasma for the
desired duration, then purging the chamber by reactivating the othguidé¢ gas pneumatic
valves for 60 s. Before loading samples for plasma exposure, the desired gas plasma was ignited

for a minimum of 2 min at the desired power level to ensure proper ignition, tuning, and
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performance. Before beginning either plasma exposure process, samples were allowed to reach

thermal equilibrium under an2¥urge gas flow of 120 sccm for 30 min.

4.3.8:CHF3/Ar RIE

CHRs/Ar RIE was carried out in an Oxford Plasmalab 80 Plus RIE Tool. A rotary vane
pump with a Roots blower attachment maintained the base pressure of ~1 mTorr on the tool, and
a butterfly valve enabled precise control of the chamber pressure during pracsasipes
were loaded directly onto the stage at room temperature before pumping the tool down to base
pressure. Prior to RIE, variable capacitors (denoted as C1 and C2) were adjusted manually at the
desired conditions without samples loaded to ensurespropedance matching and minimize
the reflected power. At the beginning of the RIE recipe, inert Ar gas was flowed at 50 sccm for
60 s to ensure stable flow conditions. Next, the Ar flow rate was dropped to 25 sccm, and CHF
gas was introduced to the chamber at 25 sccm. Once the pressure was stabilized at 50 mTorr,
RIE was carried out at for the desired duration at a power level of 75 W. Afterward, the chamber
was purged with 25 sccm Ar at a pressure of 30 mTorr for 3 miall¥;i the chamber was

pumped dwn to base pressure for 1 min before evacuation and sample retrieval.

4.3.9:Sample Characterization

Film thickness, density, and crystallinidatawere investigated using-Ky reflectivity
(XRR) and grazing incidence-iy diffraction (GIXRD in aRigaku SmartLab Xay
diffractometere qui pped wi t h1.54 A @umAKAD ks XRR pattezns were
scannedn a2q rangeof 0° to 10°at a scan ratef 0.0047s. Theresultingpatterns were fitted
using GenX software to determine the film density and thickVe8B5XRD patterns were
collected at a fixed incidence angle of 0.5° to ensure surface sensitivityq Theg2 was

scanned from 10° to 50° at a scan rate of 0.04°/s.
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The relative surface energy of the films was quantified using water contact angle (WCA)
measurements on a goniomeitath an attached camera systévodel No. 200-F1, raméhart
instrument co.)WCA measurements were obtained using the DROPimage software provided by
raméhartinstrument co. and further verified with the Contact Angle plugin for ImageJ image
processing and analysis softwaf&or each measurement, asQdroplet of DI HO was
deposited on the sample surface using a micropipette. A minimum of 5 WCA measurements
were carried out at each site using different manual adjustment parameters to reduce variability.

The vibrational modes of the films after annealing and gas plasma etching were assessed
usingFouriertransform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS60) in
absorbance mode. The samples were allowed to equilibrate in the analysisralnzaebénert
N2 gas flow for at least 15 min before starting the measurements. 400 scans were used for each
measurement to ensure proper spectrum resolution. Depending on the shape of the resulting
spectrum, baseline correction was performed manuaitg the OMNIC software program
provided by Thermo Scientific to improve the visibility of the data.

An electrontransparent crossection (lamella) of an annealed film was prepared using
focused ion beam milling (FIB, Helios 5 Hydra DualBeam Plasma FIB)plasma was used as
the ion source during deposition and milling. A Pt strip was deposited onto the region of interest
using the electron beam and then the ion beam. A thin-sex$®nal window is prepared by
milling large amounts of material on eithéies of the Pt strip using a higlurrent focused Ar
beam. Then, an EasyLift needle was insenm¢al the analysis chamber and welded to the eross
section. The sample was cut away at the bottom and removed from the bulk sample using the
EasyLift, then welded to a Cu TEM hayfid for further thinning. Annular darkeld imaging of

the annealed film waserformed using scanning transmission electron microscopy (STEM,
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Thermo Scientific Titan 8300) with a 200 kV and 0.4 nA electron beam. STEM analysis was
coupled with energylispersive Xray spectroscopy (EDS, Sup€y to map the elemental
composition of the annealed film.

