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Abstract

Molecular sefassembly is the basis of structure in Nature. While of far less complexity
than a natural system, the same physical rules apply to simple synthetic designed
systems that spontaneously form sedfembled structures and patterns. The self
asembly of block copolymers (BCPs) is an interesting example, as it can be harnessed
to form both 2D (in thin films) and 3D (in bulk) porous and chemically controlled
morphologies at scale. The sasembly of BCPs on surfaces is of interest for a range
of applications, but due to the enormous economic driver that is the computer industry,
this direction has been pushed most strongly.-&sémbly of BCPs has been
described in the International Technology Roadmap for Semiconductors (the ITRS, and
now the ICRS) for almost two decades for lithography on semiconductors and for
patterning the magnetic material of hard drives. As a result, there has been much
academic interest, both fundamental and applied, to meet the challenges as outlined in
the ITRS/IDRS dueo the promise of this scalable and loast nanopatterning
approach. More recently, the remarkable work harnessing BCBRsselimbly has been
directed to other applications, one being optical metamaterials; this thesis will add to
this growing body of seince. One aspect holding BCP setembly back is the
defectivity in the patterned material or surface; some applications are more defect
tolerant than others, but hard drive and other compuitierstry applications have very
low tolerance for defects. i, therefore, important to have systematic control over the
selfassembly process as well as quality of the final patterns generated by BCP self
assembly for these applications and others not yet imagined. This thesis examines the
defectivity of the hexgonal nanoscale patterns derived from BCP-asdembly and
looks at extending them to produce nanoscale patterns of native anththan
morphologies that have plasmonic properties.

This thesis is divided into two parts. The first part deals with opétidn of
solvent vapor annealing of BCP saldsembly, the critical step in which the actual
nanoscale phase segregation takes place; in this case, it uses a controlled solvent vapor
flow annealing apparatus, design of experiment and machine learnirzpelpgs. In
this work, it was discovered that slight variations in the initial film thickness on the



order of even a couple of nanometers and the final swelling degree have a huge
influence on the defectivity and the quality of the resulting patterns. N&dhine
learning approaches are applied to compile qualitative and quantitative defect analysis
into a single figure of merit that is mapped across an experimental parameter space.
This approach enables faster convergence of results to arrive at therogimealing
conditions for the annealing of thin films of BCPs of-BBDMS that generate
nanoscale hexagonal patterns of silica dots with a minimum number of defects.

In the second part of the thesis, mixed metal/oxide double layer patterning was
studied using sequential selésembly of BCPsThe second part of the thestars
with optimization of reactive ion etching (RIE) for producing single layer metal
nanopattars from metal iofloaded thin films of P$®-P2VP BCPs to generate single
layers of hexagonal metal nanopatterns that can withstand a second consecutive
reactive ion etching step. The goal of this work is to enable density doubled and/or
Moiré pattern formon via selfassembly of a second layer of BCP on the initial
pattern prepared by sedssembly of either the same or different BCP, as will be
described in Chapter 4. Therefore, the initial pattern produced via BC&sselhbly
and RIE etching would ndedo withstand a second treatment step of BCPassiémbly
and RIE. While single layer nanopatterns of Au and Pt nanoparticles can be produced
without much trouble, these resulting patterns could not be applied for density
multiplication of metdalmetal ranopatterns since the metal dots become too small and
disordered. To demonstrate that metal nanoparticles derived from BCPs could be used,
at least, to produce a mixed metal oxide/metal patterns, arrays ol @&Were first
producedfrom PSb-PDMS BCPsand then layered a BCP of #9P2VP that was
subsequently loaded with gold or platinum ions. Upon RIE etching, the BCP is removed
and the SiQAu or Pt nanoparticle arrays were produced.

Based upon theutcomesof the optimization of theetching work, mied Au
Pt commensurate and incommensurate hexagonal lattice patterns were produced on
both silicon and quartz substrates. Finally, the optical properties of these mixed metal
PtAu bilayer patterns were studied. They demonstrated interesting plasmonic
properties of the bilayer patterns, including consistent observation of extended plasmon

bands that suggest coupling of the localized surface plasmon resonances (LSPRs) of



the gold nanoparticles through proximal platinum nanoparticles when arrayed in

periodicpatterns.



Preface

This thesis is arranged into five chapters. Chapter 1 gives a brief overview about the
lithographic techniques and role of directed-ssl$embly using block copolymers in
patterning, along with the concepts of polymer chemistry afiéhssembly. Chapt&
discusses how to use machine learning approaches to analyze and quantify defects
observed in block copolymer se&l§sembled patterns and optimize the solvent vapor
annealing parameters in an effective and efficient way. Optimizafioeactive ion

etching for deposition of a single layer of metal nanopattern using several methods was
explained in Chapter 3 in order to fabricate nietadtal bilayers. Chapter 4 contains

the generation of mixed metal/oxide double layer patterns andigates their optical
properties.

The work presented in Chapter 2 is published as Gayashani Ginige, Youngdong
Song, Brian C. Olsen, Erik J. Luber, Cafer
Annealing, Defect Analysis, and Optimization of S&fisemlty of Block Copolymers
Using Machi ne L e ACSnAppl. dMatek dnperface202h I3 $24),

28639 28649. | designed the experiments and conducted them together with Dr.
Youngdong Song, who was a visiting graduate student in our group from the Yavuz
group at KAIST in Korea, and now at KAUST in Saudi Arabia. | wrote the initial text
draft ard analyzed the data with Dr. Erik J. Luber and Brian C. Olsen. The solvent
vapor flow annealing system was designed by Dr. Erik J. Luber and Brian C. Olsen.
The control software, machine learning algorithms, and all the images were processed
by Brian C.Olsen. All the authors contributed to the discussion and text editing.

All the experiments in Chapter 3 were designed and conductee bgder the
guidance of Dr. Erik J. Luber, Brian C. Olsen, and Prof. Jillian M. Buriak. All the image
processing and datmnalysis were carried out loge. | wrote the discussion part and
Prof. Jillian M. Buriak contributed to the writing of the text.

Chapter 4 is being restructured as a manuscript that will {zittmred with
Brian C. Olsen, Dr. Erik J. Luber, Prof. Mark MicDermott, and Prof. Jillian M.
Buriak. | performed all the experiments, created each figure, and analyzed most of the
data. Dr. Erik J. Luber, Prof. Mark T. McDermott, and Prof. Jillian M. Buriak
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contributed to the analysis of UMs spectroscopy datawrote most of the text, and
Prof. Jillian M. Buriak contributed to writing and editing the text.

Chapter 5 is the thesis summary and outlook for several future research
directions in the field.
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maps showing dot locations for all 28 combinations of initial thickness of tHe PS
PDMS films and swelling degrees, indicated by the labelled rows and columns,
respectively, andhowing color values for BCP lattice cell orientation in degrees. Scale
bars are 1 um. (b) Details of (a) showing individual dots. Scale bars are 250 nm. The

images are from reference 158 with permission of the American Chemical SB8iety.

Figure 2.12 (a) Dot value maps showing dot locations for all 28 combinations of initial
film thicknesses and swelling degrees, indicated by the labelled rows and columns
respectively. Color represents the number of BCP lattice cell neighbors as determined
by Delaunaytriangulation. Scale bars are 1 um. (b) Details of (a) showing individual
dots. Scale bars are 250 nm. The images are from reference 158, with permission of the

American ChemiCal SOCIEtY........cooviiiiiiii e 55

Figure 2.13 Registration error as a function of SVA conditions. (a) Dot value maps
showing dot locations for all 28 combinations of initial thickness of th&-PHSMS

films and swellingdegrees, indicated by the labelled rows and columns, respectively,
and showing color values for registration error in percent dot pitch. Scale bars are 1
pm. (b) Details of (a) showing individual dots. Scale bars are 250 nm. The images are

from reference 38 with permission of the American Chemical Society............ 57

Figure 2.14 (a) Dot value maps showing dot locations for all 28 combinatad initial
film thickness and swelling degrees, indicated by the labelled rows and columns,

respectively, with color values of local orientational order parameters. Scale bars are 1
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pm. (b) Details of (a) showing individual dots. Scale bars are 250(¢)nSupport

vector machine fitting using a radial basis function kernel of the average local
orientational order parameter. The images are from reference 158 with permission of
the American ChemicCal SOCIELY...........uuuuuuuuiiiii i erre s 58

Figure 2.15 Defect distance as a function of SVA conditions. (a) Dot maps where the
color value is the distance to the nearest defect. A defect is defined as having a
registration error less than 17% where all of the vacancies and grain boundaries are
included. Scaldars are 1 pm. (b) Support vector machine fitting using a radial basis
function kernel of the effective defect distance per SVA condition. The images are from

reference 158 with permission of the American Chemical Society.................. 59

Figure 2.16 (a) Dot value maps showing dot locations for all 28 combinations of initial
film thickness and swelling degrees, indicated by the labelled rowscandns
respectively. Color represents the defect cutoff of 17% of registration error, where
orange dots are defects corresponding to Figure 2.13. Scale bars are 1 um. (b) Details
of (a) showing individual dots. Scale bars are 250 nm. The images arecfenence

158 with permission of the American Chemical Society.............cccceeeiiiceennnnnnd 60

Figure 2.17. (a-b) Crosssectional schematic (a) lemagnification micrograph (b) of
terraced phases of wetting, singéand doubldayer morphologies with dot forming
PSb-PDMS, after solvent annealing and removal of polymer by plasma cleaning. (c
e) High magnification SEM micrographs of the single layerdolyble layer (d) and
wetting layer (e). This image is from reference 155 with permission of the American

ChemiCal SOCIELY ... it e e e e emeaens 61

Figure 2.18 Number of hexagonal dot layers as a function of SVA conditions. (a) False

color low magnification SEM micrographs showing wetting layers in dark blue, single

layers in green, and double layers in yellow. Scale bars are 50 um. (b) Support vector
madine fitting using a radial basis function kernel of the area averaged number of dot

|l ayers, where 00 represents a wetting | ay
A20 represents doubl e Iia4teimprave cordrasthe Scal e b

images are from reference 158 with permission of the American Chemical S68iety.
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Figure 2.19 Support vector machine fittingsing a radial basis function kernel of the

(a) defect distance of the R@ercentile (where a defect is defined as having a
registration error above 17%), where the majority of the vacancies and grain boundaries
are included, (b) fraction single layer, and (c) multiplication of fraction single layer by

defect distance. The imagare reproduced from reference 158 with permission of the

Figure 2.2Q The fit of the predicted SVM odels in Figure 2.19 versus the actual
values. (a) 20th percentile of defect distance, (b) fraction of single layer, and (c)
multiplication of fraction single layer by defect distance. The images are from reference

158 with permission from the American @hieal Society..............coevvvvvivivrieeee.. 66

Figure 3.1 SEM micrographs of (a) planar view (b) Tilted view of a porous thin

film of PS after removal of PMMA by exposure to UV, followed by an aqueous
development in acetic acid at (c) low magnification and (d) high magnification of a 100
nm thick suspendedopous silicon membrane. This image is from referé&t&®with

permission from the American Vacuum SoOCI€ety............cccoevviviiiieeeeiiieeeeeeeeeee, 70

Figure 3.2 (a) Structure and molecular weight of poly(styrr2-vinylpyridine) (PS
b-P2VP). (b) Schematic representation of spin coating a solution -of F2S/P in
toluene on a silicon substrate with a native oxide laybermal annealing of the
pseudohexagonal arrays leading to a fingerprint pattern with P2VP cylinders embedded
within the PS matrix. P2VP swelling as a result of protonation by immersing thermal
annealed samples in an acidic cation solution. Electrost&i@ation of anionic metal

salts with the protonated P2VP layer to load with metal salts, followed by plasma
treatment to remove polymer and form metal wires on the surface. (c) Electrostatic
attraction between anionic metadmplexeswith the protonated 2/P block, in an

acidic environment. This image is from referenc® iGth permission from the

American ChemiCal SOCIELY . ...ii it eene e eaenes 71
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Figure 3.3 Bright-field TEM images of thin film cast using micellar solutions of PS
b-P2VP treated with 0.5 equivalents of HAu@kr pyridine unit after reduction with
anhydrous hydrazine for different time intervals. (ajeAfL min reduction, one gold
particle per micelle with diameter of 9 nm. (b) After 30 min reduction, the initially
formed gold particles paired up. The insets show high magnification images for one (a)
and two (b) gold particles. (c) After 2 days reductiooagulation of initially formed

gold particles resulting in large crystallites and empty micelles. This image is from
reference298with permission from John Wiley & Sons..........ccccceeeiiiiiiiieecinnnes 72

Figure 3.4 SEM micrographs of top and cressctional view of Pt nanopatterns by
PSb-P2VP (125kb-58k) template. (a) Pt dot pattern, (b) Pt line pattern. This image is

from referenc&03with permission from the American Chemical Society......... 73

Figure 3.5 (A) A schematic representation of a parallel line pattern in a polymer film.
Characteristic line spacing for areas with a single layer of lineslwafter the
metallization step was performed (B). Line spacing halsed toL/2 for areas with
double layers of lines (C). The cressction image (D) represents both layers of lines,
with the top layer lines being slightly brighter and narrower than those of the underlying
layer. (EG) Similar pattern formation and dgty doubling for dot patterns. All scale

bars are 100 nm. This image is from refere3@éwith permission from the American

Figure 3.6 (a) A schematic representation (up) and SEM micrographs (bottom) of a
sequential selassembly of P®-PDMS to generate silica honeycomb patterns. (b) A
schematic representation of three different scenarios effoettiit contact within a
lattice with the geometrical values of interest within the perfect hexagonal lattice with
dot overlapf > 1), touchingf = 1) and no contacb 1). This image is adapted from

reference805with permission of the American Chemical Society.................... 75

Figure 3.7. SEM micrographs afa) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated frombF=RVP (44kb-8.5k) of the same
sample. (c) Low (d) high magnification images of sequential nanopatterningRif Pt
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double layer dot patterns using thiegle layer of Pt nanodot pattern in (a). Brighter

dots correspond to the second layer of Pt nanopattern, and dark dots represent the
bottom layer of Pt nanodots. All the scale bars are 250 nm, and the insets show the
corresponding FFT of the nanopattern.................uvviivieeeiiiiiiiiiieeeeee e 81

Figure 3.8 SEM micrographs of (a) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated frB®b-P2VP (44kb-18.5k) blended with

