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Abstract

Molecular self-assembly 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 self-assembled structures and patterns. The self-
assembly 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 self-assembly 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. Self-assembly of BCPs has been
described in the International Technology Roadmap for Semiconductors (the ITRS, and
now the IDRS) 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 due to the promise of this scalable and low-cost nanopatterning
approach. More recently, the remarkable work harnessing BCP self-assembly has been
directed to other applications, one being optical metamaterials; this thesis will add to
this growing body of science. One aspect holding BCP self-assembly back is the
defectivity in the patterned material or surface; some applications are more defect
tolerant than others, but hard drive and other computer-industry applications have very
low tolerance for defects. It is, therefore, important to have systematic control over the
self-assembly 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 hexagonal nanoscale patterns derived from BCP self-assembly and
looks at extending them to produce nanoscale patterns of native and non-native
morphologies that have plasmonic properties.

This thesis is divided into two parts. The first part deals with optimization of
solvent vapor annealing of BCP self-assembly, 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 learning approaches. In

this work, it was discovered that slight variations in the initial film thickness on the
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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. Next, machine
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 the optimum annealing
conditions for the annealing of thin films of BCPs of PS-b-PDMS 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 self-assembly of BCPs. The second part of the thesis starts
with optimization of reactive ion etching (RIE) for producing single layer metal
nanopatterns from metal ion-loaded thin films of PS-5-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
Moir¢é pattern formation via self-assembly of a second layer of BCP on the initial
pattern prepared by self-assembly of either the same or different BCP, as will be
described in Chapter 4. Therefore, the initial pattern produced via BCP self-assembly
and RIE etching would need to withstand a second treatment step of BCP self-assembly
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 metal-metal nanopatterns 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 of SiO. dots were first
produced from PS-5-PDMS BCPs and then layered a BCP of PS-H/-P2VP that was
subsequently loaded with gold or platinum ions. Upon RIE etching, the BCP is removed
and the SiO,/Au or Pt nanoparticle arrays were produced.

Based upon the outcomes of the optimization of the etching work, mixed Au-
Pt commensurate and incommensurate hexagonal lattice patterns were produced on
both silicon and quartz substrates. Finally, the optical properties of these mixed metal
Pt-Au 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
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the gold nanoparticles through proximal platinum nanoparticles when arrayed in

periodic patterns.
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Preface

This thesis is arranged into five chapters. Chapter 1 gives a brief overview about the
lithographic techniques and role of directed self-assembly using block copolymers in
patterning, along with the concepts of polymer chemistry and self-assembly. Chapter 2
discusses how to use machine learning approaches to analyze and quantify defects
observed in block copolymer self-assembled patterns and optimize the solvent vapor
annealing parameters in an effective and efficient way. Optimization of reactive ion
etching for deposition of a single layer of metal nanopattern using several methods was
explained in Chapter 3 in order to fabricate metal-metal bilayers. Chapter 4 contains
the generation of mixed metal/oxide double layer patterns and investigates their optical
properties.

The work presented in Chapter 2 is published as Gayashani Ginige, Youngdong
Song, Brian C. Olsen, Erik J. Luber, Cafer T. Yavuz, Jillian M. Buriak, “Solvent Vapor
Annealing, Defect Analysis, and Optimization of Self-Assembly of Block Copolymers
Using Machine Learning Approaches” ACS Appl. Mater. Interfaces 2021, 13 (24),
28639-28649. 1 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. I wrote the initial text
draft and 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 conducted by me under the
guidance of Dr. Erik J. Luber, Brian C. Olsen, and Prof. Jillian M. Buriak. All the image
processing and data analysis were carried out by me. I 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 be co-authored with
Brian C. Olsen, Dr. Erik J. Luber, Prof. Mark T. McDermott, and Prof. Jillian M.
Buriak. I 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 UV-vis spectroscopy data. I wrote 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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PS-b-PDMS (43k-b-8.5k) solution in toluene. Film thickness determined by
ellipsometry. The plot is reproduced from reference 158 with permission of the

American Chemical SOCIELY. .......cooiriiriiiiriinieieetee e 47

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
micrographs were used to 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 from reference 158 with permission of the American Chemical Society. 49

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 PS-b-PDMS
films and swelling degrees, indicated by the labelled rows and columns, respectively,

and showing color values for BCP lattice pitch in nm. Scale bars are 1 pm. (b) Details
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of (a) showing individual dots. Scale bars are 250 nm. The images are from reference

158 with permission of the American Chemical Society..........cccccveevviiiirciieicieeenien, 51

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 158 with permission of the American

ChemiCal SOCIELY. ...vviiiieiiiieiieiiie ettt ettt ettt e b et ete e saeebeessaesaseesaeeesseansneensaens 52

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 the PS-b-
PDMS films and swelling degrees, indicated by the labelled rows and columns,
respectively, and showing 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 Society. 53

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 Delaunay triangulation. 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 SOCIELY. ......ceeviiieiiiiiiieeiiie e e 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 the PS-b-PDMS
films and swelling degrees, indicated by the labelled rows and columns, respectively,
and showing color values for registration error in percent dot pitch. 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. .................. 57

Figure 2.14. (a) Dot value maps showing dot locations for all 28 combinations of 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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um. (b) Details of (a) showing individual dots. Scale bars are 250 nm. (c¢) Support
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 Chemical SOCIELY........cccuviruiiriieiiiiiiciie et 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. Scale bars are 1 um. (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........c..cccceeeenneene. 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 rows and columns
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 are from reference

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

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

ChemiCal SOCIELY. ....veiiieiiieiieiee ettt ettt et e et esaeeenbeesseeenseens 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
machine fitting using a radial basis function kernel of the area averaged number of dot
layers, where “0” represents a wetting layer, “1” represents a single layer of dots, and
“2” represents double layer areas. Scale bar is set to 0.4—1.4 to improve contrast. The

images are from reference 158 with permission of the American Chemical Society. 63

XX



Figure 2.19. Support vector machine fitting using a radial basis function kernel of the
(a) defect distance of the 20™ percentile (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 images are reproduced from reference 158 with permission of the

American Chemical SOCIELY. ....cccuevviiiriieiieiieiie ettt 65

Figure 2.20. The fit of the predicted SVM models 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 Chemical Society. .......cc.ccccevvvereineriinneenne. 66

Figure 3.1. SEM micrographs of (a) planar view (b) 70" 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 suspended porous silicon membrane. This image is from reference 285 with

permission from the American Vacuum SOCIELY. .......coeevverienienieniieneeieeienecieneeenne 70

Figure 3.2. (a) Structure and molecular weight of poly(styrene-b-2-vinylpyridine) (PS-
b-P2VP). (b) Schematic representation of spin coating a solution of PS-6-P2VP in
toluene on a silicon substrate with a native oxide layer. Thermal 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. Electrostatic interaction 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 metal complexes with the protonated P2VP block, in an
acidic environment. This image is from reference 169 with permission from the

American Chemical SOCIELY. .....ceeviuiiiiiiiieiieeie ettt 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 HAuCls per pyridine unit after reduction with
anhydrous hydrazine for different time intervals. (a) After 1 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 reduction, coagulation of initially formed
gold particles resulting in large crystallites and empty micelles. This image is from

reference 298 with permission from John Wiley & Sons. ........cccceeevierieeiiienieenieennen. 72

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

from reference 303 with 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 lines was L after the
metallization step was performed (B). Line spacing was halved to L/2 for areas with
double layers of lines (C). The cross-section image (D) represents both layers of lines,
with the top layer lines being slightly brighter and narrower than those of the underlying
layer. (E-G) Similar pattern formation and density doubling for dot patterns. All scale
bars are 100 nm. This image is from reference 304 with permission from the American

CRemiCal SOCIELY. ...eiiiiiieiiieeeiie ettt ettt et e e tee e e tee e sabeeesnbeeesnseeenseeennseeens 74

Figure 3.6. (2) A schematic representation (up) and SEM micrographs (bottom) of a
sequential self-assembly of PS-5-PDMS to generate silica honeycomb patterns. (b) A
schematic representation of three different scenarios of dot-to-dot contact within a
lattice with the geometrical values of interest within the perfect hexagonal lattice with
dot overlap (B > 1), touching (B = 1) and no contact (B < 1). This image is adapted from

reference 305 with permission of the American Chemical Society........c..ccceceeeuennnee. 75

Figure 3.7. SEM micrographs of (a) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated from PS-H-P2VP (44k-b-8.5k) of the same

sample. (c) Low (d) high magnification images of sequential nanopatterning of Pt—Pt
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double layer dot patterns using the single 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...........cccoevveeiiieiiieciienieeieecee e 81
Figure 3.8. SEM micrographs of (a) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated from PS-b-P2VP (44k-b-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 layer of Pt nanopattern 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...........cccoevveeviierieeciienieeiiecee e 82

Figure 3.9. SEM micrographs of (a) low and (b) high magnification images of a single
layer of Pt nanodot pattern generated from PS-5-P2VP (88k-b-18k). (b) Low and (c)
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 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 NANOPATLETTL. ...eeeueieeeiieeeiiee e e e e et eeesae e e e aseeesaeeenbeeennneas 83

Figure 3.10. SEM micrographs for (a) a single layer of hexagonal SiO, dot pattern
from self-assembly of B30 (b) sequential self-assembly of a second layer of hexagonal
Pt nanodots on the bottom layer SiO, dot pattern using B’30 with pitch ratio of 1.0, and
(c) low and (d) high magnification images of triple layer formation of SiO,—Pt-Pt on
top of the double layer of SiO,—Pt using identical self-assembly process to the second
layer. All the scale bars are 250 nm, and the insets show the corresponding FFT of the
double and triple JAYETS. ......cc.eeiiiiiiieiieieee e 85

Figure 3.11. A schematic illustration of four types of plasma mechanisms. (a) Sputter
etching, (b) chemical etching, (c) ion-enhanced chemical etching, and (d) inhibitor ion-
enhanced chemical etching. This image is from reference 310 with permission from

N 0T AN 1 SR 86
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Figure 3.12. SEM micrographs of a single layer of Pt nanopattern generated by self-
assembly of PS-H-P2VP (56k-b-21k) pattern transfer with (a) chemical plasma etching
using 0.6 torr O; plasma for 1 min and (b) RIE using 0.1 torr Oz plasma for 20 s..... 87
Figure 3.13. SEM micrographs of a single layer of Au nanoparticles fabricated using
PS-b-P2VP (88k-b-18k) (a) after a RIE step and (b) after spin coating a second layer
using only toluene without the BCP on the same sample shown in (a). All the scale bars

ATE 250 TIMN. e ettt ara———————— 88

Figure 3.14. SEM and AFM micrographs of (a,b) a single layer of a hexagonal Pt dot
nanopattern from PS-H-P2VP (88k-h-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

LIE 1010 T2 11 1 o PR SRSRR 89

Figure 3.15. A schematic representation of island and hole formation upon etching of
a thin film of a PS-h-P2VP layer on silicon. (a) The PS-b-P2VP layer contains HAuCl4
embedded within the P2VP block. (b) The PS-5-P2VP contains Au nanoparticles upon
etching. The gold nanoparticles etch faster under these conditions than both the PS and
P2VP blocks. Reprinted from reference 314 with permission of Wiley-VCH........... 90

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

Figure 3.17. SEM micrographs of Pt nanopatterns by PS-b-P2VP (88k-b-18k)
developed using (a) partial RIE of 100 mTorr, Oz RIE (80 sccm) at RF power of 30 W
for 5 s (b) partial RIE of 100 mTorr, Oz RIE (80 sccm) at RF power of 30 W for 15 s,
followed by thermal annealing at 250 °C for 1 h, and (c) thermal annealing at 250 °C
for 1 h without using RIE. All scale bars are 250 M. .........cccceevverieneniienienenieneene. 92

Figure 3.18. SEM micrographs of Pt nanopatterns by PS-b-P2VP (88k-b-18k)
developed using (a) partial RIE of 100 mTorr, O2 RIE (80 sccm) at RF power of 30 W
for 15 s, followed by (b) thermal annealing at 550 °C for 10 min, (c) thermal annealing
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at 550 °C for 15 min, and (d) thermal annealing at 550 "C for 30 min. All scale bars are
B 10 115 s DO SRS 93

Figure 3.19. SEM micrographs of Pt nanopatterns by PS-b6-P2VP (88k-bH-18k)
developed using (a) RIE of 100 mTorr, Oz RIE (80 sccm) at RF power of 30 W for 30
s, followed by (b) thermal annealing at 350 °C for 15 min, and (c) thermal annealing at
350 °C for 30 min. All scale bars are 250 DM .........c..o.coevevreerrrereereeeereeeneeeneesene s 94

Figure 3.20. SEM and AFM micrographs of (a,b) a single layer of a hexagonal Pt dot
nanopattern from PS-b-P2VP (88k-b-18k) after the first RIE step, (c,d) after the first
RIE step the same sample of Pt dot nanopattern 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 first. .......ccceeecvveiieeiieiieniicecieeeece e, 95

Figure 3.21. SEM micrographs of Au nanopatterns from PS-b-P2VP (88k-b-18k) after
(a) the first RIE step and (b) subsequent thermal annealing at 350 “C for 15 min. All

SCALE DATS ATE 250 NIMN. c.eeveeeeee ettt e e e e e e e e e eeeeeeeeereaanaaeneeas 96

Figure 3.22. SEM micrographs for sequential nanopatterning of a Pt—Pt double layer
dot pattern using PS-6-P2VP (88k-b-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

COTTESPONAING PALLETI....ceeviieeiiieeiiieeitee et e et e etteeetreeeteeeeaeeeseseeesaseeensseeensseeesneeens 97

Figure 3.23. (A) A schematic illustration of an Au@Ag core-shell nanopatterning
process. (B) SEM micrographs of the Au nanopattern by the PS-b-P4VP self-assembly
process and (C) Au@Ag core-shell nanopattern after 40 min of growth time. (D)
Average diameter and Au composition variation of core-shell plotted against Ag shell
growth time. Reprinted with permission from reference 306 by the American Chemical

01 [ 2SR 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 PS-b-P2VP (88k-b-18k) after RIE and thermal annealing. (c-f)
Au@Ag core-shell formation using (a) for time intervals of (c,d) 10 min (e,f) 20 min.
All the scale bars are 250 NIML. ....cc.oeviiiiriirieeeee e 100
Figure 3.25. Size distribution of (a) single layer of Au nanopattern generated by self-
assembly of PS-b6-P2VP (88k-H-18k) after RIE and thermal annealing process, (b)
single layer of an Au@Ag core-shell nanopattern after 10 min deposition of Ag on Au
from (a), and (c) single layer of an Au@Ag core-shell nanopattern after 20 min

deposition of AZ 0N AU fTOM (@).....eeeiviieiiieeiiieeie e e 101

Figure 4.1. Schematic representation of sequential self-assembly of BCP to generate
non-native morphologies using diblock BCPs. This schematic is reproduced from

reference 344 with permission of John Willey and Sons..........ccceeeeiiniiiiniinennens 104

Figure 4.2. SEM micrographs of binary combinations of Au-TiO2 nanoarrays with
different periodicities. (a) TiO2 nanowires with a periodicity of 55 nm deposited on an
Au nanopattern with a periodicity of 71 nm. (b) TiO2 nanoparticles with a periodicity
of 46 nm deposited on an Au nanopattern with a periodicity of 96 nm. (c¢) Similar
sample as (b) before coating TiO2, Au nanoparticle size was increased from 8 nm to 25
nm in diameter by electroless deposition. This image is from reference 353 with

permission from the American Chemical SOCIEtY. .......cceevveeriiiieriieiiiieciee e 105

Figure 4.3. (a) One-step density doubling of metal lines via self-assembly of double
layers of BCPs. SEM micrographs of a single Pt line pattern (b), a double Pt line pattern
(c), a single Pt dot pattern (e), and a density doubled Pt dot pattern (f). Tilted SEM
micrographs of density a doubled Pt line pattern (d) and dot pattern (g). The image is
from reference 304 with permission of the American Chemical Society. (h) Density
multiplication via sequential self-assembly of PS-6-PDMS to generate double and
triple layers of silica dot patterns. This image is from reference 305 with permission

from the American Chemical SOCIELY........ccceovuieriiiriieiierieeieee e 106
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Figure 4.4. (a) SEM micrographs of non-native 3D two-layer nanostructures generated
by a sequential self-assembly of PS-6-PMMA. All scale bars 100 nm. Adapted from
reference 354 with permission from Springer Nature. (b) SEM micrographs of various
double layer Pt nanomeshes, a soft shear-laser zone annealing method. Scale bars are
200 nm. The images are from reference 343 with permission from Springer Nature. (c)
Hierarchical nanostructures including line-in-line, dots-on-line, and dots-in-holes
fabricated from smaller periodicity PS-b-PDMS on topographical templates of larger
periodicity PS-6-PDMS. The SEM micrographs are from reference 355 with

permission from John Wiley and SOnS. .........ccccuveeiiieeiiieeieeeie e 107

Figure 4.5. Three Moiré configurations from line patterns. (a) Formation of a 1D moiré
pattern by superimposing two-line patterns with different line spacing. (b) Formation
of a 2D Moir¢é pattern by superimposing two identical line patterns with relative in-
plane rotational angle. (¢) Formation of a 2D moiré pattern by superimposing two
identical mesh patterns with relative in-plane rotational angle. This image is from

reference 369 with permission of John Wiley and Sons.......c...ccceeveviiniiiinicnennns 108

Figure 4.6. (a) SEM micrograph of flower-like Moiré superstructures formed from 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) SEM micrograph
of triangular-like Moiré superstructures formed by a self-assembly 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 permission of

the American Chemical SOCIELY........ceevuiiiriiiiiriieeeiieeeee e e 110

Figure 4.7. (a) Schematic of annealing setup. (b) Schematic representation of an
annealing process of an Au nanoparticle lattice. (¢c) SEM micrographs of an Au
nanoparticle lattice before (upper) and after (bottom) thermal annealing process. (d)
Transmission electron microscopic (TEM) image of thermally annealed Au
nanoparticles. () 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 side-view (b) of the solvent annealing chamber with five
different solvent reservoirs to contain solvents with different surface areas (vapor
pressures). The image is from reference 155 with permission of the American Chemical

SOCIEEY ..ttt ettt ettt ettt et e ettt e bt e e b e e taeenbe e naeenbeeneas 115

Figure 4.9. Photograph of the static solvent vapor annealing setup with in-situ
thickness monitoring. Image is from reference 155 with permission of the American

Chemical SOCIELY. ..c.eeviriiriieiietcte ettt 115

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

dots to form honeycomb/Moiré€ SUPErSIIUCLUTES. .....cccuveeevveeeririeeriieeriieeiiee e 119

Figure 4.11. SEM micrographs of (a) a single layer Au nanodot array (b) a double layer
Au—Au nanodot arrays self-assembled using subsequent deposition of PS-H-P2VP
(88k-b-18k). All scale bars are 250 NIML. .....ceecveeeeiiieeeiieeeiie e e 120

Figure 4.12. Low magnification (left) and high magnification (right) SEM micrographs
of single layer SiO, nanodots derived from different molecular weights of PS-5-PDMS.
(a,b) 43k-b-8.5k (P43) and (c,d) 31k-H-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 PS-b-P2VP BCPs of different molecular weights. (a,b) 44k-b-18.5k
(B30), (c,d) 88k-b-18k (P88), and (e,f) 135k-b-53k (B15). All scale bars are 250 nm.

XXViil



Figure 4.14. Low magnification (first row, a—d) and high magnification (second row,
b+e) SEM micrographs and schematics illustrate the high magnification SEM (third
row) of honeycomb patterns from (a—) Pt—Au derived from P88, with the bottom layer
being Pt and the top layer Au. (d—f) SiO—Pt derived from bottom layer B30 and top
layer B30, metalized with Pt. The insets represent the FFT of the resulting nanopatterns.

First row scale bars are 250 nm; second and third row scale bars are 100 nm......... 125

Figure 4.15. (a) Low (scale bar 250 nm) and (b) high (scale bar 100 nm) magnification
SEM micrographs and (c) schematic illustration of the high magnification SEM of Pt—
Au Moir¢ patterns with incommensurate pitch ratios of 0.91; bottom layer P88 (Pt) and
top layer B30. The inset represents the FFT of the resulting nanopatterns. Orange and

gray dots represent Au and Pt nanodots, respectively. .......cccceeviievieriienienieeieeenn. 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 using self-assembly of

B30(Pt)+P88(Au). All scale bars are 250 NM. ........cocvveriieviienieeiierie e 127

Figure 4.17. Low (first row, a—d) and high (second row, b—e) magnification SEM
micrographs and schematic illustration of the high magnification SEM (third row) of
Pt—Au Moiré patterns with incommensurate pitch ratios of (a—c) 0.58; bottom layer
B15 (Pt) and top layer B30 (Au) and (d—f) 0.63; bottom layer B15 (Pt) and top layer
P88 (Au). The insets represent the FFT of the resulting nanopatterns. Orange and gray
dots represent Au and Pt nanodots, respectively. First row scale bars are 250 nm;

second and third row scale bars are 100 NIML. ..oeeveeeeeeeeeeeeeeeeeeee e eeeeeeeeeee e e e e 129

Figure 4.18. Low (first row) and high (second row) magnification SEM micrographs
and high magnification schematic representation (third row) of Pt—Au Moiré patterns
with incommensurate pitch ratios of (a—c) 1.6; bottom layer P88 (Pt) and top layer B15
(Au) and (d-f) 1.7; bottom layer B30 (Pt) and top layer B15 (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 scale bars are 100 nm......... 131
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Figure 4.19. SEM micrographs of SiOx—Pt Moir¢ patterns with incommensurate pitch
ratios of (a) 0.9; bottom layer P48 (SiOy) and top layer P44 (Pt) (b—d) 1.1; bottom layer
B30 (SiOx) and top layer P88 (Pt). The red area represents a grain boundary in the
bottom B30 (SiOx). The insets represent the FFT of the resulting nanopatterns. Small
brighter dots are Pt, and dark larger dots are SiOx. All the scale bars are 250 nm. .. 132
Figure 4.20. Experimentally measured SPR spectra of ellipsometric parameters,
amplitude ¢ and phase 4, at an angle of 70" for an array of (a) Au nanoparticles and

(b,c) Au—Pt bilayers. All scale bars are 100 M. ..........cccevvreriiieeriiieeeiie e, 134

Figure 4.21. The UV-vis absorption spectra for self-assembled 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 self-assembled single layers of Pt

nanoparticle arrays on fused silica substrates. All 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 micrographs........ 137

Figure 4.24. (a,b) UV-vis spectrum of the P88 (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 representation of the Pt—Au bilayer. Orange and gray

dots represent Au and Pt nanodots, respectively. All scale bars are 100 nm............ 140

Figure 4.25. (a,b) UV-vis spectrum of the P88 (Pt)/B1S (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 the Pt—Au bilayer. Orange and gray dots represent Au and Pt nanodots

respectively. All scale bars are 100 M. ........cccviieiiieeiiieeeeee e 141

Figure 4.26. (a,b) UV-vis spectrum of the P88 (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 the Pt—Au bilayer. Orange and gray dots

represent Au and Pt nanodots respectively. All scale bars are 100 nm. ................... 142
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CHAPTER 1

Introduction

1.1 Moore’s Law and Its Limitations

Intel’s co-founder Gordon Moore noted, back in 1965, that the number of transistors
on a chip was doubling about every two years. Now termed Moore's Law (Figure 1.1),
this observation still holds, even as feature sizes decrease to the sub-20 nm regime.!
Moore’s Law has thus been the guiding principle for the semiconductor industry for

over fifty years.
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Figure 1.1. Moore’s Law: The number of transistors on a chip doubles about every two years. Reprinted
with permission from De Gruster, from reference 2.

In order to produce these ever-decreasing size transistors, lithography has had
to make remarkable advances to enable production of >10° sub-20-nm features on each
single chip.>* The word “lithography” comes from Greek, where lithos means stones

and graphia means to write, so ‘writing on stones’.>® Lithography can be divided up
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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 surface, one feature
at a time, much like drawing with a pencil. Examples of serial lithographic techniques
at the nanoscale include electron beam lithography’ (e-beam), focused ion beam

1011 and any scanning probe lithography technique.!*!* Figure 1.2(a)

lithography,
shows a schematic representation of a serial lithographic technique by direct laser
writing.'®!8 Parallel lithography, however, is like a printing press, in which multiple
features are patterned simultaneously. The semiconductor industry is built upon 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).
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Figure 1.2. Schematic representation of the lithographic techniques. (a) Serial patterning using direct
laser writing (DLW). (b) Parallel patterning using UV, extreme UV, and X-ray lithographies. Reprinted
from reference 19.

