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Resume
The presented thesis entitlett L Iésolution guiding patterns for the directed self-
DVVHPEO\ RI EOR hiskdaisRs@ategiettd introduce long-range order into
block copolymer thin films for nanopatterning applications.

Structures defined by top-down lithography that enable the introductitmgfrange
order into an otherwise disordered thin film of block copolymers agereef to as guiding
patterns. This thesis explores and develops different techniques that bedhleitation

of guiding patterns with a particular focus on methods capable ofdprgvhigh-
resolution and high-accuradyecause they are at the prospect of playing a crucial role in
the directed self-assembly of very low-pitch block copolymer mate¥sdsdemonstrate

the directed self-assembly of an 11.7 nm full-piR&&b-PMMA block copolymer with
guiding patterns fabricated by means of five different top-dowaditiphy techniques.

One strategy to fabricate guiding patterns consists in the generation ofapipiag

structures, which is referred to as graphoepitaxy. In this caseaveeused extreme-

ultraviolet interference lithography to fabricate trenches with nanometer pretision

study the self-assembly behavior of block copolymers under nafioement with high

accuracy. This system has allowed us to develop a free energy modaslitd for which

guiding pattern dimensions the defect-free directed self-assetalnlybe expected.

Moreover, we have used electron beam lithography for the fabricatsubefO0 nm wide

topographical guiding patterns and study the directed self-asseniidbckfcopolymers

LQ VWUXFWXUHV ZLWK IHDWXUHpi¥h]HVY FORVH WR WKH PDV

Another strategy to fabricate guiding pattern consists of chemical surfadiécatazh to
create areas that are selectively affine to one of the blocks. We have presaotexd
approach based on thermal scanning probe lithography and adjust theirgattern
conditions for the fabrication of chemical guiding patterns with 10 nnmwlidth. Due to

the absence of the proximity and diffraction effects, thermalnsegmprobe lithography

is ideal for the fabrication of dense high-resolution chemical patterns.

As a third strategy to align block copolymers, we use grain boundarieskndapolymer
thin films as order-inducing surfaces surface modification is used to trap a grain of
vertically oriented block copolymers between two grains of horizontainied block
copolymer domains in a controlled mann#éfe call the developed techniqueJUD L Q
ERXQGDU\ LQGXFEHI® dbermphsirgt® < Working principle we employ
mechanical AFM and electron beam direct writing, and show the ordefitdock
copolymers on length scales of various hundreds of nanometers.

The presented thesis is complemented with the development of a proberbagind) i
technique to study the thermal conductivity of polymer materials witklSutim lateral
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resolution The dissipation of heat into a sample is determined at each measypeinent
by means of an electrical circuit that is integrated into the cantilever. We kautihetmal
conductivity of PSh-PMMA block copolymers with different pitches and different
orientations. This technique represents an advance in the investigatiatywepc
surfacedue to its high resolution and good material sensitivity.



Resumen
/D WHVLV W L-ws$lOtbrayDidirfgtpatiefns for the directed self-assembly of block
F R S R O \irvddtiga distintas estrategias para la introduccion de orden de largo alcance
en capas delgadas de copolimeros de bloque para aplicaciones de nanoassfruckeir
superficies.

Los elementos definidos por litografia top-down que permiten la introduceiéorden

de largo alcance en una desordenada capa delgada de copolimeros de blatpeere co
como patron de guiado. Esta tesis explora las diferentes técnicas que pémiten
fabricacion de patrones de gdiday esta particularmente enfocada en la fabricacién de
éstos en alta resolucién y precision, con la perspectiva de jugar unclzaekn el
autoensamblaje dirigido de copolimeros de bloque de bajo periodo. Demasghmo
autoensamblaje de un copolimero de bloqueSlb-PMMAde 11.7 nm con patrones de
guiado fabricados por cinco técnicas diferentes.

Una estrategia abordada se basa en la fabricacion de patronesddeapografios lo

gue se conoce como graphoepitaxia. En particular, usamos litograffagutarencia en

el ultravioleta extremo para fabricar zanjas con precision nanométrica y estudiar el
comportamiento de autoensamblaje de los copolimeros de bloque baje nano
confinamiento. Este sistema nos permite el desarrollo de un modelo de Epergiara
predecir, para que dimensgsde zanja esperamos un autoensamblaje dirigido libre de
defectos. Ademas, utilizamos la litografia de haz de electrones para la fabricacion de
patrones de gui topogréaficos menores de 10 nm para estudiar el autoensamblaje
dirigido de copolimeros de bloque en estructuras con tamafo similar al tdmafis
bloques.

Otra estrategia para la fabricacion de patrones de guiado consiste en la modificaciéon
guimica de superficies para la creacién de areas selectivamente atractivas dosno de
bloques. Presentamos un nuevo método fundamentado en la litografia basada en
microscopia térmica de sondas y ajustamos las condiciones para la fabricacién de
patrones de gui quimicos con un ancho de linea de 10 nm. Debido a la ausencia de
efectos de proximidad y de difraccion, la litografia basada en sondas de déoanem

es ideal para la fabricacién de patrones de guiado quimicos densos y de alta resolucién.

Como tercera estrategia para el alineamiento, usamos fronteras de grano en capas
delgadas en copolimeros de bloque para inducir orden. Se usa la modifiadoidcaq
de la superficie para atrapar un grano de copolimeros de bloque orientadowentieal
entre dos granos orientados horizontalmente. Denominamos a esta técnicenlatittea
inducido por fronteras de granos". Para demostrar el principio defimiento de esta



técnica, usamos la modificacién mecénica mediante AFM y la escritura directa mediante
e-beam.

La tesis presentada se complementa con el desarrollo de urea tdeonbtencion de
imageresbhasada en microscopia de sonda térmica que permite estudiar la conductividad
térmica de polimeros con resolucién lateral inferior a 10Llardisipacién de calor en

una muestra en cada punto se mide mediante un circuito eléctrico integrado en el flej
Estudiamos la conductividad térmica de copolimeros en bloque autoensandatados
diferentes orientaciones y dimensiones. La técnica representa un avance en la
investigacion de superficies poliméricas debido a su alta resolucién y la capdeidad
distinguir entre materiales con alta sensibilidad
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Zusammenfassung

In der vorliegenden Arbeit mit dem Titel + L-eiolution guiding pattners for the
directed sefDVVHPEO\ R E OR RwrdemR BeRhaikénH/Oryestellt, die dazu
dienen, Fernordnung in Block Kopolymer Diinnschichten zu induzieren

Mittels top-down Litografie hergestellte Strukturen, mit dem Zweck Block Kopokymer
zu ordnen, werdenguiding patterns (FUhrungsstrukturen) genannt. Es werden
verschiedene Techniken aufgezeigt, die die Herstellung von Fihrungsstruk
emmoglichen. Bei der Auswahl dieser Techniken wurde ein besonderer Bakasf
gelegt, dass diese dazu in der Lage sind, Produktionsprozess mit eineAudbsung
und eirem gréRtmaoglichenMa’ an Exaktheit durchzufiihren. Es wird erwartet, dass
besonders exakte Fuhrungsstrukturen zuktinftig eine wichtige Rathelbéiizieren von
Fernordnung in Block Kopolymeren mit besonders geringer Strukturggi@ehmen
werden. In dieser Arbeit zeigen wir die gerichtete SelbstorganisationRgie$MMA
Block Kopolymers mit einer Strukturweite von 11.7 nm induziert durch flnf
verschiedenene Arten von Fuhrungsstrukturen

Eine Alternative, um Flhrungsstrukturen herzustellen besteht im Ausnutzen v
topographischen Strukturen. Dieses Verfahren wmaphoepitaxygenannt. Wir haben
Extrem-Ultraviolette Interferenz-Litografie verwendet, um Graben mit einerubgeit

von wenigen Nanometern herzustellen, und die gerichtete SelbstorganisatiBloeion
Kopolymeren in diesen mit groRtmoéglicher Genauigkeit zu untersuchen. \Wienveen
dieses System, um daraus ein Modell der freien Energie abzuleiten und agehnezs
kénnen in Graben welcher Weite die gerichtete Selbstorganisation des untersuchten
Materials defektfrei ablauft. Dartiber hinaus stellen wir weniger als zehn Nanometer
breite topographische Fuhrungsstruktummittels Elektronenstrahllitografie her und
untersuchen die Selbstorganisation von Block Kopolymeren in topographische
Elementen in der Gréssenordenung ihrer eigenen Strukturweite.

Eine weitere Strategie zur Herstellung von Fihrungsstrukturen ist die chemis
Oberflachenmodfikation, bei der Bereiche auf der Probeoberfliche kreiert wdreen
vornehmlich von einem der beiden Blocke benetzt werden. Wir prasentieren eine neu
auf thermischer Rastersondenlitografie basierende Methode und passen d
Prozessparameter so an, dass wir chemische Fihrungsstrukiut®mm Linienbreite
erfolgreich herstellen kénneffhermische Rastersondenlithografie stellt eine sehe gut
Alternative fur die Herstellung chemischer Fuhrungsstrukturenveiit bei ihr weder
Beugungseffekte noch die Resisterwarmung durch Proximitat einen lemiien
Einfluss haben.
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Als eine dritte Strategie nutzen wir Korngrenzen in Block Kopolymer Ductstetm
um Fernordnung in ihnen zu induzieren. Eine Oberflachenmanipulagohahzu, ein
Korn mit vertikal angeordneten Block Kopolymer Doménen zwischen Edaern in
horizontaler Ausrichtung in kontollierter Weise einzusperren. Wir nennen dieseddeth
A.RUQIJUH@GKXPLHUWH 2 U @/QkEamBéit ddBer®letHode nachzuweisen
nutzen wir mechanische Rasterkraftmikroskopie und direktes Btedtistrahlschreiben
und zeigen somit, dass wir Fernordnung in Block Kopolymere auf leéimgrenskala von
bis zu mehreren hundert Nanometern induzieren kdnnen.

Die prasentierte Arbeit wird mit der Entwicklung einer Rastersonden-basiertanik ec
zum Messen von Warmeleitfahigkeit in Polymermaterialien mit einer lateralen
Auflésung besser als zehn Nanometeervollstdndig Die Menge der abgeleiteten
Warme von einer erhitzten Spitze in eine Probe an jedem Messpunkt witd das
Auslesen eines direkt in die Spitze integrierten elektrischen Schaltkreises bestimmt. Wir
untersuchen die Warmeleitfahigkeit voRS-b-PMMA Block Kopolymeren in
verschiedenen Orientierungen und mit verschiedenen Kettenldngen. Diese Tegtnik
durch ihre hohe laterakeuflosung und die gute Materialempfindlichkeit zum Fortschritt
auf dem Gebiet der Untersuchung von Polymeroberflachen bei.
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6 Motivation

Motivation

The technological progress of mankind in post-industrial-revolutionstiimeclosely
related to the ability to manufacture new and better goods at a fast paceicugrar
semiconductor manufacturing has been the backbone of the advamcen&ioframe
computers occupying entire rooms to smartphones that easily fit ipoalets within
only few decades timeThe successful industrial use of anticipated technological
revolutions, such as the Internet of Things (loT), Artificial IntelligeeAl) and self-
driving cars depend, among other factors, on improved manufagtpricesses in
semiconductor industry.

The miniaturization of transistors in microprocessors in the last fiars has been
closely accompanied and to some extend guided by a prediction made loy Gturore
in 1965 [1], that has become famous under the ndivitore $ Law’. Moore § Law states
that the number of transistors per unit area in a commercial microprobassordouble
about every two years in order to maintain high volume maturfag (HVM) in
microelectronics industry profitables§ FFRP SO LV KL Q J HaR lieehHHe\ivarkirgy
horse for growth in the semiconductor industry for decades asaitthe prospect of
also being it in the years to come.

Appropriate fabrication techniques for semiconductor manufacturingtbaatisfy both

technological and economical requisite&ccordingly, fabrication techniques in

microelectronics HVM have to fulfllWKH PDUNHWYV UHTXHVW IRU KLJKHI
microprocessors by providing improved resolution patterniadcat level of defectivity

(seefigure 0.1). Furthermore, a viable method to keep production costs low is to ensure

a high fabrication throughput. RemarkablyORRUH{V O D ZdeKkberdtelfe HH Q
accomplished by the semiconductor industry for several decades [2]

Figure 0.1:5HODWLRQVKLS RI ORRUHTV ODZ DQ Grediitdd BfR
patterning techniques.
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High-resolution lithography techniques represent the essential step in seungiown
manufacturing to define small structures whose size ultimately defieesransistor

dimensions. Currently usecde@pultraviolet immersion lithography is approaching its

physical resolution limit. XVKLQJ LW WRZDUGV WRGD {#\didthit RO XW LR (
E\ ORRUHTV /D Znultipke pattberdirg\steps and comes therefore at increasingly

high costs. For this reason, the development of innovative technigtiethe capacity

to enhance the resolution of lithography is one of the key pointsebds to be addressed

to ensure a solid base for technological progress in the forthcoming years.

A total of four next generation lithography (NGL) techniques has beetifiddrby the
International Technology Roadmap for Semiconductors (ITRS) to be cagghlshing

the patterning resolution in semiconductor fabrication for the technologsnodome

The directed self-assembly (DSA) of block copolymers (BOBgether with extreme-
ultraviolet lithography (EUV), nanoimprint lithography (NIL) and maskless tegcias

(ML2) forms part of this group. DSA ia hybrid patterning technique that combines
bottom-up and top-down methods and is at the prospect to be Uabddtate structures

far below 10 nm lateral size at an industrial scale. Besides research activities concerned
with the development of novel high- EORFN FRSRO\PHU PDOWHOILDOV DQ
this technology depends on the precise (commonly top-down) fabricdtetruotures
capable of inducingohgrange order in the material. These structures are referred to as
guiding patterns.

Scope of the thesis
This thesis precisely aims at developing innovative guiding pattern fabnicagthods
to enable the directed self-assembly of block copolymers with high aagcwand
consequently with a small number of defects. The scope of this tkeschematically
depicted irfigure 0.2.

We expet that the currently available techniques are not sufficient to satisfy the oked
upcoming challenges in block copolymer lithography especially - duéxclusively -

due to the significantly lower domain sizes in future hFhEORFN F R&&iasPH U
For this reason, this thesis is particularly concerned with the develophdrigh-
resolution and high-precision guiding pattern fabrication techniqoesrder to do so,

we have collaborated with different international research groups with a paryidutdrl
profile in top-down lithography techniques.
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The two most intensively studied approaches to direct the self-alyseri block
copolymers are based on topographically defined features (referred to lasegitaxy)
and chemical patterns (referred to as chemoepitaxy).

In a collaboration with the nanopatterning group at IBM Research Zurich,awe h
applied thermal scanning probe lithography to push the resolution ofcaieguiding
patterns down to 10 nm. Due to the capability of thermal scanning fitbbgraphy to
fabricate dense patterns at high resolution, the techidgagfectly fit for the fabrication
of chemical guiding patterns for future small pitch block copolymers. batethe same
nanopatterning tool has also been used to measure the thermal cotydo€thliock
copolymers with a sub-10 nm resolution.

Figure Q2: Sketch of the organization of this thesis. Departing from the core issue/ynthe

guiding pattern (GP) fabrication, different approaches are presentdiaéot the self-assembl
of block copolymers. Based on these techniques, various furtperiragnts have bee
conducted. These experiments represent the shell of the ellipseuribers in brackets behin
the name of the techniques refer to the chapter, where repotte oaspective experiments c:
be found.

We have fabricated sub-10 nm topographical guiding patterns eidiegm lithography

in collaboration with the Laboratory of Micro and Nanotechnology (LMN) at tnd P
Scherrer Institut (PSland identified an alternative self-assembly morphology of block
copolymers when deposited in guiding patterns with feature dimendioge to the block
copolymer half-pitch. Here, the analysis of the structures by GISAXS (exkati the

P03 Micro- and Nanofocus X-ray Scattering beamline at Deutsches Elektronen-
Synchrotron DESY) plays an important role to identify a new desifn far high-
resolution topographical guiding patterns. In a second collaboration witivilReat PS|

we use extreme-ultraviolet interference lithography (EUV-IL) to sthdyself-assembly

of block copolymers in trenches whose width is controlled with nanomeeision. The
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exceptionally high accuracy of the guiding pattern fabrication by EUVaH leen used
as the basis to improve current free energy models for confined block/eps.

Apart from the use of chemical and topographical guiding patternsaveedeveloped
an alternative approach referred to as grain-boundary-induced alignmbithh w
represents an interesting alternative to direct the self-assembly of block cepmoiyithn
significantly lower resolution requirements in the lithography step. Tosk is
especially concerned with the fundamental understanding of howlyraidaries may
be used to fabricate arrays of parallel nanowires in block copolymer this fattern
transfer techniques have been tested on block copolymer samples withoutrigag-r
order, and afterwards been applied to structures aligned by grain boundaries

Structure of the thesis
After an introduction to statef-the-art lithography, to next generation lithography
techniques, and in particular to block copolymer lithography and its wirdedrinciples
in chapter 1 we present the results of this PhD thesis in a total of four more chapter
(chapters2 - 5) and one annefannex 1).

Chapter 2is about the fabrication of topographical guiding patterns and therefore divided
in two parts. Part & refers to the results using extreme ultraviolet interference
lithography, while the experiments concerning sub-10 nm guiding psitter e-beam

are presented in parB2

The results of the experiments regarding the fabrication of chemical guyiditerns/ia
thermal scanning probe lithography are presentetiapter 3.

In chapter 4the principle of grain-boundary-induced alignment is explained and applied
to the alignment of block copolymers using mechanical AFM and e-beanhwiiicg.

The sub-10 nm resolution measurement of the thermal conductivityai topolymers
is presented ichapter 5

Results of pattern transfer processes of block copolymer structuresiliotm are
presented imnnex 1.

Contributions to projects
Research activities presented in this manuscript have been conducted in dveoitam
of three different European projects. In the following sectionwillébriefly introduce
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the scope of the projects and make reference to the results that hawvbtagsed in the
framework of the respective project.

NFFA (Nanoscience Foundries and Fine Analysis)

The aim of NFFA Europe is to establish a network of stétifre-art research facilities

that offer access to academia and industry. The access to the partidgiainagories is
organized in a freef-charge transnational access concept that is based on proposals that
undergo an evaluation process. Apart from offering transnatiorcalsscthe project
includes networking activities and original research activities conducted by therpar

with the aim to solve current bottlenecks in nanoscience. These activéiesganized

in joint research activities (JRAS). The experiments presented ahépters 2A an@B

(both graphoepitaxy)chapter 4 (grain-boundary-induced alignment) amchnex 1
(pattern transfer) of this thesis are realized in the framework iR -5$% 3+LJK
SUHFLVLRQ P DRaKitldrlyytKekexgedrments presentedliapters 2A and 2B

are the outcome of a collaboration with the LMN at PSI. The GISAXS analysisshsicus

in chapter2A and 4have been conducted in the course of beamtime facilitated via the
NFFA transnational access framework in Petra Il in Hamburg. The NFBeqgbr
UHFHLYHV IXQGLQJ IURP WKH (87V #UHVHDDFKZBRQE BEQRRYDM
under grant agreement no. 654360 starting 01/09/2015 ending 3M/08§R4]

SNM (Single Nanometer Manufacturing for Beyond CMOS Devices)

The objective of the SNM project to extend the limits of nano-device fabricaticugthro
the use of novel lithography techniques with sub-10 nm resol(ttmapproaches that
have been considered within this project are scanning probe lithog(&pty and
focused electron beam induced processing (FEBIP).

The directed self-assembly of block copolymers presentetidgpter 3(chemoepitaxy
via t-SPL) is the result of a research stay at IBM Research Zurich conductee in t
framework of SNM. The work presented ¢hapter 5(thermal conductivity of block
copolymers) is not financially related to the funding received througlsMM project,
but is the result of another visit at IBM Research Zurich after the ehéd &M funding
SHULRG 610 KDV EHHQ |XQdErGVvery Bdvanudd harf@feetroric
components: design, engineering, technology and manufacturabilityl/2013 -
31/03/2017. The project ID is 318804 [5,6]

lons4SET (lon-irradiation-induced Si Nanodot Self-Assembly for HybridQ&DS
Technology)

lons4SET aims at developing low-energy-consumption single electronstransihat
can be operated at room-temperature. Therefore, the fabrication of nanapilarsal.

A part of the results presentedannex lare the outcome of activities related to etch
processes to enable the fabrication of nanopillars based on the directed selfhas$e
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EORFN FRSRO\PHUV ,RQV 6(7 LV IXQGHIAUEDRSNYG- IRURMF
part of the subvy HFW LR Q 3*H-@nd banéelRdtrBiidR HFKQRORJLHV™ 7KH [X(
period is 02/01/201631/01/2020 [7,8]The grant agreement no. of lons4SET is 688072.
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1.1 Overview of lithography techniques

A large part of the advance in semiconductor manufacturing in the lastedeloas been
due to the capacity to fabricate smaller and smaller features. The impressiveeiment
in manufacturing resolution has been made possible by major researith ictie field
of photolithography.

1.1.1 Lithography principles

Photolithography is a widely-used method to replicate structures in a-pddive
resist with a resolution down to few tens of nanometers. To exposesteeselectively,
a photo-mask with opaque and transparent regions is placed in the dightIp
semiconductor manufacturing, high-resolution topographies compoetifferent
materials may be fabricated by combining lithography with etching andsitiepcsteps
as depicted ifigure 1.1

Figure 1.1; Typical work-flow of a lithography step with subseqliftrdff or etching step

Depending on the resist material, the light expo$Ryenay either induce cross-linking
or lead to a degradation of the resist material in irradiated areas. Resistoghding
upon exposure are referred to as negative tone resist, whereas resists thgtaaledd
upon interaction with radiation are called positive tone rdsigtire 1.1 shows the work-
flow usinga positive tone resist, where the exposed areas are modified and subsequently
removed. For the development st&), the sample is rinsed in a liquid that dissolves
either the exposed (positive resist) or the non-exposed (negative redisf)tharresist.
As a result, the substrate is revealed in those areas, while the restudistiats is still
covered by the resist layer. The exposed areas of the substrate magyusally be
subject to a (commonly metal-) deposition step. The thin layer that isitkpon top of
the resist stripes is removed by a rinsing in a liquid that dissoleeesist laye(4.1).
Alternatively, the exposed substrate can be struct{#&j by means of a (wet or dry)
chemical etching step, while the resist protects the substrate from being attatckat. In
way, material can be added and removed in lithographically defined areas.
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The resolution of the lithography sté}) is the principal limiting factor of the size of the

structures that can be fabricated by means of lithography. The catpapifpt smaller

DQG VPDOOHU IHDWXUHV LQWR WKH UKVMDN @QDRRUKBDY GHHA (
for many years. Therefore, pushing (photo-)lithography towamdsalways higher

resolution is of great interest for the advance in the field of computer techinsioage

technigues and many more.

1.1.2 DUV lithography and resolution enhancing techniques

As for photolithography, one usually distinguishes between contact rkplog,
proximity lithography and projection lithography. The minimum {atte resolution for
contact lithography and proximity lithography is approximatelyssaszale

¥ad U 3y@E @ », where is the wavelength used during the exposurg,is the
thickness of the resist amlgn is the sample-mask distance

Upon using complex optics, projection lithography is capable of redtivingize of the

printed features with respect to their size on the mask. The minimumtre@satuthat
b. U
F’
andk; is a process and instrumental parameter. Projection lithography ésttyiwsed
in HVYM processes. Without further process improvements, thefd€88 nm wavelength
light sources, as currently used in DUV lithography would, howeverlye the
fabrication of sub-100 nm features. The key limiting factor ésligiht diffraction by the
mask features.

case is given by g3k whereNA is the numerical aperture of the optical system

Some of the strategies that have been considered to push the resolubds of
lithography below this value include the enhancement of the numericalirgdeA, the
reduction ok; and the reduction of the wavelengtfThe latter is discussed in the section
about EUV lithography.

Particular measures that have been taken to reduce the valke avé off-axis
illumination, phase shifting masks and proximity corrections, which raéatgthe wave
direction, phase and amplitude [1].

Furthermore, an important step to enhance the resolution of DUV litHogtegs been
the development of immersion lithography, which introduces a mediumewéfractive
indexn > 1 (such as water) between the mask and the substrate. In this evaffettive
wavelength inside the medium and thus diffraction mechanism areedq@]. Structure
sizes below 30 nm have been demonstrated [3]

To fabricae even smaller feature sizes it is necessary to employ multiple (self-aligned)
patterning steps (sdigure 1.9. This is a combination of a common lithography step and
a uniformly covering coating st / 2). After the etch-back of the coatirfg / 4) and
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resist stripping5), the former side-walls of the deposited layer are used as template for
the etching or lift-off step [4]. Three out of four major playémssemiconductor
manufacturing currently use self-aligned quadruple patterning (egdmsecutive self-
aligned double patterning steps) in theirri@node processes. Counterintuitively, the
number in the node name does not refer to the half-pitch of thgrithlby step used to
fabricate the features, but rather to the width of the electrical channel. Tpétdhliof

, QW H O 1 Vnmnode process is 34 nm [5].

Figure 1.2; Self-aligned double-patterning work-flow.

1.1.3 Next generation lithography techniques

Despite of the very good results obtained by DUV immersion lithographynaitigle
patterning, the use of 193 nm-wavelength-light-based lithograplyufing-edge HVM

is most likely come to an end in the next years, whether because thef cugstiple
patterning is too high to maintain profitability or because multiple patternaigsthe
patterning process be too complex. Four techniques that are at the prospeirigof
FDSDEOH RI DFFRPSOLiVHKé @3t yeBrR dreilriefly Dtroduced in this
section [6]

1.1.3.1 Extreme ultraviolet lithography

Extreme-ultraviolet lithography follows the apparently obvious approfiddacing the
wavelength in photolithography to 13.4 nm in order to improvergiselution of the
technique. The development of this technique is, however, very chaligmhgicause the
need for reflective instead of transparent optics [7] and masks [8] teadsubstantially
increased process complexity [9]. The major issues to be solved iditBOytaphy are
the currently insufficient light source power and line width roagisn(LWR) in the
printed features [10]. Recent progress has been sufficiently prortlisin§amsung has
announced it will use extreme-ultraviolet lithography iie 7-nanometer node test
production [11,12].

1.1.3.2 Maskless technologies

One generally refers to maskless lithography techniques as those #mahthhlack the
necessity of using a mask to define the shape of structures. Welixkx@amples for this
group are probe-based techniques and e-beam lithography, which atly ssuial
technigues. Nanofabrication by means of serial techniguesually several orders of
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magnitude slower than by parallel techniques. A possible solution for thésigsgiven
by the development of a parallel e-beam lithography system with ufb@¢000
simultaneously exposing beams [13] to meet a throughput target@fvafers per hour
[14]. Maskless techniques have been under discussion to representedfemtiste
alternative for the fabrication of mature nodes [7].

1.1.3.3 Nanoimprint lithography

The printing of features based on the plastic deformation of a patterrédgimm
(polymer, resist, etc.) with nanometer resolution [15] is referred to as rammim
lithography (NIL) [16]. Most of the process variations of nanoimtgithography can be
grouped in either thermal NIL [17] or UV-NIL [18]. Unlike in photolithaghy where
the printed features may be significantly smaller than the features fabricates oask,
NIL is a contact method where the stamp actually touches the waferraoedrbproduces
the mask features with a 1:1 size ratio. Therefore, the major challenigéls ame both
contamination and defects arising from the physical contact between stdregraple
but also the difficulty to achieve an exact overlay [6]

1.1.3.4 Directed self-assembly of block copolymers

Block copolymers are two or more chemically different polymer chainsleotly
bonded together to one single macromolecule [19]. Driven by the nepfdsce between
chemically different molecules, the chains self-assemble in periodic s&siatithe size-
range between few nanometers and few tens of nanometers.eflibdig structures
defined in that way can be used as bottom-up templates for nanofabriratiesses that
require very high resolution, such as bit patterned media for hardiidigs [2022],
finFETs [23] and contact holes [24]. Guiding patterns that are usuglilyed by top-
down lithography are required to induce long-range order in the mdg&i&8]. One of
the principal problems to date is the insufficiently low defect density fontagration
of block copolymer lithography in HVM processes [6].

1.2 Block copolymer physics

As mentioned before, block copolymers are macromolecules that cortsist @f more
polymer chains connected hyovalent bond.

The chemically different blocks can either be merged in a linear or in eh@émanner.
In that sense, a great variety of different block copolymer structuagsmthought of
[19]. The most widely studied, and at the same time the block copotypesthat has
been used in the experiments conducted in the course of thss théise linear AB block
copolymer, denoted A-B.




Introduction 19

1.2.1 Molecular interaction and phase separation in block copolymers

The chemical difference between the two blogkandB leads to a repulsive interaction
between them and thus acts as driving force for microphase sepafrat®microphase
separation process leads to the formation of periodic domains predtynowrsisting

of only one componeri or B. This concept is sketched figure 1.3 a). The covalent
bond between the chains inhibitsitheeparation into two phases as we would observe it
in a blend of two immiscible homopolymers. A quantification of thellsdpe interaction
between two blocks is given by the Flory-Huggins interaction petem$ based on
works of Flory and Huggins [29,30]:

Koo VK7 Do W:Gs Oroiga (0.1)

whereZ is the number of nearest neighbours of a unit 8nd the interaction energy
between two monomersandj. In this thesis, block copolymers basedpotystyreneand
poly(methyl methacrylat€P Sb-PMMA) (seefigure 1.3 b)for scheme of the molecule)
have been employed. Their mutually repulsive forces are inherently Aswthe
interaction parameter scales inversely proportional to temperature, mixing tfah
phases is enhanced as the temperature of the material increases. Experimétstal res
[31,32] yield an interaction parameter &b-PMMA as a function of the temperature

T [K] of

%6 300% 7 >.@ 0.2)

This formula yields$= 0.041at room temperature and 0.037 at 160 °C.