30% PS (10k). (c) Low and (d) high magnification images of sequential nanopatterning
of Pt Pt double layer dot patterns using the single layer of Pt nanodot pattern in (a).
Brighter dots correspond to the second laydPtananopattern and dim dots represent

the bottom layer of Pt nanodots. All the scale bars are 250 nm, and the insets show the

corresponding FFT of the nanopattern.................uvvuiiimeeiiiiiiiiiiiie e 82

Figure 3.9.SEM micrographs of (a) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated frombFFR2VP (88kb-18k). (b) Low and (c)

high magnification images of sequential nanopatterning DPtPdouble layer dot
patterns using theingle layer of Pt nanodot pattern in (a). Brighter dots correspond to
the second layer of Pt nanopattern and dark dots represent the bottom layer of Pt
nanodots. All the scale bars are 250 nm, and the insets show the corresponding FFT of
tNE NANOPAITEIII. ...ttt e e e e e e e e rmmne e e e 83

Figure 3.10.SEM micrographs for (a) a single layer of hexagonalx$i@ pattern

from seltassembly of B30 (b) sequential sadlsembly of a second layer of hexagonal

Pt nanodots on the bottom layerg@Dot pattern using B&d&30 with
(c) low and (d) high magnification images of triple layer formation ofxS*® Pt on

top of the double layer of SiOPt using iéntical sefassembly process to the second

layer. All the scale bars are 250 nm, and the insets show the corresponding FFT of the

double and triple laYErS.........ouuiii e e 85

Figure 3.11.A schematic illustration of four types of plasma mechanisms. (a) Sputter
etching, (b) chemical etching, (c) kmmhanced chemical etching, and (d) inhibitor ion
enhanced chemical etching. This image is from ref@e310 with permission from

Y 01 0o [T g V= LU =S 86



Figure 3.12 SEM micrographs of a single layer of Pt nanopattern generated by self
assembly of P®-P2VP (56kb-21Kk) pattern transfer with (a) chemical plasma etching
using 0.6 torr @plasma for 1 min and (b) RIE using 0.1 togrfasma for 20 s..87

Figure 3.13.SEM micrographs of a single layer of Au nanoparticles fabricated using
PSb-P2VP (88kb-18k) (a) after a RIE step and (b) after spin coating angktayer

using only toluene without the BCP on the same sample shown in (a). All the scale bars
A€ 250 NIM...iiiii e e ee e e e e e e e e e e ane e e e e e rrn s 88

Figure 3.14.SEM and AFM micrographs of (a,b) a single layer of a hexagonal Pt dot
nanopattern from RB-P2VP (88kb-18k) after the first RIE step. (c,d) After the first

RIE step the same sample of Pt dot nanopattern is subjected to a second RIE step as the
first. All scale bars are 250 nm and insets represent the FFT of the corresponding

=TT ] 0k 11T 4 o PSP 89

Figure 3.15.A schematic representationisfand and hole formation upon etching of
a thin film of a PSb-P2VP layer on silicon. (a) The REP2VP layer contains HAugl
embedded within the P2VP block. (b) Thel®B2VP contains Au hanopatrticles upon
etching. The gold nanoparticles etch faster utttese conditions than both the PS and
P2VP blocks. Reprinted from reference 314 with permission of Wilek............ 90

Figure 3.16.Higher magnification SEM micrograph of a (a) Au and (b) Pt nanopattern
prepared via selissembly of P®-P2VP (88kb-18k), followed by RIE............... 91

Figure 3.17. SEM micrographs of Pt nanopatterns by-BPB2VP (88kb-18Kk)
developed using (a) partial RIE of 100 arf;, O; RIE (80 sccm) at RF power of 30 W
for 5 s (b) partial RIE of 100 no¥r, O; RIE (80 sccm) at RF power of 30 W for 15 s,
followed by thermal annealing at 250 for 1 h, and (c) thermal annealing at 260

for 1 h without using RIE. All scale bars are 250 nm..............ccooviiiiccciiieeeenen, 92

Figure 3.18. SEM micrographs of Pt nanopatterns by-RB2VP (88kb-18k)
developed using (a) partial RIE of 100 arf; O; RIE (80 sccm) at RF power of 30 W
for 15 s, followed by (b) thermal annealing at 56Gor 10 min, (c) thermal annealing
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at 550°C for 15 min, and (d) thermal annealing at 55@or 30 min. All scale bars are
P21 01 ] 0 PP PPPTT 93

Figure 3.19. SEM micrographs of Pt nanopatterns by-BPB2VP (88kb-18Kk)
developed using (a) RIE of 100 miT, O, RIE (80 sccm) at RF power of 30 W for 30
s, followed by (b) thermal annealing at 380for 15 min, and (c) thermal annealing at
350°C for 30 min. All scale bars are 250 NM..........c.cccveeeeereeceeeeeeere e eie e, 94

Figure 3.20.SEM and AFM micrographs of (a,b)single layer of a hexagonal Pt dot
nanopattern from RB-P2VP (88kb-18k) after the first RIE step, (c,d) after the first

RIE step the same sample of Pt dot nattern was subjected to a thermal annealing
step, and (e,f) after the thermal annealing step the same sample of Pt dot nanopattern is

subjected to a second RIE step as the firSk..........cccuviiiiiiimeeiieeee 95

Figure 3.21.SEM micrographs of Au nanopatterns fromiBRB82VP (88kb-18k) after
(a) the first RIE step and (b) subsequent thermal annealing aC3¥60 15 min. All
SCale Dars are 250 NM........uueeiiiieee e eerene e e e e e e e e e e e eeeeeenernnnnn 96

Figure 3.22.SEM micrographs for sequential nanopatterning ofi @Pdouble layer

dot pattern using RB-P2VP (88kb-18k) (a) bottom layer is after RIE and thermal
annealing steps and top layer is only after the RIE step. (b) Low and (c,d) high
magnification SEM micrographs of the same pattern after thermal annealing of the
second layer. All the scale bars are 250 nm, and the inset shows the FFT of the

COITESPONAING PAMEIIL ...eeiiiiieiei e r e e e e e e en? 97

Figure 3.23.(A) A schematic illustration of an Au@Ag ceshell nanopatterning
process. (B) SEM micrographs of the Au nanopattern by tHeP8/P selfassembly
process and (C) Au@Ag ceshell nanoptiern after 40 min of growth time. (D)
Average diameter and Au composition variation of esirell plotted against Ag shell
growth time. Reprinted with permission from reference 306 by the American Chemical
Yo 031 PP PP PP PP UUUPUPPPR 99
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Figure 3.24.SEM and AFM micrographs of (a,b) a single layer of a hexagonal Au dot
nanopattern from RB-P2VP (88kb-18k) after RIE and thermal annealing-f)c
Au@Ag coreshell formation using (a) for time intervals of (c,d) 10 min (e,f) 20 min.
All the scale bars @250 NMu........iiiiiii e 100
Figure 3.25.Size distribution of (a) single layer of Au nanopattern generated by self
assembly of P$®-P2VP (88kb-18k) after RIE and thermal annealing process, (b)
single layer of an Au@Ag corghell nanopattern after 10 min deposition of Ag on Au
from (a), and (c) single layer of an Au@Ag caiteell nanopattern after 20 min
deposition of Ag 0N AU frOmM (8)......cceeeeeeiiiiiieeiieeee e 101

Figure 4.1. Schematic representation of sequential-asfembly of BCP to generate
nortnative morphologies using diblock BCPs. This schematic is reproduced from

reference 344 with permission of John Willey and Sans..................ccoveeeeenn.. 104

Figure 4.2. SEM micrographs of binary combinations of -AiO, nanoarrays with
different periodicities. (a) Ti@nanowires with a periodicity of 55 nm deposited on an
Au nanopattrn with a periodicity of 71 nm. (b) Tighanoparticles with a periodicity

of 46 nm deposited on an Au nanopattern with a periodicity of 96 nm. (c) Similar
sample as (b) before coating Bj@u nanoparticle size was increased from 8 nm to 25
nm in diameterby electroless deposition. This image is from reference 353 with

permission from the American Chemical SOCIetY.............cuuvvveeeiieemiiiiiiiiienee. 105

Figure 4.3.(a) Onestep density doubling of metal lines via satisembly of double
layers of BCPs. SEM micrographs of a single Pt line pattg@radouble Pt line pattern

(c), a single Pt dot patter®)( and a density ddoled Pt dot patternf). Tilted SEM
micrographs of density a doubled Pt line pattebrahd dot patterngj. The image is

from reference 304 with permission of the American Chemical SoclBtypdnsity
multiplication via sequential se#ssembly of P®-PDMS to generate double and
triple layers of silica dot patterns. This image is from reference 305 with permission

from the American Chemical SOCIeLy............ccovviiiiiiiiieeei e, 106
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Figure 4.4.(a) SEM micrographs of nemative 3D twelayer nanostructures generated

by a sequential seissembly of P®-PMMA. All scale bars 100 nm. Adapted from
reference 354 with permission from Springer Nature. (b) SEdagraphs of various
double layer Pt nanomeshes, a soft siheser zone annealing method. Scale bars are
200 nm. The images are from reference 343 with permission from Springer Nature. (c)
Hierarchical nanostructures including lkmeline, dotson-line, and dotsin-holes
fabricated from smaller periodicity HBPDMS on topographical templates of larger
periodicity PSb-PDMS. The SEM micrographs are from reference 355 with

permission from John Wiley and SONS..............ooovvviiiieee e 107

Figure 4.5.ThreeMoiré configurations from line patterns. (a) Formation of a 1D moiré
pattern by superimposing twime patterns with different line spacing. (b) Formation

of a 2D Moiré pattern by superimposing two identical line patterns with relative in
plane rotational angle. (c) Formation of a 2D moiré pattern by superimposing two
identical mesh patterns with relative-pfane rotational angle. This image is from

reference 369 with permission of John Wiley and Sans...............ccoovvveeee.. 108

Figure 4.6.(a) SEM micrograph of flowelike Moiré superstructures forrdérom a
sequential annealing of two incommensurate BCP combinations (left) and schematic
representation of the bottom and top layer angle of rotation (right). This image is from
reference 322 with permission of the American Chemical Society. (b) SEMgrapio

of triangularlike Moiré superstructures formed by a sedEembly of BCP on EBL post
arrays (left) and schematic showing the corresponding BCP lattice rotation and mass
density waves (right). This image is reprinted from reference 368 with permissio

the American ChemicCal SOCIELY..........couiiiiiiiiiii e 110

Figure 4.7. (4) Schematic of annealing setufn) (Schematic representation of an
annealingprocess of an Au nanoparticle lattice) SEM micrographs of an Au
nanoparticle lattice before (upper) and after (bottom) thermal annealing prafess. (
Transmission electron microscopic (TEM) image of thermally annealed Au
nanoparticles.d) Experimental transmission spectra of untreated (black), a thermally

annealed Au nanoparticle lattice after 1 d (red) and 1 month (blue). This image is
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reprinted from reference 394 with permission of the National Academy of Science.

Figure 4.8.Top-down (a) and sid&iew (b) of the solvent annealing chamber with five
different solvent reservoirs to contain solvents with differanfase areas (vapor
pressures). The image is from reference 155 with permission of the American Chemical
SO LY .ttt e 115

Figure 4.9. Photograph of the static solvent vapor annealing setup wisitun
thickness monitoring. Image is from reference 155 with permission of the American
ChemiCal SOCIELY.....cii i it e e e e e e e enaas 115

Figure 4.10.Schematic illustration of the methodology for forming mixed companent
based honeycomb/Moiré superstructures using hexagonal BCP dot arrays. (a)
Formation of a bottom layer dots via sasembly of a BCP, followed by solvent
annealing and/or metallizati@nd reactive ion etching (RIE) to convert the BCP into
either hexagonal lattice of Pt or silica dots. (b) Deposition of the top layer-bf PS
P2VP on a preformed nanopattern of Pt orxSiOts from (a). (c) Solvent vapor
annealing, metallization, and Rt the second layer to convert BCP to Au or Pt Rano

dots to form honeycomb/MOiré SuperstruCtures............cccceeevevieemiueeeeeeeeeennee 119

Figure 4.11.SEM micrographsf (a) a single layer Au nanodot array (b) a double layer
Aui Au nanodot arrays seHfssembled using subsequent deposition cbiP3VP
(88k-b-18Kk). All scale bars are 250N. ..........oooooiiiiiiiiiiie e 120

Figure 4.12.Low magnification (left) and high magnification (right) SEM micrographs
of single layer Si@nanodots derived from different molecular weight® 8fb-PDMS.
(a,b) 43kb-8.5k P43 and (c,d) 31#b-14.5k B30). All scale bars are 250 nm..121

Figure 4.13.SEM micrographs of single layers of Pt (left) and Au (right) nanodots
produced using R8-P2VP BCPs of different molecular weights. (a,b) 44k8.5k
(B30), (c,d) 88kb-18k (P89, and (e,f) 135-53k B15). All scale bars are 250 nm.
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Figure 4.14.Low magnification (first row, &d) and high magnification (second row,
b+e) SEM micrographs and schematics illustrate the high meatnoin SEM (third
row) of honeycomb patterns fromi @ P1 Au derived from P88, with the bottom layer
being Pt and the top layer Au.if SiO« Pt derived from bottom layed330 and top
layerB30, metalized with Pt. The insets represent the FFT aithdting nanopatterns.
First row scale bars are 250 nm; second and third row scale bars am®.100..125

Figure 4.15.(a) Low (scaléar 250 nm) and (b) high (scale bar 100 nm) magnification
SEM micrographs and (c) schematic illustration of the high magnification SEM of Pt
Au Moiré patterns with incommensurate pitch ratios of 0.91; bottom R8@&{Pt) and

top layerB30. The inset regesents the FFT of the resulting nanopatterns. Orange and
gray dots represent Au and Pt nanodots, respectively..........cccvvvvvvvieeennenneeee. 126

Figure 4.16.(a) SEM micrograph and (b) corresponding BCP dot map illustrating the
mass density waves for a pitch ratio of 1.1, generated usingassgibly of
B30(Pt)+HP88Au). All scale bars are 250 NM............ccccuvviiiiiieemiiieeeee 127

Figure 4.17.Low (first row, ad) and high (second row, &) magnification SEM
micrographs and schematic illustration of the high magnification St (row) of

Pt Au Moiré patterns with incommensurate pitch ratios ©t)e0.58; bottom layer

B15 (Pt) and top layeB30 (Au) and (df) 0.63; bottom layeB15 (Pt) and top layer
P88(Au). The insets represent the FFT of the resulting nanopatterns. (wahgeay

dots represent Au and Pt nanodots, respectively. First row scale bars are 250 nm;

second and third row scale bars are 100.NM......cueeniieeeee e 129

Figure 4.18.Low (first row) and high (second row) magnification SEM micrographs
and high magnification schematic representation (third row)igkwPMoiré patterns

with incommensurate pitch ratios of 3 1.6; bottom layeP88 (Pt) and top layeB15

(Au) and (df) 1.7; bottom layeB30 (Pt) and top layeB15 (Au). Orange and gray

dots represent Au and Pt nanodots, respectively. Insets show the corresponding FFT.