Shrinking the size of transistors 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 is introduced.?’ 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 is not the only issue with respect to continuation of Moore’s Law, as
miniaturization of transistor size increases the complexity of the design of the
integrated circuit and introduces various manufacturing challenges.!?> Thus, 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 lithographic 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 decades, and continuous improvements in optics and ‘tricks’
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 is 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 of 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

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 regions (positive 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 size of the features on chips. The resolution of photolithography is

expressed by the Rayleigh Equation:
e
N4

where CD is the critical dimension of a features, k is the Rayleigh coefficient of

CD Eq. 1.1

resolution, N4 is the aperture of the lens, and A is the wavelength of light used. The
critical dimension of a feature printed by photolithography can be decreased by
reducing the wavelength A of the light source according to Equation 1.1. For the past
two decades, feature sizes have decreased to the range of 22 nm?* due to 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 G-line mercury arc lamps (436 nm) to I-line
(365 nm) to KrF (248 nm) to commercial argon fluoride laser (193 nm) sources have
helped to increase the resolution successfully.?* At the same time, improvements in the
depth of focus (NVA) have been enabled by placing a transparent fluid between the lens
and the photoresist, in what is termed immersion lithography.? The state of the art of
the semiconductor industry and predictions 10 years forward are summarized in what
used to be termed the International Technology Roadmap for semiconductors (ITRS),
now the International Roadmap for Devices and Systems (IRDS).?%*” ITRS 2015
proposed new directions as an extension of Moore’s Law, such as More Moore and
More than Moore.”® While More Moore focuses on the improvement of device
structure, materials, and fabrication techniques, More than Moore concentrates on
application-based strategies, such as sensors and actuators,?’ radio frequency,*® and
high voltage drivers.?! 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 continuous advancement of nanofabrication techniques is important for

improving the performance of future computational devices and others, including those

32,33 4 6

based on optoelectronics,*?* 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 options.*® It is important to keep in mind that logic nodes are just numerical
values for each node and 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 also a 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 section of this chapter will discuss these next generation
lithography (NGL) techniques and their role in the relentless decrease of device

size. 3%
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Figure 1.4. International Roadmap for Devices and Systems (IRDS) predictions for semiconductor
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, we focus upon lithography on the nanoscale and thus will use the term
“nanolithography” to emphasize this length scale. Traditional photolithography has
been the primary technique for nanolithography applications but is now reaching what
appear to be limits that 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 chip surface. These techniques include extreme UV (EUV), electron
beam (e-beam) lithography, nanoimprint lithography (NIL), and directed self-assembly
(DSA), and they have the potential to complement or, in some specific applications,

replace the current photolithographic techniques.

1.2.1 Extreme UV (EUYV)
As optical photolithography using 193 nm light reaches its physical limits, the obvious

next step has been to decrease the wavelength of the light source. X-rays, termed in this
application extreme UV with a very short wavelength of 13.5 nm, are produced using
a tin plasma source.®*! Companies, including Intel and Motorola, began to contemplate
EUV lithography as an NGL technique in the late 1980s and by the early 1990s,%**
and it has taken two decades to overcome the very considerable engineering challenges
to attain the 7 nm node/generation and beyond.** Figure 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 that EUV has better pattern fidelity.*>*


https://www.zotero.org/google-docs/?3fFArR
https://www.zotero.org/google-docs/?HPwS7P
https://www.zotero.org/google-docs/?FhBTCG
https://www.zotero.org/google-docs/?qQIYhY

(a)

illumination optics

NA
i _’_____,_;::J NAyask = Mld:;'er

projection optics
Mag=4

7

source — wafer
ArF-i MPT

— e . —— —— A

Figure 1.5. (a) Schematic illustration of the EUV system. The image is from reference 47 with
permission from SPIE-The International Society for Optical Engineering. (b) Standard cell pattern of
metal layer in 7 nm logic produced by ArF immersion multipatterning and 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 materials.***° The power source
requires a stable high power exposure since it is converting plasma into light of 13.5 nm
and due to the low transmissivity of materials to X-rays. Today, EUV has the capability
to enable production at the 7 nm node, but 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 decrease the power and lifetime of the power source.’! However,
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ASLM, a leading EUV instrumentation manufacturing company, states that their next
generation EUV machine will be available by 2023.53 This 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
available machines. Among them, the world’s leading foundry, Taiwan based TSMC,

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

1.2.2 Electron Beam Lithography

Electron beam (e-beam) lithography is a versatile, maskless, and serial lithography
technique widely used in research labs to generate two-dimensional nanometer scale
patterning since the 1970s.* The major constraint of photolithography arises from the
wavelength limitation of the photons. Electrons and ions, which have smaller
wavelengths due to their mass, can be harnessed to generate smaller feature sizes. The

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

Eq. 1.2

where / is Planck’s constant, m is the mass of the particle, and E is 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 sub-10 nm resolution.>> 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 resist and, upon 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 sensitivity, high density, and high reliability (See Figure 1.6). The main
issues associated with e-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 in high vacuum) and expense compared to other

lithographic techniques. However, multiple e-beam direct write lithography, in which
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more than 10,000 e-beams write in parallel, has been shown as a possible route of

increasing the system throughput.’”->8
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Figure 1.6. E-beam exposed resist for high resolution patterning (a) 9 nm CD isolated pattern. (b) 10 nm
line to space ratio =5 (L/5S5). (¢) 11 nm L/4S. (d) 12 nm dense L/S patterns. (a-d) Adapted from reference
55. Copyright © 2020 American Chemical Society. (e) Schematic representation of electron beam
lithography setup: side view. The figure has been reprinted from reference 56 with permission from
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1.2.3 Nanoimprint Lithography

Nanoimprint lithography (NIL) is a parallel lithographic technique that is
complementary to photolithography;®® it is considered to be an NGL technique with
high throughput and high resolution (sub-20 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 polymer. The nanoimprint
technology can be classified into four categories, depending on the fundamental
mechanism used for the pattern transfer: thermal NIL, UV NIL, laser-assisted NIL, and
electrochemical nanoimprinting. The basic steps of the different NIL processes 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.

The resist materials, type of the mold, and the power sources are changed,
depending on the type of NIL. For example, in thermal NIL, a thermoplastic polymer
is used as a resist, and a prefabricated mold is pressed together with the resist-coated
substrate under pressure. Subsequent heating of the polymer resist above its glass
transition temperature softens the polymeric film. The 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 uses a UV-curable liquid
resist to coat the substrate surface in a low-pressure 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 the pattern into the substrate surface.

NIL is an extremely simple and fast process with high resolution patterning
capabilities that offers a low cost alternative lithographic technique.’®® This
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 per hour.®'*> NIL has

created a wide range of opportunities for future lithography owing to its flexibility and
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ability to combine with other lithographic techniques.*®% However, there are a few
disadvantages and drawbacks of NIL that include low overlay structure accuracy, the
thermal expansion effect, and the flexibility of patterning.*® For example, even when
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 Self-assembly (DSA)

The term directed self-assembly, or DSA, emerged as a very promising next generation
patterning techniques in the mid 1990’s to achieve sub-10 nm resolution patterning via
self-assembly.®* The approach is 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 topologically patterned 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 defects in the resulting pattern. Figure 1.8(b) depicts a
schematic of chemoepitaxy and graphoepitaxy applied to BCP self-assembly.

In chemoepitaxy, a neutral substrate surface is modified chemically to generate
preferential wetting sites for one of the blocks.® The substrate surface can be modified
by a variety of brushes, including self-assembled monolayers (SAMs),% end-grafting

% or random copolymers,®” and crosslinked polymer mats.%® This

homopolymers,’
interfacial layer at the substrate surface can promote pattern alignment and orientation.
The chemical guides can anchor cylindrical BCP domains perpendicular to the
)69

substrate (hexagonal)® and lamellar forming BCPs parallel to the substrate (linear),”®

as shown in Figure 1.8(a).

11


https://www.zotero.org/google-docs/?Z9msNt
https://www.zotero.org/google-docs/?DkOc8P
https://www.zotero.org/google-docs/?S4mvQT
https://www.zotero.org/google-docs/?NVWZFt
https://www.zotero.org/google-docs/?OXYB7p
https://www.zotero.org/google-docs/?jgOb9l
https://www.zotero.org/google-docs/?vBKcQ9
https://www.zotero.org/google-docs/?Ce2YbI
https://www.zotero.org/google-docs/?P5moKD
https://www.zotero.org/google-docs/?IIbwg3

Chemoepitaxy Graphoepitaxy

Epitaxial Self-Assembly
[+7]
k| |\ \
? AR »
T
o)
Lithographically determined Epitaxial self-assembled
dense chemical pre-pattern BCP nanopatterns
Graphoepitaxy
e C
U
2
o »
o
Lithographically pre-patterned Graphoepitaxially assembled
topographical features BCP nanopatterns

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
69,71-73. Copyright © 2008 Wiley, 2016 SPIE, 2009 American Chemical Society and 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 surface to guide
the self-assembly process using standard lithographic processes of the semiconductor
industry. These topographical features, like trenches and dots, can be used to guide the
self-assembly process by confining the arrays of microdomains to areas that are a finite
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 break the natural
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 co-workers used a surface patterned with periodic hydrogen
silsesquioxane (HSQ) nanoposts as a guiding pattern to self-assemble a sphere, forming
PS-b-PDMS where nanoposts preferentially interact with the spherical microdomains,

as shown in Figure 1.9(c).”®

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(a) or a PS 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 forming PS-b-PDMS, the orientation of
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the BCP cylinders can be restricted to two orthogonal in plane 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 PS-b-PDMS arranged in the region
surrounding a single HSQ nanopost chemically modified surface by a monolayer of short-chain PDMS
brush. (b) SEM image of spherical microdomains without a guiding template. (c-d) SEM images of
ordered spheres directed self-assembly 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 permission of the American Association for the Advancement of Science. (e)
Schematic and SEM image of square arrays of nanopost template. (f) Commensurability of the spacing
between nanoposts and native pitch of the BCP generated two equally probable orientations (parallel to
the x- and y- axes). Bends and terminations appear when the orientation of the BCP changes. Scale bars,
100 nm for (e-f). Adopted from reference 77 with permission from the Nature Publishing Group.
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The 2020 IRDS has listed DSA as one of the lithography techniques being
considered by industry for the fabrication of 3—5 nm technology node devices with
enhanced pattern resolution, when combined with other lithography techniques, such
as EUV’®” and 193 nm immersion (193i).4%408082 DSA offers a variety of
configurations for high density integration, with low cost manufacturing to fabricate

83-85 and bit patterned storage

nanoscale devices, such as fin field effect transistors
media.’®¥” Difficulty in controlling the defects during the self-assembly process is one
of the patterning limitations of this patterning technique.®®*° The defect densities must
be <0.01 defects/cm? for DSA to be a viable option for next-generation lithography.*°!~
93 Achieving this defect density in devices fabricated from DSA has been a struggle,
but the semiconductor industry, with the help of academic labs, has achieved an
acceptable level of defectivity when using EUV or e-beam to define guiding features
lithographically to help direct the self-assembly process and induce long-range
order.**8894 The next section will discuss the basic chemistry of polymers and BCPs as

well as the thermodynamics of phase segregation of BCP self-assembly.

1.3 Block Copolymer Self-assembly

Continuous shrinking of feature sizes within the semiconductor industry is driven 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 industry.® In contrast, DSA using BCPs is
a combination of top-down and bottom-up techniques with high versatility, including
tunable shapes and sizes to sub-20 nm nanoscopic elements in a cost-effective
way.*7495-97 The main focus of this thesis is about block copolymer self-assembly and
process optimization related to the self-assembling process, such as solvent annealing,
reactive ion etching, and fabrication of multicomponent patterns using block

copolymer self-assembly.
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1.3.1 Polymer Chemistry

Polymers are a class of natural or synthetic macromolecular materials or substances
composed of repeating chemical units.”® These repeating units are called monomers,
and the process of covalently linking these monomers 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 numbers of 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 chloride (PVC). Synthetic

99,100 and

polymerization can be divided into two methods, step-growth polymerization
chain-growth polymerization, as shown in Figure 1.10.!°%192 In step-growth
polymerization, an uncontrolled polymerization involves bifunctional or
multifunctional monomers that are combined together to form first dimers, then trimers,
oligomers and, eventually, long chain polymers. Chain-growth 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 and copolymers.'%1%* 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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Figure 1.10. The schematic diagrams of synthetic polymerization processes, step-growth polymerization
and chain-growth polymerization (non-living and living). The letters A, B, C, D, E represent different
monomers. The symbols 74 and rg represent the reactivity of the monomers 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 distribution (molecular weight
distribution), dispersity (D) glass transition temperature (7y), and melt transition
temperature (7m). The molar mass is defined as a distribution rather than a specific
number since polymerization of monomers forms different chain lengths 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 averaging. Weight average molar
mass (Myw) and number average molar mass (M) 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 be calculated as follows.

Number average molecular weight (Mn):

N
ZNiMi
My == Eq. 1.3

N
2N,
i=1
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Weight average molecular weight (My):

N
S
M i=1

W

= Eq. 1.4
ZNiMi

In this equation, i is the number of ;)_(])lymer molecules and »; is the number of
polymer molecules with molecular mass M;. The number average molar mass (M), is
the average molecular mass of the individual polymer molecules, 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 mass (My) underpins the mechanical 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 between weight average
molecular mass (My) and number average molecular mass (Mn) is known as the
dispersity (D) of a polymer given by:

= My
b= Eq. 1.5

For synthetic polymers, Mn < My, keeping D higher than 1. D measures the
distribution of a polymer sample where D is closer to 1, and the more closely My and
My, match one another, the more symmetric the distribution curve. A higher P can be
obtained for both step growth polymerization and chain growth polymerization,
whereas living polymerization, a type of chain growth polymerization, yields polymers
with D closer to 1 and a uniform molecular weight distribution.!%

The glass transition temperature (7g) is a very important parameter when it
comes to processing polymers for a specific end-use. Below T, the elasticity of a
polymer is low, and polymer molecules have poor relative mobility in a glassy or
crystalline state. As the temperature increases to 7§, the polymer chains are able to
move around the matrix, thus behaving like a rubbery material.'°” The polymers change
drastically from hard and brittle to soft and pliable at 7,. 7y can be measured using

several techniques, and the value depends on the strain rate and cooling or heating rate.
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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. The first synthetic BCP, in
1952, was poly(styrene-block-methyl methacrylate) (PS-b-PMMA),'® which is a linear
diblock copolymer (A-b-B). Since then, various BCPs have been produced owing to
development of living-anionic polymerization,'” living-cationic polymerization,'!”

and living—radical polymerization.!'! BCPs have been applied as thermoplastic

112-114 115,116

elastomers, pressure sensitive hot-melt adhesives, and drug delivery

118,119

systems,!!7 as well as nanopatterning applications, and for development of porous

membranes. 20122

Block copolymer architecture can be varied, depending on the number of blocks
or homopolymers (diblock copolymer, triblock copolymer etc..) 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
copolymers.'?® 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 synthetic strategies and techniques.'* In the following sections, discussions

will focus mainly on simple linear diblock copolymers, and the term BCP will refer

uniquely to linear diblock copolymers of the formula A-b-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 BCPs - The Basis of Self-assembly

When the magnitude of the enthalpic contribution (generally positive and decreasing
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 minimizing
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 to nano-scale ordered
morphologies due to thermodynamic incompatibility between blocks. Even though
microphase separation was identified in the 1960s by the observation of elastomeric
properties of an ABA system,!!? the dimensions of these nanoscopic domains could not
be identified by optical microscopy until the application of transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS) in the late 1960s.'2¢ A
number of theories have been developed in order to explain the phase behavior 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 stretching.!?” Later on, Helfand and co-workers used self-
consistent field theory (SCFT) to study microphase separation.'?* 13! Figure 1.12 shows
the phase diagram of a diblock copolymer developed using SCFT.!%°
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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 diagram of PS-b-PI. The phase diagram
is from referencel25 adapted 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+Np Eq. 1.6
The degree of polymerization is the number of monomer units that make up a polymer
chain, where Na is the number of monomers (repeating units) in block A and Ns is the
number of monomers (repeating units) in block B.

2. The volume fraction of the A and B blocks,

Ny
Sa= ;

The volume fraction of a component can be controlled experimentally by changing the

Eq. 1.8

stoichiometry of the two blocks:

3. The Flory—Huggins interaction parameter, y,'3%!3
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z 1
= -— ——(ean + Eq. 1.9
XAB [kBTISAB 2(8AA SBB)j q

The sign and the magnitude of the energy of mixing is approximated by the Flory—
Huggins interaction parameter, where z is the number of nearest neighbors per
repeating unit in the polymer, kg is the Boltzmann constant, 7 is the temperature, and
EAA, €BB, and eap are the interaction energies per repeating units of A-A, B-B and A-B
respectively.

The order—disorder transition (ODT) is a thermodynamic phase transition
driven by an unfavorable mixing enthalpy coupled with a small mixing entropy. The
segregation product, y/V, determines the degree of microphase separation of diblocks.
The incompatibility of the constituent blocks decreases with increasing temperature or
decreasing xN. The y-axis of the theoretical phase diagram for a diblock copolymer is
shown in Figure 1.12(b), and represents the ¢V as a function of the volume fraction of
block A (f1). When yN 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 the WSL, where yN = 10, the interface becomes diffuse,
and sharp phase boundaries between two phases are not visible since the segregation
power is not strong enough. Increasing the y NV further raises the ODT. When yN > 100
at the SSL, nearly pure domains can be observed 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 spacing in the SSL and is given by:
2 1
d=aN3 s Eq. 1.10
where a 1s the statistical segment length of diblock copolymer. This equilibrium domain
spacing at WSL is given by:!3*
d=N"%" Eq. .11
Above ODT for a fixed y /N with increasing volume fraction of one block, the

order-to-order transition (OOT) starts from closely packed spheres (CPS), which

separates the disordered state and S phase, passing through body-centered cubic
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spheres (S), hexagonally packed cylinders (C), and discontinuous gyroids (G), to
lamellae (L), as shown in Figure 1.12(a). When the composition is inverted, a
morphological inversion takes place (L—G’—C’—S’—CPS’—disordered), making
the phase diagram have a mirror symmetry at fa = 0.5. Figure 1.12(c) shows the
experimental phase diagram developed for poly(styrene-block-isoprene) (PS-b-PI) by
Khandpur and co-workers.!* As shown in Figure 1.12(b) and (c), there is a qualitative
similarity between the phase diagram calculated by SCFT and the experimental results.
However, in the SCFT calculations, thermal concentration fluctuations were not
included; thus, the ODT occurs at higher N values than predicted, and the CPS phase
was not observed experimentally. Hence, the experimental phase diagram is
asymmetric in terms of volume fraction f.

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, and topography. 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 are numerous 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 and co-workers using SCFT, as shown

in Figure 1.13.13¢
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Figure 1.13. Theoretical phase diagram of AB diblock copolymer in a thin film, where ¥ N is fixed at 20
as a function of volume fraction of A and film thickness w in the units of radius of gyration (Ry), and the
resulting morphologies formed. Reprinted from reference 136 with permission from the American
Chemical Society.

While keeping the interaction parameter (YN = 20) and the surface preference
fixed, 20 different morphologies, including centrosymmetric and noncentrosymmetric
morphologies, were observed by only changing 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 the bulk 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 air interfaces. 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 lamellae to orient in-plane (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 same in-plane orientation to the substrate.
Commensurability of the 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 there is 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 High y BCPs

Feature sizes have reached the 20 nm and smaller length scale. In order to achieve these
smaller feature sizes via self-assembly, one area of research is focused upon the
development of high y BCP materials, block copolymers with highly incompatible
segments. The characteristic feature of these BCPs is that their polymer chains are
relatively short (and thus their molecular weights are lower), and the two blocks are
chemically very different, leading to the high y parameter, consequently, a smaller
pitch and higher density of features. This high ¥ value can compensate for a low N
value so that y N still can be above 10.5 while annealing.

PS-b-PMMA is the most widely used BCP for patterning until these high y
BCPs were introduced due the availability, well-known properties, easy synthesis, and
straightforward self-assembly by thermal annealing of PS-6-PMMA. The smallest
achievable feature size from PS-b-PMMA is limited to about 18 nm'*! owing to a
relatively low y value. Furthermore, the absence of a definite interface between the
features from PS-b-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 transfer.'*! 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, PS-b-PMMA still has been important in academic
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research, such as fin field-electric transistors (FinFET) and random-access memory
circuit patterns, 8384142

Fully organic BCP in the absence of any metal or silicon also can achieve sub-
10 nm features. Poly(styrene-b-vinylpyridine) (PS-6-PVP) is also a highly
incompatible BCP owing to its hydrophobic PS block and hydrophilic PVP block, due
to the strong polarization of the pyridine ring. PS and PVP monomers are structurally
similar, except for the 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 the y values where P2VP is at least half of the y of PAVP at 25 °C. This thesis
will focus mainly on the use of PS-6-PDMS and PS-5-P2VP self-assembly process.

Silicone polymer-containing BCPs have intrinsically large  values.'* Flory—
Huggins interaction parameters of some selected BCPs are given in Table 1.1.
Polystyrene-b-polydimethylsiloxane (PS-6-PDMS) is one of the well-known,
commercially available, and extensively used high y BCPs, with a high degree of
chemical incompatibility between the two blocks that is facilitated by the incorporation
of both hydrocarbon and inorganic blocks.'** This PDMS-containing block copolymer
has the added advantage of higher contrast for pattern transfer to the substrate upon

oxygen plasma etching.

Table 1.1. Flory-Huggins Interaction Parameters for Different Block Copolymers

Polymer x (25 °C) Flory-Huggins vy (7) Reference
PS-b-PMMA 0.043 +0.028+3.9/T 137
PS-b-PDMS 0.265 +0.037+68/T 138
PS-b-P2VP 0.178 -0.33+63/T 139
PS-b-P4VP ~0.300 _ 140
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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 provide mobility 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 self-assembly and nanoscale phase segregation, it also is also important for

defect elimination.!*>!46 Thermal annealing,'’"'>! including microwave annealing'>*-

155-158

154 (with/without solvent), solvent vapor annealing, and combinations of the two,

called solvothermal annealing,'>-16

are the most widely used techniques to enable
plasticization and nanoscale phase segregation towards an equilibrium structure. The
main purpose of annealing is to facilitate chain mobility in order to speed up the

structural organization into a reasonable time length. The other annealing techniques,

161-164 165-166

such as laser annealing, shear annealing, and zone annealing, use basic
principles of either or both of the thermal and solvent annealing techniques. The
following sections will discuss the annealing techniques used in self-assembly of thin

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 temperature (7)
and below the order—disorder transition temperature (7opr) for an extended period of
time to enhance the polymer self-assembly 36167168 Tt j5 important to heat a thin film
of BCP uniformly in a controlled manner below its decomposition temperature in a
vacuum or an inert 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 oven, a hot plate in an inert atmosphere glove box, or a
tube furnace with either vacuum or an inert gas flow in the temperature range of
120 to 250 °C on the order of hours to days.®6-16%170 Fyrthermore, thermal annealing
has the advantage of being compatible with the current semiconductor industry

processes, such as spin casting, baking, and etching processes. The diffusivity (D(7))
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of a polymer above its 7 is inversely proportional to the time (¢) and is given by the
Arrhenius Equation where AFE, is the activation energy of the polymer, 4 is the
Arrhenius constant, and R is the gas constant. At higher annealing temperatures,
equilibrium morphologies can be achieved faster:
%ND(T):AGXP(_%) 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 rapid, non-classical heating, not only in domestic settings but also
academic ones.!>>1315%171 In 2010, Buriak and co-workers proposed that microwave
annealing can be used to anneal a BCP thin film on Si wafers with or without a
solvent.!*? The final morphology of the annealed BCP has fewer defects and reduces
the annealing time considerably, to seconds/minutes. Similarly, Buriak and co-workers
have investigated the mechanism of microwave annealing and determined that it is the
silicon substrate responsible for the rapid heating and not the solvent or BCP,'>* as
shown in Figure 1.15(a). The Morris group microwave annealed PS-5-PDMS and PS-
b-PMMA without any use of solvent, and the annealing process was compatible with
graphoepitaxy in the case of PS-b-PDMS to achieve long-range translational alignment
along the topographic pattern.!”! Recently Kim and co-workers used a fast (~3 min)
solvo-microwave annealing process to get highly ordered crystalline nanostructures
from conjugated polymer based BCP.!”? 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

annealing, zone annealing' 176

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 and co-workers to a
lamellae forming BCP polystyrene-b-polyisoprene (PS-b-PI), where heating and
cooling across Topr was carried out.!”>!* Larger lamellae microdomains were

produced parallel to the gradient direction, and their work into the mechanism revealed

initial surface-induced 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 co-workers for high y/high molecular weight BCPs, where Topr cannot be
achieved without degrading the polymer.!” In cold zone annealing, BCP is locally
heated above its 7 and below Topr. 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 processing.

(@)

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 self-assembly of PS-5-P2VP via microwave annealing. Image is from reference
153 and is reprinted with permission from the American Chemical Society. (b) Schematic representation
of cold zone annealing with sharp thermal gradient of PS-b-PMMA as cast disordered thin film (left)
and vertically ordered lamellae (right). The figure is from reference 176 and is reprinted with permission
from the American Chemical Society.

Even though it is compatible with the existing integrated circuit manufacturing

processes, it is sometimes problematic for high x or high molecular weight block
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copolymers, as higher annealing temperatures and longer times are required to increase

177-179 and a

chain mobility, which can result in thermal decomposition of the polymer
higher thermal budget.!3%!7%13% Other approaches, including solvent vapor annealing,
enables annealing either at room temperature or in conjunction with heating to arrive
more rapidly at a range of morphologies in annealing times of a few minutes or
less, 155:178.180
1.4.2 Solvent Annealing

Solvent annealing was introduced to anneal BCP thin films by Thomas and co-workers
in 1998.!8! They observed a significant improvement in the order of the cylindrical and
lamellar morphologies of annealed polystyrene-b-polybutadiene-b-polystyrene (PS-b-
PB-b-PS) triBCP solvent compared to the thermal annealed patterns. The general
concept of solvent annealing involves exposing a thin film of BCP to a solvent, and
polymer chain mobility is induced without degrading the polymer. The Hildebrand
solubility parameter (0) is a good way to measure the interaction between two species,

such as polymer and a solvent; this is defined as the square root of the cohesive energy

where, AHy is enthalpy change through vaporization, R is gas constant, 7 is temperature

5= /%RT Eq. 1.13

If the Hilderbrand solubility parameter of the solvent is closer to either one or

and Vn 1s molar volume.

both blocks in the BCP, it often is termed a ‘good solvent’, and it is expected that the
solvent molecules will act as plasticizers when absorbed. The ‘good solvent’ thus
swells the BCP film and leads to an 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 the 7, 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 (er= y(1—f), where fis 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 of polymer—
substrate and polymer—air to change the preferential wetting of the blocks with the free
surfaces. Fourth, solvent interactions with the substrate can minimize the undesirable
interaction between polymer—substrate, leading to film dewetting. Finally, due to
changes in the interaction parameter Y, the previously established film thickness
commensurability conditions are altered, resulting in a new pitch (Lo o (yef)"/®), which
is different from the native pitch.

c. Cylinders e Solvent annealing
T:H=51, SR~15 PS-b-PDMS with mixed vapors

oy |

' /s £ Reactive ion etching
d. Perforated lamellae [} '

T :H=3:1, SR~2.2 &

‘ | | !