Figure 1.3 Influence of microphase separation in block copolymers on tiecoiar order of
block copolymersa): Difference between molecular order in a diblock copolymer in disords
state (left) and the microphase separated state (right), b): molecular architectar® $fb-
PMMA polymer.

In general, the microphase separation in block copolymers is achieved diffevent
ways [33]. At one hand, thermal annealing can be used to heat thecbioclymers
above their glass transition temperat@mghance their chain mobility in this way [34] and
to provoke microphase separation. Besides the substrate-block copotiyenaction, a
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important aspect for the success of the thermal annealing procetheedifference in

surface energyl between the two blocks. In caseis very large, the block copolymer

will self-assemble such that it forms a wetting layer of the material lasiter surface
energy at the block-copolymer-air-interface. Interestingly P8b-PMMA we find that

0 <1%at 170 °C [35]and that( decreases even more for larger temperatures [36]

This converts thermal annealing in an easy way to induce microphasatsmpinPS
b-PMMA Solvent annealing, on the other hand, is the second strategiousddce the
self-assembly of block copolymers [37]. The selectivity of tHeest plays a role in the
orientation of the block copolymer domains with respect to the subs3Ba#0]. Solvent
annealing has not been used in the course of the experiments presémitethesis.

1.2.2 Phase diagram of AB diblock copolymers

The most studied block copolymer architecture is B-block copolymers, which at the

same time represents the only type of block copolymer thae@singhis thesis. A-IB
block copolymers show a well-studied phase behaviour as a functioa pfdtuct of
the polymerizatiorN and the Flory-Huggins interaction parametgiand the relative
chain lengths of its componerftsandfs [41,42]. The theoreta phase diagram of A-b-

B diblock copolymers has been determined by the mean of Monte Carlo simsiliatio

ref. [43] (see figurel .4 a)).

Figure 1.4 Phase behavior of diblock copolymesy: Phase diagram of diblock copolyme
according to Monte Carlo simulations taken fr¢43]. The parameter f (x-axis) indicates tt
weight fraction of the chain of one of the blocks, for exampl@ fRSterm$ y-axis) represents
the product of the Flory+ XJJLQV LQWHUDFWLRQ SDUDPHWHU {
Lamellar self-assembly is expected ithD UHDV GHQRWHG 3/ DQG WKl
WKH DUHDV GHQRWHG 3&" /[/HVV U HtfiexsghgntaD AncK theHggrok
SKDVH GHQRWHG 36" D Q G skétcheb ¢f Yhe bléckWdopotyDer séff-assen
morphologies upon changing f. lllustration taken from [44].

A symmetric block copolymer self-assembles in lamellar structurest@tfno whereas

upon increasing the fraction of one polynfigrthe material will first pass to a gyroid
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morphology and then to cylinders in a matrix of mateBiabefore it will finally self-
assemble in spheres in a matrix of mateBiébeefigure 1.4 b)). Microphase separation
occurs for all materials that are above the order-disorder transition line iphtise
diagram. The curve indicating the order-disorder transition in the phageamiias
parabolic with a global minimum & 1 for perfectly symmetric block copolymers.
Based on that, microphase separation8ib-PMMA block copolymers at 160 °C is a
priori precluded for materials consisting of less than 251 monoridies. smallest
reported full pitches obtained B&b-PMMAare 17.5 nm [45] and 19 nm [46], although
the utility of sub-22 nm full pitcSb-PMMA materials for pattern transfer processes is
guestioned by some authors [47].

In a microphase separated block copolymer melt, its periodicity is determynig b
minimization of the free energy of the block copolymer chaingeA énergy model for
block copolymers minimizes the sum of an entropic term and an entbalpic The
entropic component of this minimization problem originates from the stngtafithe
chains, whereas the enthalpic component of the free energy takes ulsveeforce
between monomers into account.

Figure 1.5 Correlation between chain stretching and periodicity of block copolymer lagne
a): Large chain stretching reduces the entropy of the system, but alsoesethe enthalp)
because of a smaller number of A/B interfaces, b): Large chainressipn increases both th
enthalpy and the entropy of the system.

According to Ohta and Kawasaki [48], this yields a free energy per ahain
Pi g -6PICQ
(L WwyZs. EEE (0.3)

wherea is the monomer lengthN is the chain polymerization aridis the period of the
system.

Comparing this equation with the free energy equation according to Gibbs



22 Block copolymer physics

)L*F65 (0.4)

we state that the enthalpy of this system can be described as
» LS 4 (0.5)
while the other summand describes the entropy and corresponds to

5 L M/gc—%.ﬁ (0.6)

As we can see from this equation, the free energy of the chaimddion term scales

with the periodicity to the power of two, originating from a defation similar to

+ R R N H ™heGteRhing of polymer chains contributes a decrease in entropy, because
the stretched chains represent a more ordered system. In contrast ttoetleathalpic

term scales with ! representing the decrease of the densi#y-Bfinterfaces as the layer
spacing increases. This concept is graphically representignliia 1.5.

The periodicity of the resulting features proportional both to the Flory-idagg
interaction parameter and the chain polymerization can be calculated by the minimization
of the Ohta-Kawasaki formula with respect to the lamellar pdrisd that/ . gsEAl

[49].

Figure 1.8 Free energy in block copolymer thin filnag: Sketch providing an overview of fre
energy contributions to the total free energy in a block copalythia film, b): difference
between horizontally and vertically aligned block copolymer thin fisrsoatrolled by different
block copolymer brushes.

1.2.3 Controlling surface interactions of block copolymers

For the energy minimization process in block copolymer thin filmgeireral four energy
components are taken into account [50] f&pere 1.6 a)), namely(1) the energy stored
in the chain stretching/compression other than the radius of gyré)ahe A-B interface
curvature, which contributes a negligibly low amount of free ené8jyhe interface free
energy between the blocksandB and(4) the surface energy at the block copolymer-air
and the block copolymer-substrate interface. The self-assembly morphislafyvays
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such that the sum of the four free energy components is mirtiarathe self-assembly
of thin films in unconfined states (e.gn energetically homogenous, non-patterned
substrates) the chain will stretch such that pattern pitchasnd therefore minimize the
chain extension and the total surface energy between the BaoidB.

In case of lamellar block copolymers, the decision about whether the matdfial
assembles in vertical or horizontal lamellae (@gere 1.6 b)) depends on the interface
energy between the substrate and the material the two blocks consist &y Mamas
have found that the energy at the block copolymer-substrate interfaShe®MMA can

be managed by usirgSr-PMMA random copolymer brushes [35]. Random copolymer
brushes whose monomer ratio is similar to the one of the block ecopoin question
can be used as neutral brush layers and promote upright stéeatiages. If one of the
blocks, however, wets the random copolymer brush layer ienangetically clearly
favorable manner, the block copolymer is assembled in horizontal features.

1.3 Enabling lithography with block copolymers

1.3.1 From self-assembly tdrected self-assembly

Selr-DVVHPEO\ LV UHIHUUHG WR DV 3WKH DXWRWR PFROWWHUQ
RU VWUXFWXUHV ZLW K R{MInKiXdebetally QuibdivideY id QatcLsBID

assembly and dynamic self-assembly. The microphase separatitotiofcopolymers

requires an initial energy input to the system, but is subsequently §tabtbis reason,

the self-assembly of block copolymers belongs to the category of stHtiassembly.

Another example for static self-assembly is the formation of moleculaaltsys

A key condition that has to be fulfilled for self-assembly to take platteiability of the
building blocks to move with respect to one another [51]. For thipmeaslf-assembly
mechanisms are usually observed in liquids or on smooth earfRarticularly, this is

the reason why block copolymers are heated above their glass transitienamgin
thermal annealing. Equilibrating forces are usually requirefl) tavoid uncontrolled
agglomeration when attractive forces are too high, @hdhe decomposition of the
material, when repulsive forces are too large. In case of block copojyimergpulsive

force is the chemical incompatibility described by the Flory-Huggins interaction
parameter$and the attractive force is due to the covalent bond between the two chains
of a single molecule.

Lamellar phase A-b-B block copolymers naturadbif-assemblén a patterns that are
similar to line-and-space pattern required in semiconductor manufactihey exhibit,
for example precisely defined line widths and periods. Self-assembledddpokymer
patterns have already been identified as an excellent platform to develop appitatio
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nanotechnology [52]. The well-defined self-assembled block copolypaterns are
furthermore suitable to improve the resolution of lithography teclesigtine line edge
roughness and the line width roughness of current patterning taebnjg7,53] and
represent for this reason an excellent bottom-up technique for etch masatfabr

The absence of long-range order and placement accuracy precludesgetoavey
lithography application of the material in semiconductor industry in itpascoated-
and-annealed state. It is therefore crucial to induce long-range ordecantralled
manner. This process is referred toa6 L U H RiW te-dssembly of block copolymers.
In the following we will briefly refer to the most commonly used techesito direct the
self-assembly of block copolymers. The features that are fabricateddnys of top-down
lithography techniques to introduce long-range order in the thindibncalled guiding
patterns.

1.3.2 Graphoepitaxy

Directing the self-assembly of block copolymers with topographical pattersgerred

to as graphoepitaxy. The technique aims at fabricating topographical structuresan such
way that they energetically favor the block copolymer to self-assemiibe idesired
structures as depictedfigure 1.7 a). The energetic advantage of ordered (e.g. directed)
self-assembly in the created trenches with respect to a disordered seiblsis in the
preferential wetting of guiding pattern walls by one of the blocks.hEurtore, the
creation of defects in block copolymers assembled in commensurateesenmgoses a
free energy penalty, which converts the self-assembly in lamellabgbéo the guiding
pattern walls into the minimum-free-energy state. The probabilitfram defects
increases with the distance between the guiding pattern features bec#usdimte
correlation length of the block copolymers far away from the ordireing surface.

Figure 1.7 Scheme of most common techniques to direct the self-assembly of plagkneos.
a): Graphoepitaxy, b): chemoepitaxy.

This principle has been successfully employed by a number afrapts for example
reported in refs. [548]. The best results are obtained when the width of the confining
trench is exactly or close to an integer multiple of the natural pitch bfdbk copolymer
[59]. A suitable guiding pattern design permits it, for example, totdinecself-assembly
of block copolymers in device-oriented features [23] and induce lorgerander in sub-
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10 nm half-pitch block copolymers [60] and sub-5 nm half-pitchidiccrystals [61].
Another widely used approach to make use of cylindrical block copolyemersontact-
hole shrink applications [24].

1.3.3 Chemoepitaxy

The chemoepitaxy approach relies on the introduction of chemical patternaninto
underlying substrate (sefigure 1.7 b)). In this thesis, we work with the chemical
modification of grafted random copolymers [65]. Nevertheless, the orientation of
block copolymers can also be successfully controlled by the use edsselinbled
monolayers [66] and crosslinked polymer mats [67]. A lithographic psosespplied to
locally modify the interface free energy between the block copolymer anthtterlayer
in such a way, that certain regions are more attractive to one of the thacki the
other. The most widely known approach to direct the self-assemblgak copolymers
on chemically pre-patterned surfaces is the so called LiNe process§@1@d after its
inventors Liu and Nealey. There, a cross-linked polymer mat is pattbyneteans of
photolithography and the space between the defined stripes is suliberpféled with

a neutral brush layer.

A common path to manipulate the surface free energy &SaPMMA random
copolymer brush layer is the combination of a lithography step wsitexiposure to UV
light [68] or an oxygen plasma [65]. A characteristic feature of themolepitaxy
approach is that the guiding pattern must have a pitch clos¢inwes larger than the
natural pitch of the block copolymer. The factors an integer referred to as density
multiplication factor of the guiding patterfihe critical dimension of the guiding pattern
features has to correspond to the half-pitch of the block copolympo{@95 times the
block copolymer pitch [63].

1.3.4 Other techniques

Long-range order has also been induced into cylindrical block copoljoyer®ans of
an electric field [70]. The orientation of self-assembled block copolyntiadeys in thin
films takes place perpendicular to the electric field direction [71]. The selfrddg of
cylindrical block copolymers has also been directed by the use of miniptgraphic
patterns [72,73]. A third interesting alternative alignment technique has beeloged
in the course of this thesis and uses the energy minimizatiblocdf copolymer thin
films in grain boundaries. The underlying theoretic principles have beexiaped by
Gido et al. [7477] and Duque et al. [78].
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High-accuracy topographical
guiding patterns by EUV-IL to
study the nanoconfinement of
block copolymers

Abstract:

We study the nanoconfinement of block copolymers in topographiddihgupatterns

and extend current free energy models by estimating the free eneagietdct-loaded
state. The defect-loaded state appears as a consequence of the mismatchtbetween
guiding pattern separation and the block copolymer natural pitch. We determine the
relation between trench width and the emergence of defects with nanqmestision.

This allows us to us to predict the process window for guiding pabncation to
achieve a low level of defects. Extreme-ultraviolet interference lithogrépby-IL) is

used to manufacture topographical guiding patterns that direct the satitdg<f an

11.7 nm half-pitch PSb-PMMA block copolymer. High-accuracy silicon oxide-like
patterns with trench widths ranging from 68 nm to 117 nmatredated by exposing a
hydrogen silsesquioxar(€lSQ resist layer with EUV light at different exposure doses.
The excellent line width roughness of the fabricated guiding patternsesnad to
minimize the influence of defect formation in the self-assendibly to guiding pattern
inaccuracies and to model the emergence of the formation of defects duiitay
pattern incommensurability.
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2A.1 Introduction

Recent developments in the field of high-volume manufacturirecést that extreme-
ultraviolet (EUV) lithography will play a significant role in semiconductor
manufacturing because of its capacity to fabricate features with halgtiput and high
resolution [1] EUV interference lithography (EUV-IL) has emerged as a promising
nanolithography technique for research, which is inherently capabtediiging single
digit (sub-10 nm) periodic and quasiperiodic dense nanostructures (lacesgsplots,
holes etc.), with record resolutions down to 6 nm [2]. Transmishfbmaction gratings

on thin SkNs membranes are used to create interference of mutually coherent beams,
which, in turn, results in the desired interference patterns recordephiot@sensitive
material, as schematically shown figure 2A.1 Depending on the number and
configuration of the transmission gratings, several periodic struatarebe produced,
such as lines and spaces, square and hexagonal arrays of dots afthbolae, lattices
etc. [3] The scheme ifigure 2A.1a) shows a two-grating configuration, such as the one
used in this work that is used to create lines and spaces. The incidemdisaiiffracted

by each one of the two gratings whose angles of diffractiogiesa by:

OBy L%O (2A.1),

wherem is the order of diffraction, is the wavelength of the light, aiRj is the grating
periodicity (pitch). When the illumination of the two gratings is identitted, resulting
interference pattern has a periodicity given by:

2 L— (2A.2),
6 q gl
where =2 nisthe angle between the two diffracted beams in the case ofdfgrating
mask. Combining the two equations and taking 1for first-order diffraction one finally
obtains:

2 L2 (2A.3).

In this case, the pitch on the resist is half of the pitch of thenias®n gratings, enabling
frequency multiplication by a factor of 2. The EUV-IL setup used throug our
experiments is located at the XIL-Il beamline of the Swiss lightt®o{8LS) synchrotron
of the Paul Scherrer Institut in Switzerland. The EUV radiation comes fromdahator
(insertion device) tuned at a wavelength of 13.5 nm, which is thelargth for next-
generation EUV lithography.

One important bottleneck for the implementation of EUV lithography gh-wiolume
manufacturing is the still large line edge roughness (LER) and lidth woughness
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(LWR) of the features at high resolution, which improves whentdo@nique is
combined with DSA [4]. Moreover, achieving sub-10 nm half-pitchéth \EUV
lithography will be challenging. On the other hand, the weak point of DSA Rithtoo
large defect density, which is potentially attributed to an insufficient gyigattern
quality [5]. The fabrication of guiding patterns for the directed self-aslyeaf block
copolymers far below 10 nm full-pitch will, therefore, require techniquiés kigh
resolution, high precision and at low LER/LWR [5] for DSA to meetdkfect density
required of semiconductor manufacturing requirements. Here, we gatesthe use of
topographical guiding patterns fabricated by EUV-IL to guide the self-asgeifriiock
copolymers and the potential to obtain DSA patterns with a low densityeaxtdef

The use of EUV-IL for the creation of guiding patterns is highly adequrhe aerial

image formed by IL is a sinusoidal function, independent ofpiteh [3]. Line-edge

roughness or point defects in the diffraction gratings merelyergém incoherent
scattering which can add a few percent background to the aerial imageexact

structure of the diffraction gratings defines the diffractiorcefficy but has no influence
on the aerial image. Compared to e-beam lithography, HUtherefore enables the
fabrication of denser and smoother nanostructures.

EUV-IL has been used before for the fabrication of chemical guipatgerns to direct
the self-assembly of block copolymers [6,7], but to our best laune there are no works
combining graphoepitaxy and EUV-IL. Other authors have presentetogiaitaxial
guiding patterns defined by an EUV micro-exposure tool [8] ugipgsitive tone resist
to analyze the behavior BfSb-PLAunder confinement [9], however with relatively low
guiding pattern accuracy and a significant guiding pattern LWR. DSA has veotzen
used to shrink holes defined by EUV [10,11]. A very goaaladate for the fabrication
of smooth guiding patternsligydrogen silsesquioxar{elSQ)[12], that has recently been
used to direct the self-assembly of block copolymers in combinatitim e-beam
lithography [13,14]HSQ s particularly interesting, because the cross-linkingd8f)
induced by EUV-IL has been demonstrated to provide high resolution nzatiéth
excellent LWR [15]. The LWR of the guiding pattern features represenimportant
parameter in the generation of defects in the directed self-assemidglotbpolymers.
This has been shown both in theoretical [16] and in experimenidl] [&orks.In order
to analyze the behavior of block copolymers in topographical guiding matteith
highest-possible accuracy and free of effects due to guiding pedteghness, we chose
EUV-IL as a guiding pattern fabrication technigue.

We present a complete study of the directed self-assembly of anrhlhalf-pitchPS
b-PMMADblock copolymer in trenches fabricated by the selective exposit&@fvith
EUV-IL. Extensive optimization of the process is carried out to &ehtbat block
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copolymers self-assemble in structures relevant for the fabrication of finABTIO].
We conducted an in-depth study of the effect of the trench widtheemergence of
defects and tested different approaches of neB&altPMMA brush layer deposition.
The accurate control of the space between two guiding pattern ridges allmanadyze
the behavior of the block copolymer chains under confinemennaitometer precision.
We have developed a free energy model that successfully describes, hesigio d
topographical guiding patterns to direct the self-assembly of block copmyto obtain
patterns with low defect levels. The model describes the free energysteanswith a
non-zero density of defects on a semi-empirical basis.

2A.2 Experimental Section

The work-flow for the fabrication of aligned block copolymer templat®pographical
guiding patterns fabricated by EUV-IL is depictedigure 2A.1 a)

2A.2.1HSQ deposition, exposure and development

We used flowable oxid&OX 16 by Dow Corning Corporation diluted 1:6 methyl
isobutyl ketonéMIBK). Spin coating this solution at 2000 rpm for 1 min a® 2n? Si
chips yield a film thickness of 70 nm. After spin coating, the chips ansferred in the
EUV-IL exposure chamber and pumped down to a pressure’ahb@r. Upon exposure
to EUV radiation, a cross-linking process [12,20] is initiated and the edpmreas are
converted into aSiO-like material. The non-cross-linked, unexposétbQ is
consequently developed away in an alkaline developer (Microposit 3Blbdev diluted
1.3 in water) for 30 s and then rinsed in deionized water, yielding the diéaeéspace
guiding patterns. The guiding patterns are fabricated using transmigatorgs of 300
nm pitch to create a fixed 150 nm pitch interference pattern on the Thipgansmission
mask has been fabricated by e-beam lithography by the exposurel80Qfilm spun on
anSikNs membrane, which is transparent for EUV radiation [1,21]. The onset in this
work is optimized to produce 50 % duty cycle (75 nm half pitch) Ipsefs patterns. By
varying the exposure dose below and above the nominal dose, amelge® or increase
the duty cycle of the line/space patterns with great accuracy. This nan@mesision
over the width of the guiding pattern is essential to help us better tamterthe
mechanism of directed self-assembly of block copolymers irsgatem. In this study,
the exposure dose (i.e. dose on the mask) has been variedS@d.# to 1050™cn?
in a step and repeat manner. The achieved duty cycles are between Z3%owhtch
correspond to trench widths of 115 and 35 nm respectively.
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Figure 2A.1 Work-flow and guiding pattern fabrication. a): The work-floged to fabricate
the guiding patterns and to direct the self-assembly of blockyropes in EUV-IL fabricated
patterns consists of the exposure and development of HSQ, the deasitiself-assembly ¢
block copolymers and the subsequent removal of PMMA, b): a egdt@wing the principle o
EUV-IL, where the diffracted beams create and interference patternigh&corded in a
photoresist-covered substrate, c): guiding patterns exposed at diffexposure doses yiel
different guiding pattern widths, d): the amount of cross-linked EE8tDbe increased by raisin
the exposure dose. For this reason, we are capable of tailoring thétwédth with nanometel
precision with slight variations of the exposure maintaining the pittheofeatures constant ¢
150 nm.

2A.2.2Deposition of neutral brush layer
In order to deposit a brush layer that grafts both to the guiding pattdismnand to the
guiding pattern bottom, a solution of 1.5 % neutral

| brush layer irPGMEAIs spin-coated for 30 s at 4000 rpm. For the deposition of a thin
brush layer grafting only to the bottom of the trench, a 0.28/tion inPGMEAIs also
spin-coated at 4000 rpm for 30 s.

Due to the strongly diluted solution, the deposited film is thin ghdo be deposited
exclusively on the bottom of the trench [22]. In both casessdample undergoes a 5 min
annealing step at 230 °C. This step is required to initiate the brush tafterggto the
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underlying surface. The residual, non-grafted material is removed bgiagristep in
PGMEA The neutral brush layer i r-PMMA random copolymer containing 58 wt%
PSand 42 wt¥%PMMA at a molecular masdorush = 7.9 *Yme and a polydispersity index
PDlprush= 1.85.

2A.2.3Deposition and self-assembly of block copolymer

We work with aPSb-PMMAblock copolymer with a molecular magsce = 42.3*Ymo..

It consists of 43 wt%Sand 57 wt%PMMA with a polydispersity indeRDlgcp = 1.1.
When deposited on a neutral brush layer, it self-assembles in a lamettaurstwith a
natural pitch of 23.4 nm. The spin coating of a 1.5 % soluti®@GMEAat 2000 rpm for

30 s yields a 28m-thick film in free surface. To initiate the microphase separation
process, the material is annealed in a nitrogen environment for 10 230 2.

2A.2.4Selective PMMA removal

In order to fabricate technologically useful etching masks, one ofldlc& bopolymer
domains has to be removed selectively. In this work, we design a \selezdictive ion
etching (RIE) step in an Oxford 80Plus RIE applying a gasum@of 5 sccnD; and 40
sccmCHF; at 50 mTorr pressure. At a power of 40 W, this process eRIWd4A at 46
"min andPSat 18" min. This means that the selectivity between the two materials is 2.5.

2A.3 Results

2A.3.1Guiding pattern fabrication

Examples of guiding patterns resulting from three different axposdoses are depicted
in figure 2A.1c). Figure 2A.1d) shows a plot of the variation of the trench widtlasa
function of the exposure dose. The curve that relates the exposure dosigeviiench
width has a negative slope, since the trench width corresponds tontteeass-linked
area. The trench width is the key parameter in this work, because @ésifenspace that
confines the block copolymer lamellae latbral

As we have mentioned before, defects in DSA usually originate fromhraoug
incommensurate guiding patteriisible 2A.1depicts the results of an LRW/LER analysis
of four representative guiding patterns from this study confirminig &éxtraordinarily
low roughness. Image pre-processing included the bi-cubic atéign, rotation of the
image and Gaussian filtering. The threshold for the edge detection wasefahe
maximum signal of the image. The numbers displayetlite 2A.1represent the %
values of the analyzed image. We observe better results for LWR.ERdas the
exposure dose is increased, finally yielding sub-nm line edge resglior duty cycles
larger than 50 %.
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Exposure Trench LWR Std. error LER Std. error
dose width [nm] (LWR) [nm] (LER)

[™em?] [nm] [nm] [nm]
950 58.5 1.20 0.069 0.88 0.79
680 70.2 1.90 0.056 1.84 0.26
430 93.6 2.26 0.128 2.24 0.30
350 105.3 3.00 0.037 2.16 0.63

Table 2A.1 Overview of analysis of four representative guiding patterns depicting the regpecti
ILWR/LER values and their standard error.

2A.3.2Control over interface energy by surface neutralization

The deposition of an intermediate neutral brush layer allbtescontrol the interaction
between the block copolymer and the substrate. We considered the depdsitien o
neutral brush layer only after the EUV-IL step, because EUV radiation intstemtgly
with styreneand methyl(methacrylate}23,24]. The chemical integrity of the neutral
brush is absolutely required [25] to study the effect of differegsw@deposit the neutral
brush layer.

The deposition of the 1.5 wtRSr-PMMA solution yields a neutral layer that is thick
enough to cover both the bottom of the trench, and also the walls, stutimaf the self-
assembly botPSandPMMA wet the guiding pattern walisdbottom of the trench. The
block copolymer self-assembles consequently in short aligned lamellangieydar to
the guiding pattern, as depictedigure 2A.2a). In the present study, this behavior is not
desired and for this reason we discard this result for further analysis

The deposition of the 0.25 wt% brush layer solution yields a 3 nik filic on a non-
patterned surface both before and after the rinsing step. After depeasitrannealing
the block copolymer, we observe self-assembly in lamellae parallel to thegpédtern
walls (seefigure 2A.2b)). This orientation can be explained by the absendeSat
PMMA macromolecules grafted to the guiding pattern walls. For this reasdnlptte
copolymer interacts directly with tHheMMA-attractive SiO, walls. A top view of the
block copolymer self-assembly configurations using 0.25 wt%tbtayer solution is
depicted in the scanning electron micrographfigoire 2A.2b).

In the complete absence of a neutral brush layeffigpa® 2A.2c)) the block copolymer
self-assembles as depicted in the sketches on the top of the structuBrfi2ér. to the
guiding pattern walls, the silicon substrate is preferentially wetted BBNI&A domain.
For this reason, we expect a wetting layer on the bottom of the trenatuptitey the
morphological integrity of the 3-D structure and making a pattern tramsfer difficult.
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A more detailed comparison between the two aforementioned morp®lsegrovided
later.

Figure 2A.2 Self-assembly modes and example of successful DSA in commensurate
patterna)-c): Three different block copolymer assembly modes in graphoepiaxyuanction
of neutral brush layer deposition conditions: thick, i.e. coveriqgand side walls of guiding
pattern features, thin, i.e. covering only the space between the gyaditern features anc
none scale bars are 100 nm, d): large-area defect-free self-assemblpak copolymers in
topographical guiding pattern fabricated by EUV-IL. The trench widttO8 nm and reducec
the block copolymer pitch about 6.5 % with respect to an assemtibeisurface; scale bar
650 nm, scale bar in-set: 150 nm.

Comparing the deposition modes with respect to their capability to direct the self-
assembly of block copolymers into lithographically relevant structuresofdered and
in ideal shape for pattern transfer), we conclude that the 0.25 wigh bolution yields
the best results, because the observed morphology demonstrates struefynityt mver
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the whole film thickness. A detailed comparison between the two mlogibs is
provided in theesultssection.

We have achieved a defect-free directed self-assembly over several tsqaacé
micrometers after depositing and annealing of the block copolymer in aamsurate
guiding patternFigure 2A.2d) shows an SEM image of the directed self-assembly of
block copolymers in guiding pattern trenches of 109 nm. To increaseasind
facilitate the acquisition of SEM images, tAMIMA domains have been removed before
the analysis. Throughout thihapterthe number oPSdomains per trench is usedas
reference to categorize the guiding patterns. In total we counPB@omains in the
configuration depicted ifigure 2A.2d). Two of these domains remain almost unseen in
the SEM images because of the large signal originating froredges of the guiding
pattern features. To transfer three fins into the substrate, we hencteredes to be
wide enough for the self-assembly of fik€domains, because experiments have shown
that the two outermo®*MMA domains do not take part in the pattern transfer process
since they are not removed in the selective dry etching step [14,18].

2A.4 Discussion

2A.4 . 1Influence of brush layer thickness on self-assembly

In the following, we experimentally assess the effect of the bryeh tkeposition mode
and describe its influence on the morphology of the self-assersldywhhe surface.
Information about the three dimensional structure was obtained by a consedetve
dry etching step as introduced in the experimental section. Due to the etlkicty ity

of thePSdomain with respect to tHfMMA domain, SEM imaging of the structures after
the etching step provides useful information about the morphology aketipective
structure below the surface.

Figure 2A.3a) andfigure 2A.3b) depict the directed self-assembly in a guiding pattern
before the RIE process without and with a neutral brush I&jgure 2A.3c) andfigure
2A.3d) show top view SEM images of the same structures after the Rtfegs. The
reconstructed morphology in cross-section is sketched in the regpieetets.

For samples with a thin underlying brush layer, we observe thatithieer ofPSdomains
on the surface and below the surface is the same. We deduce thiaicthcopolymer in
direction normal to the substrate self-assembles in continuous vertical lantellae.
absence of the brush layer the numbd?®flomains decreases after the dry etching. This
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Figure 2A.3_Comparison of different self-assembly modes assessed byergacttchinga):
SEM top-view image and single line intensity profile of DSA for onion-shapghology before
RIE, b): SEM top-view image and single line intensity profile of DSA fidicaklamella
morphology before RIE, c): SEM top-view image and single line intensityepod DSA for
onion-shape morphology after RIE, d): SEM top-view image andeding intensity profile of
DSA for vertical lamella morphology after RIE.

indicates that the domains are not continuous vertical lamella and the block cepiglym
arranged in a U-shape caused byRMMA wetting both the guiding pattern walls and
the bottom of the trench. These results are consistent with previous $A2j.