First row scale bars are 250 nm; second and third row scalareat80 nm....... 131
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Figure 4.19.SEM micrographs of Si®Pt Moiré patterns with incommensurate pitch
ratios of (a) 0.9; bottorlayer P48 (Si¢) and top layeP44(Pt) (4 d) 1.1; bottom layer

B30 (SiOx) and top layeiP88 (Pt). The red area represents a grain boundary in the
bottomB30 (SiOx). The insets represent the FFT of the resulting nanopatterns. Small
brighter dots are Pt, drdark larger dots are SiQAll the scale bars are 250 nml32
Figure 4.20. Experimentally measured SPR spectra of ellipsometrianpeters,
amplitude; and phase, at an angle of 7@or an array of (a) Au nanoparticles and
(b,c) Au Pt bilayers. All scale bars are 100 NM.............coevvvviviiimmmeeeeeeeeeeinennne 134

Figure 4.21.The UV-vis absorption spectra for selésembled single layers of Au

nanoparticle arrays on fused silica substrates. All scale bars are 250.nm....135

Figure 4.22. The UV-vis absorption spectra for selssembled single layers of Pt

nanoparticle arrays on fused silica substra#scale bars are 250 nm............ 136

Figure 4.23.Number of Au nanoparticles per unit area vs BCP combination. Error bars

represent the standard deviation from several samples and SEM micragrapt&/

Figure 4.24.(a,b) UV~vis spectrum of the P88 (FRB8(Au) metal bilayer combination
showing the distinct feature at wavelengths longer than 600 nm that could correspond
to an extended plasmon band (EPB). (c) High magnifineSEM micrographs and (d)
high magnification schematic representation of tHeARtbilayer. Orange and gray

dots represent Au and Pt nanodots, respectively. All scale bars are 100.nm140

Figure 4.25. (a,b) UVvis spectrum of theP88 (Pt)B15 (Au) metal bilayer
combination showing almost no the distinct feature at wavelengths longer than 600 nm.
(c) High magnification SEM micrographs and (d) high magnification schematic
representation of theP&u bilayer. Orange and gray dots represent AuRtnthnodots
respectively. All scale bars are 100 NM......ccoooiiiiiiiiiiiiiieeee e 141

Figure 4.26. (a,b) U\vis spectrum of theP88 (Pt)B30 (Au) metal bilayer
combination showing the distinct feature at wavelengths longer than 600 nm that could
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correspond to a EPB (c) High magnification SEM micrographs and (d) high
magnification schematic representation of theARtbilayer. Orange and gray dots

represent Au athPt nanodots respectively. All scale bars are 10Q.nm........... 142

Figure 4.27. (a,b) UV:vis spectrum of theP88 (Pt)B30 (Au) metal bilayer
combination showing the distinct feature at wavelengths longer than 600 nm that could
correspond to EPB. (c) High magnification SEM micrographs and (d) high
magnification schematic representation of theARtbilayer. Orange and gray dots

represent Au anBt nanodots respectively. All scale bars are 100.nm............ 143

Figure 4.28. (a,b) U\-vis spectrum of theB30 (Pt)B15 (Au) metal bilayer
combination showing the distinct feature at wavelengths longer than 600 nm that could
correspond to EPB. (c) High magnification SEM micrographs and (d) high
magnification schematic representation of theARtbilayer. Orange and gray o

represent Au and Pt nanodots respectively. All scale bars are 100.nm........ 144

Figure 4.29. (a,b) UVvis spectrum of theB15 (Pt)/P88 (Au) metal bilayer
combination showing the distinct feature at wavelengths longer than 600 nm that could
correspond to EPB. (c) High magnification SEM micrographs and (d) high
magnification schematic representation of theARtbilayer. Orange and gray dot
represent Au and Pt nanodots respectively. All scale bars are 100.nm........ 145

Figure 4.30. (a,b) U\vis spectrum of theB15 (Pt)B30 (Au) metal bilayer
combination showing the distinct feature at wavelengths longer than 600 nm that could
correspond to EPB. (c) High magnification SEM micrographs and (d) high
magnification schematic representatiof the PtAu bilayer. Orange and gray dots

represent Au and Pt nanodots respectively. All scale bars are 100.nm........ 146

Figure 4.31. UV-vis absorption spectrum of strongly interacting Au nanoparticles
giving rise to EPB at nedR region. (a) Aggregates of gold nanoparticles with LSPR
absorbances at 540 nm are termed here as TSP (transverse SPR). This image is from

reference 409 with pmission from the American Chemical Society. (b) Gold
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nanoparticle aggregates that are interconnected by conjugated molecular linkers with
thiocarbamate groups on both end¥.-vis absorption spectra as a function of time.

This image is from reference 4&th permission from Springer Nature.......... 149

Figure 5.1.SEM micrographs and their manually drawn schematic representations of
Pt-Au bilayers by setassembly of P$-P2VP for pitch ratios (a) 0.59, (b) 0.63, (c)
1.1, and (d) 1.6. Orange and gray dots represent Au and Pt nanodots, respectively. All

SCAIE DAISTE 100 MM et e e 156

Figure 5.2. SEM micrographs of (a) planar and (b) tilted view of single layer of Pt
nanoparticles sefissembled using P$P2VP (44kb-8.5k) and (c) planar and (b)
tilted view of double layer of PPt nanopatterns by sequential sstsembled of RE-
P2VP (44kb-8.5k). All scale bars are 100 NM........oooeeeiiiiiiiiiiiiccee e 157

Figure 5.3.UV-vis absorbance spectra for Ag (blue), Pt (black), Au (orange), and Cu
(brown) with the same geometry (size 40 nm and height 30 nm). The inset shows the
extremely broad and weak absorbance band throughout the visible region. This image

is from referencé20 with permission of the Royal Society of Chemistry........ 159

Figure 5.4.Morphology and SERS performance of Ag coated Au bowtie/suEhis

image is from reference 424 with permission from the American Chemical Society.

Figure 5.5.(a,b) UV-vis spectrum of ttP88(Pt)/P88(Au) metal bilayer combination
showing the distinct feature at wavelengths longer than 600 nm that could correspond
to an extended plasmon band (EPB). (c) High magnification SEM micrographs and (d)
high magnification schematic representattbthe Pt Au bilayer. Orange and gray dots

represent Au and Pt nanodots, respectively. All scale bars are 100.nm....... 161
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CHAPTER 1

Introduction

1.1

Moor eds

Law and

|l ts Limitat.

| nt edfobnsler Goodon Moore noted, back in 1965, that the number of transistors

on a chip was doubling about every two years. Now termed Moore's Law (Eiglre

this observation still holds, even as feature sizes decrease to #26 sub regimée.

Mooredbs Law has thus been the guiding prin
over fifty years.
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Figurel1.Moor eds Law: The number of transistors on a ch

with permission from De Gruster, from reference 2.

In order to produce these ex@Ecreasing size transistors, lithography has had

to make remarkable advances talale production of >10sub-20-nm features on each

single chip>*The word

and graphia

means

Al ithographyo comes

t o

Slithography can de divided upt i n g

from Gr
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into two main categories, serial and parallel patterning. Serial patterning is akin to
writing, in which the patterning literally is written or drawn on the surfacefeatare

at a time, much like drawing with a pencil. Examples of serial lithographic techniques
at the nanoscale include electron beam lithogrdpg-beam), focused ion beam
lithography®!! and any scanning probe lithography technitfl€. Figure 1.2(a)
shows a schematic representation of a seriabditlphic technique by direct laser
writing.1518 Parallel lithography, however, is like a printing press, in which multiple
features are patterned simultaneously. The semiconductor industnjtisigon the
incredibly efficient and massively parallel method of photolithography, which uses
light and masking/shadowing to enable highly complex nanoscale patterning on silicon

surfaces, as shown in Figure 1.2(b).

a DLW b UVL/EUV/XRL

+ scanning + irradiation 1 ‘
with a laser source

source

polymerized
structures

{

+ film + exposure
development over time

Surface relief patterns: grooves
- = - = - - =

Figure 1.2. Schematic representation of the lithographic techniques. (a) Serial patterning using direct
laser writing (DLW). (b) Parallel patterning using UV, extreme UV, anglithographies. Reprinted
from reference 19.

Shrinking the size dfransistors has enabled a dramatically increased density of
devices in each generation of integrated circuits. The semiconductor industry has
suggested that after the 14 nm node is reached, there is minimal to no reduction in cost
before the next node istroduced?® Smaller transistors can enable a higher density of

transistors per wafer, but the wafer costs at newer nodes could outweigh the Benefits.
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Cost S not t he onl vy I ssue with respect
miniaturization of transistor size increases the complexity of the design of the
integrated circuit and introduces various manufacturing challérig@$us, the main

challenge using photolithography is a Venn diagram, where the sweet spot lies at the
intersection of cost and the minimum achievable resolution. Hence, the requirement for

low cost litharaphic techniques to obtain minimum resolution is essential for the

further development of the semiconductor industry in the way it has proceeded until

today.

Advances in photolithography have played a very central role in driving
Moore's Law over the dea d e s , and continuous | mprovemert
such as immersion lithography and multiple patterning meant few deviations from the
linear behavior shown in Figure 1.3. The general principle of photolithography is to
expose a photoresist, which a very thin film of a light sensitive polymer deposited
on a substrate, typically silicon, to UV light, as shown in Figure 1.3. Depending on the
type of photoresist (positive or negative) used, UV radiation facilitates the
decomposition or crosslinking the polymer film, rendering exposed regions either
more soluble or less soluble to a selected solvent in the developer step of transferring

the pattern to the substrate.

hv
I /
v
Positive
. ’ photoresist
Si substrate Photoresist Mask
Negative

photoresist

Figure 1.3. Schematic representation of a photolithographic process with an (upper) positive and (lower)
negative photoresist, where the irradiated polymer molecules decompose to become either more soluble
in a specific developer solution than the unexposed regpmsitive photoresist) or less soluble due to
crosslinking of the photoresist (negative photoresist) to render the exposed regions insoluble in the
developer.
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The nanometer scale resolution of the photolithography underpins the relentless
decrease in sizef the features on chips. The resolution of photolithography is
expressed by the Rayleigh Equation:

cp=X Eq. 1.1
NA

where CD is the critical dimension of a featurds,s the Rayleigh coefficient of
resolution,NA is the aperture of the lens, ahds the wavelength of light used. The
critical dimension of a featar printed by photolithography can be decreased by
reducing the wavelength of the light source according to Equation 1.1. For the past
two decades, feature sizes have decreased to the range of2@uento resolution
enhancement techniques and immersion methods that push past the intrinsic resolution
limit of photolithography as defined by Equation 1.1.

Modifying the light source from @ne mercury arc lamps (436 nm) tdirhe
(365 nm) to KrH248 nm) to commercial argon fluoride laser (193 nm) sources have
helped to increase the resolution successfdiht.the same time, improvements in the
depth of focusNA) have been enabled Iplacing a transparent fluid between the lens
and the photoresist, in what is termed immersion lithograpfifae state of the art of
the semiconductor industry and predictions 10 years forasrdummarized in what
used to be termed the International Technology Roadmap for semiconductors (ITRS),
now the International Roadmap for Devices and Systems (IRBS)TRS 2015
proposed new directions as an extension of
More than Mooré® While More Moore focuses on the improvement of device
structure, materials, and fabation techniques, More than Moore concentrates on
applicationbased strategies, such as sensors and actéatadip frequency® and
high voltage driveré! These applications add value to computing and memory devices
that are made from the technology that falls under the traditional Moore's Law
umbrella.The continuousidvancement of nanofabrication techniques is important for
improving the performance of future computational devices and others, inctidsey
based onoptoelectronic$?33 photonics’* sensors? biomedicine®® and biology?’

Hence, enormous efforts have been made to achieve this goal.
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The various IRDS predict that logic metal levels will drive improvements in the
resolution of lines and spaces. The 2020 roadmap in Figure 1.4 predicts the projected
time frames for implementation of different product nodes, along with the possible
patterning optiong It is important to keep in mind that logic nodes are just numerical
values for each nodand do not represent the feature size or minimum half pitch of
those nodes. According to the 2020 prediction, 12 nm half pitch resolution will improve
by 2022, which corresponds to the logic 3 nm node achieved using EUV and double
patterning. There is alsa delay in resolution improvement for the logic 2 nm node
until 2028, and it will take the same time to decrease the half pitch to 8 nm by EUV
double patterning. The next sectiontbis chapter will discuss these next generation

lithography (NGL)techniques and their role in the relentless decrease of device

i 38,39
Slze:
l“ Production year 2017 J2o19] J2021] | J2024 T 2029 | J203d |
i Esti i 51 40 34 30 20 20
Semiconductor mil:::rr Minimum nol:";:m;:lnﬂl‘:n:r-u. VGAA) | 59 40 34 30 20 14
product node P Wi VGAR. Gonact 3nd 5 type pHh | ¢ p
Fossiieaption——1% | [40] [a4] [ [sof [ [ao] [ [ne] |
" ArF triple or quadruple patterning possible
- (depends on pattern density at given minimum CD)
More than 4 ArF exposure
EUV SP possible
EUV DP possible
“10 nm” logic node 51 &
193 nm triple or quadruple m
18 nm DRAM 66, 54 patterning® f
- I EUV SP
";;:‘m':f':‘;’::e s ;'1’ . 193 nm >4 exposures NIL[ [T

“5 nm" logic node 34 EUV DP
“3 nm” logic—contacts and cuts 30 { High NA EUV NIL
11 nm DRAM 33 EUV plus DSA
“2.1 nm” logic and below—contacts High NA EUV DP NIL
and cuts 20 . EUV plus DSA
Below 9 nm DRAM 25,23 EUV triple or quadruple

“2.1 nm"and below 14
Logic VGAA levels Research needed

Figure 1.4. International Roadmap fdDevices andSystems (IRDS) predictions fagemiconductor
product nodes and expected production timeline with respect to next generation lithography techniques.
The image is from reference 40. Reprinted with permission from IOP Publishing.
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1.2 Next Generation Nanolithography (NGL)

In this thesis, w focus upon lithography on the nanoscale and thus will use the term
Ananolithographyo to emphasize this | engtt
been the primary technique for nanolithography applications but is now reaching what

appear to be limitthat are both physical and economic. Various research laboratories

and industries around the globe have devoted considerable efforts to next generation
lithography (NGL) techniques to continue to decrease feature sizes and increase device

density on the lup surface. These techniques include extreme UV (EUV), electron

beam (ebeam) lithography, nanoimprint lithography (NIL), and directed astembly

(DSA), and they have the potential to complement or, in some specific applications,

replace the current pkolithographic techniques.