Figure 1.15. (a) Controlled solvent vapor annealing using nitrogen inlet and outlet. (b-d) SEM
micrographs of silica nanostructures formed by PS-5-PDMS with different solvent annealing conditions
with corresponding toluene:hexane (T:H) and swelling ratios (SR). Adopted from reference 182 with
permission from IOP Publishing. (¢) Schematic representation of processing steps for DSA of cylinder
forming PS-b-PDMS on topographically patterned substrate annealed using mixed solvent vapors and

SEM micrographs of resulting patterns. Image is from reference 183 and is reprinted with permission
from Wiley-VCH.

Generally, a solvent annealing process occurs in three,'®* two,'® or one!3¢!%7

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 bulk 7, of 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 highest degree of
structural order in a microphase-separated 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 density crucially.
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Hence, poor reproducibility and difficulties in comparison of results become
challenging. Various solvent vapor annealing apparati'*’-!®® have been developed for

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

1.4.3 New Trends in Annealing
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

162-164 d 189-192
9

annealing techniques, such as laser, shear,'®® electric fiel and magnetic
field'**!% annealing as alternative annealing techniques.

BCPs with high interaction parameters are used to decrease 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 y BCPs with similar surface energy blocks!**!® or an
application of a top coat!®?% 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 spin-cast a random copolymer from
a solvent on top of the BCP film without dissolving or swelling the underlying BCP
film. Willson and co-workers reported a top coat soluble in water that can be deposited
on a BCP film soluble in organic solvents; this is subsequently removed after DSA.2%
The resulting patterns are shown in 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 blocks.!” To overcome such difficulties,
Nealy and co-workers proposed to deposit a topcoat from the vapor phase.'® Initiated
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 has similar 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 of (a) Poly(styrene-b-trimethylsilylstyrene-b-styrene) (PS-
b-PTMSS-b-PS) with a water soluble topcoat after thermal annealing. Inset is without the topcoat. (b)
Poly(trimethylsilylstyrene-b-d,l-lactide) (PTMSS-b-PLA) topcoat after thermal annealing. Inset is
without topcoat. The images are from reference 200. Copyright American Association for Advancement
of Science. (c) Process flow of DSA with BCP using chemoepitaxy and topcoat via iCVD. (d-f) SEM
micrographs of (d) e-beam resist pattern after trim etch (e) DSA pattern after sequential infiltration and
synthesis and removal of the topcoat with reactive ion etching (RIE). (f) Alumina line/space pattern after
removal of organic components by RIE. Image is from reference 199 with permission of the Nature
Publishing Group.

1.5 Applications of BCP Based Nanopatterning

There are many well-known applications of block copolymers in bulk phase, such as

202-205 to 206-208

drug delivery structural materials, 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 cost-effective patterning technique that can produce feature sizes
<10 nm, particularly when combined with other lithographic techniques. So far, DSA
of BCPs has been used to fabricate numerous patterns that can be used for fin field

effect transistors (FinFETs)**#*2% and memory devices.?!%2!!

1.5.1 FinFET Fabrication

The first finFET was invented in 2001 to fulfill the requirement of device scaling and
performance enhancement.”® Arrays of high-density 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 limit by the current patterning
approaches used in photolithography.®**> Fin fabrication using DSA can utilize both
chemoepitaxy®* and graphoepitaxy®’ to improve the pattern quality by reducing the line
edge roughness (LER). Corliss and co-workers have shown a complete process of
chemoepitaxy based DSA for 7 nm fin fabrication, as shown in Figure 1.18(b). A
comparison between finFET formation by DSA and self-aligned quadruple patterning
(SAQP) was carried out using a fully integrated ‘research 7 nm’ finFET test vehicle in
a 300 mm research lab. Even though there were minor structural dissimilarities between
DSA and SAQP finFETs, the performance of the devices was associated statistically
with the structural differences. Graphoepitaxy was used by Tsai et al. to form 29 nm
pitch fins using PS-b-PMMA, Figure 1.18(a). A PS-b-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 sub-10 nm patterning when combined with other nanopatterning

techniques, such as EUV and EBL.
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Figure 1.17. Fin formation by PS-b-PMMA. (a) Process flow diagram of graphoepitaxy based fiFET
fabrication. Reprinted from reference 82. American Chemical Society. (b) Comparison of pattern quality
between self-aligned quadruple patterning (SAQP-baseline) and DSA-based finFET fabrication.
Reprinted from reference 83 Nature Publishing Group.

1.5.2 Bit-patterned Media Fabrication

Magnetic grains within the magnetic 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. Hence, bit-patterned media
(BPM) is proposed as a potential solution for increasing the storage capacity of future
hard disk drives (300 Tb/in?).2!2 However, existing nanopatterning techniques, such as
EBL, are either expensive or time consuming for fabrication of BPM.?!* In contrast,
DSA of BCPs is an excellent technique for patterning sub-10 nm resolution in the
manufacturing of high-density storage units; therefore, it has been the subject of
research by industry leaders, such as Seagate,®>?!* Hitachi,?!>*'¢ and IBM?!%211217 jp
the early efforts of DSA for BPM patterning using cylinder or sphere forming BCPs to

directly pattern the magnetic thin film.?'®
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Integrated templates with both servo and data zone were fabricated by Kao’s
group using two different BCPs, cylinder forming PS-6-PMMA and sphere forming
PS-b-PDMS, as shown in Figure 1.19(B-E).*¢ Nanoimprint lithography was used to
create the pre—pattern for DSA. Bit—patterned media with a theoretical capacity of
5 Tb/in? were fabricated. One challenge with densely packed arrays of nanodots for bit-
patterned media pattern fabrication is that the read—write head should be smaller than
the track width to ensure correct reading and writing. Rectangular shaped bit arrays
elongated along the cross-track direction were proposed as a solution for the problem.
Nealy and co-workers used a lamellae forming high y triblock copolymer, P2VP-b-PS-
b-P2VP, on an e-beam guiding pattern.?!” The complete rectangular bit pattern was
obtained by overlapping two bit-patterned 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 Replicate

(Circumferential) (Radial) {
\

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 publishing. (b-e)
SEM micrographs of bit media patterns from DSA of PS-5-PDMS on nanoimprint template. Images are
from reference 86 with permission from the American Chemical Society.
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1.6 Scope of the Thesis

Directed self-assembly, DSA, a combination of block copolymer self-assembly 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
lithographic techniques, 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 self-assembly-based nanolithography. This
thesis contains altogether five chapters.

DSA achieves high resolution patterning via a self-assembly of polymers to
yield a wide range of morphologies, including spheres, cylinders, lamellar structures,
and gyroids. The development of high xy BCPs further increases the 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 necessary. Chapter 2 discusses the
optimization of the process parameters related to block copolymer self-assembly via
solvent annealing using machine learning approaches and analyzes the defect densities
related to the process.

In most lithography applications, thin films of self-assembled 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 self-assembly is reactive ion etching or dry etching. In Chapter 3, the effect
of reactive ion etching on thin films of PS-H-P2VP metalized with different metal ions
to improve the etching contrast is discussed.

Density multiplication of BCP self-assembly via sequential annealing of
incommensurate BCP films of PS-6-PDMS can form an enormous array of highly
complex Moiré superstructures. While providing insights into commensurate and
incommensurate boundary conditions for BCP self-assembly, the application of the
resulting Moiré superstructures 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.
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Finally, Chapter 5 provides a summary of the thesis as well as the conclusions

and possible future research directions related to BCP self-assembly.
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CHAPTER 2

Machine Learning Approaches for Solvent Vapor
Annealing Process Control *

2.1 Introduction

In this chapter, a solvent vapor annealing (SVA) flow-controlled system combined with
Design of Experiments (DOE) and machine learning (ML) approaches are used to
characterize and quantify the defects, at various length scales, within the resulting
patterns from block copolymer self-assembly.!*® The SVA flow-controlled system
enables precise optimization of the conditions of self-assembly of the high Flory—
Huggins interaction parameter () hexagonal dot array-forming block copolymer
(BCP), PS-b-PDMS.!> The defectivity of the resulting nanopatterns remains too high
for many applications in microelectronics and is exacerbated by small variations of
processing parameters, such as film thickness and fluctuations of solvent vapor
pressure and temperature, among others.”!??°224 These parameters also significantly
contribute to the quality of the resulting pattern with respect to grain coarsening as well
as the formation of different macroscale phases (single and double layers and wetting
layers).!3%225229 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 approaches, which 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 extending across the entire substrate surface
without any disruption, with the assumption that topological defects are not present.
The defects seen in a two-dimensional line pattern can be simplified to junctions,

terminational points, and dots, shown in Figure 2.1.2%

2 “The content of this chapter is adapted from the following publication Ginige, G.; Song, Y.; Olsen, 38
B. C.; Luber, E. J.; Yavuz, C. T.; Buriak, J. M. Solvent Vapor Annealing, Defect Analysis, and
Optimization of Self-Assembly of Block Copolymers Using Machine Learning Approaches. ACS
Appl. Mater. Interfaces 2021, 13 (24), 28639-28649. https://doi.org/10.1021/acsami.1c05056.”
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Figure 2.1. Topological defects found in line patterns generated from BCP PS-b-P2VP self-assembly.
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 high y BCP-based nanopatterning relies on
solvent vapor annealing due to its fast processing times compared to thermal annealing
and to not contributing to the thermal budget.!3>22*° The SVA process is used widely
and is capable of forming long-range order nanoscale morphologies, even though a
broad understanding of the practice is not established completely. Much of the research
on directed self-assembly (DSA) has been carried out in static, non-standardized
annealing systems that lack in—situ monitoring of film thickness and dewetting, as
shown in Figure 2.2.1%23! 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 self-assembly of the final microstructure, which includes defect
formation and annihilation. Hence, comparison of results from one group to another is

challenging due to lack of standardization.

3
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Figure 2.2. Examples of general solvent vapor annealing apparatus. (a) “Jar” annealing using a Petri
box. Schematic is from reference 232 with permission of Elsevier. (b) Static solvent vapor apparatus,
and (c) static solvent vapor apparatus with gas flow. Adapted from reference 155 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 temperature and there are no additional controls over temperature. This
is known as static or “jar” annealing, which can be used to produce self-assembled thin
films of BCPs in an effective way. The early examples of static annealing used either
a beaker or crystallization dish with flat glass cover or a desiccator with a sample
exposed to a vial of solvent, as in Figure 2.2(a).>*? The next general family of static
annealing apparatus used a custom-designed chamber with a transparent window. In—
situ ellipsometry or reflectometry was used through the glass window to monitor the
film thickness during the annealing process, as shown in Figure 2.2(b).!>* The swelling
rate and final degree of swelling depend on the volume of the annealing chamber,
surface 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
reproducibility, 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(c).!”®

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 thickness 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

40


https://www.zotero.org/google-docs/?bo0v0i

carried out by simply opening the chamber lid and releasing the solvent vapor to trap
the self-assembled structure kinetically. However, in this case, deswelling is controlled
by purging inert gases at different flow rates in the second-general annealing apparatus.

A sophisticated family of solvent vapor annealing apparatus includes a flow
control, a purge line, and in—situ film thickness monitoring. The swelling degree can
be controlled greatly by managing the solvent flow, and highly reproducible results can
be obtained.!3231233-23¢ Ellipsometry and reflectometry provide useful information
when collected in—situ during the solvent annealing process, in addition to data
regarding the swelling degree as a measure of swollen 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 area. However, 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 Figure 2.3.2*” This formation of
terrace phases and dewetting disturbs the long range order of the resulting pattern and
increases the defect density, discussed further in this chapter.!>>?27-237238 Hence, an
average or effective thickness over a large area is estimated by ellipsometry,
reflectometry, or other non-mapping 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 of PS-b-PB-b-PS with 14k-73k-15k
molecular weight. (a-c) 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 x 2 um? Adapted from reference 227 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 instance, Buriak
and co-workers 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 2.4.!% This combination of in—situ optical
microscopy and laser reflectometry enables investigation of solvent vapor annealing of
block copolymer thin films at both the millimeter scale (lateral) and nanometer-scale
thickness. A similar apparatus has been developed by other groups, including the

groups of Ross,?! Ober,?***3> Mokarian-Tabari,?*® and several others, 8823423

Flow controller

___Thickness
monitor

/: /

Bubbler Annealing
chamber

Figure 2.4. (a) The pre-annealed BCP film spin-coated onto silicon, locking in the initial film thickness.
(b) Solvent vapor annealing (SVA) to a predetermined swelling degree (SD) using a feedback-controlled
annealing system. Adapted from reference 158 with permission 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 patterns.??%24%2*! For example, Nealy and co-workers 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 Figure 2.5.%*? Kim et al.

used a photo-patterned 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
microelectronic devices.?*! 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 e-beam 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 reduce the cost and demands
of the lithographic step. Moreover, defects still remain a challenge, however,

particularly with smaller molecular weight BCPs with a high Flory—Huggins

interaction parameter (y) that produce the sub-20 nm periodicities!**?**** and
features.?
193i 4 4 Resist Brush M s
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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 reference 242 with permission from the American Chemical
Society.

To achieve the desired nanopattern via self-assembly, not only are the annealing
parameters critical, but the initial thickness of the applied BCP monolayer must be
precise, typically within one or two nanometers.?*¢->>! The ideal thickness for a given
BCP is unique and depends upon the composition of the BCP and factors such as
surface functionalization and energy, the use of a topcoat, and other
factors,199-220.240.241.248.252 Both experimental and computational results strongly link the
initial film thickness with the resulting self-assembled structure and persistent
defects.??!27:253 Small fluctuations of thickness within a monolayer film can lead to
different self-assembled structures, as unfavorably thin domain thicknesses frustrate
packing due to the buildup of strain.”!?*’ Periodicity of structures formed from self-
assembled BCP nanopatterns may be dependent upon film thickness and other

processing parameters, as has been recently shown with bottlebrush BCPs, 247254

43


https://www.zotero.org/google-docs/?O87a4G
https://www.zotero.org/google-docs/?i8noGE
https://www.zotero.org/google-docs/?15jXJq
https://www.zotero.org/google-docs/?YmPMIS
https://www.zotero.org/google-docs/?TyzIRq

2.3 Design of Experiment and Machine Learning

Hexagonal dot-based nanopatterns are of interest for memory materials and devices, as
these devices are more tolerant of hexagonal patterned defects than linear patterns for
CMOS (e.g., vias), and thus the route towards commercialization appears more

”243 {5, however, still

direct.?*® “Further improvement of process-friendly techniques
required, particularly over large areas. With the optimization of self-assembly of any
new BCP, particularly high BCPs that may be challenging due to long-lived metastable
defects or any change in processing conditions, annealing parameters will need to be
re-evaluated. Empirical optimization of annealing of BCP films is time-consuming and,
if not rationally devised, will sample variable space incompletely.?>>?>¢ Hence,
machine learning algorithms are a powerful tool for problem solving where large
parameter spaces are involved.>>’” Machine learning also has been applied in block
copolymer self-assembly in order to determine the equilibrium phase behavior by

simulations®

8 or to optimize the chemical templates for DSA.2*2° 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 final morphology and defectivity.?S!

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). It is a slow 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 approximately.?*® Figure 2.6 depicts a comparison of the optimization
process using DOE vs. OFAT 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 parameter for the correlated

system, as shown in Figure 2.6(c,d).
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Figure 2.6. Comparison between DOE vs. OFAT 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.
(f) Approximation of the true output parameter map produced by ML fitting methods applied to the six
data points acquired by DOE in (e). Green and orange dots represent two set of variables in the system.
Adapted from reference 256 with permission from the American Chemical Society.

In an attempt to optimize these SVA parameters more efficiently with fewer
laboratory resources (including time, one of the most precious resources), there a full
factorial experimental design is used, complemented by machine learning (ML)
approaches, to identify the optimized SVA parameters. However, the factors involved
in solvent annealing are non-orthogonal and correlated, with one alteration affecting
other parameters of the film during self-assembly, and the effects playing out over
different length scales. 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 solvent-annealed hexagonal dot-forming BCP

nanopatterns. While this work focuses 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 chapter film morphology defects are analyzed and associated
distributions observed in different thicknesses of PS-5-PDMS thin films that are
solvent-annealed to a range of swelling degrees, plasma etched, and converted to silica
nanopatterns. This analysis of defects runs through a wide range of magnifications,
starting from defects in the lattice itself to grains of different macro-scale phases in the

film (wetting, single, and double layers).

2.4 Experimental Methods

2.4.1 Materials

Poly(styrene-b-dimethylsiloxane) (43k-b-8.5k) diblock copolymer (PS-6-PDMS) with
a dispersity of 1.04 was purchased from Polymer Source Inc. and used as-is. Toluene
(>99%) and tetrahydrofuran (THF, >99%) were obtained from Fisher Scientific.
Silicon wafers [<100>, 4 in. diameter, thickness 525 &+ 25 mm, p-type (boron doped),
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 squares by a 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 with deionized water, and dried in a nitrogen stream.

2.4.3 BCP Thin-film 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 between 20 to 33 nm were prepared by spin casting 25 pL of the desired
polymer solution, as shown in Figure 2.7, on piranha solution-cleaned Si chips at 8500
rpm for 40 s with a WS WS-400BZ-6NPP/120 LITE spin-coater (Laurell Technologies

Corporation). The initial film 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.
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Figure 2.7. Relationship between initial film thickness and concentration (% m/v) of PS-5-PDMS (43k-
b-8.5k) solution in toluene. Film thickness determined by ellipsometry. The plot is reproduced from
reference 158 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 oxide-capped Si
chip using the controlled solvent vapor flow annealing system has 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 all samples. 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 value automatically. 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 feedback loop. As the volume of the annealing chamber is

small, less than 1.5 cm?®, at 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

quenched to a swelling degree of less than 1.5 in under 2 s.

2.4.5 PS-6-PDMS Thin Film Reactive Ion Etching (RIE) Process

All PS-H-PDMS thin films were etched with a Plasmalab pEtch RIE using a two-step
etch: The first step removed the surface wetting layer of PDMS on the BCP film by
using a CF4 plasma (100 sccm), 100 mTorr, 50 W for 8 s. In the second step, using an
O- thicknesses between 20 to 33 nm, they were prepared by spin casting 25 pL of the
desired polymer solution piranha solution-cleaned Si chips at 8500 rpm for 40 s with a
WS WS-400BZ-6NPP/120 LITE spin-coater (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 pA). The SEM

micrographs for all the 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 micrographs were used to 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 from reference 158 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 software.?®®> The 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, respectively. Then a
Gaussian filter was used to reduce high frequency noise. The layer and dots were
marked by a brightness threshold found using Otzu’s method.?** Next, the ratio of a
single layer area was averaged 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 conditions 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 um 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 2560 x 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 Scikit-learn.?%®> 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
vector modulus with 60°. This gives a cell orientation angle from —30 to 30° for each
dot. The registration error (Re) is calculated from the six nearest neighbors, as explained
in the chapter. The defect distance is defined as the shortest distance from each dot 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 radial basis function (RBF) kernel
support vector machine (SVM) from Scikit-learn.?%> After fitting, the function is

remapped onto a grid to form an image for visualization.

2.5 BCP Pitch and Cell Orientation

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 easily, and the effects of the
solvent vapor annealing (SVA) parameter space on pitch are analyzed. BCPs with ultra-
small pitch (also known as period, domain spacing or d-spacing) have received the most
attention in fulfilling Moore’s law to decrease feature size. There are a few approaches
to decrease the BCP pitch; one includes lowering the polymerization degree N of the
polymer, however, a smaller N will weaken the segregation strength (y/N) as a solution
for high-y BCP to achieve a high segregation strength. Even though the equilibrium
domain spacing of a given block copolymer depends on the N and y of the BCP (d =
aN*3y %) during the solvent vapor annealing, the y parameter can be altered by

incorporating the solvent vapor into the thin film, given by:
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Yoge= X (1 =0 Eq. 2.1
where yefr is the effective Flory—Huggins interaction parameter, y is the interaction
parameter of the dry BCP, and s is the fraction of solvent molecules existing at the
interface of the two blocks. This change in y.fr 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 BCP dot pitch, 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 decrease in pitch with increasing
swelling degree. These maps are color-coded, thus the shift in color from yellow-green

to blue-green 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 PS-b-PDMS films and swelling degrees, indicated by
the labelled rows and columns, respectively, and showing color values 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
reference 158 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).
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Similar trends showing a decrease in pitch with increasing swelling degrees have been
observed by Gu and co-workers as well as Ross and co-workers, for different initial

film thicknesses.?30-260
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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 158 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 causes the
microdomains to be become non-spherical, shrinking in size in the in-plane direction
and stretching in the out-of-plane direction.?®® The decrease in pitch with increased
swelling degree can be understood best by noting that the domain spacing, in the strong
segregation limit is given by the equation d ~ /26728 Given that the . decreases
linearly with the amount of solvent incorporated into the film,?662% the domain spacing
is expected to decrease as the swelling degree increases, as observed. Similarly, solvent
molecules can incorporate fully into thinner films more easily compared to thicker
films, leading to a decrease in pitch.?*® It is also worth noting that there are several
blank/white patches in the films 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.!5%22" These phases do not contain any dots/micelles and as such are left blank for

all subsequent analyses.
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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 variety of grain boundaries generally disturbs the long-range order
of the ordered phase during the self-assembly of BCP and separates ordered domains
with different orientations and sizes, represented by Figure 2.11. The local cell
orientation of each dot is mapped in Figure 2.11, which effectively maps out individual

grains (regions where all the BCP dots have the same relative orientation).
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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 the PS-5-PDMS films and swelling degrees,
indicated by the labelled rows and columns, respectively, and showing color values for BCP lattice cell
orientation in degrees. Scale bars are 1 pm. (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.

These results clearly demonstrate the large variability in long-range ordering as
a function of the initial film thickness and swelling degree. Some films comprise many
very small, sub-100 nm grains, and others are uniform over micron scales. The average
grain size depends on various factors, including the swelling degree or the solvent

vapor exposure of the film?’%2"3 and the initial film thickness.?’” At a film thickness of
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20.0 nm, the annealed films have extremely small grains (on the order of a few lattice
pitches), and the grains themselves have a low degree of local orientational ordering
(vide infra). There also appear to be regions of optimal grain size and local orientational
ordering. For example, at an initial film thickness of 24.0 nm, the grain size increases
as the swelling degree increases, reaching a maximum size, but then decreases as the
swelling degree is increased further; the local ordering also seems to decrease
significantly. The initial increase in grain size with increased swelling degree is a result
of the intended action of solvent annealing, where increased solvent vapor incorporated
into the film increases chain mobility, allowing for the formation of ordered lattice
structures with lower configurational energy.??® However, this increase in chain
mobility is accompanied always by a decrease in segregation strength; thus, as the
segregation strength approaches the order—disorder transition (ODT), the local
microdomain ordering begins to decrease.??*’* These competing processes of chain
mobility and segregation strength explain the trends observed in Figure 2.11, where
there will be an optimal swelling degree for a given initial film thickness to maximize

grain size and long-range ordering.

2.6 Point Defects

The defects observed in self-assembled monolayers of BCPs that form hexagonal dot
patterns are dominated by disclinations and dislocations as well as point defects along
grain boundaries between uncorrelated domains, multilayers, and the presence of
lamellae.!>225227275 " Although these BCP cell orientation maps provide a useful
qualitative sense of grain size and long-range ordering, it is necessary to define and
measure defects quantitatively in order to apply ML methods to optimize the SVA
processing. One of the most conventional methods for identifying defects is the
determination of the coordination number, where any non-6-fold coordinated dots are
marked as defects.??>2’¢ Maps of the local coordination number are shown in
Figure 2.12, which very clearly identify topological point defects, like dislocations and
disclinations having 5- and 7-fold coordinated sites. Although the coordination number
very easily identifies point defects, it does not encode for fluctuations and deviations

from perfect hexagonal coordination shells, which is a significant concern in these soft
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BCP lattices during SVA. These deviations from perfect hexagonal lattice positions are
important to consider when attempting to quantify the defectivity of these BCP lattices
and their broader applications in devices requiring nanoscale positional accuracy.
Specifically, it is easy to imagine a lattice with only 6-fold coordinated, but with
sufficiently large local fluctuations in dot positioning to cause read/write errors. With
this concept in mind, I define the metric of registration error (R¢) in order to identify

fluctuational defects.
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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 Delaunay triangulation. 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.

2.6.1 Registration Error (R.)

Simply put, the R. of a given dot is a measure of the average distance of its six nearest
neighbors from the corresponding perfect hexagonal coordination shell. Expressed

mathematically, the R. of any dot is given by:
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where L, is the median pitch of the entire BCP dot array, X{.VN and V)" are the

coordinates of the six nearest neighbors (sorted in a clockwise fashion) X, and .
are the coordinates of the regular hexagonal (with a pitch equal to Lo) that minimizes
the value of Re.