2A.4.2Influence of the trench width on self-assembly

Another interesting question for further scrutiny is how the defectifaty block
copolymers self-assembled in topographical guiding patterns differtuasten of the
guiding pattern widthw and the brush layer deposition mode.

We compare the vertical lamellae with the U-shaped morphology in termseof th
capability of guiding patterns of different trench widih# direct the self-assembly. We
have grouped together guiding patterns with similar trench widths thatineldr self-
assembly results. In particular for samples with a thin brusdr,laye identify certain
periodically recurring guiding pattern width areas that yield a large number of
imperfections in the self-assembly. We show representative SEM irfagée groups
denoted 1-5f{gure 2A.4a)). All the images were taken from samples with thin brush
layer and after the removal BMMA.
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Figure 2A4: Groups of self-assembly and 3-D morphology of the dom@inRepresentative
SEM images of the groups as shown in figurel®}. b): graphics showing the number of f
domains ms deposited as a function of the guiding pattern trench widimparing the
deposition in trenches with a thin neutral brush layer as shown im#®t. The colored area
refer to experimentally accessible trench widths, where the blue dlaadas represent thos
trench widths with defect-free self-assembly and the yellow areas refera® \&ith a high
defectivity, c): free energy per block copolymer chain in uriteefree energy in unconfine
state as a function of the trench width as predicted by Ty28r(red curve, based on gre
curves) and according to the calculation presented in this papee thirve), d): curve showin
the energy difference between the two models presented ing)aeglgraphics showing the
number of PS domains deposited as a function of the guidingrp&gech when no neutra
brush layer is deposited, as shown in the inset.

Figure 2A.4 b)relates the number &fS domains on the surface and the numbeP f
domains under the surface to the trench width for the two differdfitassembly
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morphologies. Trench widths are assigned to groups according to tHEemofPS
domains that fit into the trench. For the vertical lamellar morphology, ss#frably with

a low defectivity is only observed in the groups 1, 3 and 5f(gaee 2A.4a)). It is not
possible to assign a discrete numbeP8domains to the block copolymer patterns self-
assembled in incommensurate guiding patterns of groups 2 andiguia 2A.4b),
because both andn+1 domains coexist in this area. The patterns that are capable of
directing the self-assembly in practically defect-free fashion are chazadtéxy trench
widths close to integer multiples of the natural pitch of the block copolyrherexpected
number ofPSdomains as a function of trench width is indicated by the grey déisked
in figure 2A.4 b). This curve merely serves as guidance for the reader, given thiediac
the number self-assembled block copolymer domains has to be an intedearn

By determining the trench widths at which the block copolymers changesktiéir

assembly morphology from defect-free to defect-loaded (or vica)exe can extract
the maximum stretch / compression that the chains sustain befeceihbs energetically
more favorable to form defects.

We refer to the defective stateesschmorphology in which the block copolymer domains
are not oriented perfectly parallel to the guiding pattern walls [29], asnsho the
representative images of group 2 and group 4 figeee 2A.4a)). We observe that the
block copolymer domain wiggles, which is known to be an effectettuge chain
deformation at the expense of augmenting the area of the intermaterial dividamg sur
(IMDS) [30]. This phenomenon is also known from the behavidiqafd crystals under
strain [31].

We observe domain-wiggling (ségure 2A4 a), group 3 with a wavelength of few tens
of nanometers in the case of chain stretching. We refer to chatohég, when the
number of domains self-assembled in the trenctultiplied with the equilibrium domain
spacingLo is smaller than the trench width i.e. whenn Ly < w. The appearance of
domain wiggling has been predicted by Wang as a stable state for bloak/mer
patterns confined in patterns exceeding a determined incommensurakijtyarid
explains our observation of the abrupt occurrence of domain wiggling.

For large pattern incommensurability (characterizedvisy (n +/- 0.5) Ly), the system
partially changes its self-assembly morphology fimdomains tan+1 domains, giving

rise to a high density of point-like defects. We observe the coexistértbe assembly

of n domains characterized by large chain stretching (and expressed by dogugiimg)

at one hand, and domains wharel domains are self-assembled (characterized by chain
compression) on the other hand. Point-like defects are observedtmarikgion areas
fromnton+1 domains. The coexistencerodndn+1 domains in highly incommensurate



46 Discussion

guiding patterns has, furthermore, previously been observe@poded [32]. The effect

that the system does not self-assemble in a ptiledomain morphology for trench
widthsw > (n +/- 0.5) Ly is due to a difference between the compression modulus and
the stretching modulus in block copolymers. It requires more enempnipress a block
copolymer system perpendicular to its domains than to stretch it in thedg@ctéon.
Although the spring model of polymer chains predicts that the grstoged in a chain
compressed by a factbrs the same as the energy stored in a chain that is stretched by a
factorf, in the particular system of block copolymers chain stretching contributes to
reduction of the IMDS and the compression leads to an increase of tt& IMD

The defects observed in the transition zones betwedemains (stretched chains, defined
by wiggling) andn+1 domains (compressed chains) can neither be clearly identified as
dislocation nor as disclination point defects. In the following, we will foegerefer to
theses defects as point-like defects. Recent results on the analyl$eofs in the
directed self-assembly using chemical guiding patterns suggest that defects
represent a metastable state that would disappear in case of an infinitely largengnneali
time, suggesting that the system has not yet reached its equilibaiteni33]

In contrast to our observations of the self-assembly morphatothe groups 2 and 4,
the defect density of the aligned block copolymers inside the patteraugfgyl, 3 and 5

is very low. In particular, group 3 includes guiding patterns with trevidth ranging
from 86 nm to 100 nm. The energetically most beneficial trenchhwidt this
morphology is 93.6 nm, because this is four times the natural pitdhe block
copolymer. The number of IMDS (i.BS/PMMAinterfaces) equals the number of block
copolymer chains across the trench, so that we can state that eight macri@siolecu
asemble in group 3. The maximum compression per chain at the mhavhen the
assembly mode changes is 0.78 nm and the maximum stretchiclygoers 0.9 nm. The
same calculus for group 5 yields an average compression peotidamm and 0.94 nm
respectively. The average stretching per chain for group 1 is estimatedl tovbel hese
values correspond to the capability of the chains to compress on a8etaégeand to
stretch 7.6 % with respect to their expansion at natural pitch, before a defedtive sel
assembly state occurs. The occurrence of the domain wiggjiirgyiously referred to as
buckling instability + has previously been associated with the yield point of block
copolymers in macroscopic samples [34,35]. Coarse-grained mgde#isndetermined

the onset of the buckling instability for a critical strain of 6 % [86iich is in excellent
agreement with the values we have determined in our nanoscale system.

Furthermore, we analyzed our system using the free energy dwggbped by Turner
[28] that has already been successfully employed by a numbéresfauthors [9,13,37]
to explain the block copolymer self-assembly. The underlying principlleeisnergy
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balance between formation of interfaces betweSandPMMA, and the deformation of
the chains taking the interaction between the guiding pattern walkhamdeferentially
wetting polymer domain into account. The natural pitglof the block copolymer is the
result of an energy minimization process. If the block copolymenstaak stretched so
that the pitch is increased, the number of IMDS per unit length along the tuftbhis
reduced. This is one way to reduce the enthalpy of the systenth8tgethe polymer
chains leads on the other hand to a reduction of the entropy of tha $88je The black

parabolas idigure 2A.4) c)represent the normalized free energy per cl%ahccording

to Turner for the self-assemblyf {1;6} domains in trenches of widtly given by the
following equation:

% L —jl@%j R (2A.4)
where +is a measure for the energy penalty induced through the pelyaienteraction,
which represents the incommensurabityy Lo) of the trench. The surface tensions
required to estimate-rhave been extracted from works of different authors43® The
red curve irfigure 2A. 4 cyrepresents the minimum of these parabolas and thus predicts
a determined number of domains for each trench width characterized by the least free
energy. The free energh is normalized to the bulk free energy per clain

We always observe the creation of a high defect density in the closéyif those
trench widths, where the guiding pattern incommensurability reaches itsomxand
7TXUQHUYV PRGHO SUH G @owlainsDonFU ddmair. YTHdde ldbeR$Pare
represented by the beige boxes in fig@#&4 b), 2A.4) ¢) and 2A.4 d). Neither the
formation of domain wiggling nor the formation of metastable poimt-tikfects can be
explained by the Turner model. In the following, we will provide an eitansf the
model to quantify the free energy of the defective state.

The blue curve irfigure 2A.4 c)shows a semi-empirical function describing the free

energy of the defect-loaded state. Although the physical origin of wigglhd the

metastable point-like defects at the transition frono n+1 domains is fundamentally
GLITHUHQW KHUH LW PDNHV VHQVH WR MWRR® G/HG EW D/\K HH |
and henceforth only to distinguish between the defect-free and -tiedided state. This

blue curve is later used to identify those trench widths where thasssdmbly in the
defect-loaded state is energetically favorable. To find this curvdiawe assumed that

the formation of defects and wiggling leads to the relaxation of thashatheir bulk

energy level, and in return adds an unknown, but constant enemgitypper chaif/e

that accounts for the average free energy per chain that exceeds the bethefigge

+HQFH WKH UHOD[DWLRQ RI WKH FKDLQV WRXEX®N HQHUJ
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formula assuming that the incommensurability is 1. After adding thstaoinenergy
penalty term, the modified formula to describe the free energy of teeru
morphology, called/e, is of the form:

o 6050A @

A more detailed derivation of this formula is presented in the secZiadss +2A.4.8

We can now estimaf&/e, by fitting the curve to the position of crossover points between
the defect-free and the defect-loaded st&extion 2A.4.4s dedicated to the accurate
determination of the crossover points. The fitting process y®itds 0.00704with a
coefficient of correlatiorR? = 0.9989 Assuming that the system self-assembles in the

morphology that is characterized by the minimum free energy, wesimgo}y calculate
aH B

il TT The result of this operation is plottedfigure 2A.4 d) The defect-loaded state

is energetically favorable for v::llut—:E'HsH Z !, while the defect-free state according to

Turner is energetically favorable f%rH: Z; .We can conclude that the observed defect-

loaded state is energetically unstable for trench widths larger than 130entihus derive
that the change from the defect-free to the wiggling state occurs aasdoa energy
penalty induced through the deformation of the chains exceed#s 0frthe bulk free
energy level. The reason why this state for increasing trench widtlessisely
disappears is that incommensurability is compensated by a steadily incraasiogr of
chains yielding a smaller amount of energy stored in the chain stretcliogpensate
for the same absolute incommensurahildymore detailed explication of this analysis
can be found in theections2A.4.4 - 2A.4.7 We may not forget at this point that this
estimation is only true as long as the trench width is smaller or close twitielation
length of the block copolymer, which represents the limit of the directedssimbly of
block copolymers by topographical guiding patterns. For very large multiphdaiitors
the formation of defects similar to self-assembly in free surfaceplay a successively
larger role. Despite of the observation of two different defect formation misof&fi.e.
domain wiggling and point-like defects), we find that the freegnef the defect-loaded
state can be described with one single function. The energy reduction in tlmgvig
morphology can be qualitatively explained by a partial release of the estergg in
chain stretching through the introduction of additional IMDS.

Figure 2A.4e) depicts the results of the analysis of the numbd?®fomainsnps as a
function of the trench widtv on the surface and below the surface for the directed self-
assembly in trenches without depositing any neutral brush layer.bdsérve that the
number of PS domains after etching is lower than before the etching step for all
investigated trench widths. The conclusions we draw from this \odigan is that there
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is no trench width that enables the directed self-assembly of block owgrslin perfectly
vertical lamellae unless there is a neutral brush layer deposited. We do netdhser
self-assembly in a morphology that displays a massive formatidefects as observed

in case of the neutral brush layer deposition. A plausible explanatitldabservation

is that the U-shaped organization of the block copolymer in the trérehthe
combination of vertical and horizontal lamellae) facilitates the relaxation of the chains
and reduces the stretching of the domains as a result of incommensurability.

Figure 2A.5 LWR as a function of the trench width. a) Representative results of LWRisn
for the groups 1-5, b) LWR as a function of the trench width wsysdphificantly higher
values for trench widths far away from the commensurate guiding patterns.

2A.4.3Line width roughness as a function of the trench width

The LWR of an object is defined as the standard deviatiats efidth, definedasthe
distance between a right and a left border. Representative LWR measisréoneach

of the groups are depicted figure 2A.5 a)We observe that the LWR increaseses for
high-defect-density block copolymer patterns. This is not the casedectt@LWR of

the block copolymer actually increases by such a large factor, but betals
measurement direction is defined in one determined dirertindicated by the black
arrow infigure 2A.5a). A deviation from this direction is expressed by a larger measured
line width at this position.

2A.4.4Determination of crossover points

One challenging part of this work is the accurate determination of trehtvd@dthw, at
which the block copolymer system changes from the defectivehology to the defect-
free morphology and vice versa. We take advantage of the finit lehgte mask
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Figure 2A.6 Examples of how to determine the cut-off values for each groumunhigers in
the images indicate, which group this part of the guiding pattern belongkdalaghed line
indicates the approximate location of the crossover point.

transmission gratings and therefore of the interference pattern. We obsantbeth

feature width becomes successively smaller towards the border of the.pattdrese
last micrometres towards the border of the guiding pattern width decreasesteabf

roughly 1 nm per 100 nm. For this reason, the borders afuitkng pattern are ideal to

determine the specific trench widths, at which the self-assembly modeesHamg one
morphology to the other. Examples of this part of the guiding pattdepisted irfigure

2A.6

To minimize measurement uncertainties, we extracted the trench widtims 49
morphology changes. The results of this analysis are summaritazer2A.2below.

Mean Std. oo Nl | #orane Chain (Chain (Chain
X EY Dev. Length Length Length
(nm] o (] | [hm] [-] ] (i [9%]
1E2 76.25| 1.75 | 1.413| 70.2 6 12.7 1.00 8.6
2 £3 87.3 | 2.49 | 1.369| 93.6 10.9 0.78 6.7
3 &4 100.8 | 1.74 | 1.316| 93.6 8 12.6 0.90 7.7
4 g5 107 1.80 | 1.299| 117 10 10.7 1.00 8.5
5 &6 126.4 | 0.89 | 1.253| 117 10 12.6 0.94 8.0

Table 2A.2 Determination of the crossover points between defective and non-defedtvie sta
block copolymer self-assembly
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2A.4.5Analyzing the system according to Turner

According to Turner, the free energy per block copolymer cimain system confined
between two parallel plates normalized to the bulk free energy per clt@in be written
as [9,28]:

%‘ L2 @E" ES oA (2A.6)
The energy per chain in this system is a function of the pararééadich indicates the
incommensurability of the trench with respect to an integer multiple afgtheal pitch
of the block copolymer; selermula 2A.7)and A(which balances the interface energy
between one of the blocks and the confining wall, and the interfacgyebetween the
two blocks; seéormula 2A.8:

L oy (A7)
and
A L A’O:A?A%%Z (2A8)
AN A¥¥2

The interface free energy between two materials can be calculated by an exténsio
<RXQJTV HTXDWLRQ DV SUHYV {BYWht@aBinedezsteyVirdd @ G
do the calculus are the dispersive)(and polar (p) contributions to the surface free
energy of the respective materials.

N — — 6 —_— — 6
Uo, L kUG F¥Qs0 E kU, sF ¥U, 49 (2A.9)

Using literature values, this calculation yields L t 4[0#42]. Here, material is
PMMA and materiaB is Si0Gp. Filling this result intdormula 2A.6 we can determine the
curves for the free energy per chain as a functiow &r Q n whkeren
corresponds to the numberBS/PMMArepeat units. This calculation provides us with
the free energy per chain, when a numben ocfpeat units is confined in a trench with
width w. The corresponding curves are depictefigare 2A.7in pink (n = 2), brown(n

= 3), green(n = 4), blue(n = 5) and cyan(n = 6). The preferred self-assembly mode is
always the one that exhibits the minimum free energy per chain, 8héginbolized by
the black dashed line. The light blue shaded ardaime 2A.7represents the trench
widths that we have worked with in the course of our experin@mtshe beige boxes
represent those zones, where we observe the defect-loaded state, whidhbeanno
expODLQHG ZLWK 7XUQHUTV IRUPXOD

"HQG W
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Figure 2A.7 Free energy per chain according to Turner. Colored parabolas:dreggy per
chain as a function of trench width w for n = {2;6} PS and PMMAdms. Black dashed
curve: Minimum of all colored curves. Blue shaded area: Process windovs wahk. Light-
orange-shaded areas: Defect-loaded self-assembly.

2A.4.6The influence ofAon the determination of crossover points in Turner model
Reliable information about the polar and the dispersive surface free erfe®@0
(crosslinkedHSQis chemically very similar to amorpho8§3,) is somehow hard to find
and we would like to probe the justifiable concern that inaccurachdesintroduced to
the calculation of the crossover points due to that. Fifbnguula 2A.7into formula 2A.6
yields

@, 5, & O _60a0A6030A
2121858 E55 (N (2A.10)
Furthermore,
NCLY
—%—Lr (2A.11)
e
yields
/1.a4>608
S (2A.12)

Therefore, we can tell that the location of the minimum free energy in medrgystem
for constanin is proportional to the cube root &k Looking closely afigure 2A.7 we
observe surprisingly that the minima of the parabolas do not neceé$sarilpart of the
free energy curve. The defect-loaded morphology of the block aopodyalways occurs
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in the vicinity of crossover points between two of minimum #&eergy curves, and
cn+1. Accordingly, the crossover points have the mathematical property

@‘Qﬁﬁ; L @ﬁ*}i\ (2A.13)

a>5

, Which by usindormula 2A.7becomes

5 & ©
F1@5A E

Here, the term containindeasily cancels out. This means that an inaccurate estimation
of the wall/polymer interactiorAdoes not affect the position of the crossover points and
is therefore no essential parameter for our analysis.

pb0ad 6uaUA p8Ua>50A 60504

>5UA s E s P (2A.14)

L—IC

2A.4.7Extension off XUQHU YV PRGHO \asRershlyithédeFW WKH VHOI

In this section we will explain, why block copolymers in certain trencdithwegimes

abruptly change their morphology from stretched vertical lamellae with abmost no

defects to a state with a very high defect density (i.e. the regime wheergloitk

copolymer shows wiggling or forms point-lik defects). To slm we will derive a

mathematical expression that allows us to describe the free energy per chaifizeol

to & in the defect-loaded state (i8W KH PRUSKRORJ\ WKDW LV QRW H[SO
model), fit it to our experimental data and compare it to the model presenteoirisy. T

Therefore, we assume that the block copolymer always self-assemttiiesnorphology

with the minimum free energy.

Let us now assume that the free energy of the system we investigagesian of four
energy components,: with

l@é(;L IiéAE l°»éAE |°D E 'E (2A15)
The components introduced above are defined as follows:

Es,..c Energy stored in the stretching of the chains in bulk conditions, i.e. when
the block copolymer pitch equals the equilibrium piteiHere, one single chain

is stretched to the length bf,

EasLc Energy contribution due to the interface between the blocks A and B of
the block copolymer in bulk conditions

Eaw: Energy contribution due to the interaction between the block A and the

walls (we assume that only one block, namely PMMA, interacts with the wall
[9,28))

Epr: An energy penalty that covers every possible energy component in our
system that is not included in the first three terms, including mainly the
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formation of defects, but possibly also energetic components related to
stretching and the increase of interface area. This term does not appear in any
way in the model of Turner, because it does not consider any defects in his
system.

As our system consists of a total numbeb chains, we state that the total free energy of
the systente: equals the product d chains and their respective free enezgsuch that
formula 2A.15an also be written as:

cack > UA L > UhFAAAE Ao E A (2A.16)

Minuscule letters refer to one chain, while capital letters refer to the eneftyy etire
system.

$V 7XUQHUTY PRGHO DQDO\|HVY WKH HQHUBMHHSHQ@HRKID LQHQRUF
will have to divideformula 2A.16by the number of chains and the energy of a single
block copolymer chain in bulk configuratior> U, Awhich yields:

D Bap@s a2 B >G | KRar@s s B -4
2 L o L o E Eg (2A.17)

The sum of free energy due to chain stretching and the creati®®/BMMAinterfaces
in bulk configurationA; s& A, 5 ais precisely defined as, so thaformula 2A.17can be
simplified to:

2 L s E— EQ‘ (2A.18)

Now, let us have a closer look at the energy formula derived by Turner

5

E 7

(2A.19)

The first summand in brackets accounts for the chain stretchirggdbad term accounts
for the interface energy between the blocks and the third term cordssfmotihe energy
contribution caused by the interaction between one of the block copobands and

the wall. Assuming thatd L qthe chains are perfectly commensurate), as defined in
formula 2A.7 yields

2 SESESSYL s UM (2A.20)

After clarifying this, we are capable of isolating the interaction term betweerathend
the block copolymer, and estimate the contribution of the wall/block copolymer
interaction to the free energy per chain in the system (uAirlg t &ad . , L t ua)yv
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60004 2e | 7&: 42 (2A.21)
7Ueé %] é >aav
Filling in this term intoformula 2A.18yields:
@ 76 — 3

Let us furthermore assume that the teg‘nL ?KJOP a Mrids &rm is likely to

contain contributions from stretching energy and an additional energyooempdue to
the formation of additional IMDS. It accounts for all the additional free gnerg
components that the macromolecule may be subject to. We knavettairve we search
for intersects with the curve derived by Turner exactly in the cvesgoints, where we
observe the self-assembly morphology to change from the dedecsthte to the defect-
loaded state, and vice versa

For this reason, we fit the curve
g Ls E% E % (2A.23)

to the five experimentally determined crossover points as presensdgr2A.2 2* and
3 column. This analysis yields = 0.007074with a coefficient of determination &
=0.9989 The curve represents the given data therefore excellently.

The curve that describes the free energy of the self-assembly ofdadpokymers in a
state with many defects is thus:

g:S;Lsé%Eraryryv (2A.24)

To fulfil the objective of this work and to find an expression tielps us predict, in
which morphology the block copolymer self-assembles as a furattitve trench width
w, we will have to take a look at the energy difference between the twelsnbehoted

i@‘?which is defined as follows:

G, @ O e B _6Ua0A _60B80A.
Gl FgL IE—@I\@—YUAAE e S pé@%ﬁF
Ds EX 2 E raryry€ (2A.25)

This function is plotted ifigure 2A.4 d¥or the trench widthwv = {23.4 nm; 200 nmand
n = {1,9}. Whenever the free energy of Turffemodel is larger than the free energy of
the model that we have developed here, the function is positive, whidbtprdat the
block copolymer self-assembles in defect-free lamellar morphologythBse trench
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widths whereﬁa@: S; P ,rthe block copolymer self-assembles with a large number of

defects. The light blue box represents those trench widths that havexpeeimentally
accessible for us. The yellow boxes indicate those trench widths, thibatefect-loaded
state is energetically preferable. These areas become consistently narroviessnebd
for trench widths larger than 130 nm. On a molecular basis this isynthialto the fact
that upon stretching, the energy required to stretch a molecular chaasesrin a
guadratic manner. For this reason, in case of an incommensuralale, tilem energy
penalty is smaller if the system must stretch many chains a little bit, ihaasfto stretch
few chains a lot.

2A.4.8Free energy contributions under confinement
Let us now understand which energy contributions play a role in thenbslels that we

work with in this chapter This will also help us deepen the understanding of the

parametecC, i.e.%’This is a good opportunity to bear in mind, that in neither étieeo

models we included the interface energy contributions between the substrates and
block copolymer, and the surface tension of the block copolymer. As thexbaels we
investigate are a form of upright-standing lamellae (even thouginthbas defects), the

two contributions are considered to be the same for both models.

7XUQHUTV PRGH O chinD (s} Ve inkeBloQk ivitérfaldéeNy) and the block-
wall interaction €aw) into account (se®rmula 2A.19. The energy contributions of the
chain stretching and inter-block interface in bulk conditides.s eas.9 can be
understood as the sum of a bulk condition contribui@ns+eas,Lo= €0). Moreover, two
additional contributions account for the stretching (/compreséinj)and the resulting
reduction (/fincrease) of interfacé=sg o) due to the incommensurability

A AEAEA
A A
L kRae Bha > :iéyﬁ@s 40> L Q>Qé>§3é‘>GE (2A26)

The respective energy contributions are sketchdigiime 2A.8 From this plot we learn
that a great proportion of the free energy of the system origifratesthe bulk free
energyes, o+ €as,L0 = € (blue curves, wheres, o= Y3 and g o= %5).

Another important, but strictly monotonically declining part of the feergy comes
from the interaction of the A block (i.#MMA) and the wall (green curve). The
characteristicd/,~-dependence of this curve can be explained by the fact that wall free
energy ' e £ &0 2piS NOt a function of the trench width, but rather equivalent td # U

& £ £0-pIn this equationA stands for the area of the guiding pattern wall which is in
contact with the®MMA block and (t £ .- ds the respective interface free energy. As



High-accuracy guiding patterns to study nanoconfinement 57

the trench width increases, this energy contribution is to be distrikateshg a
consistently increasing number of chains. For an infinitely witectr, this energy would
be zero.

Figure 2A.8:_Different energy components that contribute to the calonlafithe free energy
according to Turner and according to the model derived in thikwo

7KH FKDUDFWHULVWLF VSLNHV LQ 7XUQHUTWWXUBYWH RUQJL (
and interface energy due to the incommensurab#igy+€ag, ) with the trench. It is only

natural that this curve is always positive, because the bulk free enalgfjnisd as the

minimum free energy, so that any deviation from the equilibriumtgdilLo leads to an

energy penalty. Here, we only plot the sum of both contributionesepted through the

red dashed line. The interface energy term, however, becomes negative inad#sa of

stretching, because the density of interface areas is reduced. In fcasehain

compression, the interface energy term is positive, because the ddristigrfaces is

reduced. This effect is the principle source of the different modubléxk copolymer

compression and stretching.

Based on tht, let us now repeat this analysis for the model we have develodeddinbe

the defectlo&G HG V\VWHP ([D FshodelOduibidalysisiia®dd thég bulk energy
as a starting point and analyzes the energetic deviation of the systemdtoutkianergy.
Therefore, we include both the bulk free energq;6E Asal #and the wall
interaction energyAp exactly like in the previous section. In contrast to that, our
approach does not take the stretching of chains and the change in interfaceleed¢ogy
incommensurabilityds + es9) into consideration, and replaces it by a constant penalty
term%‘. This term primarily accounts for the increase in free energy dine toreation
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of defects. +HUH WKH WHUP 3GHIHFW" UHIHUV ERWR WKHMWKH IRU
formation of point-defect like artifacts in crossover framiomains tan+1 domains.

O, Gan 820> @), >0 > @
2L 2 L2 (2A.27)

If we now subtractormula 2A.27rom formula 2A.26 we determine out tha}g(plotted

in figure 2A.4 d) can also be written as:

117} : Q a> %8 a:? (7}
Z L — (2A.28)
This confirms once again, but on a more general level, that our resuitelapendent
from the interaction energy of the block copolymer and the guidittgnm wall, and are
therefore not a function of This finding is well recieved, given the fact that one of the
major sources of uncertainty of our method is the estimatiot of

Previously, we have found th%t which corresponds to a value of 0.704 % of
€o.

To set this value in a relation, let us now calculate the bulk free energhaier as
proposed by Ohta and Kawasaki [38,43] normalizdditavhich is given by:

2, - 60GU
2z UQ—UOE 8§— L t4{ (2A.29)

In this calculation, we set the block copolymer periodidity = 23.4 nm the
polymerizationN = 424 and the Flory-Huggins interaction parame$er0.037[44]. For
the determination of the average Kuhn segment lemgftour block copolymer, we use
a=6.6 A[45].

Based on this calculus we estimate that
ALraryrvO AL réatsG6 (2A.30)

We can thus conclude that the additional energy induced in the systerarednp the
bulk energy quantitatively only accounts for a relative small fractiotheftotal free
energy of the system. Seen it the other way around, the energemiiffeper chain
between the defective and the non-defective state in the directed selfdgsgemb
topographical guiding patterns is even at the point of maximum fregyed#éference
for perfectly commensurate guiding patterns characterized by an energy penalty
small fraction of kT. The value we estimate here is in surprisingly ggoeement with
the energy difference other authors have calculated for the defective amdrthe
defective state in the directed self-assembly of block copolymers in cheguidaig
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patterns [46]. This very small quantity demonstrates that the directedsseif¥aly of
block copolymers relies on the system to accommodate to state that hassanabry
energy advantage with respect to other states, that are lithographically not useful.

2A.5 Conclusions

We have shown that EUV-IL brings the possibility of manufactutifgily accurate
topographical guiding patterns for the directed self-assembly of blockyoogrs. EUV-

IL combines high resolution, low line edge roughness and highghput, which makes

it an advantageous method compared to other lithography approaches. We have
demonstrated the alignment of patternsP&b-PMMA of 117 nm pitch in perfectly
vertical lamellae when a neutral brush layer is grafted to the bottom of thhesen

We have taken advantage of the accurate control of the dimensions wiffihg gatterns
that EUV-IL can achieve to investigate the creation of defects as a functioa toénch
width while minimizing the influence of defects due to guiding paitaperfections. We
conclude that the maximum stretch/compression that the block copolymier adn
sustain is 8 % of the of the chain length in free surface. We extendrtimordy used
free energy models by adding the description of free energy of thasseimbly
morphology that includes defects. The model successfully predicts tig@wviof the
pattern process observed experimentally.