Film thickness on blanket wafer substrates was measureddiiu spectroscopic
el | i ps o mSE ElipsomesiEJ.A. Woollam). The incidence angle of the measurements
was 70°, and the spectral range was-800 nm. Biaxial bspline models, transmission data, and
multi-sample analysis were incorporated into the mesmsents to correct for the known optical
anisotropy of PEDOT! A minimum of 3 sites were measured on each sample to reduce
variability.

The effects of annealing, gas plasma etching, and rinsing on the elemental composition of
the films were characterized usiKgray photoelectron spectroscopy (XPS, Kratos Analytical
Axis Ultra) with aoperdtddatK@mA(add4lB d7eak positidns wageu n
calibratedirom the raw datéy referencing the adventitious C 1s paal binding energy of
284.8 eV and the analysis was carried out in Casa XPS soffit&m@. compositional
guantification analysis, a peak model was created using adsglution scan of the overlapping
Sb 3d and O 1s regions. Contributions were deconvoluted from the;spedk, the Sb 3¢
peak, the O 1s peak for@ bonds in ethylenedioxy groups, and the O 1s peak for metal oxide
bonds, adventitious contamination, surface oxidation, and adsorbed water. First, the separately
resolved Sb 3gb peak was fitted while maintaining a 1.5:1 ratio for the integrated areas between
Sb 3d,2 and Sb 3¢, in accordance with the ratio of the degeneracies between the two states. If
present, the separately resolved O 16 @eak was fitted next, and the remaining area in the Sb
302 region was fitted tohe other O 1s peak described above. This peak model was translated to

the survey scan, where the remaingbgmental peaks were fitted individually.
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Sheet resistance data was collected ofpaidt probe (RM3AR, Jandel) with probe
spacing (s) of 1 mm. Piranttdeaned Si substrates with dimensions (d) of approximately 1 cm x
1 cm were used for deposition, with PEDOT film thickness values ranging 26mm to ~85
nm. Due to the relatively small size of the substrate (i.€. @i}y, a geometric correction factor
of 0.9313 was applied to the obtained sheet resistance vaRsr to the PEDOT sample
measurements, a calibration sample provided by Jandel was measured to ensure consistent
operation. The corrected measurements were multiplied by the respective film thickness values

determined via SE and inverted to obtain comgiig data.

4 .4: Results and Discussion

4.4.1: Results of PEDOT Deposition and Annealing in N

PEDOT oCVD was carried out at 150 °C for 30 s on pirasibaned thermal Si)
leading to an average growth rate of ~3.2 nm/s, which aligns with experimental conditions
previously used for ASB>¢As such, this deposition temperature was used for the films in this
work. Figure 4.1 showsX-ray reflectivity (XRR) and water contact angle (WCA) data for
PEDOT films after 30 s oCVD on 1 cm x 1 cm pirastheaned Si substrates at 150 °C in the as
deposited state (black) and after annealing at 250 °C (red) and 350 °C (blue) for 5 mifhe N
XRR data inFigure 4.1a resulted in the film thickness and density data showdgure 4.1b,
which shows that the adeposited sample has a film thickness of ~Timband a density of ~2.2
glcn®. After annealing for 5 min at 250 °C, the thickness decreased to ~57.5 nm, and the density
increased to ~2.4 g/dnAnnealing for 5 min at 350 °C resulted in a further decrease in thickness
to ~23.1 nm and an increase in density to ~2.8 §/Eigure 4.1c showshe evolution of WCA

as the films are annealed at 250 °C and 350 °C for 5 mia.imally, the WCA is ~54.5° for
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asdeposited PEDOT, and upon annealing, the surface becomes more hydrophilic, with a WCA
of ~37.5° after annealing at 350 °C.