This effect of increased lattice deviations from perfect hexagonal coordination
shells is illustrated in Figure 2.13 for an initial film thickness of 28.0 nm. At a low
swelling degree of 1.6, the lattice has a very large number of point defects, but the
number of defects sharply decreases as the swelling degree is increased to 1.8, at which
point almost all of the point defects belong to the grain boundaries. However, as the
swelling degree is increased further, a very subtle but important change can be observed
in the maps, where the map appears to be darker purple (higher registration error)
despite a similar number of point defects/grain boundaries. This increase of registration
error is due to the average value increasing due to increased fluctuations in the local
hexagonal coordination shell of BCP dots. This increase in the average for 6-fold
coordinated sites is believed to be a result of the segregation strength decreasing as the
swelling degree increases.

Using R. as a measure of registration error, what constitutes a fluctuational
defect can be defined in a physically meaningful way, as it relates to positional
accuracy. Traditional measures of hexagonal lattice fluctuations, such as the local

orientational order parameter, e,

also are very sensitive to fluctuations in hexagonal
ordering, where mappings of ys are shown in Figure 2.14 and are very similar in
appearance to the R. mappings in Figure 2.13. However, there is no good way to relate
values of ¢ to the possibility of a fluctuational defect, outside of choosing an arbitrary
cut-off. Conversely, since R. is a measure of actual distance, a fluctuational defect is
defined when R.> ro/Lo X 100, where 7, is the effective diameter of the BCP dots. From
SEM data we estimate the average dot size to be ~8 nm, which is an overestimation
due to charging effects and the non-zero spot size of the electron beam. To estimate the

true/effective size of the dots more accurately, it is assumed that they are at least 2 nm

smaller than measured by SEM, giving an effective dot radius of ~6 nm. Therefore, all
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dots with a Re > 17% are defined as a fluctuational (or point) defect. The physical
interpretation of this defect definition is clear: if a read/write head is moved to the
expected location of a nearest neighbor (based on a perfect hexagonal lattice) and the
registration error is greater than 17%, the dot will not be detected. This definition of

registration error is similar to the “jitter” model used in bit-patterned media, where a

bit is considered to be written incorrectly if its effective jitter/excursion places it in its
8

neighbor’s write window.?’
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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 the PS-5-PDMS films and swelling degrees,
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 158 with permission of the American Chemical Society.
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Figure 2.14. (a) Dot value maps showing dot locations for all 28 combinations of 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 um. (b) Details of (a) showing individual dots.
Scale bars are 250 nm. (c) Support 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 Chemical Society.

2.6.2 Defect Distance

Having defined defects as above (counting both point and fluctuational defects), we

would like to compute an appropriate figure of merit (FOM) for a given BCP dot array,
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which measures how desirable that BCP array would be if used for a DSA having a
sparse lithographic definition. Although a raw average of the defect density is
informative and simple to measure, it does not tell us how the defects are distributed in
space. For instance, are they all located on grain boundaries, or are they uniformly
distributed throughout? As such, a metric of local defect distance is defined, which is
simply the minimum distance between a BCP dot and a defect (normalized by BCP
pitch). Shown in Figure 2.15 are the local defect distance maps for each SVA condition
tested. It is worth noting that these local defect distance maps are simply the Euclidean

distance transform?>”°

of the defect maps (Figure 2.16). In contrast to the maps, the local
defect distance maps show that, from a patterned device perspective, better BCP arrays
can be made from films with initial thicknesses of 28 nm, compared to 33 nm (i.e.,

there are much larger regions that do not contain any defects).
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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. Scale bars 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.
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The metric of defect distance can be used to provide a lower-bound estimate for
the minimum spacing between DSA guiding features necessary to produce defect-free
patterns. A map of the effective defect distance (as a function of SVA conditions) is
shown in Figure 2.15b, which clearly identifies a narrow region of optimal annealing

conditions centered around an initial thickness of ~30 nm and swelling degree of ~2.0.
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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 rows and columns 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 pm. (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.

2.6.3 Phase defects

The phase behavior of dot-forming BCP thin films (such as PS-5-PDMS used in this
work) is quite complex, as lamellae/wetting layers, single layer hexagonal, or multiple
stacked layers of hexagonal dots can be formed. Which phases form in a BCP thin film
is dependent strongly on the initial thickness, which needs to be commensurate with
the native BCP pitch.?**?%° Moreover, during SVA, the film swells in thickness, often

resulting in the formation of multiple layers.'3*2?” The non-uniformity of thickness of
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the BCP films as well as the mass transport of the solvent vapor during the annealing
play critical roles regarding the formation of single, double, or wetting layers, or bare
exposed silicon, as shown in Figure 2.17.!5226227 The dot-forming BCP used here leads
to a greater degree of single layers for thicker films at a lower degree of swelling; as
the degree of swelling increases, however, more double layers are observed. Thinner
films, on the other hand, have more single layers and wetting layers (or bare silicon)
because there is insufficient BCP to form a continuous single layer of dots over the
surface.”®® The final areal fraction of single layers (or desired phase) over the entire
substrate is one of the most important (and often unreported) metrics of BCP thin film

annealing. From the perspective of devices defined using DSA, any regions that are not

the desired phase effectively would consist of 100% defects.

n Double layer

Single layer

Wetting layer

Figure 2.17. (a-b) Cross-sectional schematic (a) low-magnification micrograph (b) of terraced phases of
wetting, single- and double-layer morphologies with dot forming PS-5-PDMS, after solvent annealing
and removal of polymer by plasma cleaning. (c-e) High magnification SEM micrographs of the single
layer (c), double layer (d) and wetting layer (e). This image is from reference 155 with permission of the
American Chemical Society.

Shown in Figure 2.18a are false colored low magnification SEM images

(100 um x 100 um), where purple shows lamellae/wetting layers, green a single layer,
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and yellow a double layer. The first thing to note is that under almost all SVA
conditions there are generally two phases present, either a combination of
lamellae/wetting and single layer phases or single layer and double layer phases. To
understand this phase behavior better, the average number of layers (per SVA
condition) is measured as
Nayg=0Xfit 1 xf+2x f, Eq.2.3

where fi is the area fraction of lamellae, f; is the fraction of single layers, and fq is the
fraction of double layers. Shown in Figure 2.18b is an ML fit to the average number of
layers, as a function of SVA conditions, which reveals several important features of the
phase formation. As expected, we see that the average number of layers generally
increases as the initial thickness and swelling degree increases. However, at swelling
degrees less than ~1.8, the average number of layers is essentially insensitive to
changes in the swelling degree, which is likely due to the very slow kinetics at these
swelling degrees. One of the most useful features of this map is identifying the SVA
conditions where the average layer number is close to 1.0 and is insensitive to
fluctuations in SVA conditions. Specifically, from a practical device manufacturing
perspective, there always will be non-uniformities in film thickness, mass transport,
and solvent uptake over the entire substrate.”®! As such, it is important to consider these
system sensitivities to inputs when selecting SVA conditions, where regions of a

plateau with an average layer number of 1.0 are most desirable.
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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 pm. (b) Support vector machine fitting using a radial basis function
kernel of the area averaged number of dot layers, where “0” represents a wetting layer, “1” represents a
single layer of dots, and “2” represents double layer areas. Scale bar is set to 0.4—1.4 to improve contrast.
The images are from reference 158 with permission of the American Chemical Society.

2.7 Figure of Merit (FOM)

Making use of all of the above analysis, single FOM can be defined so that can be used
to identify the optimal SVA conditions for producing BCP dot arrays for patterned
media. The FOM chosen is simply the defect distance, modified by the fraction of
single layers, to reduce proportionally the effective defect distance to account for the
fact that non-single layer regions have a 100% defect density. A map of this FOM is
shown in Figure 2.19, which is the product of the defect distance (Figure 2.19a) and
fraction of the single layer (Figure 2.19b). It is noted that the optimal FOM does not

correspond to either the optimal defect distance or the single layer fraction regions but
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is rather the intersection of these two regions. This conclusion highlights the tradeoff
between single layer fraction and defect distance: at lower swelling degrees, there is a
large region of near 100% single layer, but the defectivity is much worse compared to
that observed at higher swelling degrees. At higher swelling degrees, however, the
decrease in defectivity is offset by a reduction in the number of single layers. This leads
to a relatively narrow region of SVA conditions with the optimal FOM, which is located
between a swelling degree of 1.9 to 2.0 and an initial film thickness of 28 to 30 nm.
These conditions are clearly specific to this BCP with this molecular weight, but the
methods presented here are completely general and can be utilized for different BCPs.

Shown in Figure 2.19 are the prediction fits of the ML algorithm to the
measured values, including the FOM. Given the excellent prediction of the ML fit to
the data, this figure suggests that the ground truth map of the FOM has a similar level
of smoothness/bandwidth as that shown in Figure 2.20c. This is valuable information
from an experimental optimization point-of-view, as it reveals that further experiments
at different swelling degrees or initial thickness most likely will yield much higher
FOMs. The knowledge gained from the ML fitting and visualization represents a
significant time saving for the experimentalist, as further experiments are likely to

produce only marginal increases in the desired FOM.
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Figure 2.19. Support vector machine fitting using a radial basis function kernel of the (a) defect distance
of the 20" percentile (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 images are reproduced from reference 158
with permission of the American Chemical Society.
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by defect distance. The images are from reference 158 with permission from the American Chemical
Society.
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Although not presented in this work, several further refinements/modifications
of this method can be applied for SVA optimization of nanopatterns derived from BCP
films. As presented in previous work by the Buriak group on optimization of thin film
organic photovoltaic cells,?> the coupling of DOE with ML done in an iterative manner
can be a very powerful tool for optimization. Specifically, in this work, what would be
considered a full factorial design has been carried out, where the parameter space is
sampled uniformly on a dense grid. The number of experiments could be reduced by
applying a generalized subset design®®? and still performing the ML fitting to identify
regions of interest with a high FOM. Then, these regions could be sampled further using
DOE+ML in an iterative fashion. Furthermore, once the first-round optimization is
done to identify these promising regions, even greater FOMs could be achieved if the
annealing time was investigated in these regions, as longer annealing times likely will

reduce defectivity in the films.

2.8 Conclusions

The application of block copolymer self-assembly for pattern generation with sub-
lithographic resolution requires minimization of defect densities at both the nano- and
macro-scales. Controlling and optimizing a large number of correlated and convoluted
process parameters during processing and subsequent data analysis is time consuming
if executed in an empirical fashion and may not arrive at the optimum conditions. The
influence of the small thickness variations and swelling degrees on the final
morphology of the BCP patterns was investigated and how to optimize these SVA
parameters for fabrication of devices. A full factorial experimental design was used to
probe the SVA parameter space, and a figure of merit was formulated to evaluate the
quality of the resultant BCP nanopatterns, accounting for multiple length scales and the
requirements of patterned devices. Then, machine learning was utilized to fit the SVA
parameter space and identify the optimal annealing conditions with respect to the figure
of merit. This approach is generalizable to optimize, analyze, and arrive at predictions
of defect densities for different combinations of materials and processes for device

fabrication. This combination of techniques may be applied to any combination of
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materials and processes to optimize, analyze, predict, and minimize the defect densities

in any given pattern.
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CHAPTER 3

Reactive Ion Etching of Metal-loaded Self-assembled
Block Copolymer Thin Films

3.1 Introduction

Patterns generated from any lithography techniques generally are transferred to the
underlying material by a combination of etching and deposition processes. The
template is transformed into a material with a specific functionality or functionalities
integrated within a device. Similarly, pattern transfer is essential to convert a thin film
of a self-assembled block copolymer (BCP) into functional elements. As is the case
with any template, the transfer of the order and information should be selective and of
high fidelity. Depending upon the desired application, a number of different protocols
have been developed either to remove selectively one of the blocks within a self-
assembled BCP film and/or transform it into a material of interest. Removal of one
block would leave behind a polymer film with nanoscale ordered pores for use as an
etching mask for further pattern transfer.?8>?®** One of the earliest examples of
applications of this approach was described by researchers from IBM, in which the
PMMA block of thin films of poly(styrene-b-methyl methacrylate) (PS-b-PMMA)
were removed selectively, leaving behind a nanopatterned array of polystyrene that was
sufficiently robust to enable further processing (Figure 3.1).2% In this example, the goal
was the production of silicon nanoparticle-based patterns for flash memory. Other
pattern transfer techniques, based upon self-assembled films of BCPs as templates for
patterned etching of the underlying materials, include both dry and wet etching

approaches,?8¢2%
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Figure 3.1. SEM micrographs of (a) planar view (b) 70° 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 suspended porous silicon membrane. This
image is from reference 285 with permission from the American Vacuum Society.

There has been much research into the development of procedures that harness
the nanoscale chemical differences between the blocks in a thin film BCP assembly to
direct the growth and deposition of metals, metal oxides, and other materials. As an
example, the previous chapter relied upon the inclusion of silicon in the PDMS domains
of self-assembled poly(styrene-b-dimethylsiloxane) (PS-6-PDMS) BCPs to be
converted into nanopatterned SiO, domains in a high-fidelity manner. Metals are of

169,291,292

particular interest since they could form the basis of metal nanowires, sensing

293295 and metal interconnects.?’® With self-assembled thin films of BCPs,

elements,
chemical differences between the blocks can enable the selective loading of one block
with a metal ion of interest, followed by a simple plasma treatment that renders a metal
nanopattern on the surface that mirrors that of the parent BCP, as shown in Figure 3.2.
In the case of the poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) BCPs, the key is the
use of protonation of the pyridine group of the polyvinylpyridine (PVP) block, which

has a pK of ~6 upon immersion in an aqueous acid (HCI, HF).?*” The PVP block would
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become at least partly protonated and positively charged and then can be loaded with
an anionic metal complex via ion exchange of the chlorido or fluoride ligands at the
metal. Treatment with a benchtop plasma reactor removes the organic block copolymer
and reduces the metal ions to M(0), forming metallic dots or lines, depending upon the
choice of BCP and annealing technique. A wide range of anionic metal complexes have
been loaded into the protonated PVP blocks to yield metallic nanostructures comprising

Au’ Pd: Pt) CO) Nl, Fe, and 0therS.169’288

(a) PS-b-P2VP P2VP, 12 500 g/mol
meHz—EJIb{»CHJ-E']l— M

X y
Z "N PS, 32 000 g/mol
- I

(b) Ps-b-P2vpP

in toluene Hexagonal array of block Fingerprint pattern of P2VP
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coat anneal 4(
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Figure 3.2. (a) Structure and molecular weight of poly(styrene-b-2-vinylpyridine) (PS-b-P2VP). (b)
Schematic representation of spin coating a solution of PS-5-P2VP in toluene on a silicon substrate with
a native oxide layer. Thermal 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. Electrostatic interaction 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 metal
complexes with the protonated P2VP block, in an acidic environment. This image is from reference 169
with permission from the American Chemical Society.

Almost three decades ago, the selective binding of metal complexes to specific

blocks in self-assembled BCPs was demonstrated, starting with a paper by Schrock and

71


https://www.zotero.org/google-docs/?Gtuo8u

co-workers showing the binding of silver ions to phosphine-containing diblock
copolymers formed via ring-opening metathesis polymorization.?”” The silver ions
were reduced to Ag(0) clusters within the cores of the BCP self-assembled micellar
assemblies. Another heavy late transition metal compound, OsOs, was used to enable
observation of the hexagonal micellar assemblies of PS-h-PB by transmission electron
microscopy (TEM), where PB is polybutadiene, via binding of OsOs to the alkene
functionalities in the PB domain. About the same time, Spatz et al. demonstrated the
use of the PVP block as a chemical handle in self-assembled films of hexagonally
packed micelles of PS-b-P2VP, with a large body of work starting in 1995.2°% The
addition of HAuCly resulted in protonation of the P2VP block, with AuCls™ as the
corresponding anion that was then reduced in-situ to Au(0) nanoparticles with
hydrazine. The TEM imaging (Figure 3.3) revealed a hexagonal arrangement of gold
nanoparticles in the cores of the PS-H-P2VP micelles.
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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 HAuCly per pyridine unit after reduction with anhydrous hydrazine for different
time intervals. (a) After 1 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 reduction, coagulation of initially formed
gold particles resulting in large crystallites and empty micelles. This image is from reference 298 with
permission from John Wiley & Sons.

The application of the metallization procedure pioneered by Spatz and co-

299300 and others to form nanopatterns of gold on

workers was extended by this group
surfaces.!¢%3% Buriak and co-workers then showed that other metal ions could be used

to prepare metal nanopatterns on silicon surfaces, expanding the repertoire from gold
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to a variety of transition metal ions.!®?%7-288 Figure 3.4 shows platinum dots and lines
that were produced on silicon surfaces using the anionic metal complex, Na,PtCly,
which then, in this example, were incorporated into flexible PDMS to use as catalytic
stamps. 1839239 The loading of PS-h-P2VP thin films with Na>PtCls in dilute acid also
can be extended from monolayers on a surface to bilayers, which when treated with a
plasma, collapses to form density doubled lines and dots, as seen in Figure 3.5.2% This
metal-loading approach to forming metallic nanopatterns is thus versatile and serves as

the basis of the work described in this chapter.
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Figure 3.4. SEM micrographs of top and cross-sectional view of Pt nanopatterns by PS-b-P2VP (125k-
b-58k) template. (a) Pt dot pattern, (b) Pt line pattern. This image is from reference 303 with permission
from the American Chemical Society.

73


https://www.zotero.org/google-docs/?wGSyPH
https://www.zotero.org/google-docs/?AGKdYU
https://www.zotero.org/google-docs/?xHsP8q

Sin

Metallization

PI a
Normal Doubled

Density  Density

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 lines was L after the metallization step was performed (B).
Line spacing was halved to L/2 for areas with double layers of lines (C). The cross-section image (D)
represents both layers of lines, with the top layer lines being slightly brighter and narrower than those of
the underlying layer. (E-G) Similar pattern formation and density doubling for dot patterns. All scale
bars are 100 nm. This image is from reference 304 with permission from the American Chemical Society.

Previous work by Buriak and co-workers involved the extension of BCP self-
assembly towards sequential nanopatterning, in which two separate block copolymer
patterning steps were carried out to form higher order, density-multiplied patterns.’®
Cong et al. used PS-b-PDMS BCPs that generate SiO, dot patterns following annealing
and plasma treatment. The first step resulted in the expected hexagonal dot pattern,
which was then followed by a second step of spin-coating of the BCP solution, followed
by annealing and plasma treatment. At the time, it was unclear as to whether the second
self-assembly step would register with the first to form a hierarchical ordered structure,
but the resulting patterns clearly indicated that the second layer of BCP indeed did
register strongly with the initial SiO, dots to form a commensurate honeycomb pattern

[see Figure 3.6(a)].
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Figure 3.6. (a) A schematic representation (up) and SEM micrographs (bottom) of a sequential self-
assembly of PS-b-PDMS to generate silica honeycomb patterns. (b) A schematic representation of three
different scenarios of dot-to-dot contact within a lattice with the geometrical values of interest within the
perfect hexagonal lattice with dot overlap (B > 1), touching ( = 1) and no contact ( < 1). This image is
adapted from reference 305 with permission of the American Chemical Society.

This chapter discusses the optimization of the reactive ion etching process of
metal ion-loaded BCP thin films to enable the generation of multiple layers of
hexagonal metal nanopatterns using PS-6-P2VP, as opposed to SiO.. Because mixed
metal nanopatterns could have interesting plasmonic properties,*®*=>% the goal is the
preparation of highly registered ordered metal-based double layers using PS-56-P2VP
as the BCP. As will be described here, however, the etching of the metal-loaded based
BCP was fraught with challenges of over-etching when carrying out multiple self-
assembly steps, including metal nanoparticle loss and loss of order due to damage by
the plasma-based dry etching process. This issue needed to be examined in detail to
proceed towards mixed-metal nanopatterns, and thus the goal of this chapter is the
development of a general reactive ion etching (RIE) step that circumvents damage of
the metal nanoparticles. The application of the RIE chemistry developed here to enable

production of double layers of mixed metal nanopatterns then is applied in Chapter 4.
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3.2 Experimental
3.2.1 Materials

PS-b-P2VP with different molecular weights of 88k-b-18k [dispersity (D) = 1.07], 44k-
b-18.5k (P = 1.07), and 44k-b-8.5k (P = 1.07) diblock copolymers, PS-b>-PDMS
molecular weight of 31k-b-14.5k with P of 1.15, and polystyrene homopolymers [5k
(P=1.07) and 10k (P = 1.09)] were purchased from Polymer Source Inc. and used as-
is. Toluene (>99%) and tetrahydrofuran (THF, >99%) were obtained from Fisher
Scientific. Silicon wafers [<100>, 4 in. diameter, thickness 525 + 25 mm, p-type (boron
doped), resistivity <0.005 W cm] were purchased from WRS Materials. Hydrochloric
acid (36.5-38%) was purchased from Fisher Scientific. Sulfuric acid (96%) and
hydrogen peroxide (30%) were purchased from Avantor Performance Materials.
Potassium tetrachloroaurate(iii) (KAuCls, >99%) and sodium tetrachloroplatinate(ii)
(NaxPtCls, 42.65%) were purchased from Strem Chemicals. Silver nitrate (AgNO3),
cetyltrimethylammonium chloride (CTAC, 25 wt% in water), and hydroquinone (99%)

were purchased from Sigma Aldrich.

3.2.2 Substrate Preparation

Silicon wafers were diced into 1 cm X 1 cm squares by a 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 with deionized water, and dried in a nitrogen stream.

3.2.3 BCP Thin-film Self-assembly

Individual solutions of 1% (w/v) BCP or homopolymer were prepared using toluene.
The 30% blended PS-6-P2VP (44k-b-18.5k) and PS-b-PDMS (31k-b-14.5k) were
prepared by mixing 1% (w/v) PS (5k) and 1% (w/v) PS-b6-P2VP [B’30, (44k-b-18.5k)]
and 1% (w/v) PS (10k) and 1% (w/v) PS-b6-PDMS [B30 (31k-5-14.5k)] together in a
3:7 volume ratio. A thin film of PS-b-P2VP with thicknesses of 35 + 1 nm (88k-b-18k
and 44k-b5-8.5k), 31 £ 1 nm (B’30), and 30 = 1 nm (B30), with a desired molecular
weight was prepared by spin coating 17 pL from 1% (w/v) polymer solution on a

piranha cleaned Si chip at 4200 rpm for PS-5-P2VP and 800 rpm for PS-5-PDMS (WS-
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400BZ-6NPP/120 LITE spin-coater Laurell Technologies Corporation). The initial
film thickness of the thin film was measured using ellipsometry. After that, a thin film
containing Si chip was solvent annealed using THF vapor in a static solvent vapor
apparatus with in situ thickness monitoring to achieve the desired swelling degree (SD
= swollen film thickness/initial film thickness). The swelling degree for PS-5-P2VP
with molecular weights 88k-h-18k and B’30 was 2.0, for 44k-bH-8.5k was 1.6, and B30
swelled to a swelling degree of 2.0. Then, all the PS-H-P2VP samples were subjected
to the metallization process and corresponding RIE recipe, as explained in the next
section.

In order to anneal a second layer of BCP sequentially on top of the bottom layer
of hexagonal metal dot nanopatterns, samples were subjected to identical annealing,
metallization, and RIE procedures, as described above. For SiO,—Pt double layer and
SiO.—Pt—Pt triple layer patterns, a second layer of PS-b6-P2VP from B’30 was annealed
and a third layer from the same BCP were self-assembled using the corresponding

annealing, metalizing, and etching procedure.

3.2.4 Metallization

For PS-b-P2VP, a metallization step was carried out prior to reactive ion etching. After
annealing, thin films of PS-b-P2VP were immersed either in an aqueous platinum salt
solution [10 mM NaxPtCls, 2 mL and 1% (%v/v) HCI, 8 mL] for three h or a gold salt
solution [10 mM KAuCly, 2 mL and 1% (%v/v) HCl , 8 mL] for 10 min. Then, the
samples were removed from the metal salt solution, rinsed with ultra-pure water, and

dried in a nitrogen stream.

3.2.5 Reactive Ion Etching and Thermal Annealing

For a sequential double layer self-assembly, a thin film of PS-5-P2VP with different
molecular weights was etched using 100 mTorr Oz plasma (Plasmalab pEtch RIE) at
80 sccm with a 30 W RF power for different time intervals, depending on the molecular
weight of the BCP used to convert Pt*" to Pt and remove the polymer. The etching time
for PS-H-P2VP with molecular weights 88k-b-18k and 44k-h-18.5k was 30 s for Pt and
35 s for Au and with molecular weight 44k-5-8.5k was 20 s for Pt and 25 s for Au. Both
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the layers were annealed identically, metalized with Pt, and used the same RIE recipe
for sequential self-assembly. For all the RIE control experiments, a thin film of PS-5-
P2VP with molecular weight 88k-b-18k was used after annealing with THF and
metalizing with the Pt. Finally, its subsequent RIE recipe was used.

Thermal annealing of the samples was carried out after the RIE step for RIE
control experiments and Au@Ag core-shell nanoparticle formation. A hot plate was
preheated to 350 °C, and the Si chips containing Pt (for RIE control experiments) or Au
(for Au@Ag core-shell nanoparticle formation) nanopatterns were placed at the center
of the hot plate for 15 min in open air. The temperature of the hot plate and the thermal

annealing time were optimized by using different temperatures and time intervals.