To conclude, the experimental proof of the advantage of using EUWrltréation of
guiding patterns in directed self-assembly of block copolymersgtheg with the
methodology to predict the process window that provides aligned pattétmsutw
defects, will help to design process conditions for DSA using meterials, and in
particular high-&materials, to reliably obtain sub-10 nm resolution patterns.
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Chapter 2B:

Directed self-assembly of block
copolymers in sub-10 nm
topographical guiding patterns

Abstract:

In this chapter we investigate the directed self-assembly of blocklytoers in
topographical guiding patterns with feature sizes in the range of tHedapolymer half-
pitch. In particular, we present the self-assembly of an 11.7 nmpibelf-block
copolymer in sub-10 nm resolution guiding patterns fabricated by tleet dirbeam
exposure ofiydrogensilsesquioxanéHSQ. One result of this analysis is that the block
copolymer self-assembles in such a way that the guiding pattern featungsait of the
3-D architecture of the film. We are capable of determining a shift ioltlo& copolymer
pitch as a function of the guiding pattern pitch with sub-nanometeraagchy means of
both real-space imaging techniques (AFM, SEM) and reciprocal-spaaginign
techniques (GISAXS). An interesting, result is that the block copolymer setfialysim
the studied structures depends on the guiding pattern pitch rathenttientench width
as in standard graphoepitaxy.

The extended free energy model we have developethipter 2Ais successfully adjusted
for the system we discuss in this chapter.
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2B.1 Introduction

The fabrication of chemical guiding patterns requires patterning techniquesscagtfent

resolution because the chemically modified areas need to be in the seefrtregblock

copolymer domains. Works concentrating on very high-resolutiargtaphical guiding

patterns are, in turn, sparse [1]. This may be because one of ttiparadvantages of
the use of graphoepitaxy [2] is the low required resolution for the guidattern

fabrication.

Nevertheless, investigating the behavior of block copolymers in highutieso
topographical guiding patterns is of technological interest for at least two se@smne

hand, the need for high-resolution topographical guiding pattertis ingrease
substantially as soon as new hi$h-EORFN FR SR O\P rssemiiting Ratekals U VHO |
with significantly smaller pitches are developed [3h the other hand, the space on the
chip occupied by guiding pattern features represents non-utilizable spadbefor
fabrication of electronic devices on the chip. Therefore, the use of hightiesol
topographical guiding patterns represents a noticeable increase in patterning gfficienc
with respect to systems using large guiding pattern features. Testknowledge there

is no work published that analyzes the behavior of block copolymeopographical
guiding patterns whose critical feature size has been pushed below thedpotkmer
domain size.

Besides standard real-space nanocharacterization methods like SEM and ARid, in
chapter we rely on the use of grazing-incidence small-angle X-ray sicaft@@ISAXS),

which is a destruction-free contact-less characterization technique frequently used to
analyze the nanostructure of polymer films [4]. A significant athgmof GISAXS over
common real-space techniques is that the relatively large sampling volumigspbe
investigation of a statistically meaningful area both on the sample sufacbelow [5]

Low incidence angles (usually few tenths of degrees), however tdesignificantly
elongated beam foot prints. In the last years GISAXS has been used to aratiyzss g

to determine their basic geometric properties [6], but also more advanceegasdike

the line-edge-roughness [7]

In this chapter we report on the self-assembly of a 23.4 nnpifah-lamellar diblock
PSb-PMMA block copolymer with a low defect-density in sub-10 nm resolution
topographical guiding patterns fabricated by the direct exposur#SgQfto an electron
beam. The material is found to exhibit a self-assembly morphologisttidferent from

the one observed for the directed self-assembly of block copadym wide guiding
patterns (as for example discussedhapter 24, which we confirm by GISAXS, SEM
and AFM measurements. We apply a free-energy model and compare ribatéab
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structures with regard to the free energy difference between the-ttefeself-assembly
and the defective self-assembly.

2B.2 Experimental

The substrates used in the experiments are pieces of 2 X deaved from a p-doped
<100> orientedsilicon wafer (4- FP UHVLVWDQFH

2B.2.1HSQ deposition, exposure and development

The chip is cleaned in & plasma at 100 W for 20 s. We used flowable oxide FOX 16
by Dow Corning Corporation diluted 1:6 methyl isobutyl ketone (MIBKand spin
coated this solution at 1000 rpm for 1 min. This yields a film thickrmés12 nm. The
exposure ofHSQ by electron beam induces a cross-linking prod8sd 1], which
converts the exposed areas intcS#@,-like amorphous material.

The exposure takes place witistec EBPG 5000-+ool using a 100 kV electron beam

with a beam current of 2 nA. The exposure dose for the fabricatisub-10 nm lines

varies from 740042 to 8800 4. as a function of the pattern pitch, which in this work

is between 80 nm and 250 nm7 KH SDWWHUQV DUH P ZLGH DQG PP C

After the exposure the non-cross-linke8Qis removed in a development step using an
alkaline developerMicroposit 351 diluted 1:3 in watgrfor 5 min. Subsequently the
sample is dipped in ¥ for one minute and air-dried.

2B.2.2Deposition of neutral brush layer

A neutral brush layer is spun from a 0.25 wt% solutioR8f-PMMA (58 wt%PSand

42 wt% PMMA at a molecular weigh#prush = 7.9 *Yme and a polydispersity index
PDlprush = 1.85) dissolved inPGMEA The spin coating conditions are 4000 rpm for 30
s, leading to a film thickness of 4 nm in free surface. An anrgatap at 230 °C for 5
min initiates a grafting process of the random copolymers to the actsitied surface.
The non-grafted brush layer is removed lIBGMEArinsing step.

2B.2.3Deposition and self-assembly of block copolymers

All the experiments in this work are done with a lame#&h-PMMAdiblock copolymer
(Mpsb-pmma = 42 .35 0 43 Wt%PS 57 wt%PMMA, PDlgcp = 1.1). The natural pitch
in free surface is 23.4 nm. Spin-coating of a 1.8 wt% solutidGIMIEA at 2000 rpm
yields a 34 nm thick film in free surface. Microphase separation is iddhgean
annealing step at 230 °C for 10 min.
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2B.2.4Analysis

The samples are inspected by tapping mode AFM usingithension Icon / Nanoscope

V by Bruker.The amplitude set-point is 50 % of the drive amplitude. The SEMatigm

is done witha Zeiss Aurigausing thelnLens detector. GISAXS, using synchrotron
radiation, of representative samples are conducted at the P03 Micro- arfdddan-
Ray Scattering Beamline at PETRA IIl in Hamburg, Germany [12].sBingple-detector
distance is set th = 5800 mmand the radiation wavelength to 0.107 nm The
incidence angle of the beaiw .. = 0.4% The detector that has been used for these
experiments is a PILATUS 300k pixel detector with a readout time b&lave and a
SL[HO VL]JHRW2 P. P

The estimated uncertainty in lateral size determination according to the procedure
proposed by Smilgies [13F 0.3 nm. Here, the most important contributitnthe
measurement uncertainty originates from the beam divergence, vehieritribution of

the beam band width and geometric smearing only contribute to a negtixfiered.

2B.3 Results

In the following, we compare the typical graphoepitaxy work-flow characteiized
relatively large guiding pattern features with a work-flow where the guidattern
features have been minimized to sub-10 nm size.

Figure 2B.1 Sketches comparing the self-assembly morphology in topographical gt
patterns with 8b-10 nm guiding pattern width (top part) with the self-assembly morpiadito
guiding patterns with a width significantly above 10 nm (bottart)pin both rows the
parameter p indicates the guiding pattern pitch, and w the separagtmeen the guiding
pattern features, so that the trench width & p-

The work-flow pursued to fabricate the guiding patterns is depicted itophpart of
figure 2B.1and compared to wide guiding pattern fabrication work-flow, which is
sketched in the bottom part of the sdfigere. The principal difference between the two
work-flows is in the guiding pattern feature width. The work-fldwetshed in the top
images is characterized by a guiding pattern feature width below 10hioh i in the
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size range of the block copolymer domain. The lower row of imagdsrnndepicts a
work-flow using guiding patterns with a feature width significarsthove the block
copolymer domain size. For both alternatives it is particularly importarggosit a thin
4 nm neutral brush layer to avoid grafting of random copolgrteethe guiding pattern
walls, because otherwise the self-assembly morphology would erlde lamellar
parallel to the guiding pattern directidsut rather conveiinto lamellae perpendicular to
the guiding pattern direction (sebapter 2Aand ref. [1]). The fundamentally different
self-assembly morphologies originate from differencethe guiding pattern width. The
origin of this difference is depicted figure 2B.1and explained in the forthcoming
paragraphs.

Figure 2B.2 SEM images of patterns with different pitches before and after self-assejnb
¢): SEM images of 90 nm, 120 nm, 150 nm guiding pattejnd).dSEM images of 90 nm, 12
nm, 150 nm guiding patterns with self-assembled block copolymeEN)irGage of defect-fre
assembly on large scale, h): AFM height image of the 150 nm s&uétusingle line scan
along the green dotted line in h) with a sketch of the self-asgemérphology in the
background.

2B.3.1Directed self-assembly characterization by real-space imaging

On the forthcoming pages, we analyze results obtained using suh-@Q0iding pattern
with nominal pitches of 90 nm, 120 nm and 150 nm, as depictee figtlres 2B.2 a)-
c). The SEM images depictedfigure 2B.2d)-f) demonstrate the excellent ability of the
guiding patterns to direct the self-assembly of block copolymédrs.ghiding patterns
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are capable of directing the self-assembly of block copolymers withedibtmation of
defects over areas of various tens of square micrometers. The exdaiogte infigure
2B.2 g)is an SEM image that demonstrates the defect-file@ssembly in trenches with
a 150 nm pitch. The multiplication factorns= 6 for this pattern. That means that the
density of the block copolymer features in this pattern is six timggger than the guiding
pattern feature density.

Figure 2B.2 h)represents a tapping mode AFM height image of the 150 nm pattern after
DSA. Interestingly, we observe that the entire surface is a sequeR&anid PMMA
domains, indicating that the guiding pattern features are entirely coverédodly
copolymer molecules. Based on our observations, we conclude that the bloigknespo
surrounds the guiding pattern features rather than occupying extjushe space
between the features, as it is the case for wide guiding patterns (séeiskgtore 2B.2

i)). A similar self-assembly morphology has been observed in a stoualyzing the
directed self-assembly of block copolymers based on a chemoepitahoegpitaxy
hybrid process [14] , however, other than in the present statywith a few nanometers

of topography [15,16]It is, moreover, well known that the cross-linkét5Q is
preferentially wetted bPMMA [17,18]. Based on that, we conclude that the recessed line
in the middle of the area above the guiding patterns indicated by thedalsio&d lines
corresponds td®MMA. It is known that the exposure &S with ionizing radiation
promotes cross-linking [19], while it leads to the degradatidP\f1A [20]. The results
presented in ref. [21] confirm these findings for GISAXS experimtvas have been
conducted under conditions that are very similar to the ones used irpetingents. The
complete degradation / cross-linkingRtfandPMMA thin films is in the range of various
tens of seconds. Since the accumulated exposure time per guiding pattun in
experiment is well below 5 s, we expect the respective cross-linkingadigipn process

to have started, but by far not to be completed.

Another interesting observation we make concerns the different degreisgoity of

the guiding patterns in the AFM height image compared to the SEM imigeugh the

AFM analysis reveals that the guiding patterns are entirely covered with block
copolymers, the guiding pattern lines, produce a strong SEM sigrial.olblervation
suggests that the block copolymer layer covering the guiding pattermslyisfew
nanometers thick. The coverage of the guiding pattern thus resultdiketysfrom an
energy minimization process during the self-assembly.

These observations confirm the self-assembly morphology depicfeglie 2B.1and

demonstrate that the self-assembly in these patterns differs significantlyhie directed
self-assembly when the guiding pattern feature width is notably I#ngarthe block
copolymer domain.
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2B.3.2Analysis of the structures with GISAXS

An important parameter for the understanding the behavior of block coeyunder
confinement is the strain / compression with respect to their equililspacingLo which
can be determined by measuring the block copolymer pitch. Althouglketem excellent
gualitative understanding of how the block copolymers self-assemble system, it is
difficult to determine deviations in the block copolymer pitch with haghuracy by the
exclusive use of real-space techniques.

For this reason, we conduct GISAXS measurements to study the bloalyroer pitch

as a function of the guiding pattern pitch. The geometry of the GISAXS merdris

sketched iffigure 2B.3 a)The samples depicted figure 2B.2 a)f) have been analyzed

by GISAXS. The elongated shape of the guiding pattern ( Px 10 mm) is necessary

to avoid that a large part of the measured signal originates from block cegsly
RULHQWHG LQ ILQJHUSULQW PRUSKRORJ\ Z$WVWHH FRRVHQ |
beam has a footprint of slightly more than 7 mm in length, whickhorter than the

pattern length and therefore allows us to detect scattered photons originatirsivelky

from the block copolymer in the guiding pattern.

The GISAXS measurement of the samples with guiding patterns before theitidepaf
block copolymer shows the characteristic scattering features forgsatihgs [6]. The
patterns depicted ifigures2B.3 b)-d) represent the results of the analysis of the guiding
patterns with a nominal pitch of 90 nm, 120 nm and 150 nm. TRBAX$ patterns consist

of a superposition of the Ewald sphere leading to an arc, and a numpeatiofy
truncation rods (GTRs), whose separation indicates the pitch of fhepee latticen
reciprocal space. We can easily extract the lattice pitch with the Bragg equtioh,
yields a pitchp1 = 89.9 £ 0.3 nmfor figure 2B.3 b) p.= 120.3+£ 0.3 nm forfigure 2B.3

¢) andps= 150.1+0.3 nm forfigure 2B.3 d) These values are mean values of the position
of two GTRs in each pattern and demonstrate the excellent precisibe guiding
pattern fabrication.

The semicircular shape of the intersection of the Ewald sphere witletbetat is very
sensitive to the orientation of the pattern with respect to the incident be&8][Zhe
nearly perfectly semicircular shape of the arc in the observed patteestsiggleviation
from perfect parallelism of merely few thousandths of a degree s&éhicircle has its
center in the sample horizon (at 0°; &= 0°) and its radius corresponds to the incidence
angle of the beam [24]

In figure 2B.3e}g) we depict the scattering patterns of block copolymers after the
directed self-assembly. In comparison to the measurements Slefove, these patterns
show a number of scattering effects in addition to the GTRs andttieirede we observe
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in the guiding pattern. These scattering features are consequently due gelfthe
assembled block copolymer. In general terms, the signal intensity in the gattern
decreases notably after the deposition of the block copolymer. The feadiois effect

is that the scattering probability at the interface between two materiatsosrponal to

the difference in their electron density. The difference in the electron déeesitgen air
andSiG in case of the guiding pattern sample, is larger than the difference tiroelec
density between th&iO, and block copolymer. In each GISAXS pattern there is one GTR
that stands out of the rest due to its enhanced intensityfigtwe 2B.3e), the high-
intensity GTR can be found in th& #rder, forfigure 2B.3 f) in the 3 order and for
figure 2B.3 g)n the 8" order GTR. While this effect is important in the GISAXS pattern
of the 90 nm grating, it is rather weak in the 120 nm and3@efn gratingAn important
conclusion from this observation is that the order of the GTR thatssthis phenomenon
corresponds to the multiplication factomwe observed in the SEM and AFM analysis of
our structuregfigure 2B2). Additional features that distinguish the GISAXS patterns
after block copolymer deposition from those before deposition is theage of satellite
arcs that other authors have previously interpreted as a result of line edgeessugh
the analyzed pattern [25] but will not be made a further subject of disalia this paper.
Finally, we notice an intensity modulation in the range.cf {0.1 °; 0.15 °}which is
related to the different material composition of the sample with block copolymer
compared to the one without block copolymer [26]

The overall aspect of the GISAXS pattern is similar to those that have been taken fr
block copolymers directed by chemical guiding patterns [27,28]. In thedes wihe
authors also observe the effect of intensity enhancement of-tth&TR for guiding
patterns with a multiplication factor The similarity between GISAXS measurements of
our patterns and on samples with block copolymer self-assembéctatir by
chemoepitaxy supports our thesis tlipthe intensification of determined GTRs is due
to the presence of block copolyme(8) we can draw conclusions about the block
copolymer structure based on the position of the intensified GTR (andthe
topographical guiding pattern actually forms part of the 3D morpholédiieoblock
copolymer pattern.

In the following, we will analyze specific transverse cuts through tBA%S pattern of
the 90 nm pitch grating sample before and after the deposition of cdpckymers and
in particular investigate the origin of the enhanced intensity of'tlwrder GTR.

In figure 2B.4 a)we compare cuts at {0.125°t 0.025}(i.e. around the Yoneda peak
[26] of the block copolymer constituents) of the guiding pattexd ¢urve), the guiding
pattern with block copolymer (black curve) and a block copolymer insiueface (blue
curve). Small versions of the respective patterns are depicted in the panettzsainds
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Figure 2B.3 GISAXS analysis of structures with and without block copolyaxeGeometry of
GISAXS experiments, b): GISAXS pattern for 90 nm pitch guiding patje@ISAXS patterr
for 120 nm pitch guiding pattern, d): GISAXS pattern for 150 itoh guiding pattern, e):
GISAXS pattern for 90 nm pitch guiding pattern with self-assemble# blmmolymer, f):
GISAXS pattern for 120 nm pitch guiding pattern with self-assembde#t bopolymer, g):
GISAXS pattern for 150 nm pitch guiding pattern with self-assemigekl topolymer.

the approximate position of the cut is indicated by the white dotted line. Tdreoédhe
respective insef ¥ame corresponds to the color of the curve.

The GISAXS analysis of the fingerprint pattern sample yields onlyeak (&= 0.2679,
that corresponds to the periodicity of the block copolymer pattern. @ale position
suggests a natural block copolymer pitgh 23.4+ 0.3 nm In addition to that, the block
copolymer fingerprint pattern produces a remarkable scattering intensitynadl s
diffraction anglesg&, causing a large background intensity in the blue curve. Fbidbk
and the red curve, we observe GTRs at the same diffraction akbkfsre and after the
block copolymer deposition. The absence of a peak at0.267° confirms that the
amount of illuminated material outside the guiding pattern (i.e. materishsstinbled
in fingerprint morphology) in this experiment is negligible. Althoulé overall signal
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declines after the deposition of the block copolymer, we observe tHaattkecurve has
a background intensity whose shape is very similar to the one redasuhe fingerprint
sample. This phenomenon seems to be an effect caused by blotfntens and results
in the misleading impression that low-order GTRs have a significanthehggattering
intensity than the higir-order GTRs.

The conversion from scattering angdénto theq-VSDFH LV GRQH ZusiWK % UDJJTV
M e (2B.1),

where the radiation wavelengtHor our experiments is 0.107 nm. figure 2B.4 bwe
transform the pattern in thpspace and compare th# 8nd the # order GTR of the 90
nm guiding pattern sample after the deposition of the block copolymerestingly, the
4" order GTR needs to be fitted with two Gaussians, while for ther8er GTR it is
sufficient to fit it with one Gaussian. The center of the two Gaussiaasidn grey
dashed lines) ig. = 0.28 nm' indicating a block copolymer pitch @2.4+ 0.3 nm.For
the conversion fromy to real space periodicity; we use

@ I%U (2B.2).

Figure 2B.4 Determination of the block copolymer pitch with sub-nm resolu@nCuts
through GISAXS pattern& HSLFWHG DW WKH ULJK W O&5° Hsele White
dashed lines and zo@dinto the relevant area, b)™Sorder peak of 90 nm pitch guiding patte
peak and its single-peak fit, an#f 4rder peak of 90 nm pitch guiding pattern and its dou
peak fit.

Based on this observation, on the AFM/SEM analysis presenfigaiia 2B.2and on the
similarity of this system to the chemoepitaxy system analyzed inN2&f29], we deduce
that this peak represents a superposition of thguiding pattern GTR and thé brder
block copolymer GTR. This implies that the pitch of the block copolymerdlukeposited
in the 90 nm guiding pattern area differs from its natural pitgl 23.4 nm by
approximately 4.2 % (corresponding to a pattern compression to 2Zu8l+pitch). The
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distortion of cylindrical block copolymers due to guiding pattern inconsonebility has
been observed by GISAXS before for minimal topographical guiding psitt@onh

2B.4 Discussion

2B.4.1Comparison with chemoepitaxy and common graphoepitaxy

So far, it has been common sense that graphoepitaxial guiding patterns Hawxe to
designed such that the space between the guiding pastesatly or close to an integer
multiple of the natural block copolymer pitch [85]. These findings are confirmed by
the experiments presenteddhnapter 2A0f this thesis

This design rule implies that the successful design of graphoepitaxial gpiitegns
depends on the interplaf pattern pitchp and pattern widthvep. Based on the analysis
presented in theesultssection of thichapter we conclude that the design rule for the
successful alignment of block copolymers in topographical guiding patt@imgeature
sizes in the range of individual block copolymer domains diffensldmentally from
those for wide topographical guiding patterns. Similar to chemoepitary hitgh-
resolution topographical guiding patterns have to be designed such that thefapitch
not the space between the two guiding pattern features) is in the close \ofiaity
integer multiple of the block copolymer pitch (Sigrire 2B.5 a)te)).

A model to describe the normalized free energy of block copolymers conignement
has been developed by Turner [32] and successfully used to descriledf-Hesembly
of block copolymers in topographical guiding patterns [18]chapter 2A we have
introduced an extension of this model to explain the free energy elf-assembly
morphology with a high defect density as it can also be foundiirexperiments for
strongly incommensurate pitches. In the following, we will estimate theefieegy of
the block copolymers self-assembled in sub-10 nm guiding pattsing a further
extension of the previously found model. Exactly like for guidiagterns with wide
guiding pattern features, we observe alternatingly regions with succesbfatssehbly
and regions where the self-assembly shows a large number of defscts we refer to
as defect-loaded state (feguire 2B. 5 a).

Due to incommensurability, the self-assembly in samples with gujhittgrns with 80

nm and 110 nm pitch leattsa very large defect density in the block copolymer template
(see images ifigure 2B.5 b) / d)where images with a red frame represent examples for
self-assembly with a large number or defects and images witkea frame represent
examples with a defect-free self-assembihe guiding patterns with 90 nm and 120 nm
pitch, in turn, provide a self-assembly morphology free frefects (seégure 2B.5 c) /
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e)). The basis of the extended model to describe the free energy of laterdihedon
block copolymers is thenodelderived by Turner to deduc'é‘V\A Here,er is the free
energy of one macromolecule confined in a trench of widiih consideration of the
deformation free energy, the polymer-wall interaction and the A/B-interfacdsgpan
corresponds to the free energy per macromolecule under equilibrium condit@smste
of the differences in pattern feature width, we find that results elaboratdtefdesign
of wide guiding patterns are adaptable for the present system if we cohsidgiiding
pattern pitch instead of the trench width as independent variabletfeotero different
x-axis on top and at the bottom fidure 2B.5a)). For this reason, the trench width
from the originalequationhas been replaced by pattern pifgho adapt the model
corresponding to the present guiding pattern morphology:

@, 5,8 0 _60a0A6030A
2LI1@5A B2 (R (2B3),

wheren is the multiplication factor, o is the block copolymer equilibrium pitch in free
surface and+is a term representing the interaction between the block copolymer and the
guiding pattern features.

We will now add a summan@/zVAto this equation which accounts for the additional
free energy introduced into the system due to the distortion dblto copolymer
features in the direct vicinity of the top cap of the guiding pattern featswethat the
equationturns into:

B, 5, a8 O -6UalA6000A A,
2oL 21 @A XY Eo000h Ry (2B4).

We call the expressio(‘?‘ V4, because it describes the free energy of the system in thin

guiding patterns. With the summaﬁ%rzvyéﬁ1 we account for the free-energy caused by

chain deformation in the self-assembled system that is independent tfre
incommensurability [14].

The normalized free energy according to Turner in thin guiding patteguation 2B.%
is now compared with a term that we céMland describes the free energy of the system,

when it forms defects. This term sums up the normalized freeyeimefrgge surface (i.e.
1), the interface free energy contribution due to the interaction betweebldhk

copolymers and guiding pattern features (it.e".'l A uv\ﬂ ¢ L&nd a constant energy

penalty term accounting for an additional free energy contribution (imgudor
example, the formation of additional interfaces, domain wiggling and chatetstrg)

called '%V)AA
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o §UBUA @
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@85)

Following the reasoning presented icleapter 2A we can state that the system forms
defects, if the temﬁ%deﬂned as

g, G o
i (2B.6)

LV SRVLWLYH ZKLFK RFFXUV ZKHQ 7WKOHWHMdftHeEGHWHQHUJ\ L
GHIHFWLYH VWDWH ,I WKH IUHH HQHUJ\ RITWKH BRHRRPWLYH

(i.e. the result okquation2B.6 is negative), the block copolymers omit to form defects
and deform to fit the guiding pattern dimensions.

Figure 2B.5 Adaption of graphoepitaxy free energy model of chapter 2&doribe the self-
assembly behavior of block copolymers in high-resolution guidingrpatt&Ve observe ¢
reduction of the process window for the fabrication of high-resmiuguiding patterns with
respect to wide guiding patterns.

We determine a distortion parameter that weeaalllhe determination o is based on
the assumption that the penalty teem(in chapter 2A and ref. [31] estimated to be
approximately 0.007 for the self-assemblyR&b-PMMA in wide guiding patterns) is
valid for all the macromolecules in this system that are not subject totidistor the
close vicinity of the top cap of the guiding pattern features, as argui nesults
section. To describe our new system accurately, we introduce theidisterm, which
effectively increases the free energy of the defect-free state due deftrenation of
molecules close to the top cap of the guiding pattern features. Thestéegmo function
of the guiding pattern pitch, because the said distortion is independehe din-
)Jcommensurability of the guiding patterns. Based on this, we state that theefse
as the reason for the observed narrowing of the process windosstmate

A, N réu A (2B.7).
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We provide a detailed derivation of the model including the distortion paraesétethe
supplemental information part. Using thguationproposed by Ohta and Kawasaki [36]
we can now estimate that the energy penalty due to the domain disiartize close
vicinity of the guiding pattern features accounts for about nine thdtlsa of kT per
chain. This free energy component does not exist in the self-agserhtdlock
copolymers in wide guiding patterns. Our interpretation of this termasgihiepresents
the reason for the smaller process window for the successful alignof block
copolymers in thin topographical guiding patterns than in wide topbigeapguiding
patterns. The smaller process window is particularly obvious wheztompare the 110
nm pitch thin feature guiding pattern with the 110 nm trench wpétitern for wide
guiding pattern features [3MVhile the wide guiding pattern shows defect-free assembly,
the 110 nm pitch pattern is clearly inside the defective area for thedgglution guiding
patterns.

This finding, furthermore, demonstrates that the maximum freggndifference
between the ordered (i.e. defect-free) and the disordered (i.e. kefdett) state in the
described system merely accountstdfd04 g, which is a result that is in good agreement
with calculations done by Garner et al. for chemical guiding patterns [B&mBximum
free energy difference is here defined as the free energy difference nipletely
commensurate topographical thin guiding patterns.

Figure 2B. 6:_Comparison of process windows. A direct comparisowifte (red curve) anc
narrow (blue curve) guiding patterns in graphoepitaxy reveassaller process window fo
narrow guiding patterns.

Figure 2B.6represents a comparison between the free energy difference as a function of
the guiding pattern pitch (for narrow guiding patterns) and the treidth {for wide
guiding patterns), respectively. The two curves have been démitieechapters 2Aand

2B of this thesis and are now plotted in the same coordinate system to faciliéate dir
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comparison. The free energy difference for narrow guiding pattasia larger ordinate

for each abscissa value when compared to the wide guiding patterns. fdgause the
defect-free state in the narrow guiding patterns has a larger free enengycarhpared

to the defective state caused by the distortion in the top cap of thegypatiern feature

that we describe with the distortion parameterfedirect consequence of this behavior

is that a larger proportion of the blue curve is above the baseline as coneptreded

curve The areas above the baseline predict the non-favorable defective state. For this
reason, we can state that the distortion term is the reason for the rpdumess window

of the narrow guiding patterns as compared to the wide guiding patterns.

2B.4.2Derivation of the distortion parameteg e
This section of thehapteris an insertion with the aim to provide additional insight into
the determination of the distortion parameggr

The free energy formul2B.3can also be written as

% LL;”‘% (2B.9,

where g is the bulk free energgy is the free energy penalty induced due to the chain
deformation from the minimum free energy chain lengjtet Furthermoregesy is the
free energy contribution due to the change in A/B-interfaces upoaidateformation.
The termeaw is the free energy contribution due to the polymer-wall interaction.

Accordingly, formula2B.4can also be written as

B, 2>%4>@s 4> 4
o L o EQ (2B.11).

On the other hand, we know that
2 a ¢ 23

Using equation$2B.9)and(2B.12) we can state

ho

AR~ 2 Ba>Bs 5 — G
o LE FE, L ——= FE, (2B.13).

2
In a previous work (see ref. [31] andapter 24, we have determined

2 Lrary (2B.14).

On the other hand, using the equati¢?i3.11)and(2B.13) we can state accordingly:

ks —“F— L @i Ef’ﬂA L Ba2fs g B F—Q’ri (2B.15).

I’}
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Now, fitting our experimental results (i.e. defects in 80 nm andrti(oattern, and
defect-free alignment in 90 nm and 120 nm pattern) to determineffdes c% F—gﬂ;

yields
@ F2A L may (2B.16).
In the case that the chains are not deformed at ale(i.e.0 andeg = 0),

i 2 c4.
s LG Fa (2B.17,

which means tha(% F—gﬂ Aequals the maximum energy difference between the defect-

loaded and the defect-free state in the directed self-assembly of blodintesoin
topographical guiding patterns in the size range of the block copolymer domain

Furthermore, by usingg. 2B14 andeqg 2B.16 we have determinegly.2B.7, (i.e. A L
rarul0 Ais true.