Figure S4.1contains grazingncidence Xray diffraction (GIXRD) data for the as
deposited and annealed films as well as the Si substrate. -Olepa@sited PEDOT film exhibits a
broad, weak peak a2 26° corresponding to the (020) reflection, consistent with previous

reports of varying degrees of intelain stacking from oCVIPEDOT at 150C 2! Annealing at
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Figure 4.1. (a) XRR data after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and
350 °C (blue) for 5 min in N The spectra have been offset from the origin for clarity. (b) Summary of
film thickness (orange) and density (green) data data derived from XRR model fitting, with arrows
indicating the evolution in the data as the annealing temperature was increaBgdIuiion of WCA

data for the annealing treatments. Error bars represent the 95% confidence interval for the datasets.
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250 °C and 350 °C diminishes this peak, and the Si (111) p@gk €28° becomes more
prominent, consistent with a reduction in film thickness. Due to the shallow incident aBg)e (0.
used for GIXRD, the Si peak is not detected until the film thickness is reduced by annealing.

Table $4.1 contains conductivity data measured for thel@gosited and annealed films.
The asdeposited films exhibit relatively low conductivity of ~71 S/cm, similar to previous
reports of vapodeposited PEDOT under various conditiéh&nnealing at 250 °C reduced the
conductivity to ~23 S/cm, while annealing at 350 °C increased it to ~963 Bhcrs,. the film
appears to initially become more insulating, followed by a notable increase in conductivity upon
further annealing.

Figure 4.2shows Fourietransform infrared spectroscopy (FTI&jta collected to assess
the structural changes induced by annealing the PEDOT figiste 4.2a displays the full
FTIR spectra from 4000 to 400 &rfor asdeposited PEDOT (black) and after annealing at 250
°C (red) and 350 °C (blue) for 5 min in.NFigure 4.2 shows the identical spectra expanded

from 1800 to 400 cny, where the intensities of the samples annealed at 250 °C and 350 °C are
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Figure 4.2. (a) Full spectrum of FITR absorbance data after PEDOT oCVD at 150 °C (black) and after
annealing at 250 °C (red) and 350 °C (blue) for 5 minin(®) Zoomeedn plot corresponding to the

boxed region in (a). The spectra have been basaimected and offset from the origin, and scalar
multipliers have been applied to the annealed samples for clarity.
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increased by a factor of 5 and 10, respectively. Tkaepssited film displays sharp peaks
associated with C=C bond stretching in the thiophene ring (~152% stretching from
connective intering C-C bonds (~1312 cr), C-O-C bond stretching in the ethylenedioxy
group (~1132 cm), and GS-C bond stretching in the thiophene ring (~829%:/ Annealingat
250 °C reduces the intensity of the PEDOT peaks, and further annealing at 350 °C leads to loss
of all major characteristic peaks, indicating substantial polymer degradation.

Figure 4.3shows Xray photoelectron spectroscopy (XPS) data collected from the as

deposited and annealed films.Aigure 4.3, the agleposited film (black) exhibits signals due
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Figure 4.3. XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and
350 °C (blue) for 5 min in hin the (a) S 2p, (b) Sb 3d, (c) ClI 2p, and (d) C 1s regions. The spectra have
been offset from the origin for clarity.
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to S 2prat 163.7 eV and S 2pat 164.8 e\V2*+**and annealing at 250 °C (red) and 350 °C
(blue) produces minimal change in this region. The correspo&tir® and O 1s regions in
Figure 4.3b show peaks due to Sbsadt 530.6 eV and Sb 3dat 540.0 eV. The peak positions
in the S 2p region and deconvolution of the Sk.3ekak indicate that the Sb content in the as
deposited and annealed films most closely resemblg3Stather than SiOs or antimony
sulfide8:%2The O 1s peak (organic-O bonds) is also visible at 533.0 eV. While annealing at
250 °C had a minimal impact in this region, annea#ing50 °C notably increased the
prominence of the Sb 3d peaks and diminished the O 1skigake 4.3c displays overlapping
Cl 2p peak doublets representing, 8bCk’, and GCl specie$? After annealing, only the Sbgl
doublet remaingrigure 4.3d shows the C 1s region, with a@C peak visible at 286.2 eV and
the adventitious € peak visible at 284.8 eV (i.e., the binding energy value set during
calibration, as stated in the Experimental section). Annealing reduced the intensity €diGe C
peak, while the adventitious-C peak was unaffected. As expected, the Si 2p and N 1s regions,
shown inFigure $4.2a-b, show no major discernible peaks. The-falhge XPS spectra are also
availabk inFigure $4.2c with relevant regions annotated.