3.2.5 Formation of Au@Ag Core-shell Nanoparticle Arrays

Formation of Au@Ag core-shell nanoparticle arrays were carried out using a procedure
developed by Cha et al.>°® A single layer of Au nanoparticles containing a Si chip was
immersed in 1.0 L of beaker containing ultra-pure water at room temperature. Then, 10
mL of 10 mM AgNO3, 10 mL of 20 mM hydroquinone, and 132.2 uL of CTAC were
added simultaneously to the beaker while stirring with a magnetic bar. The immersion
time varied in order to change the thickness of the Ag shell. After Ag deposition, the
samples were taken out from the reaction mixture, washed with ultra-pure water, and

dried with a nitrogen stream.

3.2.6 Film Characterization and Data Processing

All images were taken from a Hitachi S4800 scanning electron microscope (15 kV, 20
pHA) or an atomic force microscope (AFM) (Digital Instrument /vecco, tapping mode
under ambient conditions). All the SEM micrographs and AFM images were processed

using ImageJ and Gwyddion softwares.

3.3 Sequential Self-assembly of BCPs

In this chapter, we wished to form mixed metal or mixed metal/metal oxide
nanopatterns using the PS-b-P2VP BCP, utilizing its chemical handle to bind to anionic

metal complexes in the presence of acid. As will be described, the biggest challenge
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faced was the optimization of the RIE step, as it often resulted in damaged or missing
metal patterns. To overcome this obstacle, substantial optimization and control
experiments needed to be executed. To start with, the basic metric was one of
establishing a route to patterns with no overlap, within a ‘perfect’ lattice, with a value
of B less than 1, as shown in Figure 3.6(b); B represents the fraction of empty space
between a dot residing in the interstitial position of the host hexagonal lattice. Table 3.1
shows the selected PS-6-P2VP BCPs with different molecular weights and their
corresponding dot sizes, pitches, and 3 values. Hence, assuming that the 3 values are
less than 1 for all the PS-b-P2VP BCPs tested here, honeycomb lattices were expected
to be formed by sequential self-assembly of each PS-b-P2VP, assuming that the
registration of the second layer would be driven by the topology of the resulting dot
pattern and is not affected by the chemical inhomogeneity of the surface (native silica

layer and Pt surfaces).

Table 3.1. Pitch, Dot Diameter and Calculated 3 of the Different BCPs Used in This Study

Molecular weight | Diameter of Pt dot Pitch (lp) / nm Calculated
of PS-6-P2VP (do) / nm
88k-h-18k 19+2 46 £ 1 0.72
B’30 20+ 1 44 £ 1 0.79
44k-b-8.5k 17+1 34+1 0.85

Figures 3.7, 3.8, and 3.9 show attempts at formation of sequential nanopatterns
of double layer of Pt—Pt dot patterns using different molecular weights of PS-5-P2VP,
44k-b-8.5k, B’30, and 88k-b-18k, respectively. Figures 3.7, 3.8, and 3.9 (a & b) show
low and high magnification images of hexagonally ordered single layers of Pt nanodot
arrays achieved by self-assembly of PS-H-P2VP with different molecular weights.
Sequential deposition of a corresponding BCP with the same molecular weight of PS-
b-P2VP on each single layer of Pt nanodot patterns did not, however, yield honeycomb
lattices even though the expected B values were observed for all three molecular
weights of PS-b-P2VP tested, as shown in Figures 3.7, 3.8, and 3.9 (c & d). The brighter

dots appear to correspond to the top layer of Pt nanodots, and the dimmer/fainter dots
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are what presumably remains of the bottom (first) Pt layer. The order also is affected
as the process leads to rather randomly organized double layers of Pt—Pt nanodots. A
major obstacle for the generation of double layers of Pt—Pt double layers from PS-b-
P2VP BCPs was the disordering of the bottom layer of Pt nanoparticles upon self-
assembly of the second layer of Pt nanoparticles [Figure 3.8 (¢ & d)] and [Figure 3.9
(c & d)]. It is clearly visible from Figures 3.7, 3.8, and 3.9 (a & b) that the corresponding
bottom layers of Pt from the first double layer pattern have an ordered hexagonal
nanodot pattern prior to self-assembly of the top layer of Pt dots, but that the this
ordered initial layer undergoes deterioration upon assembly of the second layer. From
Figure 3.8 (c & d) and Figure 3.9 (¢ & d), it can be seen that some of the bottom layer
Pt dots appear to be missing from the double layer pattern. Hence, as a result of the
second layer deposition, the order of the bottom layer Pt nanoparticles decreases and

particles go missing, resulting in randomly organized nanodot patterns.
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Figure 3.7. SEM micrographs of (a) low and (b) high magnification images of a single layer of Pt
nanodot pattern generated from PS-H-P2VP (44k-b-8.5k) of the same sample. (c) Low (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 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.
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Figure 3.8. SEM micrographs of (a) low and (b) high magnification images of a single layer of Pt
nanodot pattern generated from PS-b-P2VP (44k-b-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 layer of Pt nanopattern
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.
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Figure 3.9. SEM micrographs of (a) low and (b) high magnification images of a single layer of Pt
nanodot pattern generated from PS-5-P2VP (88k-b-18k). (b) Low and (c¢) 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 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.

At this point, it is not possible to determine the origin of the disorder of the
double Pt layers. Possibilities include damage resulting from contact with the BCP
solution, the subsequent solvent annealing, the RIE treatment, or all three that could be
damaging the initial Pt layer. Before this question was addressed, it was needed to
determine whether PS-6-P2VP BCPs could form commensurate double layers with any

hexagonal pattern since the Pt—Pt double layer project had too many issues to manage
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simultaneously. To simplify the architecture, first prepared a pattern of SiO, hexagonal
dots from established PS-5-PDMS-based BCPs, followed by self-assembly of a second
PS-b-P2VP BCP. Figure 3.10 shows the results of this density multiplication using PS-
b-PDMS (B30) and PS-h-P2VP (B’30) sequential self-assembly where the pitch ratio
is equal to 1.0. The PS-H-P2VP layer has been transformed into Pt. Figure 3.10(a)
shows a single layer of hexagonal SiO, nanodots, with the second layer of Pt
nanoparticles derived from PS-H-P2VP (B’30); formation of a honeycomb lattice was
observed, and the commensurate pitch ratio between SiO,—Pt was as expected. The
SEM image in Figure 3.10(b) shows the SiO—Pt honeycomb pattern, where the bigger
dots are the SiOx bottom layer, and the smaller brighter dots are derived from the Pt top
layer. An attempt at depositing a third layer of Pt nanoparticles on the double layer of
Si0,-Pt nanopattern by self-assembly of PS-5-P2VP (B’30) is shown in Figure 3.10(c).
The triple layer SiO,—Pt-Pt pattern [Figure 3.10(c & d)] shows density multiplication
in comparison to the double layer SiO,—Pt pattern. Since polymers of different
molecular weights [PS-5-PDMS (B30) and PS-5-P2VP (B’30)] were used to generate
the triple layer SiO—Pt-—Pt pattern, the resulting pattern is expected to have two
different size distributions (SiOx and Pt). However, in the triple layer SiO.—Pt-Pt
pattern, a few different size distributions were observed, which made it difficult to
distinguish the second layer and the third layer Pt nanoparticles separately [see Figure
3.10(c)]. In order to identify whether this observation is related to the self-assembly of
the consecutive Pt layer, control experiments were carried out, as explained in the next

section.
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A discharged gas containing reactive radicals, ions, and electrons is used in plasma

species

etching to create ion sputtering or reactions with surfaces by reactive radical

310 The etching process

with or without ion assistance to form volatile products.

proceeds by physically sputtering or evaporating chemically reacted volatile products.

The etch directionality of the plasma etching can be controlled by energy input, a
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suitable reactor, and plasma parameters. There are four types of reaction mechanisms
involved in plasma etching, as illustrated in Figure 3.11.3!'12 1) Sputter etching
[Figure 3.11(a)] is a pure physical process, resulting from the surface bombardment of
high-energy ions with anisotropic etching, poor selectivity, high surface damage, and
low etching rates. 2) Neutral species generated in the plasma react with etched layers
to form volatile compounds that can cause chemical etching (also known as chemical
volatilization). This is typically an isotropic etching and can achieve high etch rates
along with good etch selectivity and low damage to the substrate. 3) A combination of
physical and chemical processes is called ion-enhanced chemical etching [Figure
3.11(c)], where ion bombardment enables the material selective etch anisotropy. 4)
Inhibitor ion-enhanced chemical etching is another method, which utilizes both
physical and chemical etching, where an inhibitor passivates the surfaces that are not
exposed to ion bombardment [Figure 3.11(d)]. The last two types of etching are related
to RIE.

Neutral Volatile product

Sputtering

Neutral T Volatile product Neutral Wolatile product

A, AT, /,,7,/,,’\ T
: | Ton-enhanced I oo Ton-enhanced

energetic inhibitor

o
Inhibitor

Figure 3.11. A schematic illustration of four types of plasma mechanisms. (a) Sputter etching, (b)
chemical etching, (c) ion-enhanced chemical etching, and (d) inhibitor ion-enhanced chemical etching.
This image is from reference 310 with permission from Springer Nature.

Chemical plasma etching generally is designed to have chemical reactions with
plasma species, it minimizes physical effects involved with ion bombardment, and
usually is an isotropic etching process. The pressure is relatively high in plasma

chemical processes, between 0.2 torr to 1 torr.>!!!2 For RIE, however, the pressure is
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in the range of 0.01-0.2 torr. O, plasma is one of the most widely used methods for the
preparation of various nanoparticle assemblies from PS-b-P2VP.3!3 Figure 3.12(a)
shows the SEM micrograph of a Pt nanodot array generated by self-assembly of PS-b-
P2VP (56k-b-21k), followed by etching with 0.6 torr O plasma for 1 min to remove
the polymer and reduce the Pt>* to Pt(0). Figure 3.12 (b) shows the Pt nanopattern
generated using the same BCP with RIE of 0.1 torr O> plasma for 20 s. These results
clearly show that RIE is superior to chemical plasma etching, and thus this method was

used throughout this chapter.

Figure 3.12. SEM micrographs of a single layer of Pt nanopattern generated by self-assembly of PS-b-
P2VP (56k-b-21k) pattern transfer with (a) chemical plasma etching using 0.6 torr O, plasma for 1 min
and (b) RIE using 0.1 torr O, plasma for 20 s.

In this chapter, PS-6-P2VP BCPs were going to generate metal nanodot patterns
on native oxide-capped Si substrates using the chemistry described vide supra, in which
anionic metal complexes interact with the protonated pyridine group in the P2VP block.
Since it appears that the second block polymer assembly and the corresponding
annealing and plasma treatment seems to be detrimental to the first patterned layer,
examination of the individual components of the self-assembly process was carried out.
First, the spin coating conditions were investigated to check whether the spin coating
of a second layer of PS-b-P2VP using toluene can dissolve or rearrange the
initial/bottom metal dot pattern layer. Figure 3.13(a) shows a single layer of Au

nanopattern that had been prepared using PS-b-P2VP (88k-H-18k) after a 100 mTorr,
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O RIE (80 sccm) at an RF power of 30 W for 30 s. A hexagonal ordered Au
nanopattern was observed by this self-assembly process. Figure 3.13(b) shows the same
sample after spin coating a second layer using only toluene (no BCP). There was no
significant difference to the hexagonal Au nanopattern observed before and after
toluene spin coating. These results clearly show that contact of the metal dots with
solvent upon deposition of a second layer of BCP did not affect the order of the
hexagonal Au nanopattern; we would assume that the same is true for other metals,
including Pt. Therefore, we focused our attention on the most energetic process of the
second deposition step, the etching (in this case, RIE), which seems to be the most

likely source of damage.
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Figure 3.13. SEM micrographs of a single layer of Au nanoparticles fabricated using PS-b-P2VP (88k-b-
18k) (a) after a RIE step and (b) after spin coating a second layer using only toluene without the BCP on
the same sample shown in (a). All the scale bars are 250 nm.

We then analyzed the effect of exposing a single layer of self-assembled Pt
nanoparticle array [Figure 3.14(a,b)] to an identical second RIE step (without self-
assembling a second layer of Pt nanoparticles), as shown in Figure 3.14(c,d). After the
second RIE exposure, the hexagonal Pt nanoparticle array was disordered, and the size
and height of the Pt dots reduced significantly from 19 + 2 nm and 24 +2 nm to a
broader distribution of nanoparticle sizes [see Figure 3.14(d) inset]. Hence, these

results show that the bottom layer of Pt nanopatterns cannot withstand a second RIE
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step, and that it apparently can dislodge and enable mobility of the Pt nanoparticles on

the substrate surface, while also reducing their size.

First RIE Second RIE

Figure 3.14. SEM and AFM micrographs of (a,b) a single layer of a hexagonal Pt dot nanopattern from
PS-b-P2VP (88k-b-18Kk) 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 nanopattern.

It is important to understand the reasons behind this observed phenomenon of
disordering of a single layer of a metal dot pattern upon subsequent RIE to address the
issue and come up with solutions. Research by the BCP self-assembly pioneers, Spatz
and co-workers, noted that the presence of metal ions and/or metal nanoparticles can

play a dramatic role with regard to the etching rates of self-assembled PS-b-P2VP
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BCPs. They observed that thickness variations in the film and incorporation of
inorganic complexes and nanoparticles, HAuCls and gold nanoparticles, in the P2VP
block alters the etching contrast between the blocks in the BCP.3!* They calculated the
Ar" etching rates of different micellar domains with respect to the Ar" sputtering rate
of a GaAs substrate (30 A/min) using the height information gathered from SEM
micrographs. There was no difference between etching rates of PS and P2VP. However,
the P2VP blocks with incorporated HAuCly etched twice as quickly as pure PS or P2VP
blocks of the same thickness [see Figure 3.15(a)]. Most importantly, embedded gold
particles with P2VP blocks were etched at a rate that was 10 times faster than P2VP
blocks with HAuCl4, with the results shown schematically in Figure 3.15(b). These
observations can be explained by the fact that the sputtering probability is proportional
to Z> where Z is the atomic weight. Due to the high energy interface of the gold
nanoparticles, the gold nanoparticles ended up destroyed before the BCP itself.*!* Thus,
these results by Spatz and co-workers are related closely to ours, that is, small metal
nanoparticles will etch rapidly under these conditions, faster than the organic BCP,
leading to the observed instability. A careful reconsideration of the goals of this work

was required moving forward.

v v

Figure 3.15. A schematic representation of island and hole formation upon etching of a thin film of a
PS-b-P2VP layer on silicon. (a) The PS-b-P2VP layer contains HAuCls embedded within the P2VP
block. (b) The PS-b-P2VP contains Au nanoparticles upon etching. The gold nanoparticles etch faster
under these conditions than both the PS and P2VP blocks. Reprinted from reference 3 14 with permission
of Wiley-VCH.
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3.5 Optimization of Thermal Annealing

In this section of the chapter, we regroup from the failure of the synthesis of metal
double layers. The stability of the initial layer of Pt nanodots during the RIE etch is
insufficient, but before abandoning, we considered one final attempt at generating more
stable Pt nanodot arrays as a first layer. The source of the mobility of the Pt
nanoparticles during the second RIE step could be due to residual polymer that, upon
heating and decomposition within the RIE chamber, could lead to the observed
nanoparticle mobility. In addition, close examination of SEM micrographs of the gold
and platinum nanoparticles is suggestive of these dots being composed of several
smaller particles lumped together (see Figure 3.16). Since the melting temperature of
small gold and platinum nanoparticles is substantially lower than that of bulk gold and

platinum,>!6-318

a heating step to agglomerate these small gold or platinum
nanoparticles was considered. Sufficiently high temperatures also could remove any
remaining residual PS-b-P2VP that is providing mobility to the metal nanoparticles

during the energetic RIE step.

Figure 3.16. Higher magnification SEM micrograph of a (a) Au and (b) Pt nanopattern prepared via
self-assembly of PS-b-P2VP (88k-b-18k), followed by RIE.

A simple hot plate thermal treatment in laboratory ambient was used, and the
hotplate was preheated to different temperatures: 250 “C, 350 °C, and 550 °C. This

optimization method is shown in detail only for Pt nanoparticle arrays and can be
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generalized for Au nanopatterns. Pt nanoparticle arrays prepared from PS-H-P2VP
(88k-b-18k) and subjected to one course of RIE were placed on the hot plate for
different time intervals, as shown in Figures 3.17—3.18. Figure 3.17(a) shows the SEM
micrograph of the Pt nanopattern after subjecting the sample to an O RIE step for 5 s
instead of 30 s of full RIE recipe. It is assumed that the Pt>" would not be converted to
Pt(0) completely with this short treatment and that the majority of the polymer would
still be present.>!” Then, the sample was subjected to a thermal annealing process at
250 °C for 1 h, with the resulting pattern shown in Figure 3.17(b). Even though the
thermal annealing seems to be converting all or some of the Pt>* to Pt(0), even with
partial RIE treatment, some dots are missing.*?° As a control experiment, Figure 3.17(c)
shows a Pt pattern treated only with thermal annealing at 250 "C for 1 h without using
RIE, which results in disordered Pt nanoparticles on the surface; clearly thermal
annealing at 250 °C without RIE itself cannot generate a single layer of sufficiently

ordered Pt nanoparticles.

(a)

Figure 3.17. SEM micrographs of Pt nanopatterns by PS-b-P2VP (88k-b-18k) developed using (a)
partial RIE of 100 mTorr, O, RIE (80 sccm) at RF power of 30 W for 5 s (b) partial RIE of 100 mTorr,
O, RIE (80 sccm) at RF power of 30 W for 15 s, followed by thermal annealing at 250 °C for 1 h, and
(c) thermal annealing at 250 °C for 1 h without using RIE. All scale bars are 250 nm.

In the next set of experiments, the highest temperature, 550 °C, was tested.
Figure 3.18(a) shows the SEM micrograph of Pt nanopattern after subjecting the sample
to an Oz RIE step for 15 s, followed by thermal annealing at 550 °C for 10 min [see
Figure 3.18(b)], 15 min [see Figure 3.18(c)], and 30 min [see Figure 3.18(d)]. As per
the SEM micrographs, it is clear that longer times lead to more disordered patterns. The

next set of experiments looked at the intermediate temperature of 350 °C, as shown in
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Figure 3.19(a). This figure shows the SEM micrograph of a Pt nanopattern after
subjecting the sample to an Oz RIE step for 30 s, followed by thermal annealing at 350
°C for 15 min [Figure 3.19(b)] and 30 min [Figure 3.19(c)]. The apparent size of the Pt
nanodots in the heated samples is 5 nm, and the patterns are nicely ordered with only a
few dots missing. We then ended our work to optimization at this point with these

successful conditions of a 350 °C thermal treatment post-RIE.

Figure 3.18. SEM micrographs of Pt nanopatterns by PS-5-P2VP (88k-b-18k) developed using (a)
partial RIE of 100 mTorr, O, RIE (80 sccm) at RF power of 30 W for 15 s, followed by (b) thermal
annealing at 550 °C for 10 min, (c) thermal annealing at 550 °C for 15 min, and (d) thermal annealing at
550 °C for 30 min. All scale bars are 250 nm.
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Figure 3.19. SEM micrographs of Pt nanopatterns by PS-b-P2VP (88k-b-18k) developed using (a) RIE
of 100 mTorr, O, RIE (80 sccm) at RF power of 30 W for 30 s, followed by (b) thermal annealing at
350 °C for 15 min, and (c) thermal annealing at 350 “C for 30 min. All scale bars are 250 nm.

Even though the thermal annealing step was optimized, we had to ensure that
these single layers of metal nanopatterns generated as a combination of RIE and
thermal annealing steps are stable with respect to a subsequent RIE step in the second
self-assembly process. For this purpose, a sample comprising a single layer of a Pt
nanopattern generated by RIE and thermal annealing was exposed to an identical RIE
treatment (without depositing a second layer of BCP). Figure 3.20(a,b) shows the Pt
nanopatterns after plasma treatment, and Figure 3.20(c,d) shows the resulting Pt
nanopatterns after the thermal annealing at 350 °C for 15 min of the same sample. The
dot size and height were reduced from 19 + 2 nm and 24 = 2 nm to 7.0 = 1 nm and 4.0
+ 1 nm, respectively, after the thermal annealing process. This decrease in size of the
Pt nanodots substantiates the claim that the nanoparticles during RIE are not coalesced
fully into single particles (they appear to be made up of multiple particles). After the
second Oz RIE exposure, the order of the Pt nanopatterns was not affected by the second
RIE step, however, the size and the height of the nanoparticles was reduced further to
7.0 £ 1 nm and 3.0 £ 1 nm, respectively, as shown in Figures 3.20(e,f). These results
confirm that a combination of RIE and thermal annealing can generate a single layer of
stable Pt nanopatterns successfully as well as Au nanopatterns, without altering the
order of the pattern, which then can be exposed to a second RIE step, potentially to

generate double layers of Pt—Pt nanopatterns.
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Figure 3.20. SEM and AFM micrographs of (a,b) a single layer of a hexagonal Pt dot nanopattern from
PS-b-P2VP (88k-b-18k) after the first RIE step, (c,d) after the first RIE step the same sample of Pt dot
nanopattern 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 first.
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Figure 3.21. SEM micrographs of Au nanopatterns from PS-5-P2VP (88k-b-18k) after (a) the first RIE
step and (b) subsequent thermal annealing at 350 °C for 15 min. All scale bars are 250 nm.

This optimized method of combining RIE with thermal annealing was used to
generate self-assembled double layers of Pt nanopatterns on a native oxide-capped Si
substrate, as shown in Figure 3.22. Figure 3.22 shows a double layer of Pt—Pt
nanopattern formation using a combination of RIE and thermal annealing.
Figure 3.22(a) is a double layer of Pt—Pt nanopattern, where the bottom layer is etched
using RIE and then thermally annealed. The top layer is etched only using RIE and not
thermally annealed. Hence, the size of the bottom layer is significantly smaller (seven
times) compared to the top layer, even close to invisible in this high magnification SEM
micrograph. Figure 3.22(b) is the same sample (low magnification) as that shown in
Figure 3.22(a), after the thermal annealing step. Figure 3.22(c,d) shows the high
magnification images of Figure 3.22(b). Unfortunately, the diameter and height of the
metal nanoparticles decreased significantly from 19 =2 nm to 7.0 + 1 nm for the bottom
layer, with the top layer particle size around ~7.0 = 1 nm in size. As can be seen in
Figure 3.22(c,d), the density doubled patterns show no registration between the first
and second layers, most likely due to the very small size of the bottom layer of Pt

nanoparticles.?9>-321-322
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Figure 3.22. SEM micrographs for sequential nanopatterning of a Pt—Pt double layer dot pattern using
PS-b-P2VP (88k-b-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
corresponding pattern.

Registration of the second BCP layer on the first depends upon the size and
height of the first layer.3°>%!*22 Cong et al. in their work of both commensurate and
incommensurate self-assembly of BCPs to generate double layer patterns showed that
subtle differences of size of the bottom layer dots can determine the final
morphology.>®>*? In this study,??? they compared an over etched bottom layer pattern
(dot size = 18.2 nm, dot height = 5.2 nm) with a normally etched pattern (dot size =

21.8 nm, dot height = 7.3 nm) and observed a significant increase in the long range
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ordering and decrease in point defects in the top layer for the pattern when using the
over etched bottom layer pattern. Hence, the registration of the top layer is lowered if
the size of the bottom layer dots decreases below a critical size. Similarly, for
commensurate pitch ratios, they observed a substantial dot overlap instead of a
honeycomb pattern formation when most of the dots are not isolated and distinct.>*
The fundamental requirement for density multiplication is that the dots form different
layers and must be spatially separate and distinct from each other.??® While we did not
determine that critical size here for PS-H-P2VP, it is clear that the Pt nanoparticles are
too small to enable registration with the top layer. The final attempt made to enable the

use of the metal nanoparticle patterns as the bottom layer for density multiplication is

to increase the size of the metal nanoparticles, which is the topic of the next section.

3.6 Au@Ag Core-shell Nanoparticle Arrays

Because the sizes of the metal nanoparticles comprising the bottom layer are too small
for registration of the second BCP, we endeavored to increase the size of the metal
nanoparticles. The method we chose was an electroless deposition method that results
in greater control of the size of gold nanoparticles on a surface. Kim and co-workers
combined BCP lithography and subsequent seeded-shell growth to produce highly
ordered Au@Ag core-shell nanoparticle arrays with size tunability.>* In this process,
an Au nanopattern on an oxide-capped Si substrate is placed in a beaker containing an
aqueous solution of AgNOs3, hydroquinone, and cetyltrimethylammonium chloride
(CTAC), as shown in Figure 3.23(A). The Ag’ ions are reduced by hydroquinone,
catalyzed by the Au surface, leading to a selective deposition on the gold nanoparticles.
This heterogeneous nucleation of Ag on Au nanoparticles is driven by the nanoscale
curvature radii, which cause a higher energy interface and increase the reaction rate, as
well as the similar crystal structures and lattice constants of Au and Ag 4.08 A and 4.09
A, respectively.3** Figure 3.23(B) shows the Au nanopattern with a size of 11.5 nm,
self-assembled using PS-b-P4VP, and Figure 3.23(C) shows them after 40 min of Ag
deposition when the size increased to 24.6 nm. This method was applied to increase the
size of the Au nanoparticle arrays generated by RIE and a thermal annealing process.

However, this electroless deposition was not adapted for Pt and, by using an appropriate
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electroless Pt deposition chemistry, this method might be generalizable to Pt

nanopatterns as well.
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Figure 3.23. (A) A schematic illustration of an Au@Ag core-shell nanopatterning process. (B) SEM
micrographs of the Au nanopattern by the PS-b-P4VP self-assembly process and (C) Au@Ag core-shell
nanopattern after 40 min of growth time. (D) Average diameter and Au composition variation of core-
shell plotted against Ag shell growth time. Reprinted with permission from reference 306 by the
American Chemical Society.