2B.4.3Estimating the correlation length of block copolymer pattern

It is well known that the average size of particles can be analyzed by the méaaysf
[38]. The equation developed by Scherrer has successfully been ap@ikissS [13]

and afterwards also used to estimate the correlation lengftiblock copolymers [39]
The estimation of the correlation length of patterns of directed cylindricak bloc
copolymers along their alignment direction by GISAXS measurements has ydomsenl
demonstrated [40]

Figure 2B.7 Analysis of a block copolymer fingerprint pattern by the mean of GISAXS
SEM. a): GISAXS pattern of a lamellar diblock copolymer self-assemtladén print pattern,
b): SEM image of the same sample as in a).
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The correlation length can be estimated as a function of the widtiof the respective
peak as follows:

e I_—_a (2B19),

where K is the Scherrer constant, which depends on a variety of factersariilong
others, the shape of the grain and the unit cell [41]. In GISAXS the Scbenstant for
spherical grains accounts for 1.123, and 0.886 for plateletsl[i8]peak data is fitted to
Gaussian shaped peaks with thathematical function

6 ~0 A 56?4 W A
BUASaTHL UE 80 0 R0ETWA  (op1g)

with the fit parameteng, w, xc andA. Here x.represents the peak centgtis the baseline
offset andA is the area under the peak. The parametisrtwice the standard deviation
of a Gaussian distribution and relates to the pa&kiM as follows:

(9*/ Ur&v{L S (2B20).

The FWHM is set equal tol To determine the correlation length. The determination of
the correlation length based on the GISAXS pattern depictiglire 2B.6 a)ields

903 nm A comparison ofigure 2B.6 ajJandb) confirms that the results yielded by the
GISAXS and SEM analysis are comparable. Block copolymer correlation lengthe in f
surface in the range of few hundreds of nanometers have previmgsiydetermined by
the analysis of SEM images [42,43].

In the same mannere have conducted an analysis of the width of the peaks depicted in
figure 2B.6 a)e) to extract information about the correlation lengtlof the block
copolymers inside the guiding patterns.
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Figure 2B.8:_Analysis of all the peaks referred to during the analgkidi-peak fit of # GTR
of 90 nm pattern with block copolymer, b): bi-peak fit Bi®IR of 120 nm pattern with bloc
copolymer, c): bi-peak fit off6GTR of 150 nm pattern with block copolymer, d):single-pita
of 39 GTR of 90 nm pattern™GTR of 120 nm pattern"35TR of 150 nm pattern (all patterr
with block copolymer), €): single-peak fit SfGTR in free surface.

For the sake of clarity, we plot the fitted peaks separatelfigire 2B.7 a)e).
Accordingly figure 2B.7 a)depicts the measured 4rder peak of the 90 nm guiding
pattern in black and the two fitted Gaussians in brown. In the sagehegaresult of the

5 order peak of the 120 nm guiding pattern is depicteiibime 2B.7 b) the & order
peak of the 150 nm guiding patternfigure 2B.7 c).To be able to compare the fits
properly with GTRs that are not expected to contain signal originatorg filock
copolymer scattering, the next lower order peaks are depictdijuire 2B.7 d)
Furthermore, the cut throughe free surface GTR we have analyzed before is plotted in
panele) of the same figurdn addition to that, we give an overview of the resultsirie
2B.1 providing the peak name, the associated periodicity and the relevant reiquired
calculate the correlation length

The relevant values to determine the correlation length according to the formulas
previously provided in this chapter are the peak widt#ccording tdormula 2B19, and

the device and experiment dependent peak broadBpiyas proposed by ref. [13], which

has been determined to b&@&. m%. This result is very close to the uncertainty reported

in ref. [40] for a similar experiment. The estimation of the correlatiorthenfthe block
copolymers is done usirfgrmula 2B18 and yields 390 nm for the 90 nm pattern, 301
nm for the 120 nm pattern and 302 nm for the 150 nm pattemblbck copolymer pitch
inside the 90 nm guiding pattern is compressed to 22.4 nm, whilstieished to 24.1

nm and 25.0 nm in the 120 nm and 150 nm pitch guiding patespectively.
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GISAXS Peak q. d FWHM W W - Bres

pattern name [nm-] [nm] > P > P > P [nm]
Free BCP_FS | 0.263 234 7.81 9.56 6.63 | 903.4
surface

90 nm| GP1_90 | 0.209 90.2 5.76 7.82 4.89 962.9
pitch GP2.90 [0280 [898 | 438 | 665 | 3.72 |12645

BCP_90 | 0.280 | 22.4 14.22 | 15.00 12.07 | 390.1
120 nm| GP1_120| 0.209 | 120.3 | 2.29 4.87 1.94 | 24217
pitch GP2_120| 0.261 | 1205 | 5.32 7.45 452 | 1041.4
BCP_120| 0.261 | 24.1 18.39 | 18.54 15.61 | 301.7
150 nm| GP1_150| 0.209 | 1505 | 4.22 6.51 3.58 | 13139
pitch GP2_150| 0.252 | 149.9 | 4.40 6.66 3.73 | 1259.8
BCP_150| 0.252 | 25.0 18.34 | 18.50 15.57 | 302.4
Table 2B.1; Overview of peak analysis results.

The discrepancy between the relatively low defect density observed 8Edliimages

and the low correlation length of the measured patterns may be related tD thelf3
assembly morphology depictedfigure 2B.2 i) The small distortion of the structures in

the guiding patterns may preclude the estimation of quantitatively accurate correlation
lengths, because the distortion causes peak widening which is associatechédier
correlation length. We may still compare the defect density in the diffpagterns,
which represents one of the most important issues in block copoljtimegraphy
[44,45]. Therefore we consider that the correlation lengghproportional to the defect
density !o2 of the block copolymer pattern [46]. A mathematical expression to estimate

the defect densitye,in a pattern with pitclp is &, B—a This analysis shows us that in

our experiments the defect density increases with the guiding pattehn ipe. the
multiplication factor(see figure 2B.8)We may, however, not forget that the block
copolymer self-assembly depends heavily on the guiding pattern ccrurabitity.
Consequently, we present this measurement merely as a method to exdiiative
information about the defect density in the directed self-assemlillpck copolymers
from GISAXS patterns.
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Figure 2B.9 Estimating the correlation length of block copolymers in guidiaiterns.
Analyzing the correlation length based on FWHM analysis of blockyopeo peaks (red dots
and the normalized defect density of block copolymers (greenagaasiunction of the guiding
pattern pitch.

2B.5 Conclusions

We have presented the fabrication of topographical guiding patterns for the déed&ted
assembly of block copolymers withits 10 nm resolution by electron beam exposure of
HSQ During the self-assembly in these guiding patterns, we obseseH-assembly
morphology, where the block copolymer self-assembles not onlyebatthe guiding
pattern features, but also on top of them. We deduce that the pritéeefprishe block
copolymer to self-assemble in this morphology is that the guiding pdttatures are in
the size range of tHreMMA domain of the block copolymer.

The present structures have been analyzed by AFM, SEM and GISAXS. Detaked pea
analysis of GISAXS measurements reinforce the thesis about théaatemyp intuited
based on the results of real-space imaging techniques. Furtke@BAXS enables the
determination of the changing block copolymer pitch as a functioreafulling pattern
pitch with sub-nm resolution. Based on an analysis of the peak widtcpmpare the
correlation length of the material in guiding patterns and after self-agsenfiibigerprint
pattern. We furthermore propose a method to qualitatively analyze the diefisity of
block copolymers in narrow topographical guiding patterns by GISAX&§uahtitative
estimation of the correlation length inside the guiding pattern is difficult dubeto
uncertainty about the extent of peak broadening that is caused bigtitr¢iah of the
block copolymer domains adjacent to the guiding pattern features.

At last, we demonstrate that free energy models describing the self-assemiidie
guiding patterns are still valid for the description of our system aftesrmaigjustments
are introduced. Based on the modified model and the experimental cdgtits work,
we determine that the maximum difference between the defect-free stdte atefect-
loaded state for thin guiding pattern featusasnly about half as large as for the directed
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self-assembly in wide guiding patteritge report that this is due to the distortion created
by the incorporation of the thin guiding pattern features in thekldopolymer thin film.

As a result, the process window for the guiding pattern fabrication is snialerfdar
regular wide topographical guiding patterns.
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Chapter 3:

Thermal scanning probe
lithography for the directed self-
assembly of block copolymers

Abstract:

7KHUPDO VFDQQLQJ SUREH OLWKRJUDSK\ IWKBAPLED®SSC
JXLGLQJ SDWWHUQV IRU GLUHFWHG VHH @/IZBVIYNRR\EMIMIHR | EO F
RYHUDOO SURFHVV DUH WEBR®MFFKW B IvBIDEIBAHWLHEGM DQ@JHRU R
RQO\ QP WKLFNQHVV DQG WKH VXEVHTXROQWOQR[\JHQ
XQGHUO\LGRQHXWUIHRH UDQGRP I8 W K\0mM $ERWX K R FaD OHDUWV H
‘H GHPRQVWUDWH WKDW WKLV PHWKRG DOORZY RQH WR
SRO\ VW\UHQH EORFN PEHONRK\ND FPRHSARIOD P H UO/D RVIH QP DQG
SLWFK 'HIHFW IUHH DOLJQPHQW KDV EHHQ \GHMBRIHVWUD
PLFURPHWHUYV 7KH PDLQ DGYDQWDJHV VR M I 613/WDW HZ KMKFHK
HQDEOHV WKH UHDOL]DWLRQ RI SDWWHUQV ZAMWKK QP L
VWDQGDUG '6% PHWKRGV ,Q WKH EUXVKHDERALXY DN LRI VV
REVHUYH VZHOOLQJ RI WKH EUXVK 7KLFKHIPHFWOL V HDLFAR X
RFFXUULQJ LQ WKH H[SRVHG DUHDV DRXWUXUWDXOW \P MWKR
GLUHFW WKH VHOI DVVHPEO\ IRU UHVHDUFK RBVDIRZWLHYV
SLWFK$ EOREN FRSRO\PHUV @R OFEHHNSDNFHEDWWHUQV
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3.1 Introduction
,Q WKLV FKDSWHU ZH UHSRUW RQ WHKHORZHFRNW KMKSUF
VFDQQLQJ SUREH OLWKRJUDSK\ W 63/ SIRVUWWHKH ¥ U HD \W DR (
VKRZQ WKDW W 63/ > @ FDQ EHPXVH& \§ B WWWEHIULEYD W HOV XK H
SULQFLSOH LQ W 63/ UHOLHVY RQ WKH UHVRDWWUWN RHDWLQ
f& KHQ WKH KHDWHG WLS L% FEOMRXKWW DLEGBRVAR QGAHD
OD\HU > @ WKH SRO\PHU HYDSRUDBSSHWY IDQ VRIQ MPH\® U H_ |
GHSRO\PHUL]LQJ PDWHULDO ZLWK D GHFRPSRV®WLRQ WH
KHDWLQJ WKH WLS WR D WHPSHUDWXUH FRQWLRHUDEO
WHPSHUDWXUH SRO\PHU HYDSRUDWLRQ LVWULRRPRWRBVZL\
VHHIXUH 7®OH PDLQ SDWWHUQLQJ SD U D RWKWMHW VS DU WDKFH-
FRWDFW GXUDWLRQ DQG FRQWDFW IRUFH > BHU7KDQNV
HYDSRUDWLRQ WKH SDWWHUQTRQXDW BMIHQ YHOREQ WW H D V¥
ZKLFK PHDQV D WKURXJKSXW FHUXBRWRER > @ $QRWKHU L
DSSOLFDWLRQ RI W 63/ LV WKH 38U @F DAKIHRIG RV KH SADLVSWH-
SUHVVXUH LV XVHG WR PRGXODWH WKH ZULWLQJ GHSWK

,Q WKH H[SHULPHQWY SUHVHQWHG L QKWKXWI FKHD $F\W H P L FZH
PRGLILFDWLRQ WR GLUHFW WKH VHOI DVWHEONDRY EORI
&KHPRHSLWD[\ KDV EHHQ GHPRQVWUDWLG B F W@ QN RWEKHH VE
DVVHPEO\ RI EORFN FRSRO\PHUV DV ZHOO WDD/WWRQEH R/ X L'
DYRLG WKH IRUPDWLRQ RI GLVORFDWLRQV DQG GHIHFW!'
DWWUDFWLYH DUHDV ZLWK WKH QDWXUDO SLWHRKHRI WKH P
> @ ZLWK KLJK UHVROXWLRQ DQG KLJK DFFXUDF\

2QH ZD\ WR REWDLQ FKHPLFDO FRQWUD\DWP HV V¥ RE H KS/RKV H
OD\HU WR DQ R[\JHQ SODVPD WKURXJKRD OHWKRWUBDBKNF
PHWKRGV VXFK DV H EHDP OLWKRJUD KR>PWEHREURY K 0@\
DQG WKH R[\JHQ SODVPD SURPRWHV VW UXFWX ZDO ¥ KD Q/J -
WKH SODVPD PRGLILHG DUHDV DUH SUHIHUHDMM/OB\ ZHV
EHDP H[SRVXUH > @ DQG ORFDO DQRGLF R[DWHWLEQR /$2
FDSDEOH RI LQGXFLQJ D FKHPLFDO FRQWUD¥WHPQRPRKOH QI
FRQWUDVW LV GLUHFWO\ LQGXFHG E\ WKH EQXWKUDPWLRQ
7KH PDMRU GUDZEDFN Rl '89 EDVHG IDEULADWWRE RLJIKKHF
FRVW RI HTXLSPHQW UHTXLUHG DW WKH SIERG/XPD/MRQ WL
YHU\ GLIILFXOW WR REWEDRIR KHYR GHQPME@\JIXLGLQJI SDWV
OLWKRJUDSK\ ,Q FRQWUDVW WR OLJKW EHW KB GP/H &/K ROGRW
VXIIHU IURP FRQVWUDLQWY GXH WR GLIIUDFWLRQ HIIHFWV

,Q WKLV FKDSWHU ZH SUHVHQW RXU WY X\VRWAWU HB @HH UXQLLGL
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SDWWHUQV WKURXJK VHOHFWLYH H[SRY@BH RIRWMXHMH RHNIHKR &C
LV HYDOXDWHG LQ WHUPV RI SDW3B$H B RPSHDWRIEAWLRO DQG PI

Figure 3.1 Work-flow and overview of resul&): Scheme of t-SPL working principle. To wri
a pixel, the resistively heated AFM tip is pulled into contact with the PPacsuby an
electromechanically induced force F for several microsecdn)dthe workflow can be dividet
into six st@s from brush deposition to the final directed self-assenehlyAFM contact-mode
height image of a t-SPL guiding pattern in PPA correspondisteie 3) in the workflow schem
d): example of directed self-assembly of block copolymers on guiditigrns fabricated
according to the workflow presented in b). Images b) and c) of thiefltave been taken b
Matteo Lorenzoni.

3.2 Experimental Section

7KH RYHUDOO ZRUNIORZ WR DFKLHYH ORQJPUBPROH RUGHU!
PRGLILFDWLRQ LQGXFHG E\ R[\JHQ S®OWWPDKIRZ YXIEKELYLGHG

E7KH LQLWLDO VXEWNLODARIGLY DS GRSHGUHVLVWLYLW)\

QDWRMHHD\HU $IWHU FOHDQLYRSUR \QPBEBEFRRWBGIH L Q
SRO\PHU EUXVKRIIDMHHWQGH GHSRBBEMWHSD WKHQ QUG E\ W 63
DQG WKH UHVXOWLQJ SDWWHUQ LV WIHDR 8 HMADG $V R RFIDKD
FKHPLFDO PRGLILFDWLRQ LV LQWURGXFHGEL® WERVB DUHDV
WKH QRQ SDWWHUQHG330BDHUNVKW WHIPDY.PEQDQG WKH EORF
ILOP LV GHISRMUMWNGBGRZY D SDWWHUQ GHIQ@W&BRBNW 63/ RQ D
ILOP IDOGUKE GHSLFWV WKH UHVXOW RI D VHOI DVVHPEOHG E
WKH HQG RI WKH DQQHDOLQJ SURFHHEWD\ MM DKRIBP VBK MW FBKL UH F
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E 300 EORFN FRSRO\PHU LQGXFH Gl IENXW R H7 RXILGREBH DOVHVW/KH
WRSRJUDSKLF FRQWUDVW WKH LPDJH ZDVSWRRBQQNIWHU
E\ 2SODVPD HWFKLQJ 7KH SURFHWMRWQWHBE WKH WURIOHUWRZH
SDJHYV

3.2.1 Brush layer deposition
7ZR NLQGV RI SRO\PHU EUXVK OD\HERPWMHFRERG\PGHIS AR
VHOI DVVHPEO\ ZDV WR EH GLUHF®6G 3@ & IQRAKWHKIHQHE U XV

IUDFWLRQ RI NIOro3 ", DQGQPYW KKEGUR[\O WHUPLQDW
SRO\WWWAGHQHUXVK QPAHU VBro 3", DUH JUDIWHG WR WK

VXEVWUDWH 7R REWDLQ WKHVH OD\HUSUR S\OM QR BRRGE R
PHWK\O HW K B ($F H\Y DA®B/H F0I0 ® Q GV R X QQFD3IB2 +R |

VSLQ FRDWHG DW USP IRU V DQG VYREVHAXMQWKGI\QD Q
WKH VDPSOH L3#0[BQX\OHMUDYRIQLF EDWK IRU PLQ DQG DI
DFHWRQ@®RSURS\O TKRNRWREBDWPHQW DVVXUHV WKH UHPR!
PDWHULDO IURP WKH VDPSOH 7KH URXJRQ@HVV+R| WKM JULC
7KB6U 300EUXVK OD\HU LV V\QWKHVIHGEEXYENGPH D KO
EHHQ SXUFKDVHG IURP 3RO\PHU BRXUFH

3.2.2 PPAdeposition

7KH QP WKLFN W 63/ UHVLVW OD\HRI LV BWSRVLWHG E
GLVVROPYHEKRQEBP@IHQHUSP IRU vV $ V VSI@$FRDWLQJ
VROXWLRQ DW USP OHDGYV WR D ILOP RMKWKMQER® RI
XQLIRUPLWASO IRHW KRBEWRBSBOFIDQ EH IRXQG LQ WKH GLVFX

Figure 3.2 Patterning test with t-SPL to determine the process conditions. An afrggn
vertical short lines is patterned into tfRPA layer in order to determine the optimum wvritir
conditions individually for each tip.
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3.2.3 t-SPL patterning

7R WDNH DGYDQWDJH RI WKH KLJK UHVROXSHWR ¥ KIDWSWHU Q
VLOWBIRZQ WK D QRPLQDO DSH[ UDGLXV RI QP 2MWWWHXQVHG 7KI
DORQJ WKH IDVW VFDQ GLUHFWLRQ DW DGNLS 7ZRHDWKU WHPS
DSSO\LQJ EHWZHHQ Ql DQG Ql IRUESH VBWE VY QRII WHV W
FRYHULQJ WKLV SDUDPHWHWU HE HVOKBU L ¥ DOVHEH B W H@GI LRY D OLQH
ZDV LPPHGLDWHO\ LPDJHG LQ FRQWDFW PRGBIJLIKHLVRPELQD!
WKH SULQFLSOH RI FORVHG ORRS OLWKRJIHIX®KW R HR B Ud F W
WKH OLWKRJUDSK\ FRQGLWLRQV GXUIH® LPKHQUUWVRD SWRR
HDRAULWWHQ OLQH FRUUHVSRQGYV WR HLIKWWHDGHK®L DL QH \
IDEULFDWLRQ LV SRVVLEOH EHFDXVH WKW MWL R K HKTHOLW HGJ | |
SKDVH FRUUHVSRQGY WR WKH WKHUPLCQ WLIPHS PRIQVIWD W R
63/ SDWWHUQUNUBYHQ LQ

3.2.4 PPAtrim and brush activation

$Q R[\JHQ SODVPD H[SRVXUH VWHS 338 XIW\HHE& I R/ AWKHKEW QVHV B
Rl WKH SDWWHUQHG OLQHY DQG WR DFWLYMHWQHSOYEBEHWPODQYHLO
DW PEDU DQG cIRU V3ERH BIQEWXRIKQ D@IGH QWEW

PL[WXUH : SRZHU DQG P BNWHWRUHQRIWMPREDRVKH WKH

3.2.5 Removal oPPArests

$IWHU IXQFWLRQDOL]DBWERQHPRMHEGHED IAQAISBLQJ WKH VDPSO
F\FORKH[PDWRHRU V 7KHLRSKORKBMHIEIROQHRP 6LJPD $OGULF
XVHG DV UHFHLYHG

3.2.6 Directed self-assembly

7ZR GLIIHUHQW EORFN FRSRO\PHU P DIWWMLOL\DIOW BBRHWXNLIFG L Q
E S00$FRSRODPHU N¥%hroD QG Npro3', ZDV GHSRVLWHG E\
VSLQ FRDWLQJ DW USP IRU BHUYRP7TEKH SRW\PHROXMWQRQ
DVVHPEOHG LQ VWUXFWXBHWFELWKOI DVVHPEO\ LV LQGXF
DQQ@HDOLQJ VWHS DW f& IRU PLQ RQHD KRK ISHOWDDVONV L Q JI
ILOP WKLVNQRVYRU WKH VHFRQG PDWHULDO D V QP WKLFN
GHSRVLWHG IURP D ZGE BROSSRIORBH B | DVtro

0 Nbro3', UHVXOWLQJ UQ D RAMEFWKYPHVRIULDOV DU
VSLQ FRDWHG DQG DQQHDOHG XQGHU WKH VIEHVAMRQGBELWLRQ
RV QP SLWFK VLIHLIH VKBRRRQVKQEORFN FRSRO\PHU PDWHL
SURYLGHG E\ $SUNHPD

3.2.7 Characterization
7KH VDPSOHV XQGHUJR DQ DQDO\WLYVY DHWHOWMBULQVWHKEYV 7
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FKDSI/WIW) WDNHQ LQ $)0' WHRIMLRQP,RKED 1DQRMEBSH 9 %
ZLWK D VFDQQLQJ HOHFWIBRQ % LEIRKARIFHZ I8 (BVH WKH ,Q
GHWHFWRU 7KH LPDJHV RI WKH W 63/ S D WRMHNIRAWDRIRIGW D |
'6[0 > @ LV XVHG WR SURFHVV VRPH RI WKH LPDJHV

3.3 Results

7KH PLQLPXP DFKLHYDEOH VWUXFWXUH VLIJHRFHWUB3RIGHS
WKH WLS %HFDXVH WKH WLS LV FRQLFDQ®K VKMNIHP HION

WK3IIPOD\HUV WR SXVK WKH UHVROXWLRQ RIWRKMW KMHRK QL
33%30D\HUV KDV D UHVROXWLRQ OLPLWU®U B | IHFWHEH PDX V|
ZLOO DOVR EH UHPRYHG E\ WKH FRQEZBDW®W LXBIS @ H SSDKJ WVRO |
WKDQ WKH WLS UDGLXV 7KLV LQGLFDWHYV WKDLWQUW ODU.
GHWHUPLQHG E\ WKH RSHQLQJ DQJOH RI WK H FRQILFDO O\
WKH DSH[ DQG WKXV QRW GLUHFWO\ EDWK MW KH GHIAR @ K W
DW VPDOO ZULWLQJ GHSWKV LV GHWHUPLQHG E\ WKH UDG

Figure 3.3 t-SPL patternsa): A scheme of the t-SPL tip geometry. The nominal tip radius
nm. The minimum achievable lateral resolution for two different writing degtihhm and 5.5
nm, is indicated by the dashed red lin®s Patterns written ifPPA Overall pattern with slight
onset of a dewetting effedtlPA on brush. Z-range is 5 nn); Highly uniform pattern with 10
nm lines at 46.8 nm pitch in a close-up of the area indicatédebwhite box in b). Z-range is
nm.

S5HVXOWV RI W 63/ SDWW HIB®0QIHRI DU H L\IRFRIAE LR G
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ILIXUHF 7KH SDWWHUQLQJ VWHS ZDV GRQH DW D FRQWDFW ||
ZHUH ZULWWHQ SDUDOOHO WR WKH IDVW VFDQVGLHIW FWLRQ
WR 72& IRU D VLQJOH VFDQ OLQH 7KHIXWUGB/ FRRAWDFW PRG
D SDWWHUQHG WKEBW RDV BEHHQ ZULWWHQ ZLWR.]DQ DYHUDJH
7TKH WRWDO WLPH UHTXLUHG IRU SDWWHWXK. QJUMHYR A RN I1RQJ
R QP OLQH ZLGWK LV DFKLHYHG 7KLV UHZPWDWMNIDEIOH UHV
VKDOORZ SDWWHUQV RI RQO\ QP GHSWKL M DUNH.\DR ODXGWLERQ@W |
RI' W 63/ IRU SDWWHUQLQJ 7KH SDWWRMRQ IKWBKVLV QP
WKH SLWFK RI WKH EORFN FRSRO\PHU ,Q FR@KHIUHQFH WK

LV GHILQHG DV WKH UDWLR RI WKH SHULRRE RIKWKBORKXINGLQJ
FRSRO\PHU $V WKH SDWWHBIBVLDBPHWKKFN QR ¥ MU WWHD Q RIDKIPIH
LV QRW XQYHLOHG 7KH DEVHQFH RI SLOHW WKI$QP D WHHIV. 30 R
WKDW3INK8P KDV LQGHHG EHHQ UHPRYHG E\ HYDFSRUDWLRQ C
7KLV REVHUYDWLRQ OHDGYV WR WKH FRQFOXVILRQHWMION D W
KLIJK IRU WKH SDWWHUQLQJ SURFHVV

Figure 3.4 Documentation of workflow by the mean of AFM imaggsAFM height image
after t-SPL patterningd): AFM height image after residuBPAremoval, showing the chemici
guiding stripes on the polymer brush. c): AFM height image of alidrieck copolymer or
guiding pattern depicted in bjl): AFM phase image of the same area as depicted &):.AFM
height image after removing the PMMA block by the mean of oxplgema.f): Comparative
study of profiles (top to bottom) along the dashed black linesatetl in a), b) and e)
respectively. The patterned lines in (1) are recessed, whereas aftgneglasma exposure
they are elevated (2). A density multiplication takes place from (2) to (3).

JLQH WXQLQJ RI WKH SODVPD H[SRVXUHRSWRPIBWYFIKWH FUKXPFQD
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JXLGLQJ SDWWHUQ ORUHRYHU WKH SURRHVYHRZ$G&DWLR G
OD\HU LQ WKH SDWWHUQHG OLQHV F®I$EH HIHPRRYW &HZ D\ E
SDWWHUQHG DUHDV DQG ZLWKRXW UHPRWYILQJI WK BN XNE
SODVPD H[SRVXUH WK3BSOHPBUQLQ WKHQPDWWHUQHG DUHD
DFFXUDWHO\ ZKHUHDV WESB$OD\GIR W& LWKHS QROQVE QW W H U G
QRW EH HWFKHG DZD\ HQWLUHO\ WR PDNH VUOUMK WWCDNAA W K
SODFH H[FOXVLYHO\ L\ MXKHED@ESFRPSEGHDWKEB SDWWHUQ
DQG DIWHU R[\JHQ SODVPD DFWLYDWLRQ 7kK3VDWRIDVKHOH
HGJH Rl WKH SDWWHUQHG DUHD VR WKDW ZHWRQRRPSD !
XQSDWWHUQHG DUHD $IWH B3 K+ H FSPRWD B UR) WKRZ M HV K & |
DQG UHJXODU OL§HHY B eBIW BV R1 WKH EUXVK DQQHE
QHXVWBBD@BO0$EUXVK OD\HU LV JUDIWHG RQWR WKH VLOL
F\FORKH[®IQRIAKWI VWHS WR UHBBPFGRHW KRR WHPIDHBWQUKH LQ
WKH EUXVK OD\HU ,QWHUHVWLQJO\ BN B HYSRXN G \DSIH
DSSHDU VOLJKWO\ HOHYDWHG LQ KHLJKW ZKM IG I HY/SHIG AH
LQ KHLJKW LV DERXW QP

JLIXUHF VKRZV DQ $)0 KHLJKW LPDJH RI WKH UHVXOWLQJ
LPPHGLDWHO\ DIWHU VHOI DVVHPEO\ $V LONPIHW GSLD WL WX@Q\@
LQ $)0 KHLJKW LPDJHV ZH DOVR SUHYXQ® $)Q SIODS/KDVH L
LPDJLQSVKWONR DFTXLUH D KLJKHU FRQWUDVW LPDJH RI
FRSRO\PHURG\HWUS L&VHIW VDPSOH WRSRJUDSK\ 7R HQKDQFH
EORFN FRSRO\PHU $)0 LPDJH D EULHI R[\JID®& SODVPAD WUFH
DSSOLHG 7KLV OHDGV WR D WRSRJUDSK\ WRGWIDR/KV UDHMH
RBOO$ LY ODUJHU 38KDQ @KDRURWKLY UHDVRQ WKH UHFHVV
WR00$ EORFNV 7KH UHVXOW RI WKLM SURFAHYY $YWHS LV G
LPDJHV SUHVIQMEG EQHIQIBY H WK HDWIBFAHD OH VR WKDW WK H
GLUHFWO\ FRPSDUDEOH DQG WKH FREARBWHR| MAYK G PYAD W T
VHOI DVVHPEOHG SDWWHUQ LV FOHDUO\ GWQ&HU WKDQ W
LV LOOXVWUDWHG LQ WIKH XSUHD L GE9BDH RVQD AW H GG DMKFH G C
LQGLFDWWK®H Q

7KH 6(0 LPDJHV SIUBXUYEIWDHEERQWULEXWH WR D EHWWHU
RI WKH PRUSKRORJ\ RI WKH VyHDX{UHDYVHKRE Y HGEKHSMDFEHNV X U F
SDWWHIXQYHM ,W H[KLELWY D ODUJH DUHD GHIHFW IUHH «
H[SODLQHG E\ :DQJ HW DO > @ D Q&BEVBIECBHWIIDXEW XU HWVK
ZLWK VXFK VPDOO GRPDLQ VL]HV VW LKHY H RMQKH WWAU R VID X (
QHLWKH3B QRUHSBOUH 7KLV FRXOG H[SODLQ WKH UHODWLY
URXJKQHVYV RI WKH VWUXFWXUHYV ZKUBBOSVEGRHK ©OD&JHU
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7KH DEVHQFH RI GHIHFWV SURYHV WKDW HRBEHQNXWBEOH J
ZLWK W 63/ $V VKRZQ E\ FRDUVH JUDIV}DG PDWYH FERM\ ¥ DFRX®
FRSRO\PHUV PD\ IRUP D ZHWWLQJ OD\HIHPHEQEBHQILEB R WKH5 L (
VWUHQJIJWK RI WKH DIILQLW\ EHWZHHQKWLKHZRR G GIIOHD & WXR K
8 VKDSHG FRQILIXUDWLRQ RI WKH EORFHN FRSRRSPHUNZ LQ

DSSHDUV WR VHOI DVVHPEOH LQWR YFHUOWWERDONRPPHIDEDH L
SDUDOOHO WR WKH JXLGLQJ VWULSHV ,LQRXUGBRWWHWQV ZF
SRLQWLQJ WR WKH H[LVWHQFH RI D ZHWW ISQW@H\WHQYV DKLH L
FRPPHQVXUDVDH) GLWKDW WKH DIILQLW\ VWUHQJWK RI WKH JX

Figure 3.5 SEM images of aligned block copolymer. (a) Defect-free aligne lslopolymers
on micrometre-scale patterned area with bB&and PMMA blocks present. (b) Comparis
of patterned area (right) and non-patterned area (left) shows the ic#uehthe chemica
guiding patterns on the self-assembly of the block copolymers. Bottoen on the right of the
image, the dimensions of the guiding pattern are indicated. SEM invegrestaken after
removal of the PMMA block by oxygen plasma.