Figure 4.4shows higkangle annular dafield scanning transmission electron
microscopy (HAADF STEM) imaging aftéetEDOT oCVD at 150 °C and after annealing at 350
°C for 5 min in N. Note that the bright areas above the film are Pt deposited during sample
preparation before imaging. Figure 4.4a, asdeposited PEDOT is shown conformally coating
a patterned Si/Sigsubstrate. The higher magnification imagé&igure 4.4b displays the film in
greater detail, anBligure 4.4c shows a corresponding enegjgpersive Xray spectroscopy
(EDS) map. The EDS signals from S (red) and Sb (yellow) are distributed uniformly throughout

the film. InFigure 4.4d, contrast is visible between the brighter upper region of the annealed
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Figure 4.4. (a) TEM image after PEDOT oCVD at 150 °C on a patterned Siiifstrate. (b) Higher
magnification HAADF STEM image of the boxed region in (a). (c) EDS map of (b). (d) HAADF STEM
image after PEDOT oCVD at 150 °C on a blanket Si subgoldeved by annealing at 350 °C for 5 min
in N2. (e) Higher magnification image of the boxed region in (d). (f) EDS mag).oflje bright regions
above the films are Pt deposited during sample preparation for imaging.

film and the darker lower region. The higher magnification imadaguare 4.4e provides a

more detailed view of the film, arfeigure 4.4f shows a corresponding EDS map. After

annealing, the Sb signal appears to have migrated to the upper region of the film, consistent with
the contrast difference in the HAADF imageFigure 4.4e. TheEDS signal from &ilso

confirms that the darker contrast regiorigure 4.4e consist®f predominantly residus®

material. The segregation of Sb toward the top of thedfber annealing is consistent with the

XPS results irFigure 4.30, which show an increase in the Sb fraction after thermal treatment.

Due to the largely amorphous nature of the films, no crystallites were detected in the images.
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4.4.2: Discussiorof PEDOT Deposition and Annealing in N

From the XRR, WCA, FTIR, XPS, and STEEDS results, we observe that annealing at
350°C results in a substantial decrease in film thickness and a small increase in &ensity (
4.1a-b), as well as a transition from a lower energy polymeric surface to a higher energy surface
more representative of metallic materidtgg(re 4.1c).54%°We also observe a loss of vibrational
modes associated with the PEDOT structiigyre 4.2). The XPS resultsgure 4.3) suggest
that annealing leads to the volatilization of ethylenedioxy groups that contributes to the observed
thickness decrease, as indicated by the reductimansity of the separately resolved O 1s peak
attributed to organic €© bonds and the C 1s peak corresponding@ C bonds. The
remaining peaks in the Zp region indicate that fragmented thiophene rings may remain on the
suface after annealing. The observed increase in the intensity of the Sb 3d peaks aligns with a
more metallic, inorganic $S0s surface, which is in agreement with a lower WCA and higher
conductivity Table $4.1). The STEMEDS resultsKigure 4.4) indicate that the Sb content
partially segregates toward the top of the film, while the S content remains primarily in the lower
region. The data clearly shows that, upon annealing, the initial PEDOT structure no longer
remains. XPS compositional quard#tionanaysis after annealing at 350 °C indicates that the
film primarily contains Sb, O, C, and $gble41) , so, i n this paper, the
PEDOTO refers t afilnsmsshpun m the table Sabo® Eoncentration (~3%)
of Cl is also initially present after oCVD, which aligns with previous studiaad this content is

further diminished during annealing.