A single layer of Au nanoparticles was prepared by RIE and the thermal
annealing process described earlier. These Au nanoparticles have a diameter of 10 £ 1
nm, and a height of 4.0 + 1 nm, as shown in Figure 3.24(a,b). After 10 min of Ag
deposition on the Au nanoparticle arrays, the diameter and height of the nanoparticles
increased to 13 + 3 nm and 6.0 + 2 nm, respectively, as shown in Figure 3.24(c,d). The

average size of the Au@Ag nanoparticles can be increased further by extending the
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deposition time. Further deposition of silver for another 10 min increased the dot

diameter and height to 14 + 2 nm and 7.0 + 1 nm, respectively [Figure 3.24(e,f)].
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Figure 3.24. SEM and AFM micrographs of (a,b) a single layer of a hexagonal Au dot nanopattern from
PS-b-P2VP (88k-b-18k) after RIE and thermal annealing. (c-f) Au@Ag core-shell formation using (a)
for time intervals of (c,d) 10 min (e,f) 20 min. All the scale bars are 250 nm.
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However, as mentioned in the previous section, the size and the height of the
dots are important for the second layer self-assembly. It can be seen in Figure 3.24(c,e)
that the deposition of Ag on Au is not uniform across the Au nanoparticles, leading to
a broad size distribution of the resulting Au@Ag core-shell nanoparticle arrays [see
Figure 3.25]. Moreover, the reproducibility of the method was not consistent, and we
observed much variance in the size distribution across samples. This lack of
reproducibility would be a problem when preparing metal-metal double layer patterns
since a bottom layer with a broad distribution of size would lead to the formation of
random or unpredictable morphologies on the substrate. Hence, this project was
stopped at this point, and the RIE step was optimized again using a different etching
instrument that enables for two consecutive RIE steps without subsequential nanodot

degradation; this will be discussed in Chapter 4.
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Figure 3.25. Size distribution of (a) single layer of Au nanopattern generated by self-assembly of PS-b-
P2VP (88k-b-18k) after RIE and thermal annealing process, (b) single layer of an Au@Ag core-shell
nanopattern after 10 min deposition of Ag on Au from (a), and (c) single layer of an Au@Ag core-shell
nanopattern after 20 min deposition of Ag on Au from (a).

3.7 Conclusions

In this chapter, we attempted to optimize the RIE step of a single layer of metal
nanopattern fabricated using block copolymer self-assembly in several ways. This
optimization was important for the fabrication of double layers of metal-metal

nanopatterns via block copolymer self-assembly, which will be the focus of Chapter 4.
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Here, we discuss the problems we encountered during this optimization process and the
scientific solutions we applied to troubleshoot these obstacles. Incomplete annealing of
metal ion—loaded P2VP blocks during the RIE step tends to disorder the bottom layer
metal nanoparticles on the silicon substrate upon further RIE treatment. As a result of
this incomplete annealing and residual P2VP left in the pattern, this pattern cannot
withstand a second RIE step that forms part of the subsequent deposition and
processing sequence of the second array of metal nanoparticles. Close examination by
SEM of the gold and platinum nanoparticles revealed that post-RIE, the particles
actually are composed of multiple smaller particles, which could explain some of the
instability to a subsequent RIE. Next, thermal annealing was applied to induce
aggregation of these small nanoparticles into a single dot. This step, while successful
in aggregating the metal particles into a single dot, resulted in a substantial decrease of
the size of the resulting dots. These nanoparticle dots were too small to induce
registration of the self-assembly of the second layer of BC properly, and instead,
random unaligned morphologies were observed. The last approach taken was to
increase the size of the resulting nanoparticles, following RIE and thermal annealing
via electroless deposition. Chemical/wet electroless deposition of Ag(0) on self-
assembled Au nanoparticles did increase particle sizes, but the variation in particle size
distribution and poor reproducibility of the same particle size distribution can lead to
random and unpredictable double layer metal-metal patterns. To summarize, a
combination of RIE and thermal annealing steps can generate single layer metal
nanopatterns via self-assembly of PS-5-P2VP successfully, but density multiplication
using these single layer metal nanopatterns was not possible, as the resulting particles

were too small to induce registration.
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Chapter 4

Incommensurate Block Copolymer Self-assembly for
Photonic Mixed Metal Nanopatterns

4.1 Introduction

Complex periodic structures on the nanoscale form the basis of many applications and
their formation often requires sophisticated nanofabrication techniques. Block
copolymer self-assembly is a versatile tool for generating patterns with periodicities in
the range of a few nanometers to hundreds of nanometers; since the polymers
themselves contain the chemical information necessary to undergo nanoscale phase
segregation to form morphologies that include: spheres, cylinders, gyroids, and
lamellae. 34146324325 However, the geometric features attainable from diblock BCPs in
thin films are limited due to a number of factors, including the thermodynamic driving
force and boundary or commensurability effects.>>32° Hence, strategies to attain non-
native BCP structures via self-assembly are of great interest to researchers in the BCP
community.®3®333 One strategy to form non-native BCP structures is to incorporate
additional chemical blocks and build up complex BCP architectures, such as stars,
brushed, H-shaped polymers, and structures based upon supramolecular interactions,
to bring in novel functionalities.***33° Another strategy is the layer-by-layer stacking
of BCP-derived features to arrive at new three-dimensional nanostructures from the
self-assembly of BCP layers that could not be obtained via self-assembly of a single
layer of BCP.3#%34! There are a variety of more complex and sophisticated processes to
access non-equilibrium structures observed in the bulk, including the application of a

protective layer,>*? direct self-assembly of a top BCP layer on an immobilized bottom

343-345 346-348

layer, crosslinking of consecutive layers, and pattern transfer from a

349,350

nanostructured film on top of an underlying layer, as summarized in Figure 4.1.
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Figure 4.1. Schematic representation of sequential self-assembly of BCP to generate non-native
morphologies using diblock BCPs. This schematic is reproduced from reference 344 with permission of
John Willey and Sons.

The concept of density multiplication of BCP self-assembly has seen a great
deal of attention for over a decade in order to surpass the intrinsic density achievable
from a single nanopattern.’343348351.352 For instance, Nealey and co-workers
demonstrated how BCP nanopatterns can result in density multiplication of chemically
patterned surfaces.'¢” Spatz and co-workers synthesized binary combinations of Au and
TiO, dot-based nanoarrays using the self-assembly of PS-5-P2VP BCPs.>>* The
resulting mixed metal-metal oxide patterns are shown in Figure 4.2. The gold-titania
nanopattern was produced via a two-step dip-coating procedure, in which a layer of
BCP micelles containing preformed titania cores was layered onto a surface coated by
an array of gold nanoparticles. In some areas on the surface, a commensurate alignment
of the two hexagonal lattices was observed, as shown in Figure 4.2. TiO2-containing
BCP micelles first and removal of BCP, followed by the second layer of BCP and gold-
loading is considered as reverse ordering of the layers and it did not lead to reproducible
graphoepitaxy; more particle-on-particle patterns were observed, which the authors
state that they could not explain easily. These early results were intriguing and, possibly

due to the synthetic challenges, the authors did not pursue this direction of research.
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200 nm

Figure 4.2. SEM micrographs of binary combinations of Au-TiO, nanoarrays with different
periodicities. (a) TiO, nanowires with a periodicity of 55 nm deposited on an Au nanopattern with a
periodicity of 71 nm. (b) TiO, nanoparticles with a periodicity of 46 nm deposited on an Au nanopattern
with a periodicity of 96 nm. (c) Similar sample as (b) before coating TiO,, Au nanoparticle size was
increased from 8§ nm to 25 nm in diameter by electroless deposition. This image is from reference 353
with permission from the American Chemical Society.

Buriak and co-workers showed density multiplication of all block copolymer
nanopatterns using a one-step approach for density doubling of metal line or dot
patterns templated by double layers of BCP-based cylinders.** Careful control over
the initial film thickness and the solvent annealing conditions is essential for uniform
features across the sample, as shown in Figure 4.3(a—g).>* Furthermore, the same
group showed sequential nanopatterning using BCP self-assembly to generate density
doubled or tripled silica dot patterns with PS-b-PDMS, as shown in Figure 4.3(h).>% In
a honeycomb lattice pattern, the second layer of SiO, dots can register in a
commensurate manner with the triangular interstitial spaces of the first layer hexagonal
pattern. In this example, an array of silica dots was generated from the PS-6-PDMS
template and then was followed by a self-assembly of another layer of the same PS-b-
PDMS BCP on top of the dot pattern, resulting in density doubling honeycomb lattice
structures. The quality of the resulting patterns was dependent on the lattice parameters

of the hexagonal dot pattern and the diameter and circularity of the dots.
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Figure 4.3. (a) One-step density doubling of metal lines via self-assembly of double layers of BCPs.
SEM micrographs of a single Pt line pattern (b), a double Pt line pattern (c), a single Pt dot pattern (e),
and a density doubled Pt dot pattern (f). Tilted SEM micrographs of density a doubled Pt line pattern (d)
and dot pattern (g). The image is from reference 304 with permission of the American Chemical Society.
(h) Density multiplication via sequential self-assembly of PS-5-PDMS to generate double and triple
layers of silica dot patterns. This image is from reference 305 with permission from the American
Chemical Society.

In this chapter we discuss the sequential layer deposition of BCPs and self-
assembly to form highly ordered mixed metal or oxide nanopatterns and an
investigation of their tunable optical properties as photonic metasurfaces. The selective

conversion of one block into an oxide or metal and the concomitant removal of the
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organic polymer by dry chemistries, as discussed in Chapter 3, leads to the formation
of these non-native morphologies via BCP self-assembly and also enables density
multiplication using only bottom-up methods. Other non-native morphologies prepared
via multi-layer patterning approaches include the work by Yager and co-workers, who
layered PS-H-P2VP to generate metal meshes using photothermal annealing, along with
a soft-shear technique to access arbitrary lattice symmetries.** The resulting mesh
patterns are shown in Figure 4.4(a). Similarly, several non-native 3D morphologies of
BCP were fabricated by exploiting a responsive layering approach, in which
subsequent layers were ordered as a function of the underlying layer, as shown in
Figure 4.4(b).*** Ross and co-workers used self-assembled BCP templates with larger
periodicities as topographical guiding patterns to direct a second BCP self-assembly
process, in which they successfully demonstrated line-in-line, dots-on-line, and dots-
in-hole nanostructures using PS-b6-PDMS with different periodicities and volume
fractions.’*> Figure 4.4(c) shows the hierarchical nanostructures obtained from a

sequential self-assembly process.
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Figure 4.4. (a) SEM micrographs of non-native 3D two-layer nanostructures generated by a sequential
self-assembly of PS-b)-PMMA. All scale bars 100 nm. Adapted from reference 354 with permission from
Springer Nature. (b) SEM micrographs of various double layer Pt nanomeshes, a soft shear-laser zone
annealing method. Scale bars are 200 nm. The images are from reference 343 with permission from
Springer Nature. (c¢) Hierarchical nanostructures including line-in-line, dots-on-line, and dots-in-holes
fabricated from smaller periodicity PS-5-PDMS on topographical templates of larger periodicity PS-b-
PDMS. The SEM micrographs are from reference 355 with permission from John Wiley and Sons.
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4.2 Introduction to Moiré Patterns

Moiré patterns arise by superimposing two or more periodic lattice patterns with
different lattice constants or relative spatial differences, such as sizes, periodicities, or
angles.*® Figure 4.5 illustrates three typical forms of Moiré patterns formed by either
superimposing two 1D gratings of different periodicities or by overlapping two 2D
periodic arrays with a relative in-plane rotation angle. The relative spatial displacement
between the overlapping layers modifies the rotational symmetry and the periodicity of
the resulting pattern. Because of these mechanical distortions, rotations, and

displacements, Moiré patterns can be useful in various applications, including strain

357,358 23,359
t,

analysis, optical alignmen image processing,*® and detection of document

counterfeiting.*®!*2 There are several fabrication techniques to make Moiré patterns,

363,364

including colloidal nanosphere self-assembly, interference

365,366 :

photolithography, imprint lithography combined with layer by layer stacking,*¢’

and self-assembly or DSA of BCPs.?22-3%
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Figure 4.5. Three Moiré configurations from line patterns. (a) Formation of a 1D Moiré pattern by
superimposing two-line patterns with different line spacing. (b) Formation of a 2D Moiré pattern by
superimposing two identical line patterns with relative in-plane rotational angle. (¢) Formation of a 2D
Moiré pattern by superimposing two identical mesh patterns with relative in-plane rotational angle. This
image is from reference 369 with permission of John Wiley and Sons.
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Figure 4.6(a) shows a Moiré superstructure formed by a sequential self-
assembly of PS-6-PDMS by Cong et al., where they demonstrated a preferential
orientation of two incommensurate BCP dot arrays, which resulted in formation of this
Moiré superstructure.?? The difference in the periodicity of the bottom and top
hexagonal dot pattern resulted in a predictable Moir¢ superstructure. A combination of
different BCPs and annealing sequences were utilized to generate four distinct Moiré
superstructures. The registration of the bottom layer was sufficient to direct the
registration of the top layer to adopt a preferential relative angle of rotation. In a
different study, the Buriak group demonstrated the growth of soft BCPs on hard
hexagonal lattice patterns that lead to fundamental insights regarding van der Waals
heteroepitaxy (vdWHs), as shown in Figure 4.6(b).>®® As per their experimental and
simulation results, moderate registration forces for BCP-hard lattice vd WHs can have
local structural relaxations, known as mass density waves (MDWs), in addition to a
Moiré superstructure formation. These MDWs complement the energy minimization
of the van der Waals bilayers, leading to the preferential rotational angle between
lattices and, finally, Moiré superstructures. Since these structures, as synthesized to
result in SiOy patterns, have no obvious optical absorption that could lead to interesting
plasmonic and optical effects, we decided to embark upon metal-based Moiré

superstructures.’’037?
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Figure 4.6. (a) SEM micrograph of flower-like Moiré superstructures formed from 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) SEM micrograph of triangular-like Moiré superstructures formed by a self-
assembly 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 permission of
the American Chemical Society.

4.3 Optical Metasurfaces

Optical metamaterials are a class of fabricated composites that show distinct optical
properties that are not found in Nature; the term ‘meta’ comes from the Greek and
means “go beyond”.>®37337* A5 an interesting example, 2D arrays of nanoparticles that
are aggregated to form spheres or raspberry-like structures show negative or zero
refractive indices, a phenomenon that is not known in naturally occurring materials.®”>~

377 Metasurfaces are the 2D version of metamaterials, and, because of the reduced
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dimensionality of the system, fabrication costs and better scalability may be achievable
compared to bulk 3D metamaterials.>”® One characteristic of materials that is harnessed
extensively in this area is plasmonics and, in particular, localized surface plasmon
resonance (LSPR). Excitation of surface plasmons is capable of interacting with light
beyond diffraction limits and represents the triple point of nanoscience, electronics, and
photonics.?”® While fascinating from a fundamental science perspective, the coupling

of light with the coherent oscillation of electron clouds in metals opens up many

379,380 381,382

avenues to applications that include use as sensors, antennas, super

383,384 385,386

absorbers, and catalysts, among many others. Fundamental material
properties, such as a change of the refractive index or the plasmonic response of the
material form, are the basis of many of these applications.

The core to these applications is the plasmonically active material, which is
most commonly metals such as gold, silver, and aluminum, among others, that can
display LSPRs in the visible region.*®”*% While single metal nanoparticles can exhibit
an optical absorption arising from an LSP in resonance with the wavelength of
illumination, it is when two or more metal nanoparticles are brought into close
proximity (proximity will be defined shortly) that things, to put it in layman’s terms,
get interesting. The metal nanoparticles can interact and couple via a number of
different mechanisms, resulting in highly unusual properties, as summarized in many
reviews.’83%0392 A recent example, shown in Figure 4.7, is of a very large field of
plasmonic metamaterials called a surface lattice resonance, or SLR.***¥* The
fundamentals of SLRs first started to be developed back in the 1960’s but were
demonstrated experimentally only for 2D lattices in 2008. A very recent example from
the Odom group demonstrates the remarkable property of a 2D SLR, as shown in Figure
4.7: an array of exquisitely prepared gold nanoparticles synthesized via e-beam
lithography produces a single remarkably sharp absorption peak, with a fwhm of only
4 nm. The actual fwhm of a typical LSPR feature of a gold nanoparticle is on the order

of many tens of nanometers,>”> but extensive research by groups from around the world

since 2008 has led to this remarkable level of control over light,378390:392
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Figure 4.7. (a) Schematic of annealing setup. (b) Schematic representation of an annealing process of
an Au nanoparticle lattice. (c) SEM micrographs of an Au nanoparticle lattice before (upper) and after
(bottom) thermal annealing process. (d) Transmission electron microscopic (TEM) image of thermally
annealed Au nanoparticles. (e) Experimental transmission spectra of untreated (black), a thermally
annealed Au nanoparticle lattice after 1 d (red) and 1 month (blue). This image is reprinted from
reference 394 with permission of the National Academy of Science.

The example in Figure 4.7 was prepared via exceedingly well-executed e-beam
lithography, which is a serial nanopatterning approach that, while remarkably precise,
is slow and very expensive, rendering it less useful for patterning large areas. Patterning
large areas over many square centimeters to generate plasmonically active metal
nanoparticle arrays for plasmonic applications, including SLRs, in a cost effective

3% Tt remains a

manner, is needed for both fundamental studies and applications.
challenge to fabricate highly ordered multicomponent nanostructures in a highly
parallel manner over large areas. There have been many synthetic approaches pursued
to address this immense challenge, which parallels the rapid growth and emergence of

new and efficient synthetic approaches in nanoscience.>’® Techniques such as colloidal

397,398 399

nanoparticle assembly, nanoimprint lithography, e-beam lithographic
patterning,**®® and metal nanoparticle sorting in PDMS stamps,*’! among others, have
seen extensive attention, and there are now reviews that summarize this vast area of

nanoscience.
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The length scales enabled by BCP self-assembly are ideal for much of the range
required for the patterning of plasmonically active nanomaterials. In this chapter, we
extend the previous research of our group on SiOx-based Moir¢ patterns on surfaces to
metals-based patterns. Double layers, both commensurate and incommensurate, of
periodic hexagonal metal/oxide nanopatterns using PS-b-P2VP and PS-6-PDMS were
fabricated. Multicomponent metal nanopatterns generated by sequential self-assembly
could have interesting synergistic plasmonic properties due to modified structural
morphology (size and shape) and composition of the resulting patterns. This approach

enables the production of a new family of nanopatterns from mixed metal nanodots.

4.4 Experimental Methods

4.4.1 Materials

PS-b-P2VP [88k-b-18k, dispersity (P) = 1.07], PS-b-P2VP (44k-b-18.5k, B = 1.07),
PS-b-P2VP (135k-b-53k, B = 1.18), PS-b-PDMS (43k-b-8.5k, D = 1.04), PS-6-PDMS
(31k-b-14.5k, D =1.15), and polystyrene (PS; 10k with & = 1.09 and 5k with ® =1.07)
were purchased from Polymer Source Inc. Potassium tetrachloroaurate(I1l) (KAuCls,
>99%) and sodium tetrachloroplatinate(Il) (Na,PtCls, 42.65%) were purchased from
Strem Chemicals. Toluene (>99%) and THF (>99%) were purchased from Fisher
Scientific. Hydrochloric acid (36.5-38%), sulfuric acid (96%), and hydrogen peroxide
(30%) were purchased from Avantor Performance Materials. Silicon wafers [<100>, 4
in. diameter, thickness 525 + 25 mm, p-type (boron doped), resistivity <0.005 Q cm]
were purchased from WRS Materials. A fused silica wafer [<100>, 100 mm diameter,
thickness 525 + 25 mm, p-type, resistivity 1020 Q cm] was purchased from the
University of Alberta Centre for Nanofabrication (the nanoFab).

4.4.2 Substrate Preparation

Silicon and fused silica wafers were diced into 1 cm X 1 cm squares using Disco DAD
321 and Disco 3240 dicing saws, respectively. Prior to the self-assembly processing,
the silicon and fused silica chips were cleaned with a fresh piranha solution by
immersing chips in a 3:1 v/v sulfuric acid and hydrogen peroxide solution for 15 min.

Then, they were rinsed with deionized water and dried with a nitrogen stream.
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4.4.3 BCP Thin Film Self-assembly by Solvent Annealing

Individual solutions with a 1% (%w/v) concentration of PS--P2VP (88k-b-18k), PS-b-
P2VP (44k-b-18.5k), PS-b-P2VP (135k-b-53k), PS-b-PDMS (43k-b-8.5k), PS-b-
PDMS (31k-b-14.5k), and PS (10k and 5k) were prepared by dissolving the BCP in
toluene. The polymer mixtures were prepared by mixing PS-b-P2VP (44k-b-18.5k)
with PS (5k) to make a 30% (%v/v) solution, PS-6-P2VP (135k-b-53k) with PS (5k)
15% (%v/v) solution, and PS-b-PDMS (31k-b-14.5k) with PS (10k) 30% (%v/v)
solution. From the PS-H-P2VP (135k-b-53k) blended with 15% PS solution, 20 puL
were spin cast on piranha cleaned silica/fused silica substrates at 4200 rpm
(WS-400BZ-6NPP/120 LITE spin-coater Laurell Technologies Corporation), and for
all the other BCP solutions 17 pL were used at 8500 rpm for 40 s for all the samples.
The film thickness for PS-b-P2VP (88k-b-18k), PS-b-P2VP (44k-bH-8.5k) blended with
30% PS, PS-b-P2VP (135k-b-53k) blended with 15% PS, PS-b-PDMS (43k-b-8.5k),
and PS-b-PDMS (31k-b-14.5k) blended with 30% PS were 36 £ 1 nm, 33 £ 1 nm, 37
+ 1 nm, 30 = 1 nm and 30 £+ 1 nm, respectively.

The BCP or BCP blended with PS thin films were solvent annealed in a custom-
designed annealing chamber with THF as the annealing solvent, as shown in Figure
4.8. The film thickness was measured by using an in-situ ellipsometer (A = 632.8 nm,
0 = 70°) during the annealing process. The apparatus for solvent vapor annealing is
shown in Figure 4.9. The final swelling degree was optimized for all the different
samples of BCP or BCP blended with PS by controlling the steady-state solvent vapor
pressure inside the chamber. The THF vapor pressure was varied by filling THF with
different solvent reservoirs in the annealing chamber to change the THF solvent surface
area exposed inside the chamber. The reservoir number iv (total surface area 2.71 cm?)
filled with 1 mL of THF was used for thin films of PS-b-P2VP (88k-bH-18k), PS-b-
P2VP (44k-b-18.5k) blended 30% with PS, and PS-b6-PDMS (31k-b-14.5k) blended
30% with PS to obtain optimized swelling degree of ~2.0. The reservoir number iii and
1v filled with 0.5 mL and 2 mL of THF, respectively, were used for thin films of PS-5-
P2VP (135k-b-53k) blended with 15% PS to achieve a swelling degree of ~2.3. The

closed annealing chamber was allowed to reach the equilibrium vapor pressure of THF
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influenced by the surface area of the solvent exposed. The in-situ thickness monitoring
was used to optimize the swelling degree for each sample by allowing the thin film to

saturate with the solvent and deciding the annealing time required.

Figure 4.8. Top-down (a) and side-view (b) of the solvent annealing chamber with five different solvent
reservoirs to contain solvents with different surface areas (vapor pressures). The image is from reference
155 with permission of the American Chemical Society.

-t

ling cha"./e«r/

Figure 4.9. Photograph of the static solvent vapor annealing setup with in-situ thickness monitoring.
Image is from reference 155 with permission of the American Chemical Society.
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4.4.4 Metallization and Reactive Ion Etching

For PS-b-P2VP, a metallization step was carried out prior to reactive ion etching (RIE)
to improve the contrast for visualization using scanning electron microscopy
(SEM).}7# After annealing, thin films of PS-b-P2VP were immersed either in an
aqueous platinum salt solution [10 mM Na;PtCls, 2 mL, and 1% (%v/v) HCI, 8 mL]
for 3 h or a gold salt solution [10 mM KAuCls, 2 mL, and 1% (%v/v) HCI, 8 mL] for
10 min. Then, the samples were removed from the metal salt solution, rinsed with ultra-
pure water, and dried in a nitrogen stream.

The metalized samples of PS-6-P2VP (and blended PS-b-P2VP) were treated
with 100 mTorr oxygen plasma (80 sccm) either in a Trion Phantom RIE (20 W RF
power) or Plasmalab pEtch RIE (30 W RF power) for different time intervals,
depending upon the molecular weight of the BCP, to convert either the Pt?* to Pt or
Au’" to Au and remove the polymer. The details of the optimization of the etching
recipe for each PS-H-P2VP are discussed in Chapter 3. All the thin film samples of PS-
b-PDMS were subjected to CF4/O2 RIE directly after the solvent annealing process in
Plasmalab pEtch RIE. During RIE etching, the PDMS domains are oxidized to SiOx
and the PS domains are etched away. RIE recipes for all the samples are given in Table
4.1.