1.2.1 Extreme UV (EUV)

As optical photolithography using 193 nm light reaches its physical limits, the obvious
next step has been to decrease the wavelength of the light soueges, ¥ermed in this
application extreme UWith a very short wavelength of 13.5 nm, are produced using
atin plasma sourc&*! Companies, including Intel and Motorola, began to contemplate
EUV lithography as an NGL technique in the 1a880s and by the early 1996¢?

and it has taken two decades to overcome the very considerable engineering challenges
to attain the 7 nm node/generation and bey6nigure 1.5 shows a schematic
representation of one of the 53 EUV systems in operation around the world and a
comparison of cell patterns in 7 nm logic pattern by ArF immersion lithography and
EUV, clearly showing thaEUV has better pattern fidelify:*
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Figure 15. (a) Schematic illustration of the EUV system. The image is from reference 47 with
permission from SPIHhe International Society for Optical Engineering. (b) Standard cell pattern of
metal layer in 7 nm logic produced by ArF immersion multipatterning single exposure EUV.
Reprinted from reference 45 with permission from SPIE.

The industrial implementation and mass production of EUV had to overcome
issues with the power source, masks, and resist mat€rféi$he power source
requires a stable high power exposure since it is converting plasma into light ofr1 3.5
and due to the low transmissivity of materials toa¥s. Today, EUV has the capability
to enable production at the 7 nm nS8éut the power of the plasma source cannot
generate power to allow an EUV scanner to move faster or make it economically
feasible®'®? The available EUV power sources emit a great deal of heat when
producing 13.5 nm photons, which makes it difficult to select optics with sufficient
thermal stability. The detritus from the exposed regions can contaminate the mirrors
and eventually decase the power and lifetime of the power sodfcElowever,
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ASLM, a leading EUV instrumentation manufacturing company, states that their next
generation EUV machine will be available by 2623This machine has several
advancements compared to the currently available EUV instrumentations, such as
increased productivity and improvement in overlay. The selling point of the instrument

is its cost, which makes it highlighted since few companies can afford the currently
avail able machines. Among them, the worl doé

as well as Samsung in South Korea and Intel, own the majority of these instréfnents.

1.2.2 Electron Beam Lithography

Electron beam @eam) lithography is a versatile, maskless, and serial lithography
technique widely used in research labs to generatalimvensional nanometecale
patterning since the 1978&The major constraint of photolithography arises from the
wavelength limitation of the photons. Electrons and ions, which have smaller
wavelengths due to thaimass, can be harnessed to generate smaller feature sizes. The

wavelength of these particles is given by the de Broglie Equation:

h
= Eqg. 1.2
2mE a

wherehi s Pl a n c knbistheanass ef tha patticle, akds the energy of the
beam.

E-beam lithography uses a focused electron beam to draw patterns on a surface
in a dot by dot fashion, generally with a sL®nmresolution®® When used with a film
of resist on a substrate, the resist is modified chemically by the electron beam, changing
its solubility profile. One can use a positive or negative residt apon rinsing with
solvent, the patterned resist can be transferred to the substrate via etching in a similar
fashion to other lithographic techniques.

E-beam lithography has its own unique advantages, like high resolution (sub
10 nm), high sensitivityhigh density, and high reliability (See Figure 1.6). The main
issues associated with-beam lithography for mass production and industrial
processing is its serial nature, which results in low throughput as well as higher
complexity (needs to be done hhigh vacuum) and expense compared to other

lithographic techniquesdowever, multiple ebeam direct write lithography, in which
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more than 10,000-keams write in parallel, has been shown as a possible route of

increasing the system throughp(t®
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Figure 1.6. E-beam exposed resist for high resolution patterning (a) 9 nm CD isolated p@ajtditnm

line to space ratio = £./59). (¢) 11 nmL/4S. (d) 12 nm densk/Spatterns. (ad) Adapted from reference
55. Copyright © 2020 American Chemical Sociefg) Schematic representation of electron beam
lithography setup: side view. The figure has been reprinted from referenggh5ermission from
Springer Netherlands.

1.2.3 Nanoimprint Lithography

Nanoimprint lithography (NIL) is a parallel lithographic technique that is
complementary to photolithograpf¥it is consideed to be an NGL technique with
high throughput and high resolution (sk® nm) and comparatively low cost. NIL is a
well-studied and developed nanofabrication technology that utilizes a hard mold or
stamp to imprint 2D or 3D nanopatterns into a soft pelynThe nanoimprint
technology can be classified into four categories, depending on the fundamental
mechanism used for the pattern transfer: thermal NIL, UV NIL,Jassisted NIL, and
electrochemical nanoimprinting. The basic steps of the different Kdcegses are

shown in Figure 1.7.
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Figure 1.7. The basic process steps of all categories of nanoimprint lithography. Figure reproduced from
reference 48 with permission from IEEE.
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The resist materials, type of the mold, and the power sources are changed,
depending on the type of NIL. For examplethermal NIL, a thermoplastic polymer
is used as a resist, and a prefabricated mold is pressed together with theatsist
substrate under pressure. Subsequent heating of the polymer resist above its glass
transition temperature softens the polymedimfiThe resist is patterned by a cooling
process of the substrate, followed by removal of the mold. Then, the resist pattern is
transferred to the substrate by an etching process. UV NIL usesautdble liquid
resist to coat the substrate surface ina-poessure environment. Next, the resist
material is exposed to UV radiation to solidify, and the pattern is extracted by pressing
an optically transparent mold into the resist coated substrate. A final etching process of
the residual resist transfers {h&ttern into the substrate surface.

NIL is an extremely simple and fast process with high resolution patterning
capabilities that offers a low cost alternative lithographic techrmitffeThis
processing approach can be a high throughput technique since it can fabricate
nanopatterns on a larger scale in as short a time as 15 wafers p&réAdlit. has

created a wide range of oppantties for future lithography owing to its flexibility and

1C
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ability to combine with other lithographic techniqi&83 However, there are a few
disadvantages and drawbacks of NIL that include low overlay structure accuracy, the
thermal expansion effect, and the flexibility of patterrfih§or example, even whe

the designed pattern is changed slightly, the mold must be remanufactured; moreover,
the fabrication of the mold relies on the other lithographic techniques, leading to

additional required steps and processes.

1.2.4 Directed SeHassembly (DSA)

The termdirected seHassembly, or DSA, emerged as a very promising next generation
patterning techni gues -l0nmrtrebokutiompatternibgvia 0 6 s
selfassembly’* The approacks based upon polymers that contain sufficient chemical
information to undergo nanoscale phase segregation and form a nanopattern on a
surface, which can be used as a template for further processing. In DSA, the use of
either a chemically or topologicalpatterned substrate to direct block copolymer self
assembly in thin films is called chemoepitaxy and graphoepitaxy, respectively. DSA
allows control of the orientation of domains as well as precise pattern registration on
the substrate and minimizing defean the resulting pattern. Figure 1.8(b) depicts a
schematic of chemoepitaxy and graphoepitaxy applied to BCRssmbly.

In chemoepitaxy, a neutral substrate surface is modified chemically to generate
preferential wetting sites for one of the blo€k$he substrate surface can be modified
by a variety of brushes, including sesembled monolayers (SAMS)endgrafting
homopoymers® or random copolymer®, and crosslinked polymer mats.This
interfacial layer at the substrate surface can promote pattern alignment and orientation.
The chemical guides can anchor cylindrical BCP domains perpendicular to the
substrate (hexagon&l)andlamellar forming BCPs parallel to the substrate (linéar),

as shown in Figure 1.8(a).
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Figure 1.8. (a) SEM micrographs for patterns produced using DSA of BCPs that form cylindrical and
lamellar structures using chemoepitaxy and graphoepitaxy. The images are adapted from references
69,7173. Copyright © 2008 Wiley, 2016 SPIE, 2009 American Chemicale®peind 2015 American
Chemical Society. Schematic diagram of (b) chemoepitaxy and (c) graphoepitaxy. Figure has been
reproduced from reference 74 with permission from Elsevier BV.

For graphoepitaxy, 3D features are fabricated on the substrate surfaggeto g
the selfassembly process using standard lithographic processes of the semiconductor
industry. These topographical features, like trenches and dots, can be used to guide the
selfassembly process by confining the arrays of microdomains to areasethdirate
number of native domain spacing of the BCPs. The interactions of the blocks of the
BCPs with the walls and base of the trenches are also important. The isolation of small
clusters of cylinders and lamellae by topographical guides can breakatheal
periodicity of the BCP? Similarly, the chemical affinity and lateral dimensions of the
guide pattern are also critical to adjust the number of domains in the cluster.

Ross and caovorkers used a surface patterned with periodic hydrogen
silsesquioxane (HSQ) nanoposts as a guiding pattern tassglinble a sphere, forming
PSb-PDMS where nanoposts preferentially interact with the spherical microdomains,
as shown in Figure 1.9(¢J.The preferential interaction is created by functionalizing
the surfaces of the substrate and the nanoposts with either a PDMS brush layer, which
corresponds to the schematic in Figure 1.9(ap &S brush, as in Figure 1.9(d).
Similarly, by having commensurate spacing between the square lattice HSQ nanoposts
template and the native pitch of the cylinder formingtPBDMS, the orientation of
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the BCP cylinders can be restricted to two orthogamalane directions, as shown in
Figure 1.9(f)"’
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Figure 1.9. (a) Schematic representation of top and side view of the-PBMS arranged in the region
surrounding a single HSQ nanopost chemically modified surface by a monolayer eftsiorPDMS

brush. (b) SEM image of spherical microdomains without a guidinglem (ed) SEM images of
ordered spheres directed satfsembly within the sparse 2D lattice of HSQ nanopost (brighter dots). The
substrate and nanopost surface functionalized with (c) PDMS brush and (d) PS brush. Images are from
reference 76 with permé®n of the American Association for the Advancement of Science. (e)
Schematic and SEM image of square arrays of nanopost ten{fl&@emmensurability of the spacing
between nanoposts and native pitch of the BCP generated two equally probable orsefatedfel to

thex- and y axes). Bends and terminations appear wheorientation of the BCP chang&cale bars,

100 nm for (ef). Adopted from reference Awith permission from the Nature Publishing Group.
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The 2020 IRDS has listed DSA as one of litleography techniques being
considered by industry for the fabrication af53nm technology node devices with
enhanced pattern resolution, when combined with other lithography techniques, such
as EUV®™ and 193 nm immersion (193if0408982 DSA offers a variety of
configurations for high density integration, with low cost mawctiring to fabricate
nanoscale devices, such as fin field effect transfSt8tsand bit patterned storage
media®®87 Difficulty in controlling the defects during the sasembly process is one
of the patterning limitations of this patterning technigfi€?. The defect densities must
be <0.01defects/crifor DSA to be aviable option for nexgjeneration lithography/®®
93 Achieving this defect density in devices fabricated from DSA has been a struggle,
but the semiconductor industry, with the help of acaddats, has achieved an
acceptable level of defectivity when using EUV dresam to define guiding features
lithographically to help direct the sedfsembly process and induce laagge
order#?8.94The next section will discuss the basic chemistry of polymers and BCPs as

well as the thermodynamics of phase segregation of BCRssdmbly.

1.3 Block Copolymer SeHassembly

Continuous shrinking of feature sizes within the semiconductor indisstiriven by

the demand for computers with higher speed at lower energy consumption. The
semiconductor industry has circled around photolithography. Several alternate
technologies, including EUV lithography, nanoimprint lithography, interference
lithography, and DSA of block copolymer (BCP), have gained attention as solutions
for the challenges facing the semiconductor indusknycontrast, DSA using BCPs is

a combination of toglown and bdbm-up techniques with high versatility, including
tunable shapes and sizes to -@bnm nanoscopic elements in a eeléective

way 20749597 The main focus of this thesis is about block dgpe@r seltassembly and
process optimization related to the ssdsembling process, such as solvent annealing,
reactive ion etching, and fabrication of multicomponent patterns using block

copolymer seHassembly.
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1.3.1 Polymer Chemistry

Polymers are alass of natural or synthetic macromolecular materials or substances
composed of repeating chemical ufit§.hese repeating units are called monomers,
and the process of covalently linking teesonomers into a chain or network is termed
polymerization. These polymers have their own unique physical, chemical, and
mechanical properties, which make these categories of macromolecules essential and
ubiquitous to everyday life. There are large nurabef polymers in nature: from
natural biopolymers, such as DNA, carbohydrates, and proteins; plant based polymers,
such as natural rubber, silk, and cellulose; synthetic polymers, such as polystyrene,
polyethylene (synthetic plastic), and polyvinyl chlaid(PVC). Synthetic
polymerization can be divided into two methods, sjemwvth polymerizatiof?°°and
chaingrowth polymerization, as shown in Figure 149! In stepgrowth
polymerization, an uncontrolled polymerization involves bifunctional or
multifunctional monomers that are combined together to form first dimers, then trimers,
oligomers and, eventually, long chain polymé&hkaingrowth polymerization, on the

other hand, is based upon polymerization, in which unsaturated monomers are added
to the chain, one at a time. Based on the monomer type used for the polymerization,
there are two types of polymers, homopolymers andlgomrs1°®19“Homopolymers

are made of similar monomer units, and copolymers consist of two or more chemically
different monomers linking together. For example, polystyrene is made of styrene
monomer, which is a homopolymer, whereas styrene/butadiene rubber (SBR) is a

copolymer.
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Step-growth copolymerization: Chain-growth copolymerization (non-living):

n~rg~1
-0 - -0 — -00000- 0 0 **~ -00000-
Statistical copolymer Statistical copolymer
Fpfg~0
-0~ - O — -00000- O 0 > -00000-
Alternating copolymer Alternating copolymer
(HO~) ~O- .
-0 = - 00000 0 0 - -00000-
Block copolymer
QOO0 — {0000}
Periodic copolymer " Chain-growth copolymerization (living):

0 0 “* 00000

Gradient copolymer

~0
0- 0 ““*> -00000-

Alternating copolymer

Figure 1.10. The schematic diagrams of synthetic polymerization processegrsi@fh polymerization
and chairgrowth polymerization (notiving and living). The letters A, B, C, D, E represent different
monomers. The symbols, andrg represent the reactivity of thmonomers A and B respectively.
Diagram is from reference 105 with permission from the Royal Society of Chemistry.