4.4.3: Results of Plasma Etching of ABeposited and Annealed Films

As-deposited and annealed films on SgDbstrates were exposed tolasma using RF

power ranging from 10 to 200 W. Sample thickness was measureeskiy spectroscopic
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ellipsometry (SE) before and after plasma exposurefFande 4.5a shows the net etch rate as a
function of RF power for the samples studi€de etch ratef asdeposited PEDOincreags
linearly with RF source power up to a maximum o@+&n/sat 200 W After annealingat 250

°C, the etch rate is reduca~13 nm/s at 200 W.nealing at 350 °@urther reduces the etch
rate to~1 nm/s at 200 \WFigure 4.5 showshe etch ratas a function of annealing tina¢ a

fixed RF source powesf 50 W. Increasinghe annealing tim&om 5 minto 80 min has a

minimal impact oretch resistangeso an annealing time 6fminwas selected for further studies
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Figure 4.5. (a) O plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C
(red) and 350 °C (blue) for 5 min irxlds a function of RF source power on blanket,Siibstrates. (b)

O, plasma etch rate as a function of annediimg for films annealed at 250 °C (red) and 350 °C (blue).

(c) N2 plasma etch rate after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red) and 350
°C (blue) for 5 min in Mas a function of RF source power on blanket,Siibstrates.
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in this work Samples on blanket Si@vere also subjected i, plasma and thenetetch ratds
plotted inFigure 4.5c. The trends$argely mirror those shown ifigure 4.5a for & plasma
etching, but the magnitude of the etch ratsuigstantially slowefor N2 plasma.The substantial
decrease in etch rate upon annealingsigecially intriguing when viewed in conjunction with
Figures4.2-4.4, which suggest that annealing degrades the polwyigdding an Sbrich
modified film. Films were also deposited piranhacleaned Si wafers, and results fromand
N2 plasmaetching, shown inFigure S4.3xc, displaythe same trendssFigure 4.5
The effect of @and N plasma exposure on the vibrational modes detected via FTIR for
asdeposited and annealed films is showkigure S4.4 In general, the vibrational modes were
diminished during exposure to either plasma, with the extent varying depending on the gas and
the annealing treatment. A more detailed discussion is provided in the Supporting Information.
Figure 4.6shows the results of XPS analysis after exposing the annealed films to O
plasma for varying numbers of cycles atoavpr level of 50 W, with each cycle consisting of 2 s

of plasma exposure. The power level and cycle time were selected to observe changes in film

60k T T ™ T T
Sb 3d
(@)S2p o, s, (b) Sb3d  ° P
45k F E E 750k | Sb §d312 H .
H 5 H 0 *
30k k 500k 2 L

15k } 350 °C : : ] 250k :
E = 350°C_~_
PEDOT ; E PEDOT !
0 : : 0 :

168 166 164. 162 545 540 555 5é0 525
Binding Energy (eV) Binding Energy (eV)

Figure 4.6. XPS analysis after PEDOT oCVD at 150 °C (black) and after annealing at 350 °C for 5 min

in N2 (blue) followed by etching for 1 cy (pink), 5 cy (cyan), and 10 cy (green) usipip€ma at an RF