After preparation of a single layer of hexagonal Pt or SiO, nano-dots, a second
layer was deposited using the same procedure. The second layer was always deposited
using PS-b-P2VP and metalized to arrive at either Au or Pt nano-dots. Prior to the
subsequent second layer deposition, the first layer was analyzed using SEM for all the
samples on Si substrates, and all the first layers that had SiO, nano-dots were cleaned

with piranha solution.
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Table 4.1. Experimental Parameters for Preparation of SiO,, Pt and Au Nanopatterns from BCP with

Different Molecular Weights

BCP sample | Spin Film Annealing | Swelling | Etching recipe
coating thickness | condition | degree
conditions | /nm
PS-b-P2VP | 8500 rpm |36=+1 Reservoir | ~2.0 uEtch RIE
(88k—18k) |40s iv1 mL 100 mTorr O2 (80
THF sccm), 30 W, 30 s
Trion RIE
100 mTorr Oz (80
scem), 20 W, 35 s
PS-p-P2VP | 8500 rpm | 33+ 1 Reservoir | ~2.0 uEtch RIE
(44k—18.5k) | 40s iv1mL 100 mTorr O2 (80
with 30% THF sccem) 30 W, 30 s
PS Trion RIE
100 mTorr Oz (80
sccm), 20 W, 30 s
PS-b-P2VP | 4200 rpm | 37+ 1 Reservoir | ~2.3 Trion RIE
(135k—53k) |40s iv 1 mL 100 mTorr Oz (80
with 15% and 111 0.5 sccm), 20 W, 40 s
PS mL THF
PS-b-PDMS | 8500 rpm | 30+ 1 Reservoir | ~2.0 uEtch RIE
(43k—8.5k) |40s iv1mL 1. 100 mTorr
THF CF4, 50 W,
10s
2. 145 mTorr
CF4/O2
(20%:80%)
30 W,40s
PS-H6-PDMS | 8500 rpm | 30+ 1 Reservoir | ~2.0 uEtch RIE
(31k—14.5k) | 40s iv1mL 1. 100 mTorr
with 30% THF CF450 W,
PS 10s
2. 145 mTorr
CF4/O2
(20%:80%)
30 W, 40 s

After preparation of a single layer of hexagonal Pt or SiO, nano-dots, a second

layer was deposited using the same procedure. The second layer always was deposited
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using PS-h-P2VP and was metalized to arrive at either Au or Pt nano-dots. Prior to the
subsequent second layer deposition, the first layer was analyzed using SEM for all the
samples on Si substrates, and all the first layers that had SiO. nano-dots were cleaned

with piranha solution.

4.4.4 Characterization

All SEM micrographs were taken using a Hitachi S4800 scanning electron microscope.
The samples on Si substrates were used as-prepared for imaging (15 kV, 20 pA). The
samples on fused silica substrates were coated first with a conducting metal layer, Au

and Pd, to improve the conductivity for imaging (3 kV, 5 pA).

4.4.5 Ellipsometry and UV-vis Spectroscopy Analysis

UV-vis spectroscopy and spectroscopic ellipsometry have been employed to
investigate the optical properties of single layer and double layer Au and Pt
nanoparticle arrays. Optical measurements have been performed with a J. A. Woollam
M-2000V, and samples were prepared on native oxide-capped Si substrates. The
ellipsometric parameters, a ratio of amplitude (¢) and phase difference (A), were
measured in the 350 nm—1000 nm spectral range at an angle of incidence from 55° to
80°. The UV-vis absorption spectra were measured using the Perkin-Elmer NIR-UV
spectrophotometer in the 350-800 nm wavelength range on fused silica. For each

sample five transmission measurements were performed with a normal incident angle.

4.4.5 Data processing

All the SEM micrographs were processed, and nanoparticle sizes and pitch calculations
were carried out using ImageJ and Gwyddion software. All the schematic illustrations
of the dot patterns were drawn manually using the high magnification SEM

micrographs. The UV-vis spectra were processed using the origin lab.

4.3 Multicomponent Block Copolymer Self-assembly

In this work, two different BCPs, PS-6-PDMS and PS-6-P2VP, were used to form
mixed metal/oxide nanopatterns. The general schematic for formation of mixed

component honeycomb/Moiré superstructures is shown in Figure 4.10. The bottom
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layer of hexagonal dots was formed by self-assembly of either PS-6-PDMS or
PS-b-P2VP, followed by solvent annealing and reactive ion etching (RIE) to convert
BCPs into SiOy or Pt dots, shown in Figure 4.10(a). For PS-b-P2VP prior to RIE, an
additional step of metallization was carried out using an acidic solution comprising a
Pt** salt. A second layer of PS-h-P2VP BCP was spin-cast onto the initial hexagonal
SiO, or Pt dot array, annealed, and then metalized with one of two different acidic
solutions of Na;PtCls or KAuCls, followed by an RIE step to convert the BCP into
either Pt or Au hexagonal dots. The resulting nanopatterns are either honeycomb or
Moiré superstructures, depending on the lattice parameter of the resulting hexagonal
lattice. If the bottom layer is SiOx, the top layer is Pt; when the bottom layer is Pt, the
top layer is Au.

(a) (b) (c)
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Figure 4.10. Schematic illustration of the methodology for forming mixed component-based
honeycomb/Moir¢ superstructures using hexagonal BCP dot arrays. (a) Formation of a bottom layer dots
via self-assembly of a BCP, followed by solvent annealing and/or metallization and reactive ion etching
(RIE) to convert the BCP into either hexagonal lattice of Pt or silica dots. (b) Deposition of the top layer
of PS-b-P2VP on a preformed nanopattern of Pt or SiO, dots from (a). (c) Solvent vapor annealing,
metallization, and RIE of the second layer to convert BCP to Au or Pt nano-dots to form
honeycomb/Moiré superstructures.

Attempts to prepare double layers with a gold bottom layer failed due to the
instability of this layer to subsequent RIE steps and, unfortunately, could not be
explored vide infra (see Figure 4.11). Figure 4.11 shows a single layer of Au
nanopattern fabricated via self-assembly of PS-5-P2VP (88k-H-18k) and a double layer
Au—Au nanopattern using identical self-assembly of the same BCP. The double layer
Au—Au nanopattern did not lead to a honeycomb pattern, and the bottom layer Au
nanodots started to form randomly ordered smaller Au nanodots all over the surface

after the subsequent RIE step.

119



. R ”
e ¢ & ¢g'® B 8 8§

s‘e 80 8 &
‘s %0 0

Figure 4.11. SEM micrographs of (a) a single layer Au nanodot array (b) a double layer Au—Au nanodot
arrays self-assembled using subsequent deposition of PS-b-P2VP (88k-b-18k). All scale bars are 250 nm.

The different molecular weights of BCPs and BCP blends used for this work

are listed in Table 4.2 with their corresponding abbreviations, pitch, and dot diameter.

Table 4.2. Pitch and Dot Diameter of the Different BCP Used in This Study

Abbreviation Composition L =Pitch | Ptor SiOy Au Dot
/nm Dot Diameter
Diameter /nm
/nm
P43 PS-b-PDMS (43k-b-8.5k) | 34=+1 16 £1 NA
(Si0y)
B30 PS-b-PDMS (31.5k- b - 42 +1 22+ 1 NA
14.5k) + 30% PS (10k) (SiOy)
B30 PS-b-P2VP (44k- b - 41 +1 17+1 16 £1
18.5k) + 30% PS (5k) (Pt)
P88 PS-b-P2VP (88k- b -18k) |44 +1 16 £1 19+1
(PY)
B15 PS-b-P2VP (135k- b -53k) | 70+ 1 26+ 1 26+ 1
+15% PS (5k) (Pt)

Figure 4.12 shows SEM micrographs of the single layers of hexagonal SiOx

nanodots generated by the self-assembly PS-b-PDMS, and Figure 4.13 represents the

120



Pt and Au nanodots generated by the self-assembly of PS-H6-P2VP. The layered
structures are denoted by their deposition sequence and the corresponding composition
of the dots. For example, P88(Pt)+B15

(Au) refers to the sample where the bottom layer comprises Pt dots using P88,
and the top layer is composed of Au dots using B15. Different nanopatterns with
commensurate and incommensurate pitch ratios of either SiO,—Pt or Pt-Au were

generated and the optical properties of the Pt—Au were studied in this work.

Figure 4.12. Low magnification (left) and high magnification (right) SEM micrographs of single layer
SiO, nanodots derived from different molecular weights of PS-b-PDMS. (a,b) 43k-b-8.5k (P43) and (c,d)
31k-b-14.5k (B30). All scale bars are 250 nm.
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Figure 4.13. SEM micrographs of single layers of Pt (left) and Au (right) nanodots produced using PS-
b-P2VP BCPs of different molecular weights. (a,b) 44k-b-18.5k (B30), (c,d) 88k-b-18k (P88), and (e,f)

53k (B15). All scale bars are 250 nm.
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The native pitch for all the polymers used in this chapter for double layer
patterning and the corresponding pitch ratio for six different configurations of
sequentially deposited BCP bilayers are summarized in Table 4.3. The native pitch ratio
is calculated as a ratio of dot spacing of the top and bottom layer dots found in the

single layer patterns.

Table 4.3. Native Pitch of the Bottom and Top Layer BCPs and the Corresponding Pitch Ratios for Six
Different Configurations of Sequentially Deposited BCP Bilayers

BCP Layers L1 (Pt pattern in L2 (Pitch of Au Theoretical L2/L.1

(bottom layer+top | single layer)/nm pattern in single (Calculated using

layer) layer)/nm L1 and L2 of
single layers)/nm?*

B15+B30 70 + 1 41+ 1 0.58

B15+P88 70 + 1 44 £ 1 0.63

P88+B30 44 + 1 41 £ 1 0.91

P88+P88 44 + 1 44 + 1 1.0

B30+P88 41 +£1 44 £ 1 1.1

P88+B15 44 £ 1 70 + 1 1.6

B30+B15 41 £ 1 70 + 1 1.7

2 Theoretical pitch ratio of the double layers is calculated using the single layer pitches as determined
experimentally for single layer samples.

In this chapter, we are going to start with commensurate ratios of top- and
bottom-layer pitches. The deposition of a second layer on top of the first layer using
different compositions of BCPs with a commensurate pitch ratio of 1.0 results in the
formation of a combined dot pattern possessing a honeycomb lattice, as illustrated in
Figure 4.14. There are two different compositions of honeycomb patterns formed using
a sequential self-assembly of BCP. The first combination comprises PS-b-P2VP with
the same BCP with molecular weight (P88) but with the bottom layer metalized with
Pt and the top layer with Au, shown in Figure 4.14(a—). The second combination is
assembled from a sequential deposition of PS-6-PDMS (B30) as the bottom layer and
PS-b-P2VP (B30) metalized with Pt, yielding a SiO,—Pt honeycomb pattern, shown in
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Figure 4.14(d—f). The dots from the second layer are registered in the triangular
interstitial positions of the first layer to generate the honeycomb lattice.?® The sizes of
the dots in the two layers of each honeycomb pattern are significantly different. The
Si0,—Pt honeycomb, shown in see Figure 4.14(d—f), has larger silica dots (22 £ 1 nm)
compared to the Pt dots (11 = 1 nm; size is from the etching recipe used in pEtch), as
the PDMS block is converted completely into the silica dots. The difference in the sizes
of the Pt and SiOy is due to the two different RIE steps used for PS-b-PDMS and PS-
b-P2VP (see Table 4.1). The Pt—Au honeycombs, shown in Figure 4.14(a—), are
generated by sequential self-assembly of the same PS-5-P2VP. Even though both layers
are from an identical self-assembly of PS-H-P2VP, the bottom layer Pt dots are
considerably smaller (9.0 = 1 nm) than the top layer Au dots (12 + 1 nm) (see Table
4.4 for Au and Pt sizes). The reason behind these size differences is that the bottom
layer Pt nanoparticles are annealed in the second RIE step used for the Au nanopattern.
Chemically homogeneous surface (uniformly SiO,) and inhomogeneous surface (SiOx
and Pt) are used for the second layer self-assembly, and both resulted in a honeycomb
pattern, indicating that double layer formation is directed by the topology of the bottom
layer and that it is independent of the chemical composition of the bottom layer for a

pitch ratio of 1.0.
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Pitch ratio 1
B30(SiO,)+B30(Pt)

(d)

Pitch ratio 1
88(Pt)+P88(Au)

Au nanodots

nanodots

X

() Ptnanodots @ SiO

metalized with Pt. The insets represent the FFT of the

>

Figure 4.14. Low magnification (first row, a—d) and high magnification (second row, b—e) SEM
micrographs and schematics illustrate the high magnification SEM (third row) of honeycomb patterns
from (a—c) Pt—Au derived from P88, with the bottom layer being Pt and the top layer Au. (d—f) SiO,—Pt

derived from bottom layer B30 and top layer B30

; second and third row scale bars are 100 nm.

resulting nanopatterns. First row scale bars are 250 nm
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Figure 4.15 shows the double layer Pt—Au pattern by self-assembling two
different PS-b-P2VP with a slight variation of pitches, where the bottom layer is P88
(Pt) with a pitch of 44 £ 1 nm and the top layer is B30 (Au) with a pitch of 41 + 1 nm,
leading to a pitch ratio of 0.91. When the pitch ratio is slightly reduced to 0.91 by self-
assembling P88(Pt)+B30(Au), a similar honeycomb pattern was observed. However,
these honeycomb patterns are surrounded by lines of alternate Pt and Au nanoparticles
throughout the sample, as shown in Figure 4.15; it is displayed in a separate panel to
make it easier to arrange the text with the remaining figures, and there is no specialty

of the pattern.

(a) Pitch ratio 0.9
P88(Pt)+B

Figure 4.15. (a) Low (scale bar 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 layer P88 (Pt) and top layer B30. The inset represents the
FFT of the resulting nanopatterns. Orange and gray dots represent Au and Pt nanodots, respectively.

Previous work from our group showed that the top layer BCP lattice would
adopt a preferential twist angle to the bottom layer when BCPs with incommensurate
pitch ratios self-assembled to form Moiré superstructures.*?>**® The twist angle for a
given pitch ratio was determined by first measuring the local relative rotation (relative
to the [10] direction of the bottom layer lattice) of each BCP dot in the top layer, which
is the average angular rotation of its six nearest neighbors. As expected, the twist angle
is near zero when the pitch ratio approaches 1.0, as shown Figure 4.14.3%°-3% In addition
to these global relative rotational angles, Cong et al. also observed the presence of
localized lattice rotations near pitch ratios of 0.87 and 1.13, which they termed mass

density waves (MDWs).>® The observation of MDWs was clustered at pitch ratios
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approaching 1, as opposed to combinations with highly incommensurate pitch ratios.
Molecular dynamics simulations using the open source LAMMPS interface were
performed to estimate the interaction between soft melted epilayers and the rigid silica-
based bottom layer patterns for incommensurate pitch ratios.**> The interlayer potential
was assumed to be repulsive, with an energetic penalty for overlap between the bottom
and top layers for the size regimes modelled; this overlap and energetic penalty
decreases as the separation distance of the dots increases. These simulations indicated
that the formation of MDWs in the soft epilayer (top layer) enables a further
minimization of the configuration energy, in addition to that achieved with the adoption
of global twist angles of the lattice formed by the soft epilayer of block copolymer
micelles.**? Similar localized rotational nodes were observed for a pitch ratio of 1.1 for
Pt—-Au nanopatterns, as shown in Figure 4.16, where the patterns consist of
pseudocommensurate triangular domains connected via nodes as the BCP lattice
strained compressively or extension towards a commensurate pitch ratio of 1.0 outside

these nodal regions.

(b)
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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 using self-assembly of B30(Pt)+P88(Au). All scale bars are 250
nm.
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A further decrease from the commensurate pitch ratio of 1.0 to 0.58 and 0.63
resulted in a pattern that can be summarized as two Au dots located between two Pt
dots, with a majority of the bottom Pt dots capped by an overlapping top Au dot, as
shown in Figure 4.17. Thus, this nanopattern also can be described as every Pt dot being
overlapped by an Au dot and surrounded by six Au dots as the nearest neighbors. From
Figure 4.17(d—f), the pattern appears to be commensurate, which means that the pitch
ratio would need to be V3 = 1.71, therefore, the pitch of the Au layer would need to be
L2(Au) = L1(Pt)/N3 = 70.0/N3 = 40.4 nm. As explained by Ross, Buriak, and their co-
workers, there is an energetic penalty for overlapping dots, which is why the top layer
adopts an angle of rotation, maximizing the infill of the interstitial positions of the
bottom layer and reducing the number of overlapping dots to minimize the
configurational energy.”®34*36% However, for lower the pitch ratios of 0.58 and 0.63, a
higher overlap between dots can be observed; this seems to contradict the behavior
resulting from the energetic penalty of dot overlap. The observation of overlap between
top and bottom Au—Pt dots in these two pairs of incommensurate lattices is presumably
due to the low height of the bottom layer Pt dots. While not determined by AFM, the
plan-view SEM micrographs suggest that the Pt dots are low and flat, therefore, the
energetic cost of the overlapping PS-b-P2VP micelle is relatively low. In the global
energy accounting spreadsheet, the gain from the commensurate arrangement must

outweigh the cost of the dot overlap.3?24%
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Figure 4.17. Low (first row, a+d) and high (second row, b+e) magnification SEM micrographs and
schematic illustration of the high magnification SEM (third row) of Pt—-Au Moiré patterns with
incommensurate pitch ratios of (a—c) 0.58; bottom layer B15 (Pt) and top layer B30 (Au) and (d—f) 0.63;
bottom layer B15 (Pt) and top layer P88 (Au). The insets represent the FFT of the resulting nanopatterns.
Orange and gray dots represent Au and Pt nanodots, respectively. First row scale bars are 250 nm; second
and third row scale bars are 100 nm.
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Figure 4.18 shows Pt—Au nanopatterns derived from high pitch ratios of 1.6 and
1.7, where the bigger dots (19 £ 1 nm diameter, top layer) represent Au and the smaller
dots (11 £ 1 nm diameter, bottom layer) are Pt. For a pitch ratio of 1.6, shown in
Figure 4.18(a—c), the majority of the larger Au nanodots are in contact with the smaller
Pt nanodots, creating new structures of random and isolated Pt—Au dimers. When the
pitch ratio is V3 = 1.7, shown in Figure 4.18(d—f), the Au nanodots from the top layer
register within the triangular interstitial positions of the bottom Pt nanodot pattern with
a 30" angle of lattice rotation, which is a configurational low energy conformation, as
observed previously with PS-5-PDMS and SiO, dots by Cong et al.>6®

Similar Moiré patterns were generated using two different pitch ratios of PS-
b-PDMS and PS-b-P2VP metalized with Pt; the corresponding SEM images are shown
in Figure 4.19. These Moiré patterns of SiO, and Pt were fabricated to confirm that by
using two different BCPs as top and bottom layers, similar relative angles of rotations
can be observed when using the different BCPs. Figure 4.19(a) shows the Moir¢ pattern
of SiO,—Pt with a pitch ratio of 0.9. The large area displayed in Figure 4.19(d) is from
ameasured pitch ratio of 1.1 to show the influence of grain boundaries in the underlying
SiOy layer; the outlined red area in the image represents a grain boundary in the bottom
SiOy layer.*?> The majority phase comprises the triangular Moiré patterns, as shown in
Figure 4.19(c), and the flower-like pattern in Figure 4.19(b) is associated with these
grain boundaries. A similar misalignment caused by these grain boundaries was
observed by Cong at al. for incommensurate pitch ratios of SiO, Moiré superstructures

derived from PS-5-PDMS 3>
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Figure 4.18. Low (first row) and high (second row) magnification SEM micrographs and high
magnification schematic representation (third row) of Pt—Au Moiré patterns with incommensurate pitch
ratios of (a—c) 1.6; bottom layer P88 (Pt) and top layer B15 (Au) and (d—f) 1.7; bottom layer B30 (Pt)
and top layer B15 (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 scale bars are 100 nm.
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Figure 4.19. SEM micrographs of SiO.—Pt Moiré patterns with incommensurate pitch ratios of (a) 0.9;
bottom layer P48 (SiO,) and top layer P44 (Pt) (b—d) 1.1; bottom layer B30 (SiO,) and top layer P88
(Pt). The red area represents a grain boundary in the bottom B30 (SiO,). The insets represent the FFT of
the resulting nanopatterns. Small brighter dots are Pt, and dark larger dots are SiO.. All the scale bars
are 250 nm.

4.4 UV-vis Spectroscopic Analysis of the Localized Surface

Plasmon Resonance of the Metal Nanoparticle Arrays

The collective oscillations of the electrons at the metallic nanoparticle-dielectric
interface in a confined volume results in the effects associated with the localized

surface plasmon. Metals have this resonant response at the specific wavelength of
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absorption, and the spectral features of the LSPR depend on several parameters, such
as morphology (size and shape), chemical composition, and dielectric environment of
the nanoparticles. It is well known that isotropic spherical Au nanoparticles
demonstrate only one LSPR band that is dependent upon the diameter of the
nanoparticle. For a 10 nm particle, the peak of the absorption is around 520 nm, it
increase to 520-530 nm when the size is ~10-40 nm, and to ~530-540 nm when the
size is ~40-80 nm, and is accompanied by an increase in the LSPR peak intensity.***
One of the main aims of this chapter is to explore how the formation of non-native
morphologies from a self-assembly of mixed metal components double layer arrays
alters the optical behavior of native morphologies of a single layer metal nanopattern.

Ellipsometric measurements of the single and double layers of Pt—Au samples
self-assembled on native oxide-capped Si substrates were acquired first to capture the
absorption profile of the metal nanopatterns, with the goal of observing the features
associated with the LSPR. Shown in Figure 4.20 are the spectroscopic analyses at
angles varying from 55° to 85°. Ellipsometry measures a change in the polarization as
the light (HeNe laser source) is reflected from the surface of the sample, which in this
case comprises a metal nanopattern. This change in the polarization is measured as a
ratio of amplitude (¢) and phase difference (A) in the incident and the reflected light.
As can be seen in Figure 4.20, the feature corresponding to the LSPR absorbance was
observable at 520 nm, but the low signal-to-noise ratio made it challenging to determine
any possible blue or red shifts, shape changes, and other subtle changes. We then
decided to prepare the metal nanopatterns on quartz substrates and perform UV-vis

spectroscopy in direct transmission mode (with the beam normal to the quartz surface).
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Figure 4.20. Experimentally measured SPR spectra of ellipsometric parameters, amplitude ¢ and phase

A, at an angle of 70 for an array of (a) Au nanoparticles and (b,c) Au—Pt bilayers. All scale bars are 100
nm.

The UV-vis spectroscopic data were collected by self-assembling all seven
bimetallic double layer samples on quartz substrates in the same manner as was carried
out on the Si substrates. The LSPR peak around 520 nm is observed for the single layers
of gold nanoparticle arrays self-assembled using B30, P88, and B15, as shown in
Figure 4.21. The diameters of the nanoparticles are between 16 and 26 nm. The LSPR
absorption of B1S5 is slightly red shifted and is the most intense of the series, as it has
the largest particle size (26 = 1 nm). The number of particles per unit area was

calculated to determine if there is a relationship to the intensity of the ~520 nm feature,
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but no obvious connection was noted (Figure 4.23).*0%40¢ Single layers of Pt

nanoparticle arrays exhibit a broad featureless absorption in the 350-800 nm range,

with an increase in intensity at lower wavelengths due to interband excitation, as shown

in Figure 4.22.%7 The intensity of the absorption spectra of B30 and B15 is

comparatively high due to an angle in the sample positioning in spectrophotometer

during the data collection. Hence, quantification is not possible for this analysis.
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Figure 4.21. The UV-vis absorption spectra for self-assembled single layers of Au nanoparticle arrays
on fused silica substrates. All scale bars are 250 nm.
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Due to the aggressive nature of the RIE etching step, the diameters of the Au
and Pt dot show a significant decrease from their corresponding sizes in a single layer
(see Table 4.4). The etching contrast between the PS and KAuCls metalized P2VP
blocks varies in the second RIE step compared to a single layer of Au etching due to
the presence of embedded Pt nanoparticles in the P2VP block, as discussed in
Chapter 3. As stated earlier in this section, the LSPR peak of the Au nanoparticles
depends on the size and morphology of the nanoparticles; when arranged in close
proximity, additional LSPR-based features may arise, such as the SLR mentioned in
the introduction of this chapter. These features depend on the periodicity of the metal
nanoparticles, the plasmonic material, the local ordering of the metal nanoparticle array
or lines, and the dielectric environment of the surroundings. The following section will
use the UV-vis spectra to determine if any of these parameters affect the resulting

spectroscopic characteristics of these metallic patterns.
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Table 4.4. Native Pitch Ratios Calculated from a Single Layer of Pt and Au Nanopatterns and Diameters
of Pt and Au Nanodots in Single Layers and in Their Corresponding Double Layer Patterns for Each
Combination of BCP Patterns

BCP Layers | Theoretical | Diameter of | Diameter of | Diameter | Diameter of
(bottom+top) | L2/L1 Pt nanodots | Pt nanodots | of Au Au

based upon | in single in double nanodots | nanodots in

single layer / nm layer / nm in single | double layer

layers layer /nm |/nm
B15+B30 0.58 26+ 1 18+2 16 +1 11+2
B15+P88 0.63 26+ 1 18+1 19+1 12+1
P88+P88 1.0 16 £1 9.0+1 19+1 12+1
B30+P88 1.1 17+ 1 90+1 19+1 11+1
P88+B15 1.6 161 11+1 26+ 1 19+1
B30+B15 1.7 17+1 401 26+ 1 22+1

The Pt—Au double layers all exhibit a plasmon peak at visible wavelengths that
are dominated by the Au-based LSPR mode around 515-525 nm.*® Due to the breadth
of this gold-based LSPR mode, slight red or blue shifts cannot be discerned easily, but
we can conclude that there are no significant shifts or broadening upon incorporation
into the double layers with Pt, as shown in Figures 4.24-4.30. A slight blue shift might
be expected as the average Au nanoparticle size decreases in the double layer, (see
Table 4.4).