JLIXUHE LV DQ LPDJH WDNHQ DW WKH HGJH RI WKH SDWWHUQ
WKH LPDJH WKH FKDUDFWHULVWLF ILQJHUSRQ®WDSDIWW HUQ
RUGHU LQ WKH QRQ SDWWHUQHG DUHD RI WEKMRNBPSOH C
FRSRO\PHU VHOI DVVHPEOHV LQ VWUDLJIKWI WHKN LPDOHOL QH
7KH SDWWHUQHG DQG WKH QRQ SDWWHUQH® DIUGNDV, EDQ EH
WKH SDWWHUQHG DUHD WKH EORFN FRSRGWPHUSDWOH DY VH
ZKHUHDV WKH DGMDFHQW JUDLQV QXFOHDMM LIREG]RBEI DV\
IURP RQH DUHD WR WKH RWKHU LV QD BURZQ B QIBWH ® MW MV K|
LQWHUIDFH 7KH LQWHUIDFH FDQ DO VR E3HH QN LFAURI GG W R BW \
LQ FORVH YLFLQLW\ Rl WKH JUDLQ ERXQI®HHUNL QRIGFINKV D (
ODUJH JXLGLQJ SDWWHUQ VWUHQJIJWK WKHQHWHKH JUSG.ID AW\
M7 > @
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3.4 Discussion

3.4.1 Guiding stripe dimensions

/HW XV QRZ IRFXV RQ WKH DQDO\VLYV) IRJIVWK H i KFHRAPLSFIDUOH J WX
GLPHQVLRQV RI WKH W 63/ SDWWHUQVAHMKK @W RV M BD @AKIH
WR WKH EUXVK OD\HU $ VLQJOH OLIQX SHDRVLGHSRIFWKB &R
WKH WRSIBEDQHO 7’KIH UHDVRQ ZK\ WKH H[SRVHG OLQHV DUI
GLVFXVVHG EHORZ 7KH PHIDA) WKGCIWYXWINMNQGDUGQ@HYLDWLR
7KH PHDQ ZLGWK RI WKH OLQHV WUD @GV SHIRUBHGKWIKR) WKH EU
G LN QP ZLWK D VWDQGDUG QGPMIDWEBRILOH LV SDUW
SURILOH LQGLFDWHGIEJXWHKH S\DWAFH.® D WMEKHD WOQWKH QRPLQD
Rl WKH LPDJLQJ SUREH LV QP DQG WKWKBEIYBU@HHZDG®WHK
RYHUHVWLPDWHG E\ QP WLS FRQYROXWQRQHHZIHFWK 7
LYW rryu QP7KLV PHDQV WKDW WKH SODVPD DFWLYDWLRQ \
RI WKH VWUXFWXUHYVY 7KH JXLGUQZKIIF'WW N U® RRH UMHR/ S\RKH
YDOXH 7KHRUHWLFDO FRQVLGHUDWLRQYDWHNYHDQ@ WYWKDMQ I
WKH RSWLPDO JXLGLQJ SDWWHUQ ZL GIWZK. GRVWUSVIRKIWKSID W W H
GRPDLQ WR PLQLPL]JH WKH HQHUJ\ SHQDDWW H Q ®XHH BEHBNX AW
WKH WZR EORFNV > @

3.4.2 Pattern functionalization

1RZ ZH GLVFXVV WKH HIIHFW WKDW OHIDHISRVR GVRHQHA\H OC
WKH EUXYKIXDMHMKRZY DQ $)0 KHLJKW L RDVHEKIDV KIDW W H |
EHHQ H[SRVHG WR R[\JHQ SODVPD IRU H WKDWPWWKKUW LLRL
HITHFW WKDW OHDGYV WR WKH VZHOOLGJIJWRUIPWKH BEHIRVK O\
PDWHULDO UHPRYDO SURFHV$ZHDM GIW WALKCHD M MVEKW R DEH |
7DNLQJ LQWR FRQVLGHUDWLRQ WKDW WKH @WHWL B RWXTHXG V
H[SRVXUH WLPH LV UHGXFHG WR vV I ZHWDONWHR/ WDNF
DSSUR[LPDWHO\ V WR HWFK WKURBRXIK OVPKHVKH QR | IRFWIH
H[SRVXUH WLPH RI WKH ILOP WR WKH FFIOD ¥PIDHLSYODLWYHTKE
WKH DGGLWLRQ RI XQVSHERQIWKHKGHYWRRPG DD UHBRX > @
FKDUDFWHULVWLFV RI WKHVH IXQFWLRQDOLKNGUBDMNB UV L\
JURXSY 7KH QKBHEHRY WRKH XSSHUPRVW SRO\PHU OD\HU KEC
LQFUHDVH DQG H[KREWWIXR PAR SHH FDUERQ DWRPV LQ
SODVPD HPSKRVXIRODBRQWDLQLQJ JURXSYVY PD\ EH WKH UH
IXQFWLRQDOL]DWLRQ RI WKH EUXVK DQG WKGDRE YHRX F\G
RQ WKH VXUIDFH FDQ H[SODLQ WK} CsWwW @DEFMADNKYBVYV RI
PHWKDFOMGBDPRMDRPHUY DUH VOLJKWOURRKR@RIPSEIRODU WKDQ

(IWHQGLQJ WKH HIITHFWLYH H[SRVXUH WWRH HISRN B 8D \QM
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DUH RQ D ORZHU KHLJKW OHYHO WKDQ WEKBOSHWWFWK L Q& FEIUW K|
EUXVIKIXUW 7KH VLQJOH OLQH SWIKILE Y IGRAL RWKHIGUIHF HVV R
WKH H[SRVHG DUHDV :H FRQFOXGH WKDW ®OUMIBUIWRKSVQ LWL
D GHJUDGDWLRQ SURFHVV RI WKH SRO\PBIW XE DWMHG/ ALWIXU W
R\JHKRQWDLQLQJ E\ SURGXFWV 3D I$WOFX\OWXIHIHW KHRPUR P D
GHJUDGDWLRQ EHFDXVH RI LWV ODUJH FURWWVVWKBMRQ >
SRO\WWOBMBW LWV DURPDWLF ULQJY UHODWLYHO\ IDVW EHFL
PRQRPHU RQO\ WKURXJK D VLQJOH KDQER® ADMUEBRQWEHRQ G
FURVVOLQNLQJ WKDW OHDGV WR WK HQIRW PD\@L R® HR IS B D WHERQ
HWFKLQJ Rl WKH EUXVK FRXOG WKXV EH. 8 JYVONDMRRHD B\ WKH U
VSHFLHV ZKLFK UHQGHUV WKH VX3BIDKIFRKKHOLWNOQ\IDWMR X U\
WKH ZHWWLQJ RIOWEHYH@ PRDW E\

Figure 3.8 The nature of patterned lines after oxygen-plasma activedjoFM height image
of an overexposed patterh): height profile averaged over the box indicated by the das
white line in @) shows that the lines in the overexposed pattemeeessed with respect to tt
pristine brush layer,c): behaviour of block copolymers on an over-etched pattern.
morphology changes from vertical to horizontal lamellae.

7KH UHVXOWLQJ EHKDYLRXU RI WKH GHSRWLWKRZEORFN FRS
ILJXUF ,QFUHDR[\QSSWIPONPD H[SRVXUH WLPH FRQVHTXHQWO\
RI WKH VHOI DVVHPEO\ PRUSKRORJ\ IURP YHHW LKADLO KOD PH O O
Rl WKH YHUWLFDOO\ RULHQWHG DUHD LQFUHD¥BQ EHFDXVH
RQO\ VHOI DVVHPEOH IGQZILMEKP QVRDBNQHY¥WHNVKH EORFN

FRSRO\PHU ILOP WKLFNQHVV LQLWLDOO\ GIH8RYDW FHG& W FKV O L
/ QMVKH GLIIHUHQFH LQ KHLJKW RULJLQBWHWH® WKLV F
WKDW WKH LQFUHDVHG HWFKLQJ WLPH HQODUJHV WKH ZLGW

3.4.3 PPAdewetting
$V GLVEXVVHG LQ WRHJPEDDRVWBH [IVFWILKBDWLRQ VWHS LV FU
SHUIRUPDQFH RI WKH FKHPLFDO JXLGLQJNSDWWHHQV +RZHY
D UHYHDOV D FHUWD L Q3BRHR\MHRI HQUHHIDNV\ D RSYBEH. QP ZKLFK W
VHHPV WR XQGHUJR D SURFHVV VLPLOMDXWKD GOI\ZBWW LRFF XU
ZKHQ GHSTB$RWLQIFRESOHY ZH FRPSDUMHGSWPHREMKDYLRXU |
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DQG RQ WKH QHXWUDO UDQGRP FRSR)®\RHUJKWXVRDABEW DU
GHSLFWHEUHPDQE UHVSHFWKXUHDVKRZBMDLOP GHSRVLWHG
RQ D EUXVK OD\HU DV XVHG LQ RXU H[B$QH PADYWKH D @/ DE G
7& IRU  V WR HQKDQFH WKH PRELWRWFRH /Kb DS\R-D \SPR-M
GHZHWWLQJ HIIHFWV 7KLV WHPSHUDWXUH UWH Z8$0 0 EHOR?
7&300% 7& B®G 7& 7KH GHSWK RI WKH KROHV FRI
WKLFNQHY¥BHSRM.WHG ,Q FRQWUDVW WR WKDW WKHUK
33$ZKHQ LW LV G L UHFON®RIBBXIER QWR

Figure 3.7:_Comparison of the PPA thin-film morphologies on two differdrstates. (a) PPA
deposited ont®Sr-PMMA, (b) PPAdeposition directly onto silicon.

7KHUHIRUH ZH FRQFOXGH WKDW WKH GH Zi WWHIQQIL RQ LJL
EHWZHHQ WKH EUXBE SDWHR XDIKGWKKHKROHY ZHUH WUDQV
DQG OHG WR D FKDQJHG VHOI DVVHPEO\ RPRERKQDRWHB F R
SUHYHQW WKLV SUREOHP :H GLG QRW H[SHSR\HQFIHQ B RPISHD
333 0D\HU RQ WRS RI D KS®RORY\OEWKYH LEERW H G K H
GUDZEDFN RI WKLV EUXVK FKHPLVWRR MWK H B DMWHHIU QUKD W
SRO\PHU GRHV QRW VHOI DVVHPEOH LQWRHD WQGLUBIULQ
SDWWHUQV WR GLUHFW W6éH EORVK WEBRGRMEN X \RKQ D

3.5 Conclusions

‘H KDYH GHPRQVWUDWHG WKH GLUHFWHG YHO\N VPDIOBEO\
GRPDLQ VL]HV LQ D FKHPRHSLWD[\ SURFMKRGKVRIQ F WH®3N L
WKH JXLGLQJ SDWWHUQV :H KDYH VKRZQ DMWWULQW URUSF
DOLJQLQJ WKH VHOI DVVHPEOHG EORFN BRERSRIO\PRBV ZLW
7KLY UHVXOW LV SRVVLEOH WKDQNV WVHFEW\KHQAAKBYHQW D

‘H KDYH GHPRQVWUDWHGQWAH HDEKHPDRMOL®R QXRIGLQJ SDWW
PHUHO\ QP WKLFN UHVLVW PDVN )R W WH H BEXWIIRLEHB K DX
GHYHORSHG D GHPDQGLQJ EXW UHSURGXFIHE ®B YHWFKLQ
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REVHUYHG WKH VZHO®6) 3 RIEW KM KD BWIHWD WKRGQIHESRVHG WR
SODVPD IRU IHZ VHFRQGV ZKLFK LV DWVWWILHRQDHGIWRXVBNKH L
/IRQJHU H[SRVXUH WLPHY OHDG WR WKHWHBRRYD QLBH® EQDFN
RI WKH H[SRVHG DUHDV

‘H FRQFOXGH WKDW EUXVK OD\HU IXQFWRROQHSDIDIWRCLRQ LV F
DFWLYDWLRQ :H KDYH DOVR VKRZQ WKDW Z2BWWDRUQDEORU V
YDU\LQR[WKIEDDVPD H[SRVXUH WLPH

%DVHG RQ WKH UHVXOWY SUHVHQWHG LQ WIOMWHYDQDWWAL YAH F
WR H EHDP OLWKRJUDSK\ IRU VWXGLHV WKDWDWHTXUQN ERW
7KH SURFHVV UHSUHVHQWY D JRRG RSWLRQFAFKWRWOQRIDEULF
UDGLDWLRQ RU H[SHQVLYH '89 LPPHUVLRQWHKIWERRWKRSKA DQ
FRPPRQO\ XVHG LQ GLUHFWHG VHOI DVVHPEO\
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Chapter 4:

Grain-boundary-induced
alignment of block copolymer
thin films

Abstract:

In this chapter we present and discuss the capalufitgrain boundaries between
horizontally and vertically assembled grains to align block copolymethgrirfilms. We
create these grain boundaries in a controlled manner and use them tdhdirself-
assembly of a 23.4 nm full-pitch lamelR&b-PMMA diblock copolymer.

We fabricate arrays of parallel fins making use of the directed self-assefmipigck
copolymers. For this, we trap an elongated grain of vertically aligned larbeliaeen
two grains of horizontally aligned lamellae which leads to the formafi®f° twist grain
boundariesAn energy minimization process makes the block copolymer domains com
off perpendicular to the grain boundary. The features maintain themtation on an
average length scale, which can be described byPtBeW H corBlddidrivength. As
the energy-minimizing feature is the grain boundary itself, the vaifithe manipulated
area (e.g. the horizontally aligned grain) does not represaitical process parameter.
In this chapter, grain-boundary-induced alignment is achieved bydtleamical removal
of the neutral brush layer via AFM. The concept is also confirmed by a nemsklEsam
direct writing process.
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4.1 Introduction

The shape of grain boundaries in block copolymers and the enérggiration process
associated to their formation has been studied quite extensively for htékiats, and
reported in excellent experimental [1] and theoed{2 5] works

Figure 4.1 Different types of twist grain boundaries and their corresponding inter-mat
dividing surface (IMDS). a)WZR JUDLQV RI ODPHOODU EORFN 4R
909; the grey areas of the inset represent the IMDS reconstructe8c¢hexk surface, b): twc
JUDLQV RI ODPHOODU EORFN FRSSP®@,\thdihnsst rxp@e&eht theDMI
reconstructed in a helicoid shape, c): two grains of lamellar bloglolyaners under a twis
angle of 90°, the grey areas of the inset represent the IMD&s®aoted in a Scherk surfac
d): (taken from ref[6]) scheme of a first Scherk surface representing the IMR2} of

Two relevant types of grain boundaries are the twist grain boursdavge hand (see
figure 4.7 and the tilt grain boundary on the other hand {ggee 4.2. As for lamellar
block copolymers, the grain boundary free energy is a functiotheofarea of the
intermaterial dividing surface (IMDS) and the stretching and the compres$ion o
molecules in the close vicinity of the grain boundary. The material ydtiak to reduce

the area of the IMDS by stretching and compressing adjacent chains.

For twist angles.  15°we observe two different reconstruction moduli, which are called
helicoid interphase and Scherk first surface [3,5]. The two morpieslagexist for low
angles because of their similar grain boundary energiedigsge 4.1 a)andb)). The
major difference between tbetwo morphologies is the shape of the IMDS. There is no
major reconstruction mechanism in the formation of helicoid grain tzoiesd(see shape
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of the respective IMDS in inset 6if. 4.1.b). In the second case, the first Scherk surface,
the IMDS is reconstructed to a distorted chess board pattern, as excellently described
ref. [2]. The IMDS in these structures can be mathematically desa#zedirst Scherk
surface, which forms part of the family of minimal surfaces ThE insets ofigures 4.1

a) andc) represent a scheme of the situation inside the grain bourtkneg;,. white and
black areas represent A-A-block interfaces anB-Block interfaces, respectively. The
actual IMDS is represented by the grey areas, which represd@usidck interfaces. The
reconstruction of twist grain boundaries in first Scherk surfaces has dixsenved
experimentally [1,8]For better understanding, we have plotted a scheme of a first Scherk
surface as it occurs in 90° twist grain boundariefigure 4.1 d) For large twist angles

(. M ¥ the formation of first Scherk surfacés energetically favorable when
compared to helicoid grain boundaries. This is at one hand becausdi¢hi lggain
boundary massively compresses the lamellae (and therefore the chains® antzes.

On the other hand, the first Scherk surface is by definition a mirsondace that
minimizes the IMDS at large twist angles of 90°

Figure 4.2 Overview of tilt grain boundary morphologies): two grains of lamellar block
copolymer tilted under an angle well below 90°, b): two grainkuwiellar block copolymer
tilted under an angle of 90°, c2D-scheme of the IMDS of a lailt-angle chevron grain
boundary, d)2D-scheme of the IMDS of an omega grain boundarn2®@)scheme of the IMDS
of a pure T-junction as observed in 90° tilt grain boundaries.

Tilt grain boundaries represent another grain boundary family comnutrsigrved in
bulk block copolymer samples. Schemes of two grains under &liamgle << 902
and under a tilt angle are represented figure 4.2a) andb). Low angle tilt grain
boundaries are sub-divided in so-called chevron tilt grain boundarieswaegh tilt grain
boundaries. While the chevron tilt grain boundary is rather prominentvdili@ngles,
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the omega grain boundary tends to be the result of energy minimizdtiangertilt
angles [4]. As we can tell from the two sketches depictdayime 4.2 ¢ andd), both
morphologies are similar in appearance. The sequence of the omega-danger
semicylinder caps [4] in omega tilt grain boundaries efficiently minimibesgrain
boundary energy at higher angles. When the tilt angle increasesnewenand
approaches 90° (sfigure 4.2 b), the most efficient manner to minimize the free energy
of the system is to interrupt the continuity of one of the speciesemmdanize them in
semicylinder caps as shownfigure 4.2 e)

90° tilt and 90° twist grain boundary structuiessketched ifigure 4.1 cyandfigure 4.2
b), may form in block copolymer thin films, when a vertically oriengedin is adjacent
to a horizontally oriented grain. This situation may occur wherevesutface energy
changes abruptly from a neutral surface to a highly preferentially wettedeuT aking
into consideration that the block copolymer features on neutral surfacepragbt u
standing lamellae, the only two structures that may be formed ingsaichboundaries
are the 90Q° tilt grain boundary and the 90° twist grain boundargf.lf9] the authors
argue that the free energy of 90° twist grain boundaries is aroundf iaéf free energy
of 90° tilt grain boundaries, which heavily benefits the formationtvast grain
boundaries. This calculation is moreover supported by the fact that B@°grain
boundaries, and the resulting tendency to form Sch&ftk | L UV WMDS§UarD &l$o
observed in the terraced self-assembly horizontally aligned block copyon
preferentially wetting substrates [10].

The few existing works on 90° twist grain boundaries in relatitn block copolymer
thin films include, for example, experiments with two chemically pagtmplates [11]
where the grain boundaries have been observed parallel to the substrate,oftnd a s
graphoepitaxy approach, where 90° twist grain boundaries have besweabfor film
thicknesses significantly larger than the guiding pattern feaerighth[12]. Alignment
perpendicular to the grain boundary has recently also been observed as a iestastab
in the chemoepitaxial alignment of block copolymers [13] referred to bgutiers as
SVWLWFK PRIbt&EsRGR ih\fef. [14], the authors direct the self-as$gmmb
block copolymers by the creation of structures under the formatid@@0%tilt grain
boundaries. This effect has for example been evoked by mixing addpokymer with

a determined ratio of its constituent homopolymers and coupled withoetpitaxy used

to direct the material in device-oriented features [15]. Nevertheless, despisv of f
isolated examples, grain boundaries have not been considered as order-ifghioeg

in the directed self-assembly of block copolymers.

In this workwe trap one grain of vertically self-assembled block copolymers between
two elongated grains of horizontally aligned block copolymers. We u§8thwist grain



112 Experimental

boundaries on both sides of the trapped grain to direct the seiftblysof the block
copolymer in this area without the use of any further guiding patterns

Grain-boundary-induced alignment is an interesting complementary teehioiglirect
the self-assembly of block copolymers, because it represents a versdtibel noetlign
the material on lengths upits correlation length. The correlation lengthcharacterizes
the length range where the self-assembly of block copolymers caassfidly be
directed by grain-boundary-induced alignméhnts inversely proportional to the defect
density in the film [16] in fingerprint pattern. Due to the lack of qgdpatterns in a
stricter sense, grain-boundary-induced alignment does not increase thgraiassize
of the material, but rather orients the grains perpendicular to the foraiacbgundaries

4.2 Experimental

4.2.1 Substrate

The substrate are chips cut frorBiavafer. Native oxide is not removed. After cleaning
the substrate irsopropyl alcoholndacetonethe substrate undergoes an oxygen plasma
treatment for 600 s at 500 W.

4.2.2 Neutral brush layer fabrication

The neutral brush layer consists of grafslr-PMMA polymer chains (58 wt%'S 42
wt% PMMA, My=7.9%9, and polydispersity index 1.85) yielding a film thickness of 6.5
nm (seefigure 4.3a) panel (1). To deposit the neutral brush layer, 1.5 wt%P&r-
PMMA is dissolved iPGMEAand the solution is spin-coated to the silicon wafer for 30
s at 5000 rpm. To graft the molecules to the surface, the chip is anne2Bai°at in a
nitrogen atmosphere for 300 s. The non-grafted molecules are refgvetsing the
sample iAPGMEA.

4.2.3 Guiding pattern fabrication
In this work we use two different methods to fabricate the guidatigims.

The guiding pattern fabrication by AFM consists of removing the neutugh layer in

two elongated rectangular areas of 500 nm xP VHSDUDWH Gd Bth®raageV WD Q FH
of few hundreds of nanometers. The brush reah®vdone by mechanical AFM using

the contact mode of @imension Icon / NanoscopeAFM by Bruker. The tips used in

these experiment©T'ESPASktip with nominal spring constant 42,) have a nominal

apex radius of 7 nm in the unused state. We estimate the contact force foobled

deflection set-points to be between 0.21 D QG 1 The AFM height image shown

in figure 4.3b) shows the efficiency of the polymeric brush layer removal as a fanctio

of the contact forceThe contact force has been increased by 0.26or each segment
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of the spiral going from the inside to the outside. The fabrication oftituetures
presented in thishapterhave been conducted with nomineRQWDFW IRUFH RI
because this condition represents the minimum required force toe¢h@polymer film

down to the substrate. This step of the work-flow is depictéidume 4.3a), panel 2.a.

The second approach to fabricate the guiding patterns is based on tfieatimal of the
brush layer by direct e-beam exposure. The exposure hasdréammed in &RAITH 150
(TWO)electron lithography tool at a nominal beam diameter of 2 nm. We ekpes®f
Pin length and between 65 nm and 500 nm in width, separateetivwgen 500 nm

and 65 nm. This concept is sketchedidgire 4.3 a), panel 2,bwhere the electron beam
exposed area is depicted in light red. We follow the procedure explainedl {17],
where the neutral brush layesrexposedo an electron beam with 20 kV acceleration
voltage and a sample current of 330 pA. The exposureislasé ™/..2.

4.2.4 Block copolymer deposition

The diblock copolymer used in these experimentdPSb-PMMA consisting of 42 wt%
PS and 58 wt%PMMA. Upon self-assembly, this material forms 23.4 nm full-pitch
lamellar features. Its polydispersity indB©I is 1.1, and the molecular weight is 42.3
k9/mol. A 1.7 Wt% solution of the polymer iRGMEAIis deposited by spin coating for 30
s at 2500 rpm and subsequently annealed for 600 $\inaamosphere at 230 °C. This
process yields a film thickness of 24 nm in free surface.résdt of the self-assembly
process is sketched figure 4.3 a), panes.

Figure 4.3 Alignment principle and work-flow. a): work-flow to direct the self-agsg of

block copolymers by gimaboundary-induced alignmentb): force-dependence of th

mechanical brush removal while successively increasing the contact force.#6ml VZ.R5
1from the inside to the outside of the spiral.

4.2.5 Pattern transfer

The pattern transfer consists of two steps. At first, RMMA block is removed in a
selective dry etching step in Afcatel AMS 110 DECP RIE. We used etching conditions
similar to those previously successfully developed and usecetguthors of ref. [18]: a
gas mixture of 200 sccrAr and 10 sccn©, with at 200 W source power and 5 W
substrate power. The etch selectivityR8 with respect ta®MMA in this process is 1:3
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with PSbeing the more resistant material. The etching time for this stepsisk2i the
subsequen®i etching we use the same RIE tool with a plasma power of 1266dM
substrate power of 10 W for 12 s. The used gases are 3Gse@mnd 25 sccntiFs. We
employ an etch process in which both gases are injected in the reactiorechaabon-
pulsed fashion. For more information about these two pattern transéespes and more
detailed information about results they yield, refeaoaex 1of this thesis.

4.2.6 GISAXS analysis

GISAXS measurements of a representative sample have been conductedP@8 the
Micro- and Nanofocus X-Ray Scattering BeamBn®ETRA Illin Hamburg [19]. The
sample-detector distance was 5800 mm and the radiation wavelen@thronl The
incidence angle of the beam was 0.4°. The detector that has been usbhdsé
experiments is a PILATUS 300k pixel detector with a readout tith8 msand a pixel
VL]H RI P

Figure 4.4 Results of grain-boundary-induced alignment via AFM mechanical remaya
AFM height image of brush layer with two areas treated by m-AFM witmoshiayer, b) AFM
height image of DSA on area depicted in@),AFM phase image of bji): single line profile
along blue dashed line in a), (e) average height profile as itetichy the box in b).

4.3 Results

4.3.1 Fabrication and DSA via mechanical AFM (m-AFM)

For the first set of experiments we have removed the neutrdl latyer in areas of 500
nmx5 P Erheans of mechanical AFM. The width of those areas has been choken s
that the resulting structures to have a reasonable size for later characterizh@on
mechanical removal uncovers the underlying silicon substrate, whiatefergntially
wetted byPMMA. The preferential wetting of silicon l3MMA leads to the formation of
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horizontal lamellaeFor block copolymer film thicknesses in the rangelefthe top
material is thu#MMA, while the top-layer consists &S when the film thickness is in
the range ofl..5 Lo. In order to dissolve the pile-ups of removed random copolyhger
sample has undergorePGMEA rinsing step before taking the AFM height image in
figure 4.4 a) This procedure jfrowever, not usually part of the fabrication process. The
distanced of the two modified zones depictedfigure 4.4 a)is 300 nm. The result of the
directed self-assembly on these guiding patterns is depicted in an AFM maage
(figure 4.4 b) and phase imagé&dure 4.4 c). Profiles revealing the sample topography
perpendicular to the modified areas before and after the directed seffbhsstep are
presented irfigure 4.4 d)ande). The measured height step of approximately 7 nm
corresponds to the height of the random copolymer layer, which s éntirely
removed. The self-assembled block copolymer structures have aynetwlower
topography of around 2 nm. The block copolymer in the trapped gdats its thickness

to the height of the adjacent horizontally self-assembled grains.

4.3.2 Fabrication and DSA via e-beam direct exposure

The second studied caisethe surface modification by e-beam, where we make use of
the modification of the neutral brush layer due to interaction withgeldgparticles [17]

For relatively high exposure doses (2§6000 ¥..?), we observe that the exposed,
previously neutral, surface is now preferentially wetted RMMA which leads to
horizontal self-assembly. Results of self-assembly in the dirgoity of a 65 nm wide

line and a 65 nm wide pristine area are depicted ipdinels ajandb) of figure 4.5 The
orientation of the block copolymer perpendicular to the grain boundaypiained by

the energy minimization in the grain boundary and the formation oftv@6f grain
boundaries.