source power of 50 W in the (a) S 2p and (b) Sbegibns. Each etching cycle consisted of 2 s of plasma
exposure. The spectra have been offset from the origin for clarity.
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composition during the early stages of etching.tRerexample shown, the-dsposited
thickness was ~69.8 nm. After annealing, the thickness was ~16.5 nm, and after 1, 5, and 10 etch
cycles, the thickness decreased to ~14.7, ~8.2, and ~8.1 nm, respectively. Upon plasma
exposure, the intensity of the S @gaks inFigure 4.6arapidly diminished, consistent with
initial film etching. Conversely, the Sb 3d peaks consistently increased in intensity as the number
of Oz plasma cycles increased from 1 to 10jeating that Sb remains incorporated into the film.
This result is consistent with the XPS and STEM analysegyures 4.34.4, where annealing at
350 °C produced a modified film with a higher surface Sb concentration. In this ggdas®a
exposure led to a larger relative increase in the Sb fraction observed b¥igen® @.6b)
compared to that observed during the annealing Eigpre 4.30). Similar trends in the S 2p
and Sb 3d regions were observed fedaposited and annealed films at 250 °C for 5 minin N
with results shown ifrigure S4.5

For the asdeposited and annealed samples, XPS data was also collecte€ir2(heC
1s, Si 2p, and N 1s regioafier Q plasma exposure, and results are showkigares $4.6-
$4.8. In all cases, the Cl 2p and C 1932C signal intensities are diminished asplasma
exposure proceeds. The Si 2p peaks from the substrate also become visible as the films are
etched. For the sample annealed at 350 Hgare S4.&, the Si 2p peak intensities remain
generally lower after continued exposure, suggestingceetatching in agreement with SE

measurements iRigure 4.5 The N 1s region shows no major discernible peaks.

4.4.4: Results of DI HO Rinsing of AsDeposited and Annealed Films

Previous reports have indicated that a short rinsing step with@IcHn aid imemoving
unreactednaterialfrom PEDOT thin films?%?1 To better understand the effect of this rinsing

step,Figure 4.7shows XPS and SE data for rinsed PEDOT filkigure 4.7a-b shows XPS
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Figure 4.7. XPS analysis after PEDOT oCVD at 150 °C (black), annealing at 350 °C for 5 mjn in N
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spectra have been offset from the origin for clafigy Etch rates of the films during @lasma exposure
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data for PEDOTafter oCVDat 150°C (black)on blanket Si substratesd10 min DI HO
rinsing at 80 °Ggreen).Figure 4.7ashows that the two characteristic S 2p peakerenot
diminishedby therinsing processrigure 4.7 contairsthe Sb 3d and O 1s regions, and the data
clearlyshows that th&b contenbbservedafteroCVD is diminished aftetO min ofrinsingin
continuously stirred DI BD. TheO 1s peakemainsafter rinsing and is attributed to the
remainingpolymer materiabn the surface, adventitious contamination from atmospheric
exposure, and adsorbed water (see also C 1s pebkpines S4.10S4.13. In Figure 4.7c-d,
XPS data is shown for a 350 °C annealed film after rinsing. Similar to tthepasited sample,
the peaks in the S 2p region were not diminishedrntsng. Thus, we suspect that residual sulfur
content from fragmented thiophene ringsha degraded polymer network remains incorporated
in the amorphous film matrix. Furthermore, the Sb peak® completely diminished, leaving
only the O 1s peak behind. The removal of Sb from the filmsfuvtser confirmed via
compositional quantification analysis, with results showhahle 4.1. Thus, a short DI bD
rinsing step removes the Sb content from thdegmsited and annealed films. Similar trends in
the S 2p and Sb 3d regions were observed for films after annealing at 250 °C for 5 min in N
with results shown ifrigure $4.9.

For the asdeposited and annealed samples, XPS data was also collected aft€r DI H
rinsing in the Cl 2p, C 1s, Si 2p, and N 1s regions, and results are shBignries $1.10-S4.12.
In Figures $1.10-$4.11, the C 1s @-C and CC peaks remain clearly visible as Sb is removed
from the films. The Sb&ldoublet in the CI 2p region is consistently removed during rinsing. In
Figure $4.12c, the Si 2p peaks are faintly visible after rinsing due to the slight thickness
reduction during the removal of Sb content. No major discernible peaks were observed in the N

1s region.
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Table 4.1. Summary of atomic concentration determined via XPS compositional quantification analysis
after PEDOT oCVD followed by annealing and rinsing treatm&nts.