Note that in most spectra of the bimetallic Au—Pt double layers, interestingly,
there is a very broad feature at lower energies that is not present in any of the single
layer Au and Pt spectra. Using Figures 4.24(a,b) as an example, one can see an obvious
change in the shape of the spectrum at 640 cm™'; the same spectrum from Figure 4.24(a)
is reproduced in Figure 4.24(b) with a narrower y-axis to reveal the low energy feature
above 640 cm! better. Three possible explanations for this feature include: (i) an
extended plasmon band (EPB) due to interparticle coupling of the LSPRs of the gold

nanoparticles via the platinum nanoparticles,>*>#%#!1 (ij
9

resulting from either the
obvious linear arrangements of Pt-Au—Pt dots and/or extended 2D arrays,>****412 or

(111) anisotropic morphologies of overlapping Au—Pt nanoparticles that could have a
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longitudinal LSPR mode, in addition to the transverse mode, which would be longer
than the isotropic mode of the circular particles.*”’*®® The third option, that of
anisotropic plasmonic Au-Pt nanoparticles seems the least likely because the feature
above 600 nm appears strongest in one sample with very few overlapping Au—Pt
nanoparticles; this is seen, for example, by comparing Figure 4.24 (no overlap but a
strong feature at >600 nm) and Figure 4.25 (a high degree of overlap and almost no
apparent feature at 600 nm). In addition, the LSP of a Pt nanoparticle of this size is at
a much higher energy than that of Au and requires illumination with light on the order
of ~200—250 nm in order to be in resonance,*'**!° therefore, the Pt itself does not bring
any additional features to the visible region due to its LSPR . It is, however, known that
the growth of Pt on Au nanorods results in dephasing (broadening) of the LSPR of gold,
with only a subtle red shift that is significantly smaller than the difference between the
parent LSPR peak at 520 cm™! from the isotropic gold nanoparticles and the broad
feature above 640 cm™! that we observe here in the double layers.*!° Therefore, for these
reasons, it seems less likely that anisotropic Pt—Au nanoparticles are the cause of the

lower energy feature. We will now discuss options (i) and (ii).
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Figure 4.24. (a,b) UV-vis spectrum of the P88 (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 representation
of the Pt—Au bilayer. Orange and gray dots represent Au and Pt nanodots, respectively. All scale bars
are 100 nm.
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Pitch ratio 1.6
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Figure 4.25. (a,b) UV-vis spectrum of the P88 (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 the Pt—Au bilayer. Orange and gray dots represent
Au and Pt nanodots respectively. All scale bars are 100 nm.
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Pitch ratio 0.9
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Figure 4.26. (a,b) UV-vis spectrum of the P88 (Pt)/B30 (Au) metal bilayer combination showing the
distinct feature at wavelengths longer than 600 nm that could correspond to a EPB (c) High magnification
SEM micrographs and (d) high magnification schematic representation of the Pt—Au bilayer. Orange and
gray dots represent Au and Pt nanodots respectively. All scale bars are 100 nm.
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Pitch ratio 1.1
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Figure 4.27. (a,b) UV-vis spectrum of the P88 (Pt)/B30 (Au) metal bilayer combination showing the
distinct feature at wavelengths longer than 600 nm that could correspond to EPB. (¢) High magnification
SEM micrographs and (d) high magnification schematic representation of the Pt—Au bilayer. Orange and
gray dots represent Au and Pt nanodots respectively. All scale bars are 100 nm.
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Pitch ratio 1.7
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Figure 4.28. (a,b) UV-vis spectrum of the B30 (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 the Pt—Au bilayer. Orange and
gray dots represent Au and Pt nanodots respectively. All scale bars are 100 nm.
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Pitch ratio 0.63

B15(Pt)+P88(Au)
(a) — B15 (D) (b) —— B15 (Pt)/P88 (Au)
s —— P88 (Au) 0.014 ~
: —— B15 (Pt)/P88 (Au)
0.020 0.012 4
c
c S
S a
2 0.0151 S 0.0101
3 3
2
0.010
0.008
0.005 -
0.006
0.000 -
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
w
(d)

La

Figure 4.29. (a,b) UV-vis spectrum of the B15 (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 the Pt—Au bilayer. Orange and
gray dots represent Au and Pt nanodots respectively. All scale bars are 100 nm.
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Pitch ratio 0.58
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Figure 4.30. (a,b) UV-vis spectrum of the B15 (Pt)/B30 (Au) metal bilayer combination sho wing the
distinct feature at wavelengths longer than 600 nm that could correspond to EPB. (¢) High magnification
SEM micrographs and (d) high magnification schematic representation of the Pt—Au bilayer. Orange and
gray dots represent Au and Pt nanodots respectively. All scale bars are 100 nm.

When plasmonic nanoparticles, usually Au, are arranged into an ordered lattice
with wavelength scale periodicities and are exposed to electromagnetic waves (EMs),
the LSPRs of individual particles can couple with the light diffracted from the ordered
array and give rise to SLR.3%3394412417 The position and the coupling strength are
dictated by the LSPR of the individual plasmonic nanoparticles, in addition to the
position of the Bragg diffractive modes. Hence, while the size and shape of the

nanoparticles control the LSPR of the individual collection of nanoparticles, the lattice
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periodicity is the critical feature underpinning the strength and the position of the SLR.
The interesting fact about this low energy feature in the work presented here is that it
is visible only in double layer patterns and does not appear in any of the single layer
Au nanopatterns shown in Figure 4.21, where the variation of the periodicity of the
pattern is less (more ordered) compared to the double layer patterns; if SLR was
operating, it would be observed in the spectra of the single and more highly ordered
gold nanopatterns. In addition, to cast further doubt on the possibility of this lower
energy feature resulting from an SLR, the spacing and sizes of the metallic
nanoparticles do not fall into the typical regime in which SLRs are observed; the
reported spacings for SLRs are on the order of several hundreds of nanometers, while
in the metallic nanopatterns here, the spacings are at least an order of magnitude
smaller.’’839248 Therefore, SLRs are discounted as being the origin of this new feature
above 640 cm™.

The last and, perhaps a more likely explanation for the observed absorption
band above 640 cm! is that it is a result of the formation of ordered and periodic arrays
of closely spaced Au and Pt nanoparticles that enable plasmonic coupling. The close
proximity of these metallic nanoparticles enables strong interparticle coupling between
the gold nanoparticles, leading to an extended plasmon band (EPB). Since interparticle
coupling is responsible for EPB, the observed feature could be due to the proximity of
gold and platinum nanoparticles in the ordered bimetallic arrays and not due to isolated
nanoparticles. The fact that the feature above 640 cm™! is not observed in any of the
single layer gold patterns indicates that the nanoparticles are too widely spaced for their
size to enable plasmonic coupling upon illumination®*” (see Table 4.5) in the metal
nanoparticle arrays; the spacings of the nanoparticles in these bimetallic nanoparticle
arrays decrease considerably in several of the combinations. The EPB is attributed to
the coherent vibration of the LSPRs of the proximal array of metal nanoparticles. The
breadth of the EPB is certainly due to the wide distribution of spacings in these
hexagonal lattices, resulting from the range of distances between particles (see Table
4.5), disorder of the lattices, particle overlap, and inhomogeneities of size,

polycrystallinity, and shape of the metal nanoparticles themselves.
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Table 4.5. Native Pitch Ratios Calculated from a Single Layer of Pt and Au Nanopatterns and Diameters
of Pt and Au Nanodots in Single Layers and the Estimated Edge to Edge Distance Between Two
Nanoparticles for Each Combination of BCP Patterns and Single Layers of Nanoparticles

BCP Layers (bottom Theoretical L2/L1 Estimated edge-to-edge
layer+top layer) (Calculated using L1 and | distance between two
L2 of single layers)/nm nanoparticles in the single

and double layers/nm

B30 N/A 24

P88 N/A 26

B15 N/A 40

B15+B30 0.58 Range from 0-21

B15+P88 0.63 Range from 0-21

P88+B30 0.91 Range from 0-38

P88+P88 1.0 7

B30+P88 1.1 Range from 0-27

P88+B15 1.6 Range from 0-25

B30+B15 1.7 Range from 0-33

The first direct observation of the ultrafast electronic relaxation and coherent
oscillation mode of strongly coupling Au nanoparticle aggregates using femtosecond
laser spectroscopy was reported by Zhang and co-workers.*” The Au aggregates were
synthesized using NaxS and chloroauric acid solution, and polyvinyl pyrrolidone was
used to halt the reaction at the appropriate aggregation state. Aggregates of gold
nanoparticles with very short interparticle separation (1-3 nm) fall under the category
of a strong interacting regime,**> and give rise to a new absorption in the near-IR, the
EPB, in addition to the native LSPR of the gold nanoparticles at 520—-540 nm, as shown
in Figure 4.31(a). Similarly, Reeler et al. demonstrated the appearance of a new red
shifted band for molecularly linked [two m-conjugated oligo(phenylene ethynylene)
molecules (OPE) with dithiocarbamate anchoring groups] Au nanoparticles, depending
on the degree of aggregation and the distance between the linked Au nanoparticles

(corresponding to the EPB, as shown in Figure 4.31(b).*!° For individual Au
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nanoparticles, the native LSPR was observed at 535 nm, and as the distance between
Au nanoparticle decreased, a red shifted plasmon band appeared. The smaller the gap,

the larger the red shifts.
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Figure 4.31. UV-vis absorption spectrum of strongly interacting Au nanoparticles giving rise to EPB at
near-IR 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 permission from the American Chemical
Society. (b) Gold nanoparticle aggregates that are interconnected by conjugated molecular linkers with

thiocarbamate groups on both ends. UV-vis absorption spectra as a function of time. This image is from
reference 410 with permission from Springer Nature.

It 1s known that finite arrays or chains of metal nanoparticles can propagate
electromagnetic waves upon excitation of their LSPR.*!°*?2 However, it is important

to have an estimation of the interparticle coupling to identify the mechanism of energy
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propagation along linear chains or assembly. Link and coworkers used generalized Mie
theory to calculate the interparticle separation (G) between Ag nanoparticles in an array

to determine the interparticle coupling of Ag nanoparticle chains which is measured as

o=12 Eq. 4.1

r

where d is the center-to-center distance and r is the radius of a nanoparticle.*?%4>

According to their study to observe interparticle coupling between the nanoparticles
and to energy propagation along the linear chains or assembly, interparticle separation
of 6 < 2.4 lead to coupling. Therefore, c was calculated for all 7 of our patterns to
determine if they fall within this range, <2.4, as summarized in Table 4.6. Please note
that the original calculations by link and co-workers assumed all-silver arrays, whereas
ours comprise gold and platinum. Due to the ‘wiggliness’ of the patterns and the
resulting broad range of values of G, some of the patterned surface falls outside of this
predicted upper limit of 2.4. Therefore, it would be assumed that only those areas in
which the values of ¢ falls below 2.4 would be responsible for the observed feature that
appears at a wavelength of >700 nm. Except for pitch ratio of 1.6 in which rather
randomly ordered Pt—Au bilayers are observed instead of Au—Pt—Au chains all the other
combinations of pitch ratios showed an extended plasmon band at lower energies of
the UV-vis spectra. This confirms that to observe interparticle coupling which leads to
extended plasmon band, Au—Pt—Au nanoparticles should be in a linear arrangement and

at least a fraction of nanoparticles should have interparticle separation less than 2.4.
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Table 4.6 Native Pitch Ratios Calculated from a Single Layer of Pt and Au Nanopatterns, the Estimated
Center to Center Distance Between Two Nanoparticles, Radius of Au Nanodots in Single/Double Layers
and Calculated Interparticle Separation for Each Combination of BCP Patterns and Single Layers of
Nanoparticles

BCP Theoretical Estimated center-to- Radius of Au | Calculated
Layers L2/L1 center distance between | nanoparticles | interparticle
(bottom (Calculated two nanoparticles in the | (r)/nm separation
layer+top | using L1 and | single (Au—Au) and (o =dh)
layer) L2 of single double layers (Au—Pt)

layers)/nm (d)/nm
B30 N/A 41 8.0 5.1
P88 N/A 44 9.5 4.6
B15 N/A 70 13 5.4
B15+B30 | 0.58 Range from 043 5.5 0-7.8
B15+P88 | 0.63 Range from 0—42 6.0 0-7.0
P88+B30 | 0.91 Range from 0-32 7.9 04.0
P88+P88 | 1.0 Range from 0-32 6.2 0-5.2
B30+P88 | 1.1 Range from 0-30 5.5 0-5.4
P88+B15 | 1.6 Range from 0-52 9.5 0-5.5
B30+B15 | 1.7 Range from 047 11 04.3

4.5 Conclusion

Sequential self-assembly of incommensurate BCP dot arrays of mixed metal/oxide
components lead to preferential orientation over large areas. Interestingly, these
bimetallic double layers show significant amounts of overlap and/or contact between
Au and Pt nanoparticles from subsequent layers that is not observed prominently from
the Moiré patterns fabricated using PS-6-PDMS. As a result, the bimetallic double
layers of Pt—Au nanopatterns have interesting optical properties that differ from those
of the single layers; a new plasmon band appears in the near-IR region, which is
attributed to interparticle coupling of Au and Pt nanoparticles, due to their close
proximity and propagation of the electromagnetic wave through the chains/arrays of
Au—Pt—Au. The estimated interparticle separation (o) for single layer Au nanoparticles
shows a deviation from minimum requirement of ¢ < 2.4, which seems to correspond
with the absence of extended plasmon band (EPB) at lower energies of the UV-vis
spectra. On the other hand, at least a fraction of the Pt—Au nanoparticles are within the
predicted range (o < 2.4) of interparticle separation for interparticle coupling for all the

seven combinations of Pt—Au bilayers. However, when the pitch ratio is 1.6, no EPB
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observed, which seems to be correlated with the absence of apparent metal
nanoparticles arrays with a 6 <2.4. These Pt—Au bilayer arrays demonstrate that block
copolymer self-assembly is useful for synthesizing periodic arrays over large areas and
could be used as a tool to probe and study the low-frequency vibrational modes for

periodic arrays of nanoparticles.
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Chapter 5

Thesis Summary and Outlook

5.1 Thesis Summary

The primary goal of this thesis is to study the optical properties of the mixed
metal/oxide double layer nanopatterns developed by fully bottom up techniques for the
self-assembly of block copolymer (BCP) and to develop a step-by-step procedure to
form these systems by solvent vapor annealing, metallization, and reactive ion etching
(RIE) of poly(styrene-b-vinyl-2-pyridine) (PS-b-P2VP). Moreover, a detailed
optimization procedure of the self-assembly process of BCP, combined with machine
learning approaches, were utilized to analyze, quantify, and minimize the defects
observed in patterns fabricated using a BCP self-assembly. Highlights and

breakthroughs for each chapter are summarized in the following sections.

5.1.1 Chapter 1

This chapter includes a brief introduction about BCPs, their chemistry, and
selfassembly. The chapter began by introducing the limitations of Moore’s law and
photolithography. The next generation lithography techniques and current status of the
semiconductor industry related to these techniques were introduced. Then, there is a
brief explanation of the polymer chemistry, microphase segregation, and self-assembly
of BCPs using different annealing techniques. Furthermore, a brief summary of high
BCPs and their importance in pattern generation was discussed. Finally, potential

applications of BCPs in the semiconductor industry were discussed.

5.1.2 Chapter 2
One of the major challenges to directed self-assembly (DSA) with BCP lithography is

defect density and fast analysis of the defects over a large area. This chapter discusses
the optimization of the solvent vapor annealing procedure for the self-assembly of
poly(styrene-b-dimethysiloxane) (PS-b-PDMS) by combining machine learning
approaches to quantify, analyze, and minimize the defect densities of a self-assembled

BCP. The effect of the initial film thickness of the BCP and the swelling degree of the
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solvent annealing step on phase defects and point defects of the resulting hexagonally
ordered SiOy dot patterns were studied in detail in this chapter. A controlled solvent
vapor flow annealing system was utilized to ensure the reproducibility and control of
the solvent annealing process. Machine learning approaches are not applied only to
optimize simple self-assembly processes of BCP by analyzing the defects and finding
the optimized parameters leading to minimum defect densities in the patterned surface.
This approach of machine learning can be combined with any other annealing process
as well as with the DSA process to optimize, analyze, and quantify the self-assembly

process in an effective and efficient manner.

5.1.3 Chapter 3

This chapter addressed the problems and scientific solutions associated with the
optimization of RIE for a single layer of metal-loaded BCP. This optimization is
important in order to fabricate double layers of metal nanopatterns. Here, we used PS-b-
P2VP with different molecular weights metallized with either Au or Pt as bottom and/or
top layers. The major problem associated with the metal-metal double layers was the
disordering of the bottom layer metal nanoparticles on the silicon substrate upon further
RIE treatment due to incomplete annealing of metal ion loaded P2VP blocks during the
first RIE step. Thermal annealing was used successfully to anneal these metal
nanoparticles to withstand a second RIE step. However, the size of the resulting metal
pattern was too small to induce the registration of the second layer. Thus, a
chemical/wet electroless deposition of Ag(0) was used to increase the size of metal dots
that suffered with variations in size distribution and poor reproducibility and can lead

to random and unpredictable double layer metal-metal patterns.

5.1.4 Chapter 4

A fully bottom up self-assembly process of BCP was used to fabricate Pt—Au double
layer metal patterns, and their optical properties were studied in this chapter. This
sequential self-assembly of PS-H/-P2VP with different and/or same molecular weight
BCPs gives rise to a series of different pitch ratios with a wide range of non-native BCP

morphologies of different compositions. Among these non-native patterns, honeycomb
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patterns from commensurate pitch ratios and Moiré patterns from incommensurate
pitch ratios are observed. However, the bimetallic Pt—Au nanopatterns showed
interesting overlaps and/or contacts between the bottom Pt and top Au nanoparticles
that are not observed in their respective single layer patterns. A more specific change
in the LSPR of these Pt—Au double layers is the appearance of a new plasmon
resonance band in the near-IR region, which attribute to an interparticle coupling of Au

and Pt nanoparticles due to their close proximity.

5.2 Future Research Directions

5.2.1 Effect of Bottom Layer Height on Pt—Au Nanoparticle Overlap

As shown in Chapters 3 and 4, the height of the bottom layer has a strong influence on
the resulting Moiré superstructures. However, this effect of the height of the bottom
layer pattern on the registration of the top layer pattern is observed by Cong et al. in
their study of Moiré superstructures of SiO, dot patterns.*?? In Chapter 4, possible
overlaps were observed between the bottom layer Pt nanoparticles and the top layer Au
nanoparticles for several pitch ratios by closely monitoring the SEM micrographs, as
shown in Figure 5.1. The direct overlaps between the top and bottom layer

nanoparticles come with an energetic penalty and, to my knowledge,’6-32%344368

were
not observed in the majority of the field of multilayer self-assembly by other BCPs.
Spatz and co-workers observed particle-on-particle patterns when they used a two-step
dip-coating procedure to layer Au nanoparticles onto a surface coated by an array of
titania nanoparticles.>>> The author states that they could not explain this observation
easily.

One reasonable fact which allows these interlayer nanoparticle overlaps could
be due to the considerably smaller heights of the bottom layer nanoparticles. To
confirm these overlaps between Pt and Au nanoparticles further, a detailed analysis
should be carried out to determine the height profiles of single layers of Au and Pt

nanoparticles and Pt—Au bilayers where suspected overlaps are visible using atomic

force microscopy (AFM). These overlaps can be supported further by using tilted SEM
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micrographs (see Figure 5.2) and elemental mapping techniques, like energy dispersive

x-ray analysis (EDX).

(a)
=

Pitch ratio 0.59

]

Figure 5.1. SEM micrographs and their manually drawn schematic representations of Pt—Au bilayers by
self-assembly of PS-b-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 scale bars are 100 nm.

156



T e ® 5 00w
r S " s aa s

e, S W
a N

L
EeP s sne s
.

40 sy naa

. &
L e R R e

"
Y8 8 53000 g

..
S v
v ®

Ae B o ae oy
.

L)
-
-

L]

Figure 5.2. SEM micrographs of (a) planar and (b) tilted view of single layer of Pt nanoparticles self-
assembled using PS-b-P2VP (44k-b-8.5k) and (c) planar and (b) tilted view of double layer of Pt—Pt
nanopatterns by sequential self-assembled of PS-b-P2VP (44k-b-8.5k). All scale bars are 100 nm.

5.2.2 Finite-difference Time-domain (FDTD) Simulation of Pt—Au
Bilayers

Finite-difference time-domain (FDTD) simulation is a popular computational
electrodynamics modeling technique; it is easier to understand and implement in
software packages. FDTD can cover a wide range of frequencies with a single
simulation run, as it is a time-domain method.?*> The FDTD simulation method is used
widely to estimate the plasmon resonance peaks locations, heights, scattering

amplitude, and scattering cross sections of nano-scale geometries.*!” In the study of
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Pt—Au bilayer patterns, the optical properties were investigated using the UV-vis
absorption spectroscopy. However, a new peak formation in the near-IR region is
attributed to the inter-particle coupling of Pt and Au nanoparticles that are in close
proximity to each other; it was not supported by any theoretical calculations. Hence,
FDTD simulations can be applied to determine how the nanogap between Pt and Au
nanoparticles affects the resulting plasmon resonance peak of the Pt—Au bilayer
patterns and the exact role of the Pt nanoparticles in the appearance of this new feature

in the absorption spectrum.

5.2.3 Mixed Metal-metal Nanopattern and Their Optical Properties
Block copolymer self-assembly is a very useful bottom-up approach to fabricate highly
uniform and dense hexagonal noble metal nanoparticle arrays over a large area. Among
these noble metals, Au and Ag nanoparticles show interesting plasmonic properties and
are used widely in different applications, including biosensing,*** optical antennas,**
and surface enhanced Raman spectroscopy (SERS).3?® Incorporation of these noble
metal nanoparticles (Au, Ag, and Cu) into one single substrate to fabricate
nanoparticles arrays of plasmon metals with different sizes and nanogaps between the
particles could lead to interesting optical properties.

In Chapter 4, we used Pt and Au bilayers of nanoparticle arrays to study the
optical properties of the combined system. We observed a possible interparticle
coupling of these Pt and Au nanoparticles due to their close proximity in the bilayer
patterns. However, Pt nanoparticles with a particle size less than 20 nm did not show
LSPR in the visible region.?7424426 In future, the bottom and top layers can be
substitute into several other metals, such as Au, Ag, and Cu, which show their LSPR
(see Figure 5.3) in the visible region, and study how the variations of nanoparticle
separations affect the resulting LSPR spectrum of the combined composition

nanoparticle arrays.
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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 reference 424 with permission of the
Royal Society of Chemistry.

5.2.4 Application of Mixed Metal-metal Bilayer Patterns

Various innovative metallic nanoarray structures have been fabricated owing to the

397400 and they facilitate fine

advanced fabrication methods and processing techniques,
tuning the optical properties, such as resonance mode, spectral shape, and intensity.
These metallic nanoarray structures can be used in several applications due to their
optical properties. These include refractive index (RI) sensing by using narrow
resonance linewidth,*?’ surface-enhanced spectroscopies utilizing enhanced
near-field,>*®4?® plasmonic nanolasing due to the small mode volume and enhanced
near-field,>** and perfect light absorption as a result of strong optical confinement and
increased light absorption.*?

Plasmonic nanostructures can enhance near-fields at resonance frequencies
greatly, and this can be used in surface enhanced Raman spectroscopy (SERS).
Development of SERS relies on good reproducibility and high uniformity over a large

area for quantitative analysis and high enhancement for trace amounts. Ren and

co-workers fabricated reproducible periodic bowtie arrays with narrow nanogaps as an
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SERS substrate, as shown in Figure 5.4.4*® The periodic Au bowtie was fabricated first
using a holographic lithography technique with an 85 nm nanogap, and then the
nanogap was reduced to 5 nm by electrodeposition of Ag. Both fabrication processes

were monitored by in situ dark field spectroscopy for reproducibility.

Monitored electrodeposition to obtain SERS substrate

W Scattering
el B spectra

Au bowtie SERS spectra Ag@Au bowtie
85 nm gap 5 nm gap

Figure 5.4. Morphology and SERS performance of Ag coated Au bowtie arrays. This image is from
reference 428 with permission from the American Chemical Society.

Chapter 4 discusses the optical properties of Pt—Au bilayer arrays that deviate
from their single layers of Pt and/or Au nanoparticle arrays owing to the changes in the
nanoparticle gaps and interparticle plasmon coupling of Au due to the presence of Pt
nanoparticles in close proximity. Most incommensurate pitch ratios of Pt—Au bilayers
lead to variable interparticle gaps. However, the commensurate pitch ratio of 1.0 leads
to a uniform interparticle gap of around 7 nm between Au and Pt nanoparticles with a
honeycomb pattern over the substrate; it can be utilized successfully and tested as an
SERS substrate, as shown in Figure 5.5. Au and Ag plasmonic nanostructures are
considered as typical SERS substrates with a strong electromagnetic field

enhancement. Hence, honeycomb patterns can be modified further by replacing the
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bottom layer Pt nanoparticle arrays with Ag nanoparticles and keeping the top Au
nanoparticles, as it also can be tested as an SERS substrate to see how the change of

composition in the honeycomb pattern enhances the near-field plasmon resonance

frequencies.
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Figure 5.5. (a,b) UV-vis spectrum of the P88 (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 representation
of the Pt—Au bilayer. Orange and gray dots represent Au and Pt nanodots, respectively. All scale bars
are 100 nm.
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