There are a number of important parameters related to polymers that are used
when describing a polymer, including the molar mass distribytiwolecular weight
distribution), dispersity §)) glass transition temperaturdg), and melttransition
temperaturgTm). The molar mass is defined as a distribution rather than a specific
number since polymerization of monomers forms different cleaigths of polymers,
unlike typical small molecule synthesis. The size (for linear polymers of different chain
lengths) is different, even for the same type of polymer molecules, therefore, the
average molar mass will depend on the method of averaginght\&rerage molar
mass Kw) and number average molar malsk) are the two different average values
used to define the molar mass of a polymer, depending on the statistical method used
to determine the molar mass. These average molar masses can beedadsuiaiows.

Number average molecular weigMy):
N
a Ni Mi
My =5—— Eq.1.3
an,

i=1
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Weight average molecular weigty):
5 N;M?
M, = t— Eq. 1.4
a N M,
In this equationi is the number olf_:)olymer molecules adds the number of
polymer molecules with molecular mads The number average molar mals), is
the average molecular mass of the individual p@ymmolecules, and this value is
important for the colligative properties of the polymer, such as boiling point elevation,
freezing point depression, vapor pressure depression, and osmotic pressure change. The
weight average molar masbl() underpins the nmhanical properties of a given
polymer since larger polymer molecules have a larger contribution than small polymer
molecules. Both molecular weights can be determined using gel permeation
chromatography or size exclusion chromatography. The ratio betmeight average
molecular massMw) and number average molecular mask)(is known as the

dispersity D) of a polymer given by:

— My

D—MN

Eq.1.5

For synthetic polymerdyin < My, keepingb higher than 1D measures the
distribution of a polymer sample wheleis closer to 1, and the more closéfy and
Mw match one another, the more symmetric the distribution curve. A Higban be
obtained for both step growth polymerization and chain growth polymemzati
whereas living polymerization, a type of chain growth polymerization, yields polymers
with B closer to 1 and a uniform molecular weight distribufith.

The glass transition temperaturg)(is avery important parameter when it
comes to processing polymers for a specific-esel. BelowTy the elasticity of a
polymer is low, and polymer molecules have poor relative mobility in a glassy or
crystalline state. As the temperature increasektéhe polymer chains are able to
move around the matrix, thus behaving like a rubbery matéfighe polymers change
drastically from hard and brittle to soft and pliableTatTg can be measured using

several techniques, and the value depends on the strain rate and cooling or heating rate.

17


https://www.zotero.org/google-docs/?WjL1PF
https://www.zotero.org/google-docs/?TKzqfN

1.3.2 Block Copolymers
Block copolymers (BCPs) are made by covalently bonding two or more chemically
distinct homopolymer chains. This type of copolymer has its own unique properties,
which differ from random copolymers and homopolymers. Thedinsthetic BCP, in
1952, was poly(styrerelockmethyl methacrylate) (RB-PMMA),%®which is a linear
diblock copolymer (Ab-B). Since then, various BCPs have been produced owing to
developmentof living-anionic polymerization® living-cationic polymerization©
and living radical polymerizatiod!! BCPs have been applied as thermoplastic
elastomerd!?114 pressure sensitive hatelt adhesive$i®>!'® and drug delivery
systemg!’as well as nanopatterning applicatidts:°and for development of porous
membraned?® 122

Block copolymer architecture can be varied, depending on the number of blocks
or homopolymers (diblock copolymer, triblock copolynegc.) present and the way
these blocks connect to each other, as shown in Figure 1.11. There can be hundreds of
different BCPs commercially available, such as a simpler linear BCPs and star block
copolymes.!?® A star block copolymer is formed by connecting a few linear BCPs to a
common branch point, to cyclic BCPs. BCPs with precisely controlled molecular
weights and defined architectures can be prepared owing to the advancement of
polymer symhetic strategies and techniquésin the following sections, discussions
will focus mainly on simple linear diblock copolymers, and the term BCP will refer

uniquely to linear diblock copolyme of the formula Ab-B.

AB diblock ABA triblock ABC triblock

AB cyclic diblock (AB), star Mixed arm star block

Figure 1.11. Common examples of block copolymer architectures.
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1.3.2 Phase Behavior of BCPsThe Basis of SeHassembly

When the magnitude of the enthalpic contribution (generally positivelec@asing
with temperature) to the free energy of mixing of the two species is greater than the
magnitude of the entropic contribution (always negative and ideally independent of
temperature), phase separation between two components occurs, thus ngnimizin
unfavorable interactions between dissimilar species. For a mixture of two or more
polymers, the entropy is reduced because of the covalent bonds between the monomers,
which prevent the distribution of monomer units, leading to phase separation. However,
in BCP, the covalent bonds between blocks prevent the macroscopic phase separation.
BCPs can undergo a microphase separation that leads tescelroordered
morphologies due to thermodynamic incompatibility between blocks. Even though
microphaseseparation was identified in the 1960s by the observation of elastomeric
properties of an ABA systeft®the dimensions of these nanoscopic domains could not
be identified by optical microscopyntil the application of transmission electron
microscopy (TEM) and smadingle %ray scattering (SAXS) in the late 19668 A
number of theories have been developed in order to explain tise jpletavior of
diblock copolymers in the bulk phase. The pioneering work on microdomain structure
of ordered BCPs was developed by D.J. Meier, based on the competition between
interfacial tension and chain stretchifgLater on, Helfand and eworkers used self
consistent field theory (SCFT) to study microphase separgfidftFigure 1.12 shows
the phase diagram of a diblock copukr developed using SCEF
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Figure 1.12. Diblock copolymer bulk phase behavior. (a) Schematic illustration of diblock copolymer
equilibrium morphologies as a function of volume fraction of block A. (b) Theoretical phase diagram of
diblock copolymer predicted by SCFT. (c) Experimental phase atagf PSb-PI. The phase diagram

is from referencel2&dapted with permission from the American Institute of Physics.

The microphase separation of the BCP in the bulk depends on the following

three experimentally controlled parameters:
1. The total degree of polymerization,

N =Nj +Ng Eq. 1.6
The degree of polymerization is the number of monomer units that make up a polymer
chain, wheréNa is the number of monomers (repeating units) in block ANg@ the
number of monomers (repeating @hiin block B.
2. The volume fraction of the A and B blocks,

fa+fg=1 Eq. 1.7

N
f =_A Eqg. 1.8
ATTN q

The volume fraction of a component can be controlled experimentally by changing the
stoichiometry of the two blocks:

3. The Flory Huggins interaction parametef}2133

2C



o

az @ 1 C

CaB :%%‘BAB - E(eAA +eBB)_‘§ Eqg. 1.9
The sign and the magnitude of the energy of mixing is approximated by thé Flory
Huggins interaction parameter, whezeis the number of nearest neighbors per
repeating unit in the polymekg is the Boltzmann constari,is the temperature, and
- AA, -BB, and- ag are the interaction energies per repeating units-Af B-B and AB
respectively.

The orderdisorder transition (ODT) is a thermodynamic phase transition
driven by an unfavorable mixing enthalpy coupled with a small mixing entropy. The
segregabn productcN, determines the degree of microphase separation of diblocks.
The incompatibility of the constituent blocks decreases with increasing temperature or
decreasingN. The yaxis of the theoretical phase diagram for a diblock copolymer is
shownin Figure 1.12(b), and represents tidas a function of the volume fraction of
block A (fa). WhencN does not exceed 10, the entropic factor dominates, and the
diblock copolymer is in a spatially homogeneous disordered state. There are two
limiting regimes in the phase diagram: the weak segregation limit (WSL) and the strong
segregation limit (SSL). In h@WSL, wherecN = 10, the interface becomes diffuse,
and sharp phase boundaries between two phases are not visible since the segregation
power is not strong enough. Increasingdh&urther raises the ODT. WhexN > 100
at the SSL, nearly pure domains t&nobserved with a narrow interface between them.
The balance between minimization of interfacial free energy and the maximization of
conformational entropy of the polymer chain under incompressible conditions

determines the equilibrium domain spacinghie SSL and is given by:

2 1
d=aN3 s Eq. 1.10
whereais the statistical segment length of diblock copolymer. This equilibrium domain
spacing at WSL is given by
d=NY%0 Eq.1.11
Above ODT for a fixedtN with increasing volume fraction of one block, the

orderto-order transition (OOT) startBom closely packed spheres (CPS), which

separates the disordered state and S phase, passing througbtemigdgd cubic
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spheres (S), hexagonally packed cylinders (C), and discontinuous gyroids (G), to
lamellae (L), & shown in Figure 1.12(a). When the composition is inverted, a
mor phol ogical inversion takes place (LYGOY
the phase diagram have a mirror symmetryaat 0.5. Figure 1.12(c) shows the
experimental phase diagram developedpialy(styreneblockisoprene) (P$-Pl) by
Khandpur and cavorkers'®® As shown in Figure 1.12(b) and (c), there is a qualitative
similarity between the phase diagram calculated by SCFT andpbaraental results.
However, in the SCFT calculations, thermal concentration fluctuations were not
included; thus, the ODT occurs at higle@&t values than predicted, and the CPS phase
was not observed experimentally. Hence, the experimental phase diagram
asymmetric in terms of volume fractién

Unlike in the bulk, the equilibrium morphologies of microphase separated block
copolymers in thin films are influenced strongly by the film thickness, film air
interface, substrate surface chemistry, togbgraphy. The confinement and surface
interactions in thin films are additional parameters for controlling the phase behavior
of the BCPs and lead to a different and more complicated phase diagram compared to
those of their bulk counterparts. There artanerous experimental and theoretical
studies that have been carried out attempting to predict the phase diagram of BCPs in
a thin film. The phase diagram of a diblock BCP confined between two identical
preferential flat surfaces was investigated by Li emvorkers using SCFT, as shown
in Figure 1.1336
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Figure 1.13. Theoretical phase diagram of AB diblock copolymer in a thin film, whatés fixed at 20
as a function of volume fraction of A and film thickness w in the unitaditis of gyrationRg), and the
resulting morphologies formed. Reprinted from referen86 Wwith permission from the American
Chemical Society.

While keeping the interaction parameteN(= 20) and the surface preference
fixed, 20 different morphologies, including centrosymmetric and noncentrosymmetric
morphologies, were observed by only ohiawg the volume fraction and the film
thickness. These morphologies can be categorized as sphere, cylinder, perforated
lamellae (corresponding to the gyroid phase in bulk), and lamellae when the volume
fraction varies from 0.2 to 0.8 and include even & lamellae or bulk cylinder phase
regions upon tuning the film thickness.

The affinity of each block to the different surfaces (air/substrate) can be
different, leading to preferential wetting or neutral wetting of the blocks with the
substrate and ainierfaces. These wetting conditions can change the orientation of the
domains on the substrate surface, as shown in Figure 1.14. In the symmetric wetting
conditions, one of the blocks shows more affinity to both substrate and air interfaces,
causing the laellae to orient irplane (horizontally) in the film. Likewise, when two
blocks show opposite affinities to the substrate and air, asymmetric wetting conditions
can be observed, leading to the sameplame orientation to the substrate.
Commensurability othe film thickness with the native domain spacing of the BCP is

important in preferential wetting conditions. When both the blocks show similar
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affinity to both air and substrate interfaces, the orientation of the lamellae domains is
out-of-plane and theris no effect from the commensurability; thus, there is no limit to

the film thickness.

a b
Symmetric wetting Asymmetric wetting
Preferential wetting Neutral wetting

Figure 1.14. Schematic illustration of different surface affinities of lamellae forming AB diblock
copolymers.

1.3.3 Highc BCPs
Feature sizes have reached the 2@nthsmalletength scale. In order to achieve these
smaller feature sizes via s@l§sembly, one area of research is focused upon the
development of higlt BCP materials, block copolymers with highly incompatible
segments. The characteristic feature of these BCBwmigheir polymer chains are
relatively short (and thus their molecular weights are lower), and the two blocks are
chemically very different, leading to the highparameter, consequently, a smaller
pitch and higher density of features. This higghalue can compensate for a loW
value so thatN still can be above 10.5 while annealing.

PSb-PMMA is the most widely used BCP for patterning until these ligh
BCPs were introduced due the availability, wealbwn properties, easy synthesis, and
straightforvard selfassembly by thermal annealing of -BMMA. The smallest
achievable feature size from PPMMA is limited to about 18 nM! owing to a
relatively lowc value. Furthermore, the absermfea definite interface between the
features from P®-PMMA due to weak segregation of PS and PMMA domains can
increase the line edge roughness, which can alter the morphology of nanopatterns after
pattern transfet?! In fact, the pattern transfer process becomes more difficult since
PMMA domains have to be removed by etching or chain scission in order to arrive at

a lithographic mask. However, RSPMMA still has been important in academic
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resarch, such as fin fielélectric transistors (FINFET) and rand@tcess memory
circuit pattern$3:84.142
Fully organic BCP in the absence of any metal or silicon also can achieve sub
10 nm features. Poly(styreAevinylpyridine) (PSb-PVP) is also a highly
incompatible BCP owing to its hydrophobic PS block and hydrophilic PVP jadioek
to the strong polarization of the pyridine ring. PS and PVP monomers are structurally
similar, except fothe nitrogen in the aromatic ring structure of PVP. The properties of
the two isomers, P2VP (ortho position) and P4VP (para position), where the position
of the nitrogen in the pyridine changes, are significantly different from each other,
including thec values where P2VP is at least half of thef P4VP at 25C. This thesis
will focus mainly on the use of PSPDMS and P$-P2VP selfassembly process.
Silicone polymercontaining BCPs have intrinsically largevalues!*® Floryi
Huggins interaction parameters of some selected BCPs are given in Table 1.1.
Polystyreneb-polydimethylsiloxane (P®-PDMS) is one of the weknown,
commercially available, and extensively used higBCPs, with a highdegree of
chemical incompatibility between the two blocks that is facilitated by the incorporation
of both hydrocarbon and inorganic blodk$This PDMScontaining block copolymer
has the addeddvantage of higher contrast for pattern transfer to the substrate upon

oxygen plasma etching.