Figure 4.5 Results of grain-boundary-induced alignment obtained by ttiacgimodification
by e-beam direct writing. a): horizontal self-assembly on a 65 nm wide dij)ipeertical self-
assembly (e.g. grain-boundary-induced alignment) on stripes of differdths with a minimurr
of 65 nm.
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4.3.3 Pattern transfer

As depicted infigure 4.6, the pattern transfer process consists of two steps. After the
guiding pattern fabrication4(6 a) and the self-assemblyl.6. b), it is necessary to
remove thePMMA, so that the remaininBS part of the block copolymers matrix can
serve as an etch mask. This process step is displayigaiia 4.6. c)where the bright
lines correspond t®S features and the dark lines correspond to the voids created by
removedPMMA. The PMMA removal can effectively be done using various oxygen-
containing gas mixtures, suchA&g0O, or CHF3/O.. PS in turn, is relatively inert towards
oxygen-containing plasma etch processes, enabling an etch selectivity a&round

Secondly, we use the remainiRp template as an etch mask to transfer the defined
features into silicon. The result of the pattern transfer into silicon is dejmdigdre 4.6

d). A great advantage for the fabrication of devices with this technique ighihat
horizontally aligned block copolymers serve as an etch mask and precludentfieath

attack of Si in this area. If the process is conducted on a SOI wadse areas can
subsequently be contacted and used as electrical contacts, because the silicon below is
intact. This work-flow may represent a simple method for the fabricatiodense
nanowire arrays by grain-boundary-induced alignment, for theictlam of
nanoelectronic devices.

Figure 4.8 Micrographs of different fabrication stages in the pattern transfergssa): AFM
image of m-AFM treated area for gmaboundary-induced alignment)): DSA of block
copolymers on the presented guiding pattern, while the excergspannds to area surrounde
by dashed line in a)¢c): PS etch mask after selective removal of PMMA via RIE (8
corresponds to white dashed line in W), pattern transferred into silicon.

4.4 Discussion

4.4.1 Surface energy modification by A+M

As the surface energy modification of a polymeric brush layer bytdirbeam exposure
has been successfully done and reported elsewhere [17], in tiiis see will focus on
the surface energy modification induced by the m-AFM step.
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The analysis of the wetting behavior of a homopolymer blend consisfinidpe
components of the block copolymer can serve as a qualitative test forfdwe snergy
in micrometric areas [20,21Here, we use this technique to qualitatively understhad
surface energy by observing the behavior BE®MMA blend in the modified and in the
non-modified area. Phase separatioR8BndPMMA is induced by the annealing of the
film at 230 °C for few minutes. To be capable of distinguistimegtwo polymers more
easily in the SEM images, we subjected the sample to an 18 s oxggeragreatment
at 500 W source power. Due to the higher etch resistivigSfith respect t°MMA,
we expect the®MMA droplets to be recessed in height. The results are depicted in two
SEM images and two explanatory skegsim figure 4.7 Figure 4.7 a)shows the behavior
of the polymer blend in the close vicinity of a Px m stripes, where the neutral
brush layer has been removed by means of m-AFMigure 4.7 b)we observe a
behavioral difference of the polymer blend between the modified aretharptistine
area in more detail.

Figure 4.7: Qualitative analysis dPSPMMA blends on neutral surfaces and on surfa
modified by mAFM. a): Overview SEM image ¢fSPMMA blend in two modified area
(stripes) and their direct pristine vicinity covered with neutral brush layerclose-up of the
part of a)indicated by the light blue line, c): explanatory skef¢ch@architecture of the drople
sketched on the left side of b) before and after the oxygen ptesat@ent, d): explanatory
sketch of surface on the right side of image b)

The phase-separat®@&FPMMA droplet in the pristine area of the samplédure 4.7 b)

is sketched irfigure 4.7 c)and provides valuable insight in the behavior of polymer
blends on neutral surfaces. The slightly recessed part of the dropletpmnds to a
PMMA droplet inside &S droplet due to th®; plasma treatment. This indicates that
both polymers have very similar intectsenergies with respect to the neutral brush layer.
The surface energy 6fMMA (with respect to the air) is slightly higher than the one of
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PS[22], which justifies that theMMA droplet is inside thBSdroplet and not vice versa.
A similar behavior has been observed before [20,21]

In contrast, we do not observe these characteristic twin-droplets in the meadéses
This behavior is explained by a homogenous coverage of the sijd@NMA, because
the interface energy between the activated siliconPMMA is significantly lower than
between silicon anBS ThePSthus minimizes its surface energy through the formation
of droplets on top of theMMA layer. This concept is sketchedfigure 4.7 d).

This experiment demonstrates that the surface energy is efficiently moslifesdthe
neutral brush layer is removed by m-AFM.

4.4.2 Fixed-height self-assembly

Transferring the created block copolymer patterns into the underhirsyrate is a key
step that converts block copolymer lithography into a purposeful techrmue
semiconductor manufacturing. Here, the pattern transfer process is lpdyticu
challenging, becaugmolystyreneand poly(methyl methacrylateggre chemically similar.
Despite ofPSbeing chemically relatively inert, it does by far not show etch resistances
as large as an inorganic hard mask would do. This leads to fastweasknd requires
exact knowledge about the film thickness of the initial block copolymartél design a
successful pattern transfer process. Nanometric fluctuations of the dbpcikymer
thickness throughout the wafer / chip area due to microscopic impuoriti¢éser process-
related issues may lead to difficulties in the pattern transfer process.

Figure 4.8 Measuring the height step between substrate and horizontally aligne#d
copolymer lamellaea): AFM height image of prepared sample, b): single line profile irtdite
by white dashed line ia), ¢):3D sketch of the measurement presented id)apossible self-
assembly morphologies with height quantized to from 8B b.in steps of 0.54d
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The self-assembly of block copolymers between two grain boundargpgantized to
multiples of 0.5 k, because of the adjacent horizontally oriented gainEXD QWL]HG KHLJK
This concept is clarified ifigure 4.8 where we present a measurement of the block
copolymer height in the horizontally aligned (and previously modified). ditea block
copolymer has been removed by m-AFM in an area orthogonal to the longf dkes
modified area, and an AFM height image of one part of the samgépisted infigure

4.8 a) A single line AFM height profile is shown figure 4.8 b) The S U R | prédisq V
location and direction is indicated by the white dashed line both in the sketat thed
adual height image. The step heighB85 nm, which corresponds to 1.5(with Lo being
23.4 nm, as we have foundc¢hapter 3. Based on the knowledge that the silicon wafer
is preferentially wetted bR MMA, we conclude that the top layer musiH as sketched

in figure 4.8 c).

Figure 4.8 d)presents a sketch of four different self-assembly heights in at€ps Lo.

We would like to state at this point that the horizontally aligned areas will seifibalese

in a quantized state such that the film height in the horizontally aligned aleais an
integer multiple of 0.5 & Interestingly, we observe in all our experiments that the self-
assembly of block copolymers in the vertically aligned trapped graindat dbree
nanometers recessed with respect to the horizontally aligned grains. Tlete s
been observed by other authors in a similar experiment {23¢re the vertically
assembled block copolymer domain is few nanometers higher than tizenkelly
aligned domain.

4.4.3 Limits of grain-boundary-induced alignment

An important feature of the ordering of block copolymers via graiwmdary-induced
alignment is that this technique does not require the fabrication afterdgolution
guiding pattern as it is the case for chemoepitaxy and graphoepithis/.cdmes,
however, at the expense of the fact that the maximum alignment lisrghited by the
correlation length of the block copolymer. To estimate a reasonable maximum distance
d between the two horizontally aligned grains, we have to investigate thesggain
distribution of the block copolymer finger print after self-assembly.

In figure 49 we present an estimation of the block copolymer correlation length based on
the GISAXS pattern depicted figure 49 a), similar to the way it has already been
discussed elsewhere (sekapter 2Bof this thesis and refs. [24,25]Moreover, we
presentan analysis of the width of the first order grating truncation(@tR) infigure

4.9 b),and an SEM image indicating the estimated mean grain sfiggine 49 c).

It is well-known that block copolymer self-assembly is a process basedrain
nucleation and subsequent growth, also referred to as coarsenin@fi28hcterization
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techniques like small-angle X-ray scattering (SAXS), depolarized light scatterih&{DP
[27] and grazing-incidence small-angle X-ray scattering (GISAXS) [24tapable of
providing mean values [28] for the grain sizes in block copolymes €orrelation
length). Nevertheless, the provided value does not a priori contaimation about the
grain size distribution. The experimental analysis of the grain sthe iself-assembly of
horizontally aligned diblock copolymers by AFM has been demonstrated to be in
excellent agreement with a log-normal distribution function [29]:

Y . 5 ~ I B
BZual = UATDF 5 ——E @.1)

ZLWK 1 EHLQJ WKH JHRPHWULF VWDQG hast&d getphetridb WLRQ DQG
mean, equivalent to the mode diameter of the grain

Figure 4.9 Estimating the limits of the directed self-assembly by grain-boundargedd
alignmenta): GISAXS pattern of randomly assembled block copolymer feab)restimation
of the FWHM of the block copolymer GTR to estimate the mean correlatich leog the
samplec): SEM image of finger-print pattern with a circle representing the meain gize as
determined by the analysis of the GISAXS pattern.

The authors of ref. [29] suggest that the block copolymer grain sizieecdascribed by

a SmoluchowskFRDJXODWLRQ IXQFWLRQ IRU ZKLFK KHUH XVXDOO\
SDUWLFOH WUDMHFWRULHY DUH FRQWUROOHdsxvE\ %URZQLDQ
as determined by the GISAXS line width analysis corresponds to the mealatoon

length of all grains is in the thin film (in this case900 nm), we can estimate that the

grain size distributiorB H Jee pf our sample is:

.3 5 ~ Sl Rl 578y
WA e —re— = .
B:Z aLg/zﬁ Ul : 539 UATD 6Ba:589 E (42)

(plotted infigure 4.10a)) because in this way

® G x
Food “wo— L {rrJl @.3)
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Knowing the approximate grain size distribution of our block copolymé&ee surface
B:Z « & we can estimate the probability p [%], that a grain of the sample is sthatter
a determined value with:

Lieg; L srr%>’> 4.4)

Furthermore, we subdivide the particle distribution functiofigare 4.10a) in a red and

a blue area. The surface area of the red part divided by the total aresentp the
probability S o) that an areal unit forms part of a grain smaller tbal. v w J 1. In this
exemplified calculation usindormula (44), the probability for this event is 4.8 %.
Accordingly, 0.3 % of the total area is occupied by grains withiteeaf 300 nm and
merely 7x16° % of the area is occupied by grains smaller than 65 nm. The selfidgsem
in structures like the ones we fabricate in this work is by definitidy @onsidered to be
successful if there is no defect on the entire lehgfithe grain boundary.

Figure 410: Grain size analysis in block copolymer thin filrag. Grain size distribution for
WKH EORFN FRSRO\P H Weak@Q0Iruni): teb¥elhiith FeBultsRdY the probabili
of defect freeselDVVHPEO\ EHWZHHQ D P JUDLQ ERXQGDU
between the grains.

We can estimate the probabilitys of this event by estimating the probability that all the
grains along the grain boundary with the lenigtlre at least as large as the distathce
between the two grain boundaries, which is given by the term:

LsL L:gel @% (4.5)

In the table presented figure 4.10b) we present the probability to fabricaté=a P
long array without defects for three different lengthsl.ofhe values fod we worked
with in this table are process parameters used in this section. ticulaar we have
presented the grain boundary-induced alignment évitt800 nm irfigure 4.4fabricated

by m-AFM and d = 65 nm ifigure 4.5by e-beam direct writing and we observe no or
very few defects in these structuregust as predicted by the presented estimation. The
fact that aLlg: @ Lvw | ;yields less than 60 % indicates that the probability to find
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defects in such a structure is rather high. An example of a structurd wigbOnmis
depicted irfigure 4.11 a)and we observe the formation of defects.

Based on the presented analysis, the self-assembly of block copolgynesin-
boundary-induced alignment mainly depends on the correlation lengttthe block
copolymer (material paramejeand on the distance between the two horizontally
aligned grains and the lengttof the horizontally aligned grains (process parameters)
For this reason, it is important to understand the mechanisms of setitaly and defect-
annihilation in detail, which has already been subject to a numbeark${16,24,30,31].

The rate at which a block copolymer eliminates defects in the course s#ltrassembly
process is determined by the energy barrier that has to be overcorderito annihilate

the defect [32]. Here, a smaller energy barrier indicates a faster defectalemov
mechanism which is expressed by a higher degree of orderhitotihecopolymer. In ref.

[32] the authors demonstrate that the energy barrier for the defectaleisawersely
proportional toN. A direct consequence of that is that the correlation lengftblock
copolymers is larger for small-pitch materials (e.g. materials with s#@lThis means
that an inherent property of graoundary-induced alignment is the decreasing number
of defects for smaller-pitch materials.

Figure 411 Alternative structures fabricated by grain-boundary-induced alignmajt.
defective self-assembly due too large distance d between the twdbgrandaries b): self-
assembly of nanowire array based on grain-boundary-induced aliginie arbitrary figures
fabricated by mechanical AFM removal, d)/e): double-bar cross fabricatestiohanical AFM
removal and grain-boundary-induced alignment of block copalynietween the cros
branches.

The fabrication of patterns to direct the self-assembly of block copatytmegrain-
boundary-induced alignment by m-AFM is not limited to trapping orgesigrain, which
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has been the only structure that we have discussed until ndigute 4.11 b)-¢we
present alternative structures fabricated by grain-boundary-induced alignnemgssu
defect-free array of nanowires of 200 nm in length and a pit@b0fnm infigure 4.11

b). Infigure 4.11 c)we showanumber of geometric shapes that have been fabricated to
demonstrate the versatility of the technique. A doublé-QHG FURYV RPwith P
a line width of 500 nm and 250 nm spaces between the lines is depifitpded.11 d)
and4.11 e) The in-set opaneld) shows the Moiré pattern between the two branches of
the cross, which indicates the high order of the block copolymer wtittatually having
sufficient measurement points to resolve single block copolymer dorvoire patterns

are interference patterns [33] that occur when a periodic lattice (for exardpbcged
block copolymer pattern) is measured with an imaging techniqueewdampling step
size is below the step size of the lattice that is supposed to be measuredstEneenf

the Moiré pattern hence can be understood as a proof for the succetisfaligd self-
assembly of the block copolymers between the two branches ofab® To verify this
thesis, we show a close-up of the center of the fabricated créigsr@ 4.11 e)where

we doubtlessly see the directed self-assembly of block copolymsuscessful in each
one of the four trapped grains.

4.4.4 Grain-boundary-induced alignment with ternary blends

For the application of grain-boundary-induced alignment it could bedhleto achieve

an alignment mode that is not restricted by the correlation length of #iedadpolymer.

One way to do so is to influence the material is such a way that tleeguigdilly formed
grain boundary is a 90° tilt grain boundary (8gare 4.1. c) instead of a 90° twist grain
boundary (seéigure 4.2 b). This is the case when the vertical interface created by the
horizontally ordered block copolymés energetically more attractite one block than

for the othertsimilar to the energetic situation in graphoepitaxy.

Duque et al. [34] calculated the free energy in twist and tilt grain boundariagpure
diblock copolymer and a ternary blend containing 70 % diblock copolyniea &0 %
fraction of homopolymers. The calculation yields that 90° tilt grain taties have the
same ¢r in the concrete case of mixing in 30 % homopolymers an almosyitdgl2 %
lower) grain boundary free energy compared to the 90° twist graimdboy in case of
mixing in homopolymers. The 90° twist grain boundary hasuin, a clear energetic
advantage over the 90° tilt grain boundary in case of pure diblock copayoreover,
the absolute grain boundary free energy for the ternary blend is cetieewily to
approximately/s of the value for the pure block copolymer

We reproduced this experiment using a blend of the 23.4 nm pBdPMMA and
different amounts d?SandPMMA homopolymers with a molecular weight of 385,
with total accumulated homopolymer fractions between 0 % and 45 %. theal
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experiments the volume fraction BS homopolymer equals theMMA homopolymer
fraction. Results of the behavior of the ternary block copolymemipotgmer blend in
the vicinity of a grain boundary is presentedfigure 4.12 The annotation in the
respective SEM images figure 4.12refers to the accumulated homopolymer fraction,
which means thaf30 % HP” in figure 4.12 b)indicates that the ternary blend contains
15 %PS 15 %PMMA and 70 ¥PSb-PMMA

We observe two different effects caused by the increasing homogofsamtion. At one

hand, we observe a progressive swelling of the block copolymanrdeatiue to the

accumulation of homopolymer molecules in the center of the domain (leettésis the

place where the molecules can avoid the energetically unfavorable location diose to

IMDS). This effectisaccompQLHG E\ D GHFUHDVH RI WKH PDWHULDOTV

Figure 412: Grain boundary evolution as function of homopolymer contethigiternary blend.
a): 0 % homopolymer, b): 30 %, c): 45 %; tilt grain boundaries #m&lblue areas are marke
in red and twist grain boundaries are marked in blue.

On the other hand, we observe that the proportion of tilt grain boundiséssupon
increasing the homopolymer ratio. Those parts of the grain bouttggrgorrespond to
atilt grain boundary are red shaded, while twist grain boundaries are niatedsee
figure 4.13. As a general trend we can state, that the block copolymer is more likely to
form tilt grain boundaries at increasing homopolymer fractions. Blisavior is
explained by the reduction of the free energy difference betweendtgraim boundary
morphologies. The formation of tilt grain boundaries does, howevecpnetrt into the
energetically clearly favorable state. The proportion of tilt grain boundaridstwist
grain boundaries for the 45 % homopolymer sample is approximatedy, @gushown in
figure 4.12 c).This observation indicates that the energetic difference between the two
states is very low.

The desired situation is, however, only achieved if the formatientiéifgrain boundary
is energetically favorable for one particular block, but not for the otreer s effect
may be better understood when we consider ref. [35], where the suathegrve that
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addedPScoatedAu nanoparticles accumulate particularly in grain boundariegeTtne
nanoparticles minimize the A/B interface area of thie that casexPSh-PEO block
copolymer in favor of thé?Sblock The alignment of block copolymers via grain-
boundary-induced alignment parallel to the grain boundary can be dutdessase two
prerequisites are fulfilledi) the total homopolymer fraction in the blend is large enough
to lower the tilt grain boundary free energy significantly didthe ratio of the two
homopolymers in the blend is sufficiently asymmetric that the tilt graimdeny is
reduced significantly more for one block than for the other.

In ref. [36] the authors make use of asymmetric ternary blendsawittial of 40 %
homopolymers (e.g. 29 BMMA and 11 %P9 to provokethe formation of tilt grain
boundaries. The alignment of the block copolymers in that work, isVEvaccompanied
by the use of high-resolution chemical guiding patterns, which we belieule not be
necessary for sufficiently high-correlation-length blends. The effectahy worked
with a ternary blend could represent an explanation for unusual selfldgsem
morphology that is observed, but not further explained, in ref. [23

4.5 Conclusions

The directed self-assembly of block copolymers is possible eithehebygdntrolled
removal of an intermediate polymeric brush layer or its surface matitiin. We have
shown this concept using both a probe-based mechanical removabepmnd an
electron-beam direct writing approach.

The driving force of the self-assembly is an energy minimizatioogsin the grain
boundary between horizontally and vertically assembled block copolyiessspecific
grain boundary is referred to as 90° twist grain boundary, viheRSPMMA surface is
reduced to a first Scherk surface, which mathematically represents a nsuirfzae.
Because this approach lacks any kind of guiding pattern along tkesselibly direction,
the correlation length is the limiting factor for the self-assembly in grain-boundary-
induced alignment and deserves profound analysis. Understandingrémepers that
influence the correlation length of block copolymer thin films in dheealing step is
most likely to lead to an improved performance of block copolymerassémbly in
grain-boundary-induced alignment.

For this reason, grain-boundary-induced alignment may represent tiaulpaly

interesting alternative for early stage testing of new Hgbw-pitch block copolymers
with large correlation lengths. A recent report on the self-asseofildyb-5 nm liquid
crystals (with a remarkably high degree of intrinsic order) hawgstibat the alignment
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of very small features by means of graphoepitaxy may be pertbsbé&atrge guiding
pattern roughness [37]. Gnaboundary-induced alignment offers one possible solution
for upcoming challenges that may be encountered by graphoepitaxy a{sad
chemoepitaxy), which is the difficulty to provide reliable guiding pattesnsdry small
pitch self-assembling materials. Grain-boundary-induced alignment, in avwarsfthe
directed self-assembly of materials with small pitches due to their largdatimmn length
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Chapter 5:

Thermal imaging of block
copolymers with sub-10 nm
resolution

Abstract:

We present a probe-based thermal imaging technique capable of providih§ sui

lateral resolution. We demonstrate this resolution by resolving microphase sep&ated
b-PMMAblock copolymers with molecular weights ranging fromf%2, to 799/, that

self-assemble in structures with half-pitch widths between 11mil nm. At each

pixel location, a resistively heated tip is brought in contact with the sueiaddghe power

dissipated into the sample is quantified. The excellent lateral resolution oedenfed

technique is based on the use of very sharp resistively heated tips ev¥thadp of < 5

nm. We are capable of measuring the thermal transport into the saitfipéerasolution

R : 7KH GLIIHUHQFH LQ GtinedrHtReRSHEGmarHdD te WUDQV I+
measured block copolymers and BfdMA domain is in the range of 20.%he presented

technique represents an interesting way to image complex mixed polymezimsysgth

high resolution and a good material contrast based orGhd I HUHQFHYVY LQ WKH PD\
thermal conductivity.
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5.1 _Introduction

The impressive increasen device density in modern microprocessors has been
accompaniedby a notable increase in power density raising the need for efficient thermal
management on chips [1]. As the size of nano-devices decreases, ligfesttf-heating

play a limiting role in their design [2]. Great effort has been put into tatkiagnal
images of nanoscale hot spots [3] and ewéroperating nano-devices [4,5] with
impressive resultsThe referenced examples justify the importance of thermal properties
of materials and devices with the highest-possible resolution.

Thermal properties of samples can be measured by four [6] diffeeemerature-
dependent effects, namely thermovoltage [7], electrical resistance [8g<starrce [9]
and thermal expansion [10]

Besides their important role in the development of nano-patterning proce$skz) [1
heated AFM tips have found application in the study of thermal propertiesitefials
[13] and devices [4], because their small apexes are capable of pravtuiiy spatial
imaging resolution. The use of scanning probe microscopy tovarggtions in thermal
conductivity with high resolution has first been demonstrated in P92 One recent
application is the measurement of thermal transport into graphene astiarfwf the
layer-thickness [15]Many works on thermal high-resolution imaging of, for example
inorganic films [16],and ultra-high vacuum approaches [Bff restricted in their
resolution due to the size of the tip-sample contact area. Studies of th&atagion
temperature of polymers in thin films, especid$andPMMA [18] with probe sizes in
the micrometer-range have moreover led to interesting reduiesrmal AFM has
moreover been used as tool to measure heat transport propertiesnudmpiolgnds [19]
and single crystalline polymer fibers [20] considered for electronic pauka
applications.

The contactless analysis of nano-scale heat transport usually requires hitvadugm

and complicated computational modeling [21]. Studies of radiative heat transfer in th
extreme near field in very good agreement with theory have besarnted [22] albeit
lateral resolution has not been optimized rethischapterwe present a thermal imaging
technique that enables the measurement of power dissipated from a resistitetlytip

[23] into block copolymers through a nanomettiip-sample contact. This technique
acquires images with sub-10 nm resolution and a high surface #gnsithe measured
difference in dissipated energy between tpelystyrene and the poly(methyl
methacrylate)s in the range of 20 %, which is close to the difference that carpbeter
based on the heat conductivity values of the bulk material [24T2% presented
experiments are executed with the same tool and the same tips as the emperime
presented irchapter 3.Besides the excellent resolution, the technique allows us to
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thermal images at a rate of approximately' i Without the need to conduct the
experiment in ultra-high vacuum. We use self-assembled block copofiimer of
different pitches and orientations relative to the substrate to demonstrate thenexce
resolution of this techniquez KH P D WddntrallBdongnoscale feature sizes provide a
good metrology standard for testing the resolution of such imagétigod. Studying the
thermal properties of block copolymers with high resolution antd bantrast requires
both a good measurement sensitivity and a large signadise ratidoecausePMMA and
PSdomains are connected to each other by covalent bonds.

5.2 Experimental

5.1.1 Brush layer deposition

The interface free energy between the substrate and the block copolgmeraded by

a thin layer ofpolystyrene-random-poly(methyl methacrylatepolymer PSr-PMMA)

to promote vertically oriented lamellae in the block copolymers, ard/droxyl-
terminated polystyrenpolymer PSOH) to promote horizontal lamellae. The materials
we have used in this work arePSr-PMMA with a molecular weightrso= 7.9 “Imol
(58 wit% PSand 2 wt% PMMA; PDI = 1.85) andPSOH with a molecular weightlps
on= 14.5%9, (PDI = 1.4).

Both materials are dissolved RGMEAand a 1.5 wt% solution is spin-coated at 5000
rpm for 30 s. The grafting is promoted through a 5 minealing step at 230 °C. Non-
grafted macromolecules are subsequently removedP®MEATrinsing

5.1.2 Brush layer patterning
The patterning of theSr-PMMA thin film in elongated rectangular areas of 500 obn

P KDV Eddlided by AFM mechanicailm-AFM) at a tip contact force of
DS SURJ[LP D WK @ascribed ichapter 4 The nominal spring constant of the
cantilever is 42/,

5.1.3 Block copolymer deposition

In the experiments presented in this paper we work with threedfifftlamellarPSb-
PMMA block copolymers characterized by three different relative and absolute chain
lengths. The material with a molecular weidWts=79 *Ymo is symmetric (50 wt%
PMMA; 50 wt%PS and self-assembles in features with 38 nm pitch. The second material
consists of 47 9PSand 53 “PMMA at an overall molecular weight M 30=61.2 “Ymol.

Its full-pitch is 30 nm. The third material we use is a 493, molecular weighPSb-
PMMA with 42 %PSand 58 %PMMA at aPDI = 1.1 whose full-pitch is 23.4 nm.
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5.1.4 Thermal AFM tool

The tool we use is an electrostatically actuated scanning probe microscophenith
capability to control the apex temperature via resistive heating. For elevated tip
temperatures, the tool can be operated in thermal scanning probe pattevdgsee
chapter 3. For the thermal scanning probe measurements, the tip heat isd-athdcine

tool is placed in a vacuum chamber. The pressure inside the meastuckareber is
typically around 1§ mbar.

5.1.5 Thermal measurement

The cantilever heater temperature in our measurerigétween 150 °C and 400 °C as
determined using the model developed in ref. [26]. The measurenteEatsprat each
pixel consists of an approach-retract cycle and takes around 5 ms for ebchTte
pixel size is 1-8 nm both in x- and y-direction on the samplaseirNormally, an image
as acquired in the course of our experiments consista2®f128 pixels or o]

pixels per image. Typical imaging times are below 6 min per image.

5.3 Results

5.3.1 Heating and bending the cantilever

Two-legged cantilevers have originally been designed for the use in naleoksgh-
speed data storage systems [7,25,26]. In this work we havetumeedegged cantilevers
that have been developed for the use in thermal scanning probe lithogr&bty) [27+

29] (sedfigure 5.]). The cantilever consists of high-doped legs represented by resistances
R.1, R2 andR_ 3 in the equivalent circuit ifigure 5.1.The source of electric current in
the cantilever is the applied bias voltage. The cantilever heating is caused by
dissipation of electrical energy a low-doped region in the close vicinity of the tip apex
referred to aveater and represented B34 in the equivalent circuit. The voltage drop
over the lever legs can be determined using the voltrivet@nd the heater curreht is
determined by the amp metkr. For the measurement of the thermal conductivity of
surfaces, we predominantly use the heater circuit, which is marked by the lohettied
figure 5.1 A read sensor, denotdRk, is used to control the cantilever-surface distance.
While the nominal doping concentration both of Heaterand thereaderis 3.3 010"

cn3, the rest of the cantilever is doped with a nominal concentration o202 cnt?

of phosphorous ions. The capability of predicting the heater tetuperas a functioof

the dissipated electrical power is an essential prerequisite both for thermal sgeiobeng
patterning $eechapter3) and the measurement of thermal properties of materials. For
temperatures of up to 1200 °C, theaterrepresents the principal source of electrical
resistance in the legs. For this reason, the resistdlcesR » and R 3 are usually
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neglected in the course of our analysis. Reference [26] providescetient model for
the Joule heating of the cantilever, that has been used in this work tcatealibe
cantilever and to estimate the heater temperature as a function of thatdissiectrical
power in the heater (defined as heater curkgmbultiplied by voltage drojv, over the
cantilever).

Figure 5.1 Sketch of electrical circuit of the cantilever. In this work, we mainly work wtt
heater circuit indicated by the dotted box. The bias voltagedices current in the cantileve
The apex is heated by the resistive heating of current flowing thrtheglow-doped regior
referred to as R W is a voltmeter to determine the voltage drop over the cantilever leb
the amp metemldetermines, how much current is induced into the heater circuit.