At omic Concentratio

El em
OCVLEL Annece AnnezOCVE Annea}
150 250 / 350 , 190 350 A
+ Ri + Rin
C 58 60 29 6 8 72
Sb 8 10 41 0 0
S 8 9 8 8 9
23 20 20 23 18
Cl 3 1 2 1 1

#The uncertainty for each atomic concentration value is £0.5%. All data have been rounded
to the nearest %.

The etch rate of the aeposited and annealed films in @asma at an RF source power
of 100 W is shown ifrigure 4.7e. This power level was selected to ensure that the etch rate was
sufficient for clean removal of residual material. The bidata points are repeated fréfigure
4.5to demonstrate that the etch rate decreas¢e annealing temperature is increasedrdthe
data pointsndicate the etch rate for these samples aféemin of rinsing irDI H>O at 80 °C
Rinsing had a negligible effect on the etch rate edeggmosited PEDOT~14 nm/s) but theetch
rate of the sample annealed at 250 °C roughly doubled to match the etch rademdsited
PEDOT.Similarly, rinsing increased the etch rate of the sample annealed at 350 °C, matching

the rates of the other two samples.

4.4.5: Discussion of Plasma Etching of ABeposited, Annealed, and DI HO Rinsed Films

From the SE measurements aftera@d N plasma etchingHigure 4.5), we see that
annealing the PEDOT films reduced the etch fatem the XPS analysis of the etched films
(Figure 4.6), we can concludthat the Sb content consistently remains present during annealing
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and repeated £plasma exposure. Furthermore, the shift to a higher binding energy during
continued plasma exposure is indicative of a transition from tfiev@lence state to Sh(i.e.

SkOs to SkB0s).5t From the XPS analysisf the DI HO rinsed asleposited PEDOT and

annealed filmsKigure 4.7a-d), we can conclude that the short rinsing step is sufficient to

remove Sb content from tlidms. While SbOx compounds are only slightly soluble in®iat

room temperature, the volume of the films is vanishingly small compared to the volume of water
used for rinsing (~100 k), so the Sb content in the films is well below the solubility Iftit.

After the rinsing process, the compositmfiithe remaining polymer content is not significantly
altered, and the material is not removed from the surface. Thus, rinsing uOBidrves as a

rapid, benign treatment step to enable removal of Sb content frdepasited and annealed
PEDOT. From the SE measurements on rinsed samples exposeplagr@a Figure 4.7e), we
observe an increase in the etch rate of the annealed filmsia$iag. The ability to rapidly etch
rinsed films demonstrates that anleeafilms could serve as a temporary masking layer for

plasma deposition steps. In this way, the presence or absence of Sb content seems to be a key
differentiating factor for etch rate control, with oCVD and annealing serving as a quick and
facile methodo impart Skrich films to the substrate surface. Howew@r plasma is not

expected to etch relevant adjacent materials, motivating extension of these results to other
systems.

4.4.6: CHRs/Ar Reactive lon Etching of AsDeposited, Annealed, and DI HO Rinsed

PEDOT

Mixtures of CHE and other gases (such as As, OHs, and H) are used to etch SO
during patterning process&s?® Accordingly, Figure 4.8shows etch rate data for-dsposited

and annealed films as well as Siuring CHR/Ar reactve ion etching (RIE) after oCVD at 150
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Figure 4.8. (a) Etch rates of adeposited and annealed films during GHF RIE at 75 W after oCVD at
150 °C and annealing at 250 °C and 350 °C for 5 mirpindfbre (black) and after (red) rinsing in DI
H-0. (b) Etch selectivity ratios of SK0 asdeposited andnnealed films.