Table 11. Flory-Huggins Interaction Parameters for Different Block Copolymers

Polymer c (25 °C) Flory-Hugginsc (T) Reference
PSb-PMMA 0.043 +0.028+3.91 137
PSb-PDMS 0.265 +0.037+68T 138
PSb-P2VP 0.178 -0.33+631 139
PSb-P4VP ~0.300 . 140

25


https://www.zotero.org/google-docs/?UC5hPR
https://www.zotero.org/google-docs/?zUFBU8
https://www.zotero.org/google-docs/?MzJZnc

1.4 Annealing

As-deposited thin films of a desired block copolymer are in a kinetically trapped non
equilibrium, disorganized state, as they are transferred from a solvent onto a substrate,
coupled with fast solvent evaporation. Annealing is required to prowumbility to the
entangled and trapped polymer chains to enable structural reorganization into an
equilibrium pattern. Annealing not only enables plasticization so that the system may
undergo selassembly and nanoscale phase segregation, it also isnglsdant for

defect eliminatiort*>14Thermal annealing}"*°! including microwave annealiftf

154 (with/without solvent), solvent vapor annealittg:°® and combinations of the two,
called solvothermal annealifg;*° are the most widely used techniquesenable
plasticization and nanoscale phase segregation towards an equilibrium strLivéure.
main purpose of annealing is to facilitate chain mobility in order to speed up the
structural organization into a reasonable time length. The other annealingjtessh

such as laser annealit};}%* shear annealintf>'%® and zone annealing, use basic
principles of either or both of the thermal and solvent annealing techniges.
following sections will discuss the annealing techniques used Hasstimbly bthin

films of BCPs extensively.

1.4.1 Thermal Annealing

The basic mechanism of thermal annealing is to increase the polymer chain mobility
significantly by simply heating the system above its glass transition tempefgfure (
and below theordeii disorder transition temperaturéopr) for an extended period of
time to enhance the polymer sasembly>66.167.168t js important to heat a thin film

of BCP uniformly in a controlled manner below its decomposition temperature in a
vacuum or arinert gas atmosphere to avoid oxidation and decomposition and achieve
the equilibrium morphology:%*® Thus, the conventional thermal annealing process
can be carried out in a vacuum ovehpéplate in an inert atmosphere glove box, or a
tube furnace with either vacuum or an inert gas flow in the temperature range of
120to 250 °C on the order of hours to d&y$%6%1"%urthermore, thermal annealing

has the advantage of being compatikligh the current semiconductor industry
processes, such as spin casting, baking, and etching processes. The difidEiljty (
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of a polymer above it$y is inversely proportional to the timé @nd is given by the
Arrhenius Equation wher®E, is the actvation energy of the polymeA is the
Arrhenius constant, an® is the gas constant. At higher annealing temperatures,

equilibrium morphologies can be achieved faster:

: D(T) =4 ( AEa)
; TN T ASP T Eq. 1.12

From a practical perspective, an important resource for both commercial and
research throughput is the time required for annealing. Microwave annealing-is well
known for its rapig nonclassical heating, not only in domestic settings but also
academic one¥®?1>415917n 2010, Buriak and cawvorkers proposed that microwave
annealing can be used to anneal a BCP thin film on Si wafers with or without a
solvent!®2 The final morphology of the annealed BCP has fewer defects and reduces
the annealing time considerably, to seconds/minutes. Similarly, Buriak amdrkers
have investigated the mechanism of microwave anrggahid determined that it is the
silicon substrate responsible for the rapid heating and not the solvent orBGP,
shown in Figure 1.15(a). The Morris group microwave annealelo-PSMS and B-
b-PMMA without any use of solvent, and the annealing process was compatible with
graphoepitaxy in the case of B§°DMS to achieve longange translational alignment
along the topographic pattetff. Recently Kim and cavorkers used a fast (~3 min)
solvo-microwave annealing process to get highly ordered crystalline nanostructures
from conjugated polymer based BEP.The incompatibility between the ordered
nanostructured and the conjugated polymer results in a comparatively longer annealing
time (24 h) via conventional thermal annealing.

In contrast to uniformly heating BCP thin films as in conventional thermal
anneding, zone annealing*'"®uses a directional ordering (hot or cold zone annealing)
or orientation dependent growth kinetics due to a thermal gradient, as shown in Figure
1.15(b). This zone annealing was applied first by Hashimoto amdodcers to a
lamdlae forming BCP polystyrenb-polyisoprene (P$-Pl), where heating and
cooling acrossTopr was carried out’>1’* Larger lamellae microdomains were
produced parallel to the gradient direction, and their work into the mechanism revealed

initial surfaceinduced ordering, which would propagate from ordered to disordered
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regions on passage through the zone. Cold zone annealing was introduced by Karim
and ceworkers for highc/high molecular weightBCPs, whereToptr cannot be
achieved without degrading the poler!’ In cold zone annealing, BCP is locally
heated above it$g and belowTopr. Zone annealing can be performed with already
available common equipment to control the temperature, and it is compatible with roll

to-roll printing allowing large area pressing.

Microwave Neutral
Substrate

(b)

Figure 1.15.Thermal annealing methods of block copolymer thin films. (a) Scheme of the effect of a
microwave absorber on sefsembly of P®-P2VP via microwave annealing. Image is from reference
153 and is reprinted with permission fraine American Chemical Society. (b) Schematic representation
of cold zone annealing with sharp thermal gradient cbP3IMA as cast disordered thin film (left)

and vertically ordered lamellae (right). The figure is from reference 176 and is reprintgebmitission

from the American Chemical Society.

Even though it is compatible with the existing integrated circuit manufacturing

processes, it is sometimes problematic for higbr high molecular weight block
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copolymers, as higher annealing temperaturddarger times are required to increase
chain mobility, which can result in thermal decomposition of the pol//fiéf and a
higher thermal budgét®17818%ther approaches, including solvent vapor annealing,
enables annealing either at room tempeeaturin conjunction with heating to arrive

more rapidly at a range of morphologies in annealing times of a few minutes or
|688155’178’180

1.4.2 Solvent Annealing

Solvent annealing was introduced to anneal BCP thin films by Thomas -avatkers

in 1998 They observed a significant improvement in the order of the cylindrical and
lamellar morphologies of annealed polystyrérgolybutadieneb-polystyrene (P$-
PB-b-PS) triBCP solvent compared to the thermal annealed patterns. The general
concept of solent annealing involves exposing a thin film of BCP to a solvent, and
polymer chain mobility is induced without degrading the polymer. The Hildebrand
solubility parameterd) is a good way to measure the interaction between two species,
such as polymer aralsolvent; this is defined as the square root of the cohesive energy
where,gqHyv is enthalpy change through vaporization, R is gas conStatemperature

andVm is molar volume

i= T Eq.1.13

If the Hilderbrand solubilityparameter of the solvent is closer to either one or
both blocks in the BCP, it often is ter med
sol vent mol ecul es wi |l | act as plasticizer
swells the BCP film and leads & increase in film thickness, depending upon how
much solvent has been absorbed.

Solvent annealing is more complicated than thermal annealing due to the
increased number of variables (See Figure 1.16). First, the solvent swells the BCP film,
effectively reducing thély and significantly increasing the chain mobility. Second, the
solvent absorbed within the film can shield either one or both blocks of the BCP,
leading to a decrease of the interaction parameter(c(1i f), wheref is the volume

fraction of the solvent in the swollen film) and varying (increase, decrease or no
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change) the effective volume fraction of the blocks in the swollen film. Third, the
solvent incorporation in the film can alter the surface free energies lpingd
substrate and polymiair to change the preferential wetting of the blocks with the free
surfaces. Fourth, solvent interactions with the substrate can minimize the undesirable
interaction between polyniesubstrate, leading to film dewetting. Finallgue to
changes in the interaction parameterthe previously established film thickness
commensurability conditions are altered, resulting in a new fitoh (Cex)*6), which

is different from the native pitch.

c. Cylinders Solvent annealing

T:H=51,SR-15 | ° PS-b-PDMS with mixed vapors

d. Perforated lamellae [’
T :H =3:1, SR~2.2

Figure 1.15 (a) Controlled solvent vapor annealing using nitrogen inlet and outlat) @EM
micrographs of silica nanostructures formed bydPEDMS with different solvent annealing conditions

with corresponding toluene:hexane (T:H) and swelling ratios (SR)pid from referenc&82 with
permission from IOP Publishing. (e) Schematic representation of processing steps for DSA of cylinder
forming PSh-PDMS on topographically patterned substrate annealed using mixed solvent vapors and
SEM micrographs of resultingatterns. Image is from reference 183 and is reprinted with permission
from Wiley-VCH.

Generally, a solvent annealing process occurs in thtéap,® or ong?6187
stage(s). First, a thin film of BCP absorbs the solvent, and the film swells in an
atmosphere of solvent at temperatures typically well below the Tyubi both blocks.
Secondly, the solvent concentration in the film reaches equilibrium. Finally, the thin
film is dried by removing the solvent by a rapid and nonequilibrium process. There
should be great control over each step in order to achieve the thiggree of
structural order in a microphaseparated film. The lack of a standard annealing
apparatus or set up is a major drawback for solvent vapor annealing to control the SVA
process, which may affect the final microstructure and the defect denstiglly.
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Hence, poor reproducibility and difficulties in comparison of results become
challenging. Various solvent vapor annealing appardfhave been developed for

this purpose and this will be further discussed in Chapter 2.

1.4.3 New Trends in Anealing
In the early days of DSA using BCPs, there was much work in examining both the
mechanism and design of systems to enhance lateral ordering with lower defects and
faster annealing processes. The attention in the DSA research gained several new
annaling techniques, such as 1a&&t% sheart® electric field®%1°2 and magnetic
field19319 annealing as alternative annealing techniques.

BCPs with high interaction parameters are usatetyease the feature size to
as small as 10 nm. Thus, orientating and achieving long range order of such BCPs are
challenging due to considerable dissimilarities of surface energies of the blocks. As
solutions, synthesis of high BCPs with similar surfae energy block8€%1% or an
application of a top co&*?°! to alter the surface energies of the block are being
considered. Generally, a top coat is composed of a random copolymer of the constituent
monomers of the BCP. However, it is difficult to sjgimst a random copolymer from
a solvent on top of the BCP filmvithout dissolving or swelling the underlying BCP
film. Willson and ceworkers reported a top coat soluble in water that can be deposited
on a BCP film soluble in organic solvents; this is subsequently removed aftet’®SA.
The resulting patterns are shown Figure 1.17(a). Limitations of this process include
the number of processing steps and the inability to use with water soluble BCPs
containing huge difference in polarities of the blotRg.0 overcome such difficulties,
Nealy and ceworkers proposetb deposit a topcoat from the vapor ph&8énitiated
chemical vapor deposition (iCVD) was used to deposit a topcoat, which can be grafted
to the as spun disordered BCP film as in the schematic shown in Figure 1.17(b). Since
the grafted BCP topcoat hsisnilar interfacial energy as the underlying BCP thin film,
the pattern was transferred successfully to the Si substrate without removing the

topcoat.
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Figure 1.16. Scanning electron micrographs aJ Poly(styreneb-trimethylsilylstyreneb-styrene) (PS
b-PTMSSb-PS) with a water soluble topcoat after thermal annealing. Inset is without the topYoat. (
Poly(trimethylsilylstyreneb-d,l-lactide) (PTMSSh-PLA) topcoat after thermal annealing. Inset is
without topcoat. The images are from reference 200. Copyright American Association for Advancement
of Science. € Process flow of DSA with BCP using chemoepitaxy and topcoat via iC¥E). $EM
micrographs ofd) e-beam resist pattern after trim ete) DSA pattern after sequential infiltration and
synthesis and removal of the topcoat with reactive ion etching (R)BJlumina line/space pattern after
removal of organic components by RIE. Image is from reference 199 with permission of the Nature
PublishingGroup.

1.5 Applications of BCP Based Nanopatterning

There are many weknown applications of block copolymers in bulk phase, such as
drug delivery®?2% to structural material®2%® and this section will focus on

applications of block copolymer in thin films. As described earlier, DSA is a high
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resolution and costffective patterning technique that can produce feature sizes
<10nm, particularly when combined with other lithograptachniques. So far, DSA

of BCPs has been used to fabricate numerous patterns that can be used for fin field
effect transistors (FINFET®)842%%nd memory deviceg?2!!

1.5.1 FinFET Fabrication

The first finFET was invented in 2001 to fulfill the tegement of device scaling and
performance enhanceméfit. Arrays of highdensity lines and spaces can be formed
using DSA with BCP that are used in finFET patterns. These arrays of high density
lines and spaces can be smaller than the resolution limihdoyurrent patterning
approaches used in photolithogragh§? Fin fabrication using DSA can utilize both
chemoepitax§* and grapbepitaxyto improve the pattern quality by reducing the line
edge roughness (LER). Corliss andworkers have shown a complete process of
chemoepitaxy based DSA for 7 nm fin fabrication, hewa in Figure 1.18(b). A
comparison between finFET formation by DSA and-aéined quadruple patterning
(SAQP) was carried out wusing a fully i1integ
a 300 mm research lab. Even though there were minor strudisshilarities between

DSA and SAQP finFETs, the performance of the devices was associated statistically
with the structural differences. Graphoepitaxy was used by Tsaitetfarm 29 nm

pitch fins using P$H-PMMA, Figure 1.18(a). A P$-PMMA thin film was deposited

on a silica guiding pattern that had been fabricated using EBL and then thermally
annealed. DSA has demonstrated its capabilities in dense line/space patterning, and
DSA can achieve sub0 nm patterning when combined with other nanopatigrni

techniques, such as EUV and EBL.
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Figure 1.17. Fin formation by P$-PMMA. (a) Process flow diagram of graphoepitaxy based fiFET
fabrication. Reprinted from reference 82. American Chemical Societ@ofnparison of pattern quality
between selfiligned quadruple patterning (SA@Rseline) and DSAased finFET fabrication.
Reprinted from reference 83 Nature Publishing Group.