°C and annealing at 250 °C and 350 °C for 5 min4dnitNFigure 4.8a, etch rate data is shown in

black for CHRE/Ar RIE at 75 W. The flow rates of the tvgases were 25 sccm, and the chamber

pressure was fixed at 50 mTorr. These flow conditions and the selected power level provided a

stable configuration to minimize the reflected power during RIE. Sinaldata collected for ©

plasma exposures, increasing the annealing temperature notably reduced the etch rate during RIE

from ~0.12 nm/s to ~0.01 nm/s.Hastance, one film annealed at 350 °C for 5 min imals

etched from ~23.8 nm to ~21.4 nm after 180 s of RIE at 75 W. As shown by the d=ta in

rinsing in DI O did not affect the etch rate ofdsposited PEDOT, but it notably increased the

etch rates of the annealed samples, similar to resultsfola@ma inFigure 4.7e. Cross

sectional SEM images of -@eposited and annealed films after 180 s of RIE are shotigume

$4.13, demonstrating that the films remain uniform and conformal on the surface after etching.
In Figure 4.8, the CHRs/Ar RIE etch rate of ~0.40 nm/s for SiControl samples was

compared against the-dsposited and annealed sample etch rates without rinsing to generate

etch selectivity ratios. Adeposited PEDOT yielded a selectivity ratio of 3:1, and annealing at

250°C increased this ratio to 7:1. However, annealing at®8€onsiderably increased the ratio
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to 41:1. This selectivity is greater than or comparable to other polymeric and dielectric hard
masks}¥5%70although some metallic masks have reported higher fdti8Fhis data adds to

the versatility of the annealed films as a higkdyective oCVD polymer mask for SIRIE that

can be rinsed in DI ¥D to accelerate removal. Future work combining PEDOT spatial etching,
selective SIQRIE, DI H20 rinsing, and @plasma surface cleaning in one cohesive process

would further support the feasibility of this patterning procedure.

4.5: Conclusions

In this work, we have demonstrated structural and compositional changes to oCVD
PEDOT films after mild thermal annealing and liquid water exposure. XRR and WCA
measurements indicate that the film thickness is reduced due to volatilization and densification
and that the surface becomes more hydrophilic. XPS and STEM suggest that the relative
concentration of the Sb constituent imparted by the Si@dlant during deposition increases as
a function of the annealing temperauwith much of that material segating to the top of the
film to form a surface SkDz layer. Whilethe asdeposited PEDOT films etch rapidly (up to 30
nm/s) under @and N remote plasma exposure, annealing for as little as 5 min gnedtly
reduces the etch rate in both cases, reaching values as low as 1 nm/s or less. FTIR and XPS
results indicate that the polymer structure is degraded during annealing and subsequent plasma
etching, but the Sb content rem&incorporated into the film and even becomes more
electropositive. HoweveXPS resulturther indicate that a short rinsing step in BICH
eliminates the Sb content, allowing for clean and rapid removal of the remaining film content via
remote Q plasma exposure. Translation of these results tos@RIE resulted in an etching

selectivity of 41:1 for Si@to films annealed at 35 for 5 min in N.
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The ability to promote @and N plasma etching resistances via short thermal annealing
steps indicates that thermally modified PEDOT films could serve as a masking material during
plasma deposition of oxide and nitride materials. Afterward, the short@lIridsing step
provides flexibility to remove polymer content from the surface after processing. Similarly,
resistance to CHFAr RIE is significant for pattern transfer to blanket Sfiims. Given
previous results displaying highly selective ASD of PEDOT on Sy/Séfterned surface)e
results shown here enhance the performance and versatility of this material for masking during
plasma deposition and etching processes. Additional studies combining these steps in series to
achieve patterned Si@tching would further support potential process integration feasibility.
Furthermore, while results in this work utilize Sb delivered by the sSib@lant,the observed
mechanism may also occur with other materialduding those that are more eaahundant

than antimony.
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4.8: Supporting Information

Figure $4.1. GIXRD analysis after PEDOT oCVD at 150 °C (black) and after annealing at 250 °C (red)
and 350 °C (blue) for 5 min inANThe Si substrate (green) is also included for comparison. The spectra
have been offset from the origin for clarity.
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