1.5.2 Bitpatterned Media Fabrication

Magnetic grains within thenagnetic film are used to store data in conventional hard
disk drives. The reality, however, is that the data storage is limited since dozens of
magnetic grains are required to store a single bit of data. Hengagtigitned media
(BPM) is proposed as afential solution for increasing the storage capacity of future
hard disk drives (300 TbAh?'? However, existing nanopatterning techniques, such as
EBL, are either expensive or time consuming for fabrication of BN contrast,
DSA of BCPs is an excellent technique for patterningBulmm resolution in the
manufacturing of higldensity storage units; therefore, it has been the subject of
research by industry leaders, such as Se&§&feHitachi?*>2%and IBMP10-211.217in

the early efforts of DSA for BPM patterning using cylinder or sphere forming BCPs to
directly pattern the magnetic thin filf4®
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Il ntegrated templates with both servo

group usilg two different BCPs, cylinder forming FBPMMA and sphere forming
PSb-PDMS, as shown in Figure 1.19.2° Nanoimprint lithography was used to
create the piigattern for DSA. Bitpatterned radia with a theoretical capacity of

5 Th/in? were fabricated. One challenge with densely packed arrays of nanodots for bit
patterned media pattern fabrication is that their@aite head should be smaller than
the track width to ensure correct reading anding. Rectangular shadebit arrays
elongated along the cressck direction were proposed as a solution for the problem.
Nealy and ceworkers used a lamellae forming higlriblock copolymer, P2VR-PS
b-P2VP, on a e-beam guiding patterft® The complete rectangular bit pattern was
obtained by overlapping two bitatterned media templates, one with a circumferential

pattern and the other with a radial pattern as shown in Figure 1.19(A).

(a)
DSA1 DSA 2 Reblicat
(Circumferential) (Radial) P -

1"

Figure 1.18. (a) Using double imprinting to create rectangular bits by intersecting circumferential and
radial line space patterns. Reprinted from reference 219 with permission from IOP publisteng. (
SEM micrographs of bit media patterns from DSA oftPBDMS on nanoirprint template. Images are
from reference 86 with permission from the American Chemical Society.
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1.6 Scope of the Thesis

Directed seHassembly, DSA, a combination of block copolymer-asgembly with
top-down lithographic approaches, has been the focus of a great deal of research
attention as a promising nanolithography that addresses the limitations of other
lithographictechniques, from physical limits to cost. This chapter sets the background
for the thesis in order to provide a broad overview of nanopatterning in general and to
set the stage for block copolymer directed-asemblybased nanolithography. This
thesis ontains altogether five chapters.

DSA achieves high resolution patterning via a-asembly of polymers to
yield a wide range of morphologies, including spheres, cylinders, lamellar structures,
and gyroids. The development of high BCPs further increasethe patterning
resolution of DSA at a reduced level of defectivity. The defectivity of the patterns is a
critical metric, thus, precisely controlling, and understanding the processing conditions,
in particular the annealing step, is absolutely neces&zmgpter 2 discusses the
optimization of the process parameters related to block copolymeasselinbly via
solvent annealing using machine learning approaches and analyzes the defect densities
related to the process.

In most lithography applications, thifilms of selfassembled BCP serve as
sacrificial masks or templates, and the resulting pattern is transferred to the underlying
substrate for device fabrication. A widely used method for pattern transfer of block
copolymer seHassembly is reactive ioniahing or dry etching. In Chapter 3, the effect
of reactive ion etching on thin films of HBP2VP metalized with different metal ions
to improve the etching contrast is discussed.

Density multiplication of BCP selissembly via sequential annealing of
incommensurate BCP films of ABPDMS can form an enormous array of highly
complex Moiré superstructures. While providing insights into commensurate and
incommensurate boundary conditions for BCP-asffembly, the application of the
resulting Moiré superstatures is not clear. In Chapter 4, incommensurate self
assembly of block copolymers with mixed metal nanopatterns and their tunable optical

properties are investigated and discussed for possible photonic applications.

36



Finally, Chapter 5 provides a summary of the thesis as well as the conclusions

and possible future research directions related to BCrRasstmbly.
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CHAPTER 2

Machine Learning Approaches for Solvent Vapor
Annealing Process ControP

2.1 Introduction

In this chapter, a solvent vapor annealing (SVA) flomntrolled system combined with
Design of Experiments (DOE) and machine learning (ML) approaches are used to
characterize and quantify the defects, at various length sedtbs the resulting
patterns from block copolymer selfsembly>® The SVA flow-controlled system
enables precise optimization of the conditions of-aefembly of the high Floiy
Huggins inteaction parameterc] hexagonal dot arrafprming block copolymer
(BCP), PSb-PDMS® The defectivity of the resulting nanopatterns remains too high
for many applications in microelectronics and is exacerbated by small variations of
processing parametersuch as film thickness and fluctuations of solvent vapor
pressure and temperature, among otket®.2%* These parameters also significantly
contribute to the quality of the resulting pattesith respect to grain coarsening as well
as the formation of different macroscale phases (single and double layers and wetting
layers)!55?®1229 Then, the results of qualitative and quantitative defect analyses are
compiled into a single figure of merit (FOM) and are mapped across the experimental
parameter space using ML approashehich enable identification of the narrow
region of optimum conditions for solvent vapor annealing (SVA) for a given BCP.

The ideal defect free line pattern generated from a cylinder or lamellar forming
BCP should consist of straight lines extendingoassrthe entire substrate surface
without any disruption, with the assumption that topological defects are not present.
The defects seen in a tvdimensional line pattern can be simplified to junctions,

terminational points, and dots, shown in Figure??*1.

aiThe content of this chapt er Ginige,&;®aeng, V.pQlsen38 om t he f c
B. C.; Luber, E. J.; Yavuz, C. T.; Buriak, J. M. Solvent Vapor Annealing, Defect Analysis, and

Optimization of SeHAssembly of Block Copolymers Using Machihearning Approache#\CS

Appl. Mater. Interface021 13 (24), 2863928649. https://doi.org/10.1021/acsami.1c05056.
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Figure 2.1. Topological defects found in line patterns generated from BCB-P&/P selfassembly.
The positive phase is the P2VP block and the negative phase is the PS block. The image is from reference

224 with permission from the Public Library of Science.

2.2 Apparatus for Solvent Vapor Annealing

As discussed in Chapter 1, the majority of higBCP-based nanopatterning relies on

solvent vapor annealing due to its fast processing times compared to thermal annealing

and to not contributing to the thermal budtfet?°*° The SVA process is used widely

and is capable of forming loAgnge order nanoscale morphologies, even though a

broad understanding of the practice is not established completeli. dfitlee research

on directed seldssembly (DSA) has been carried out in static,-standardized

annealing systems that lacki gitu monitoring of film thickness and dewetting, as

shown in Figure 2.2°5%% The lack of a standard annealing apparatus or setup is a

major drawback for solvent vapor annealing to control the SVA process, which plays

a critical role in the seldssembly of the fidamicrostructure, which includes defect

formation and annihilation. Hence, comparison of results from one group to aisother

challenging due to lack of standardization.
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(C) Thickness monitor

(a) (b)Thickness monitor
T BCPsample

Solvent
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Figure 22.Ex ampl es of gener al solvent vapor ®atrneal ing a
box. Schematic is from referen282 with permission of Elsevier. (b) Static solvent vapor apparatus,

and (c) static solvent vapor apparatus with gas flow. Adapted feferencd 55 with permission from

the American Chemical Society.

The most basic setup used for solvent annealing is a sealed chamber with a
solvent reservoir and the sample of a thin film of BCP on a substrate. The entire system
is kept at room tempature and there are no additional controls over temperature. This
is known as static or fAjar o aassemddetdthimg, whi
films of BCPs in an effective way. The early examples of static annealing used either
a beaker or cryallization dish with flat glass cover or a desiccator with a sample
exposed to a vial of solvent, as in Figure 2.2faYhe next general family of static
annealing apparatus used a custiesigned chamber with a transparent windowv. In
situ ellipsometry or reflectometry was used through the glass window to monitor the
film thickness during the annealing process, as shown in Figure £Z{ihe swelling
rate and final degree of swelling depend on the volume of the annealing chamber,
suface area of the solvent reservoir, and possible leakage of solvent vapor from the
annealing chamber. The major drawbacks of this type of annealing apparatus include
difficulty in controling over the swelling rate during annealing and precise
reproducibiity, as the solvent vapor pressure depends on the humidity and the
temperature of the room.

The next general family of annealing apparatus also consists of a static
annealing chamber attached to an inert gas flow to control the solvent vapor pressure
inside the chamber, as shown in Figure 2.2(Hence, there is a great control over
both the swelling and, in particular, the deswelling processes. The degree of swelling
is defined as the film tbkness ratio between the swollen and initial samples and is an
important parameter with respect to the final morphology attained by the annealing.

For general static annealing after reaching the desired swelling degree, deswelling is
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carried out by simplyppening the chamber lid and releasing the solvent vapor to trap
the selfassembled structure kinetically. However, in this case, deswelling is controlled
by purging inert gases at different flow rates in the segmmetral annealing apparatus.

A sophistiated family of solvent vapor annealing apparatus includes a flow
control, a purge line, andiigitu film thickness monitoring. The swelling degree can
be controlled greatly by managing the solvent flow, and highly reproducible results can
be obtained®Z1:2%2% E|lipsometry and reflectometry provide useful information
when collected insitu during the solvent annealing process, in addition to data
regarding the swelling degree as a meastissvollen film thickness. The assumption
of uniform film thickness over large areas (hundreds of micrometers) is important when
using these techniques that measure thickness, as they analyze over large areas; thus,
they represent an average over that adrkavever, dewetting and terrace formation
during the annealing process of the film can occur, leading to regions of different
microstructures with different thicknesses, as shown in Figuré’28is formation of
terrace phases and dewetting disturbddhg range order of the resulting pattern and
increases the defect density, discussed further in this ch&pfér2® Hence, an
average or effective thickness over a large area is estimated by ellipsometry,
reflectometry, or other nemapping techniques, as these dewetted areas and terraces

are averaged over the entire thickness of the film.

Figure 2.3. Profile and plan view of terraced phases of a thin film ocbHEB-b-PS with 14k73k-15k
molecular weight. (&) AFM phase images of BCP thin films with different morphologies in areas of
varying initial film thickness (by varying polymer concentration) after annealing. White lines are contour
lines. All the images are 2 nm?. Adapted from referenc227 with permission of the American
Physical Institute.
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To enable a better degree of reproducibility, use of a feedback control linking
the swelling degree to the solvent vapor flow has been developed. For inBlarigle,
and coeworkers developed a solvent vapor flow annealing apparatus with precise
control over the swelling degree using a feedback control between in situ film thickness
monitoring via laser reflectometry and solvent vapor flow, with external optical
microscopy monitoring, as shown in Figure ®2This combination of insitu optical
microscopy and laser reflectometry enables investigation of solvent vapor annealing of
block copolymer thin films at both the millimeter scale (lateral) and nanorseder
thickness. A similar apparatus has been developed by other groups, including the

groups of Ros$® Ober?®2* MokarianTabari?*® and several other§8234239

Flow controller

___Thickness
monitor

/: /

Bubbler Annealing
chamber

Figure 24. (a) The preannealed BCP film spinoated onto silicon, locking in the initial film thickness.
(b) Solvent vapor annealing (SVA) to a predetermined swelling degree (SD) using a feealttacked
annealing system. Adapted from referet&8with permissbn of the American Chemical Society.

Lithography multiplication via DSA reduces the defect density, as chemical and
morphological features on the surface help to guide the BCP into the lowest energy
equilibrium patternd®29241 For example, Nealy and amorkers investigated the
complete defectivity information under various annealing conditions for a kinetic study
of chemoepitaxy DSA in a 300 mm wafer fab, as shown in Figur&2k6m et al

used a photgatterned surface to align BCP with low defectivity levels, where the
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materials and techniques used can be adapted to a complex custom pattern for
microelectroniadevices?*! Significant progress has been made in recent years, where
the defectivity of DSA is now considered within tolerance when combined with using
extreme UV (EUV) or ebeam lithography* However, there is still a pressing need to
reduce the defectivity of unguided BCP films, as this would allow for the fabrication

of larger spacings between guiding patterns and greatly rebecmst and demands

of the lithographic step. Moreover, defects still remain a challenge, however,
particularly with smaller molecular weight BCPs with a high HRlétyggins
interaction parameterc) that produce the se®0 nm periodicitie¥®?4+24 and

features®

_ 193 Resist Brush M si
glnlhography ( l / Trim elch./// strippln / grafting
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84 nm BCP BCP PMMA & Brush

/ coating / /annealm removal # Sl etch V) M ps
— = = 7
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Figure 2.5. Schematic representation of the chemoepitaxy DSA process used to study the kinetics of the
defect annihilation. The schematic is from refererd2with permission from the American Chemical
Society.

To achieve the desired nanopatternsadkassembly, not only are the annealing
parameters critical, but the initial thickness of the applied BCP monolayer must be
precise, typically within one or two nanometé&f&>! The ideal thickness for a given
BCP is unique and depends upon the contiposiof the BCP and factors such as
surface functionalization and energy, the use of a topcoat, and other
factors199:22.24024124825 Both experimental and computational results strongly link the
initial film thickness with the resulting sedfssembledstructure and persistent
defects??1227:2% Small fluctuations of thickness within a monolayer film can lead to
different selfassembled structures, as unfavorably thin domain thicknesses frustrate
packing due to the buildup of strai¥? Periodicity of structures formed from self
assembled BCHanopatterns may be dependent upon film thickness and other

processing parameters, as has been recently shown with bottlebruskSepPs.
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2.3 Design of Experiment and Machine Learning

Hexagoml dotbased nanopatterns are of interest for memory materials and desices,
these deviceare more tolerant diexagonal patternetkfects than linear patterns for
CMOS (e.g., vias), and thus the route towards commercialization appears more
direct?* iFurt her i mpro¥emend! v #iwmpowevésgidle s 0
required, particularly over large areas. With the optimization ofessémbly of any
new BCP, particularly high BCPs that may be challenging due telived) metastable
defects or any change in processing conditions, annealing garamall need to be
re-evaluated. Empirical optimization of annealing of BCP films is tcoesuming and,
if not rationally devised, will sample variable space incompletéf?® Hence,
machne learning algorithms are a powerful tool for problem solving where large
parameter spaces are involv@dMachine learning also has been applied in block
copolymer seHassembly in order to determine the equilibrium phase behavior by
simulationg® or to optimize the chemical templates for DSA2® Ross and co
workers applied machine learning tools to investigate the interplay of solvent annealing
parameters, such as initial thickness, swelling, time, solvent ratio, and to predict the
effect on finalmorphology and defectivit§f

The typical way to confirm the roles of different factors that lead to the observed
results is to change one variable at a time in academic laboratories. This method is
called one factor/variable at a time (OFAT/OVAT). Itasslow process and has
difficulty in finding the optima as the number of variable testing is increased in an
experiment® The experimentalist can sample a large multidimensional parameter
space in a rational method using DOE and then combine it with ML to map the
parameter space approximaté/Figure 2.6 depicts a comparison of the optimization
process using DOE vOFAT for a two parameter system and the blue gradient maps
out the output parameter of interest as a function of two input parameters. There is a
possibility of not finding the optimum value of the output paranfetethe correlated

system, as shown in Figu?e5(c,d).
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Figure 2.6. Comparison between DOE MSFAT approaches for finding optimum parameters for two
input parameter systems. (a,b) OFAT sampling of an uncorrelated system and (c,d) OFAT sampling of
a correlated system. (e) DOE approach with orthogonal sampling of a correlated system.
() Approximaton of the true output parameter map produced by ML fitting methods applied to the six
data points acquired by DOE in (§reen and orange datspresentwo set of variables in the system.
Adapted from referenc256 with permission from the American Cheral Society

In an attempt to optimize these SVA parameters more efficiently with fewer
laboratory resources (including time, one of the most precious resouhezsy full
factorial experimental desigis used complemented by machine learning (ML)
approaches, talentify the optimized SVA parameters. However, the factors involved
in solvent annealing are namthogonal and correlated, with one alteration affecting
other parameters of the film during sasembly, and the effects playing out over
different length sales. Given the difficulties of optimizing correlated systems with
numerous input parameters, we show how ML techniques may be applied to map out
and minimize the defect densities of solvanhealed hexagonal @fatrming BCP

nanopatterns. While this worlocuses exclusively upon solvent vapor annealing of
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BCP films, the approach to optimization described here could be applied to other
annealing methods.

In this chapterfilm morphology defects are analyzedand associated
distributions observed in different thicknesses ofbFREDMS thin films that are
solventannealed to a range of swelling degrees, plasma etched, and converted to silica
nanopatterns. This analysis of defects runs through a wide range officaipns,
starting from defects in the lattice itself to grains of different macede phases in the
film (wetting, single, and double layers).

2.4 Experimental Methods

2.4.1 Materials

Poly(styreneb-dimethylsiloxane) (43#-8.5k) diblock copolymerRSb-PDMS) with

a dispersity of 1.04 was purchased from Polymer Source Inc. and used akiene
(>99%) and tetrahydrofuran (THF, >99%) were obtained from Fisher Scientific.
Silicon wafers [<100>, 4 in. diameter, thickness 525 + 25 migpe (boron doed),
resistivity <0.005 W cm] were purchased from WRS Materials. Sulfuric acid (96%)

and hydrogen peroxide (30%) were purchased from Avantor Performance Materials.

2.4.2 Silicon Wafer Dicing and Cleaning

Silicon wafers were diced into 1 cm x 1 cm squdngs DSA 321 dicing saw and
cleaned in freshly prepared piranha solution [3:1 v/v sulfuric acid (96%)/hydrogen
peroxide (30%)CAUTION : Piranha solution violently reacts with organic matter] for

15 min, washed witkeionizedwater, and dried in a nitrogen stream.

2.4.3 BCP Thinfilm Self-assembly

A bulk BCP solution with a concentration of 2 wt% in toluene was used to prepare
solutions with concentrations ranging from 0.6 to 1.4 wt%. BCP thin films with
thicknesses betweel®2 t o 33 nm were prepared by spin
polymer solution, as shown in Figure 2.7, on piranha sohdieaned Si chips at 8500

rpm for 40 s with a WS W800BZ6NPP/120 LITE spircoater (Laurell Technologies

Corporation). The initial ilm thickness was measured by ellipsometry and is the
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average of ellipsometric measurements taken at five different points on the chip. The
variation of thickness with the concentration of the BCP solution is shown in Figure
2.7.

35
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25

20 $

Initial film thickness / nm

0.4 0.6 0.8 1 1.2 14 16
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Figure 2.7. Relationship between initial film thickness and concentration (% m/v) &FPBMS (43k
b-8.5k) solution in toluene. Film thickness determined by ellipsometry. The plot is reproduced from
reference 8 with permission of the American Chemical Society.

2.4.4 Controlled Solvent Vapor Flow Annealing System

A complete procedure for the annealing of a thin film of BCP on an -@edped Si

chip using the controlled solvent vapor flow annealing systes) been described
previously’®® The initial film thickness (in nm) and target swelling degree
(SD=swollen film thickness/initial film thickness) were entered into the program
controlling the solvent annealing system. The dwell time was 300 s, and the ramp speed
was 0.3 SD/min, for akamples. It was ensured that the bubbler had enough solvent
(THF) before commencing the annealing program, and 20 SCCM (standard cubic
centimeter per minute) of Ar was bubbled into the solvent bubbler, along with another
pure Ar mixer to adjust the valwutomatically. The program automatically stopped
the solvent vapor flow at the end of the annealing, and the BCP film was deswelled by
purging the annealing chamber with pure Ar. Briefly, the swelling degree is measured
in situ and controlled via a feedlaoop. As the volume of the annealing chamber is

small, less than 1.5 cimat a carrier gas flow rate of 20 sccm, full replacement of the
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volume of the annealing chamber is complete within 4.5 s. This allows the films to be

guenched to a swelling degreldess than 1.5 in under 2 s.

2.4.5 PSh-PDMS Thin Film Reactive lon Etching (RIE) Process
AlPS-b-PDMS thin films were etched wstdph a
etch: The first step removed the surface wetting layer of PDMS on the BCP film by
using a Ck plasma (100 sccm), 100 raiir, 50 W for 8 s. In the second step, using an
Othicknesses between 20 to 33 nm, they
desired polymer solution piranha solutidieaned Si chips at 8500 rpm for 40 s with a
WS WS400BZ6NPP/120 LITE spircoater (Laurell Technologies Corporation). The
initial film thickness was measured by ellipsometry and is the average of ellipsometric

measurements taken at five different points on the chip.

2.4.6 Film Characterization

High magnification SEM micrographs were taken using a Hitachi S4800 scanning
electron microscope (15 kV, 20 pA). Low resolution micrographs were taken using a
Zeiss Sigma field emission scanning electron microscope (15 kV, 20 pyA). The SEM

micrographs for all t samples are shown in Figure 2.8.
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Figure 2.8. (a) High magnification SEM micrographs of BCP dots at various swelling degrees and initial
film thicknesses, as indicated. Dot positions taken from these micrographsiseer¢o calculate the
statistical values used in the value dot maps corresponding to figures in the main text and ensemble
statistics in the paper. Scale bars are 1 um. (b) Details of (a) showing individual dots. Scale bars are 250
nm. The images are froreference 28 with permission of the American Chemical Society.

2.4.7 Data Processing

SEM micrographs were processed to extract dot positions and areas of single layer
phase using Gwyddion image analysis softw&&he background of the micrographs

was removed using median scan line alignment, followed by polynomial background
removal and revolve arc for the single layer and dot micrographs, respectivetya
Gaussian filter was used to reduce high frequency noise. The layer and dots were
mar ked by a brightness t hNexythe rtiobf@u n d
single layer area veaaveraged over eight SEM micrographs for each set of conditions
studied to get the final area percent of the single layer phase. The dot positions were
used to compute the various metrics of the BCP dot arrays. The raw SEM micrographs
for all SVA conditims that were used to determine dot positions are shown in Figure
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2.6. The size and resolution for silica dot arrays are 4.57 pm x 3.05 um and 3070 x
2045 pixels, respectively. For the phase images, the size is 127 pm x 89 um, and the
resolution is 256& 1920 pixels.

The majority of the metrics used in this work are derived from the dot positions
of the six nearest neighbors of each dot in relation to itself. The nearest neighbors are
calculated using the ball tree algorithm in Selkirn?® The dot pitch of each dot is
calculated from the mean distance of its six nearest neighbors to itself. The cell
orientation angle of each dot is the circular mean of the angle of each nearest neighbor
vecta modulus with 60°. This gives a cell orientation angle fi@@ to 30° for each
dot. The registration erroR§) is calculated from the six nearest neighbors, as explained
in thechapter The defect distance is defined as the shortest distancesf&cmdot to
a defect. For the ML fit maps, the ensemble averages are taken as the mean of all non
defective dots.

ML fit maps were made to visualize the changes in the relevant metrics across
all conditions tested. The fitting is performed using a radisidfunction (RBF) kernel
support vector machine (SVM) from Scikitarn?® After fitting, the function is

remapped onto a grid to form an image for visualization.

2.5 BCP Pitch and CellOrientation

The focus of this work is the quantification, prediction, and minimization of the defect

density at all length scales of dot forming BCP films. However, other important metrics

of the BCP dot array, such as pitch, can be determined easilyhamrdfects of the

solvent vapor annealing (SVA) parameter space on pitch are analyzed. BCPs with ultra

small pitch (also known as period, domain spacingspating) have received the most
attention in fulfilling Moeareaf@wsappraachest o de c
to decrease the BCP pitch; one includes lowering the polymerization de¢gfabe
polymer, however, a small&rwill weaken the segregation strengtiNj as a solution
for high-c BCP to achieve a high segregation strength. Eveugth the equilibrium
domain spacing of a given block copolymer depends oiNthedc of the BCP d a
aN??c®) during the solvent vapor annealing, tbeparameter can be altered by

incorporating the solvent vapor into the thin film, given by:
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Yope= X (1 =0 Eqg. 2.1
wherecer is the effective FloryHuggins interaction parametear,is the interaction
parameter of the dry BCP, anglis thefraction of solvent molecules existing at the
interface of the two blocks. This changeci can lead to a change in the equilibrium
domain spacing of the BCP while solvent vapor annealing.

Shown in Figure 2.9 are the dot maps of the localized BCPpitbt where the
pitch of each dot is determined by taking the mean distance of a dot and its six nearest
neighbors. From both the low (Figure 2.9a) and high (Figure 2.9b) magnification maps,
we can see that there is a clear trend of a small decreasthnwiih increasing
swelling degree. These maps are ca@oded, thus the shift in color from yellegveen
to bluegreen is showing a decrease of pitch as the degree of swelling increases.
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Figure 2.9. BCP lattice pitch as a function of SVA conditions. (a) Dot value maps showing dot locations
for all 28 combinations of initial thickness of the-B®DMS films and swelling degrees, indicated by

the labelled rows and columns, respectively, and showirmg ealues for BCP lattice pitch in nm. Scale

bars are 1 um. (b) Details of (a) showing individual dots. Scale bars are 250 nm. The images are from
referencel58 with permission of the American Chemical Society

As the degree of swelling is raised from 1.6 to 2.2, the average values of
localized pitch range drop from 36.5 to 32.5 nm (displayed graphically in Figure 2.10).

51



Similar trends showing a decrease in pitch with increasing swelling degrees have been
observe by Gu and cavorkers as well as Ross andworkers, for different initial
film thicknesseg®:2%

Initial Film Thickness (nm)
Nl ha ] =]
M B [=3] o
BCP Dot Pitch (nm)

[a~]
=]

16 17 18 19 20 21 22
Swelling Degree

Figure 2.10. Support vector machine fitting using a radial basis function kernel showing the relationship
between initial film thickness, swelling degree and median BCP lattice pitch. The image is from
reference 8 with permission of the American Chemical Society.

At first glance, it may seem somewhat counterintuitive that the pitch decreases
as the swelling degree increases, however, it is important to realize that the film can
only swell in the vertical direction perpendicular to the substrate, which ctheses
microdomains to be become nspherical, shrinking in size in the-plane direction
and stretching in the owtf-plane directiorf® The decrease in pitch with increased
swelling degree came understood best by noting that the domain spacing, in the strong
segregation limit is given by the equatidr c6.25"2% Given that thecerr decreases
linearly with the amount of solvent incorporated into the fith$°the domain spacing
is expected to decrease as the swelling degree increases, as observed. Similarly, solvent
molecules can incorporate fully into thinner flms more easily compared to thicker
films, leading to a decrease in piteh.It is also worth noting that there are several
blank/white patches in éhfilms of thicknesses of 20.0 and 24.0 nm. These patches are
wetting/lamellae phase layers that correspond to very thin regions of the BCP
film. %22 These phases do not contain any dots/ieis@nd as such are left blank for

all subsequent analyses.

52


https://www.zotero.org/google-docs/?LS0Vck
https://www.zotero.org/google-docs/?PTf379
https://www.zotero.org/google-docs/?1B28vz
https://www.zotero.org/google-docs/?1dsbLe
https://www.zotero.org/google-docs/?Wka5F4
https://www.zotero.org/google-docs/?XkVSji

Before quantitatively analyzing the defects in these BCP dot patterns, it is first
useful to visualize the grain structures observed with different annealing conditions.
The occurrence of a vatieof grain boundaries generally disturbs the loagge order
of the ordered phase during the ssdsembly of BCP and separates ordered domains
with different orientations and sizes, represented by Figure Z14.local cell
orientation of each dot isapped in Figure 2.11, which effectively maps out individual

grains (regions where all the BCP dots have the same relative orientation).

Figure 2.11. BCP lattice cell orientation as a function of SVA conditions. (a) Dot value maps showing
dot locations for all 28 combinations of initial thickness of thebFFDMS films and swelling degrees,
indicated by the labelled rows and columns, respectivelyshading color values for BCP lattice cell
orientation in degrees. Scale bars are 1 um. (b) Details of (a) showing individual dots. Scale bars are 250
nm. The images are from referen&8with permission of the American Chemical Society.

Theseresults clearly demonstrate the large variability in losigge ordering as
a function of the initial film thickness and swelling degree. Some films comprise many
very small, sud.00 nm grains, and others are uniform over micron scales. The average
grain sze depends on various factors, including the swelling degree or the solvent

vapor exposure of the filtf? 2™ and the initial film thicknes§” At a film thickness of
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