The apex is brought into contact with the surface by applying a volfagetween th
cantilever and the substrate. This creates an attractive force which can be ninpdalled
capacitor-spring model [11] (sdigure 5.2 a). Hence, applying a voltagé- bends the
cantilever down towards the substrate until it comes into contact. The tool etister

the tip has come into contact with the sample, because the tip temperate@segcr
which leads to a change Ry. The voltageVe is subsequently released and the tip snaps
out. Then, the motors move the tip to the next pixel and the pnecéitepeatedrhe
sketches ifigure 5.2help to understand the two operating modes of the unbent cantilever
(Ve = 0) with a hot apex\(s = 0; at temperatur@:) (figure 5.2 a) and the bent cantilever

(Ve > 0) at the same bias voltaye, but at a slightly lower temperatufe (figure 5.2 b).

Due to the micrometer sized cantilevers, thermal response times of the Joule heated ap
are in the range of micro-seconds. The voltage Wiats at a constant levalg > 0
throughout the measurement of an entire image.

5.3.2 Quantification of the heat transfer into a sample

The heater resistance is a function that depends exclusively on theratumg. For this
reason, a calibration (see ref. [26]) is capable of correlating the heafmregure with

the voltage bia¥s. This calibration is done when the tip is not in contact with the surface
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and therefore allows us to set a determined voltage\gi#isat is constant for the entire
measurement. In case of the example depictefigiure 5.2, the tip temperaturd;
resulting from the applied bias potenti&lis 282.1 °C.

The electrical poweP dissipated in thdeateris quantified by the product of heater
currently and lever voltag®/,, which both can be read out in the measurement set-up.
Theln(VL)-curve of the heater circuit is depictedigure 5.2 c)Here, the blue point{

/ Vi a) describes the working point of the cantilever in equilibrium in air. Thdimeds

an accumulation of measurement points as taken during the measuréareatltrary
block copolymer surface (e.g. corresponding to a state when the tip igéetcwith the
surface). Once the tip gets into contact with the surface, the tip temperatueasks
from T1 to T with T1 > To. This temperature decrease leads to an increase in the heater
resistivity and changes bothc and V. c (seefigure 5.2 c), zoojm The new heater
resistance (when the system is in contact with the substrate) can easlubstethwith

the help of the new valuesgfc andVic E\ XV LQJ 2 KFhg Wewwteater resistance
can be correlated with the new tip temperafrdue to the initial calibration.

Figure 5.2 Measuring principle and temperature calibration. a): Scheme aofileaer with
heated tip (¥ > 0O, leading to tip temperatures)lin unbent state (V= 0), b): Scheme o
cantilever in contact with the samp(ér > 0; Ve > 0 is the same as in panel a), and the
temperature is reduced te Tue to the tip-sample contact), (c): I-V curve of heater circui
air (blue curve) and with measuring points (red).
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In figure 5.2.d)we present the powdt dissipated in the heater as a function of the tip
temperature. Again, the blue point is the working point of the cantiievair, not in
contact, and the red points represent the different measurement poiiny ther
measurement of an arbitrary image. The latter are not located on theRiiiaurve as
measured during contact. This is because, as soon as the tip gesniatct with the
surface, electrical power is not only dissipated in the heater, but afparisalso
dissipated into the sample. Because of tha, same amount of dissipated electrical
power in the heater now yields a lower tip temperature. We define the pissipated

into the samplel 3as difference between the dissipated power at each measurement point
and the power that would be necessary to heat the tip to this determined temaferatu
(typically G 7 {7 T»is in the range of some tenths of a degree Celsius) if the tip were in
contact with the sample. The magnitude3LV LQ WKH U ORsIetpiedsion is
graphically equivalent to the distance between the respective measurementgtie a
blue curve in y-direction, as depictedfigure 5.2 d).

In general terms, the temperature differericét each point is directly proportional to
the power dissipatiorl 3 Here, a higher value foiél 3is associated to a higher thermal
conductivity of the probed material.

The following paragraph is to clarify why the measurement of thgaeiesl power into
the sample surface allows us to draw conclusions about the thermattoityl of the
probed material. The thermal resistamag[*/w] of the measured body is defined as the
temperature differenc@ 7.sbetween the tip (here equals heater temperaijrand the
sample (here: room temperatir@) divided by the dissipated powér3

filA7A A
AR 4.5 BC (5.1)
An alternative definition of the thermal (spreading) resistance for a sjphera semi-
infinite bulk is

4ggé

5
5 C LBUDQ—Egrlgoo >a2 (5-2)

with k being the thermal conductivity of the material anldeing the contact radius. By
pluggingformula 5.2into formula 5.1,we find that

A2L vOG U-=4As (5.3)

This expression tells us that for constdént.sthe power dissipated 3nto the sample is
linearly proportional to the thermal conductivity of the probed material. This
assumption is reasonable as long as the detected changes in tip temperatote are n
significant. In the presented measurements, the detected changes in tip teagparatu
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in the range of few tenths of a degree Celsius, which is very little cemhgarthe
temperature difference between tip and sample, that is in the rargéewf hundred
degrees Celsius.

5.3.3 Measuring the heat transfer on different surfaces

To take an image as depictedfigure 5.3 a) we scan the surface and detect both the
temperature differenck/r and the dissipated energy3as a direct result thereof for each
pixel according to the procedure described before. The image depidigdran5.3 3
represents & /r -map for a lamellaPS-b-PMMAblock copolymer with a full-pitch of 38
nm self-assembled in vertical lamellae.

Figure 5.3 Measurement of block copolymers. a): high resolution thermal imadgerohditch
PSb-PMMA block copolymer, b): selected contact curves of image in pariet #)e two
different materials, c): topography extracted from snap-in voltages atreaasuring point, d):
thermal image of the image shown in c).

Let us now have a look at the approach / retract curves detected at eaatnigeast.

In figure 5.3 b)z corresponds to the cantilever deflection that can be controlled by means
of the applied substrate voltage. The measured temperature differefideis equal to

zero as long as the cantilever is not in contact with the surface. When thevearisi

close to the surface, the attractive capacitive force outweighs the resmiing ferce

and the cantilever snaps inh&cantileverz-position, at which the snap-in is detected,
e.g. position at the moment when the temperature drop is measuwlefinéed az = 0.

The heat transfer from the apex to the surface consequently leads taesatenepdrop.
Once the snap-in has been detected, the cantilever-bending substrate Vpliage
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reduced. The snap-out of the cantilever is accompanied by the retbeeqilibrium
condition of the heater temperature, €.¢z= 0. The differencelz between the snap-in
and the snap-out (in this case also referred to as adhesion) represeasugenfor the
adhesion of the hot tip to the surface and contains qualitative information #ieo
contact area during the measurement. A larger adhesion indicates a latger raahus

of the tip. Neverthelesd] Jis also influenced by the material-dependent contact physics
of the tip, which is, for example, expressed in the differ@palues foPSandPMMA.

The measurement cycle with the approach curve in orange and retraeticued
represents a typical measurement forRIMMA domain. Here, the largérfr indicates a
larger temperature drop. Although the thermal conductiviBREndPMMA s a function

of the material temperature [30], the thermal conductivifyMMA is at any temperature
larger than the one &S Therefore, there is evidence that areas with lower temperature
drops correspond to an area characterized by a lower thermal conduethiitl,isPS

in our measurementhe detected temperature difference of the tip is in the rangérof

= 103. A better thermal conductivity 8fMMA (0.19%V/nk) as compared tBS(0.14%/mk)

is confirmed by results presented in literature [24,25]

An additional information that we can extract form the measuremertteofrap-in
position as a function of is the topography of the probed surface. The corresponding
topography image is depicted figure 5.3 ¢) The corresponding thermal image of the
same frame is depicted figure 5.3 d)and demonstrates the capability of this method to
provide high-resolution images without being influenced by the satoplegraphy.
While it is impossible to distinguish the two materials in the topdgramage, a clear
material contrast becomes visible in the thermal image. The thermal imagenotak
sample with a 38 nm full-pitch block copolymer self-assembled izdwtal lamellae.
This system can only self-assemble in films with a thickness dfiteger multiple of its
half-pitch n (0.5 L) forming holes or islands witm(- 1) (0.5 k) or (n + 1) (0.5 ly),
respectively To carry out this transition, the material assembles in horizontal lamellae
due to their capability of forming structures of arbitrary height.[BlE fringed interface

is actually a situation similar to the one describedhapter 4 where a narrow area of
vertically oriented block copolymers is assembled between two horizontéiytexl
grains divided by a 90° twist grain boundaky interesting property of these height steps
is that different materials are located at the block copolymer-air interface imneaaf

the areasFrom the topography image we can tell that the left part of the image
corresponds to a hole recessed®yLy with respect to the right part of the image. Based
on the thermal image depictedfigure 5.3. d)we can state that less power is dissipated
in the left part of the sample, which accordingly consist®&fwhile the right part
consists oPMMA.
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5.3.4 High-resolution thermal measurements on different block copolymers

In figure 5.4we present thermal scanning probe measurements of three diffefen
assembled block copolymer thin films in fingerprint vertical lamellae. asmhterials
are defined by different molecular weights, they self-assembleauictistes characterized
by three different pitches [32]. The structurefignire 5.4a)-c) are characterized by half-
pitches of 11.7 nm, 15 nm and 19 nm, respectively. The fact thatatheds are so clearly
resolved demonstrates the excellent lateral resolution of the technique ebathples
of figure 5.4 the pixel size of the images is 2 nm x 2 nm.

Figure 5.4 High-resolution imaging. a): Thermal image of 23.4 nm pitch PS-b-RMédck
copolymer, b): Thermal image of 30 nm PS-b-PMMA pitch block copolgin@hermal image
of 38 nm PS-b-PMMA pitch block copolymer, d): Comparing the dissipatd\efor block
copolymers with three different pitches a)-c) averaged over theifidesated by the boxes il
the respective image. Added affHWV DUH :IRU WKH JUHHQ FX
curve.

Figure 5.4d) represents the average of all line scans in the boxes drawn in colored dashed
lines. The color of the curve matches the color of the box in the thermal irbeige.t

is important to note that the absolute values of the transmitted powemehanga slight
changes from one measurement to the other. A reason for this effgctbe the
attachment and subsequent release of single polymer chains leading tcsdhathge
contact radius. For this reason, we have added an offset to the cuimeges$ ofigure

5.4 (a)and(b). The y-axis irfigure 5.4d) can therefore only be used to identify relative
changes in dissipated power between the two materials. We observe thatlitelarop

the curve (e.g. the difference in dissipated powe&betweenPSandPMMA) is nearly
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the same for 30 nm pitch aB8 nm pitch polymer - DQ , respectively)
and decreases notably upon imaging the 23.4 nm polymer

Various reasons may be associated to the declining contrast between bheckgor he
first reason is related to the width of the interphase between the twograllomains.
The block copolymer with 23.4 nm pitch is close to the theoretic lower lionit f
microphase separation iRSb-PMMA [33,34]. This regime is referred to as weak
segregation limit and characterized by large interphase widths betwe&mttierhains
that may occupy up to half of the domain width [35]. The interphadth is inversely
proportional to the repulsive force between the blocks, wisidh turn proportional to
the molecular weight. The diffuse interphase consists of a mixtupelg$tyreneand
PMMA and is at the prospect of exhibiting a thermal conductivity between thesvialr
the two pure phases.

On the other hand, the tip radius (or more precisely the contact rativessm the tip and

the material) represents the ultimate resolution limit of thermal imaging [17]. An
estimation based on the resolution of the measurement discussed here, isgpieske
discussiorsection. TEM images estimate the tip radii of the samples used inaitisrw

the range of 2.5 - 3.5 nm [12]. Additional information about the dipdtheir analysis is
provided in ref[36].

A combination of these two effects may lead to the effect of decreammigast in thermal
conductivity between the two blocks as observed during the measusemeatfact that
the amplitude of the 30 nm-pitch material is close to equal to the 38 nimrpétterial
indicates that such effects play a negligible role @mtieasurement of block copolymers
with 15 nm feature width and above.

5.4 Discussion

In the following, we present the results of3B-COMSOL simulation that has been
executedto determine the resolution of the thermal imaging and compare its aaitcom
with our measurements. Bub-section 5.4,lwe determine the lateral resolution, while
we dedicate the secosdb-section 5.4.® the discussion of the sampling depth normal
to the sample surface.

5.4.1 Determining the lateral resolution

We determine the resolution of the presented thermal imaging technique by iogmpar
the measured block copolymer profile as measured in the 38 nm fullipibck
copolymer averaged over the box indicated by the black solid lifiguire 5.4 c)with a
model of the block copolymer thermal conductivity.
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To construct the block copolymer thermal conductivity profig,uls first model the
PS/PMMAinterface using a formula originally developed by Helfand and Tafyaurttie
strong segregation limit SSL [37A $ ifactor in the range of 30 justifies the use of
formulas developed for the SSL. There, the probabiigyof finding anPS monomer
along the x-direction, which is defined normal to the interfad@SdndPMMA is given

by the formula

— 75
Bi:T; L @sAERFt ¥x U &WEA (5.4)
Accordingly,
SO 725
BagT; L @sAEDt §x U &WEA (5.5)

is to estimate the probability of findingPAMMA-monomer along the x-direction, where
x = 0 is defined at the position whefgs = fpuma. The two curves associated to the
formulas 5.4and5.5 are plotted irfigure 5.5 a) We usedb = 0.66 hmas average Kuhn
segment lengtf38,39]and [34,40] Other authors have determined the diffuse
interface width to be in the range of 5 nm, which is in-line with déssilt [35,41].

Furthermore, we determine the proportiolP&andPMMA at the polymer-air interface
Despite of the fact the block copolymer material consists of symmetric block cagyolym
chains, the fraction of the two materials on the sample surfdigeiie 5.4 a)is not equal.

To quantify this effect, we present the histogram depicting the nuafbgxels as a
function of dissipated power for the thermal imagdigmre 5.5 b).The shape of the
distribution revealed by the histogram can be fitted to the sum oGassian peaks
each one of the form:

):S agh #L 8° O o AU WA (5.6)
e

For more information about this formula, seleapter 2B.The result of the Gaussian
fitting of the PSpeak and th®MMA peak is summarized table 5.1

Parameter PS peak PMMA peak
w [nm] 0.12 0.11
Xc[nm] 1.05 1.24
A [nm] 93.6 59.3
A [%] 61 % 39 %

Table 5.1 Results of the Gaussian fitting of the histogram in figure 5.5 b) tondetethe

surface distribution of block copolymers in the 38 nm pitch blopklgmer.
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According to this analysis, the mode value of power dissipated iRSdemainis 1.05

7KH PRGH YonerXidsip&ed intieMMA GRPDLQ LV . 7TKH UHODWL
difference in energy dissipated in the domains, defined as the differemehéhe two
mode values, therefore accounts for 18 %. The literature predicts a diéfénethermal
conductivity between the two materials in the range of 35 % [24T2&] measurement
points in the vicinity of the intersection between the two Gaussian ,pibaitsare not
optimally represented by the sum of the two fitted peaks, originate thhe PS/PMMA
interface. The detected difference in thermal conductivity represents a \aetyagult
given the fact that we measuasystem, in which each macromolecule consists both of
PMMA andPS This results suggests that heat conductivity along the backbone of the
macromolecule plays a subordinate role when compared to the influetice nbn-
covalently bonded monomers in the close vicinity of each monomer.

One reason for the good spectral resolution of this measurement tecknitye large
signal{o-noise ratio. We believe that the FWHM of the peaks is a reasonable efeasur

the noise of our measurements, even though the FWHM is likedydrestimate the
noise, because we neglect the contribution oPtB&MMAinterface to the peak breadth.

The measurement points taken at the interphase yield a thermal conductivity that
represents neither one of the pure phases, but are still represented in trarhistad
utilized during the evaluation. The relation between the fit parametand the peak
FWHM s given informula 2B.8in chapter 2Band yieldsps = 0.235 W for theFWHM

of thePSpeak andipyma = 0.118 W for thePMMA peak. For the signab-noise ratio

of the measurement of a matetiale use the formula:

504,40 srOH KQEHA (5.7)
(0]
This yieldsSNRg pmma= 10.2 dBandSNRgsps= 6.5 dBfor their measurement.

Based on the Gaussian fitting we find, furthermore, that 61 % ofatmple surface
represent®S(e.g. domain width on the surfaisavps= 23.2 nnj, while only 39 % of the
surface iPMMA (e.g. domain width on the surfasewsmma= 14.8 nn). These values
are provided by an analysis of the paramétewhich indicates the area under the peak.
Interestingly, thePS polymer covers a larger proportion of the surface area than its
volume fraction would sugget plausible explanation for this effect may be the slightly
lower surface energy ¢¥Scompared t®MMA. The same analysis of the 23.4 nm full-
pitch block copolymer ifigure 5.4 a)yields that a 53.5 % of the sample surface consists
of PSand a 46.5 % oPMMA. This result is in-lie with the fact that the material is
slightly asymmetric and consists of 58PIMMA and 42 %PS
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We model the block copolymer thermal conductivity profile as an oscillationdeetthe
0 3values forPSandPMMA with the interfaces determined fiormulas 5.4and5.5and
with the domain widths as determined by the histogram analysis.

Figure 5.5 Determination of contact radiua): distribution of PS and PMMA monomers in |
close vicinity of the PS/PMMA interface according to Helfand Bengami, b): histogram of the
thermal measurement of a 38 nm full-pitch block copolymer, c): correldi@ween the
measured profile and the modelled profile as a function of the modgllsdmple contact
radius, d): comparison of the measured (blue) and the modelledaueet with the grey dotte:
line representing the distribution in the actual sample.

In the following, we present the resolta COMSOL simulation, where diffusive heat
transport through a flat and round contact area was modelled alongfite thiat we
have derived on the previous pages. The sample is represented by aroyithda
sufficiently large radius (300 nm) and a thickness of 30 with an internal structure
equivalent of the block copolymer. The thermal conductivity ofRBelomain is set to
0.14%/« and the one d®PMMA to 0.19%/n«. The outside surface of the sample cylinder
is defined as thermally insulating and the bottom surface is at rogpetatare. The tip-
sample contact area is modelled as circle with radiusthe upper part of the sample
cylinder. Given that the phonon mean free path in amorphdysiecs is in the range of
few Angstrém, the assumption of purely diffusive heat transgortasonable. In the
following, the correlation coefficieri®? for different contact radia is compared and the
resulting curves plotted infigure 5.5 c).The coefficient of correlatio®? peaks at a
contact radius of 4 nm witR? = 0.994 indicating that the derived model represents the
measured curve excellently. The comparison of the modelled profilec(red), the
measured profile (blue curve) and the actual block copolymer densiile pildack
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dashed curve) is depicted figure 5.5 d)and demonstrates the excellent agreement
between model and measurement. The modelled tip contact radius is in geeuent
with the tip radius measured with TEM [12]

In the simulation the block copolymer has been treated as an isotropic matettial. In
next section we will discuss why this assumption is reasonable despite fafct that
molecular self-assembly influences the orientation of the macromolectiteseapect to
the sample surface.

5.4.2 Determination of sensing depth

In figure 5.6 ajb) we present a sketch and a thermal image of a block copolymer
configuration, where theSb-PMMAblock copolymer with a full-pitch of 30 nm is self-
assembled in vertical lamellae next to an area with horizontal lamellae. The fabiigation
based on the local removal of the neut&r-PMMA brush layer, which promotes
vertically aligned lamellae. In those areas where the brush layer is remibeed
underlying silicon substrate is revealed. Because the silicon substratdeieptially
wetted by thePMMA block, the block copolymer self-assembles in horizontal lamellae
[42,43]. This concept is sketchedfigure 5.6a), while the thermal image is depicted in
figure 5.6b). For more information about the fabrication of this structure refenapter

4,

Figure 5.6 Material contrast and determination of sensing depth. a): Scheme of
copolymer morphology in the sample imaged in panel b); b): Imagféraff interface betweer
horizontally and vertically aligned block copolymers, c): single linéfiler@along the black
dashed line depicted in b), d): model of measured thermal ctwitlydorm (normalized to
thermal conductivity of PMMA) as a function of the distance z of tHeMR8A interface from
the surface.
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Interestingly, we observe that the polystyrene surface has the fsammal conductivity

in the area with horizontal lamellae as in the area with vertical lamellasi(gge line
profile in figure 5.6 c). This observation implies two conclusions. At one hand, the
measurement of the thermal conductivity relies on a very suréatsitive processis
the polystyrenetop-layer has a thickness of approximately 7.5 025 Lo), and the
absolute dissipated power in this area is exactly the same as in the veatigattyl area,
we deduce that the measuremeloes not gather information from more than 7.5 nm
below the surface. On the other hand, it is well-known that the thermauciivity of
polymer chains along their backbone is much larger than the perpendaitdr4],
which is an effect that was expected to find expression in the detedtidiffevent
thermal conductivities of thESsurface in vertically and horizontally aligned areas

We will first explain, why we do not observe a difference betweehahizontally and
the vertically oriented domains due to different thermal conductivities aomy
perpendicular to the chain directidret us define the chain stretchirigas the deviation
of the block copolymer chain length from its unperturbed state. Thertuniped state is
described byW KH P R O#&tlfuX & gy¥atiorRs. On average, one block copolymer
molecule is stretched from an extension of twice its radius of gyrBtida a length of
0.5 Ly in the course of the self-assembly process. The radius of gyoditam unperturbed
polymer chain is a function of the Kuhn segment lertgéimd the polymerizatioN, and
Lo is a function of$ dndb [45]. If we now define the relative stretchirtjnduced to
the polymer as the quotient of both terms, the dependerizceaicels out and we can
estimate

A 5a1020¢

eLmLW

N ssiy (5.8)

usingN =600, $=0.041[34], which represents the present material in a realistic manner
This estimation indicates that a macromolecule similar to the block copolbgadrin

this experiment exhibits a deformation during the microphase separatianremnte of

17 % with respect to its radius of gyration. According to results presientefd [44], this
deformation leads to a change in thermal conductiofty?S of less than 1 %. It is
therefore reasonable, that we are not capable of detecting different thermadtisdties

in two differently self-assembled block copolymer domains consigiinthe same
material

We now refer to the curve depictedfigure 5.6 d)to explain, why we do not detect the
influence of thePMMA layer 7.5 nm below the surface in the horizontally aligned layer.
The depicted curve represents a simulation based on a 3D-COMSOL moithe of
measured thermal conductivity orP& surface with &2S/PMMAat a distance below
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the surface for a tip contact radius of 4 nm. The y-axis is norrddbzine expected result
for aPStop layer with zero thickness, which is equivalent to a measuremeatiylion
aPMMA surface. For very large distances between the surface and the inteidader,

a thick upperPS film, the curve asymptotically approaches a value of 0.737, which
corresponds to the thermal conductivityRfs normalized to the value &#IMMA. The
vertical dashed line indicates that the result for a measuremerz withb nmbelow the
surface as measured with a tip with a contact radius of 4 nm is expediédrtonerely

4 % from the result on a puRSfilm. This is below the noise level figure 5.6 c).

5.5 Conclusions

We measured the thermal power dissipated REPMMA block copolymer samples
with sub-10 nm resolution using electrostatic actuation of heated silicens iewacuum.
OwingtothesMfbO O WKHUPDO W E Brid tReRa3t\astuBtiQn/éctieine, an entire
approach cycle is monitored within ~5 ms. The thermal signal is stensiwith the
difference in thermal conductivity betweB$andPMMA based on the literature values
for bulk PSandPMMA. We are capable of obtaining images with an excellent lateral
resolution due to the very sharp resistively heated AFM tips. Based on a compatiiso

a finite element model, we determine a tip-sample contact radius of 4 nmirgnihe
contact radius, we infer that more than 90 % of the signal originatesafidepth of less
than 10 nm, highlighting the surface sensitivity of the methbe. good signate-noise
ratio gives rise to the expectation that the technique is also capable of distingui
between (polymeric) materials with even smaller differences in thernmaluctvity
and/or more different polymers in the same sample. Being able taumetissipated
power and contact radius simultaneously may allow us to obtain reliable absolute
measurements of the thermal conductivities of polymers close torfaee and at sub-

10 nm lateral resolution. It could moreover represent an interesting techmiguedy the
thermal properties self-assembly mechanism of block copolymersthed pmlymeric
materials below and around their glass transition temperature.
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This PhD thesis contributes to the field of guiding pattern fabricationdatithcted self-
assembly of block copolymers with a particular focus on the explorafiajuiding

patterns with high resolution and high accuracy. These structures are atsipecpaf
playing a key role for the successful directed self-assembly of higi+$ block

copolymers, which are particularly interesting for the fabrication of futan®electronic
devices. The most important achievements of this thesis are sumniarizedollowing

paragraphs

A substantial part of this thesis is dedicated to the development and tdddiffgrent
guiding pattern fabrication techniques, where we have pushed the respectiveueshniq
towards their resolution limit

In particular, we have successfully directed the self-assembly offaniri half
pitch PSb-PMMA block copolymer making use difre different lithography
techniques for the fabrication of guiding patterns namely(i) EUV-IL (ii) e-
beam lithography (both used for graphoepitaxii)) thermal scanning probe
lithography (chemoepitaxy)iv) mechanical AFM lithography angV) e-beam
direct writing (both used for graibeundary-induced alignment).

The self-assembly mechanism of block copolymersopographical guiding
patterns has been studied using parallel EU\V-Herein, the behavior of block
copolymers undeconfinementhas been studied wittanometer precision and

afree energy modelhas been developed to describe the defective self-assembly
state based on the experimental findings. The developed free-energy model
accurately defines the process window for the directed self-asseimbly
topographical guiding patterns.

The developed free energy model has been modified to describe the process
window for the directed self-assembly of block copolymersopographical
guiding patterns with sub-10 nm feature widthdefined by e-beam lithography

This system has been used to determine the self-assembly mgspbblolock
copolymers in topographical guiding patterns with feature sizes close to tlieir hal
pitch and to formulate a general design rule for such guiding patterns.

A thermal scanning probe based technique for the fabricatichmeafical guiding
patterns with 10 nm resolution has been developed. The recent
commercialization of thermal scanning probe lithogragptsynanofabrication
technique converts the use of thermal scanning probe lithograph fdirécted
self-assembly of block copolymer lithography into a technologically partigularl
interesting combination.
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Grain-boundary-induced alignment is presented as aalternative alignment
technique capable of controlling block copolymers on length scales around their
inherent correlation length. Its working principle is explained and expetathe
demonstrated using mechanical AFM surface modification and e-beam direct
writing. The technique is especially interesting for the use in fast tgpitg
processes and has been entirely developed in the facilities of the IMB-CNM.

A complementary, but yet important part of this thesis is related to the deesibpm
measurement techniques capable of providing improved insight into fresseimbly
morphology and the properties of block copolymers.

A thermal scanning probe based imaging technique to studythémenal
conductivity of block copolymers with asub-10 nm resolution has been
developed. The technique is very surface sensitive and allows it to diffexentia
clearly betwee® SandPMMA despite of their very similar thermal conductivities.

GISAXS has been used to study the self-assembly of block copolymers in
topographical guiding patterns and we demonstrate to be capable of determining
theblock copolymer pitch under confinemenwith sub-nm precision GISAXS

has moreover been used to estimatectireelation length of block copolymers

in free surface.
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Annex 1:

Pattern transfer using block
copolymer templates

Abstract:

Thisannexsummarizes the results obtained during pattern transfer experimenBSwith
b-PMMA block copolymers with critical feature sizes between 10 nm and 15 nm.
Concrete etch recipes are presented that enable the pattern transfer of nanometer-sized
features employing a pseudo-Bosch processSktandCasFsas simultaneously injected
reaction gases yielding etch depths of few tens of nanometers. hegdiaye used both

PS and Al,Os-infiltrated PMMA as etch masks. Lateral etching and mask erosion have
been identified as critical parameters for the successful pattern transfer of block
copolymers features with an aspect ratio AR > 2. When uBf@@tch masks, we
moreover identify the thickness of the neutral brush layer as critical pardoretee
successful fabrication of the mask. We conclude that the infiltratiBiVidA A with Al,O3

is an interesting method to increase the process window for the pattefierti@lock
copolymers and enhance the maximum achievable etch depth.
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A.1 Introduction

To make useof the directed self-assembly of block copolymers for nanofabrication
purposes, its important to develop suitable etch processes to transfer the defined patterns
into the underlying substratd.amellar block copolymers transferred into silicon
represent an interesting alternative for the fabrication of finFETsHé}ides the
fabrication of the holes for vertical contacting micro- and nanoelectronic devices,
upright standing cylindrical block copolymer structures have beenrgsrated to be a
good way to fabricate bit patterned media [2]. They may moreover basaégimplate

for the selective growth of nanowires with precisely defined dtamand spacing [3].

This annexrepresents a compilation of results obtained by transfer processes of block
copolymer patterns into silicon.

Figure A.1 Overview of pattern transfer strategies. Pattern transfer strategies for block
copolymers always consist of at least two process steps including one sédgctively
remove one of the blocks and a second one to transfer the structutiearsubstrate, which is
usually silicon. The sketches on the right side show sketches of the statusespective
block copolymer sample.

Pattern transfer processes for block copolymer patterns usually cotsistrogjor steps
namely the selective removal of one of the blocks at one hand arslltsequent
substrate etching step on the other hand figeee A.1) The first step, the selective
removal of one block, is necessary to convert the initially continulmek lcopolymer

film into an etch mask consisting of areas that protect the subswatettie following
chemical attack, and areas where the substrate is directly exposed to the spacta®

For PSb-PMMA, the most frequently used approach is to remove the chemically less
inert PMMA block. There are, however, also approaches that enhance the etch resistivity
of PMMA by a special treatment and in the following removeRBdlock. The second

step then uses the previously created etch mask to transfer the definediptdténe
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substrate. Given the small feature sizes and the small thickness of the initigdrfdm
therefore also of the etch mask), it is critical for both of the steps todueee control
over the lateral and vertical etch rate, and to develop processes with a siyffiaige
etch selectivity.

In this thesis we have made exclusively use of dry etching stepsdidtiefselective
removal of one of the blocks and the subsequent silicon patterretrafisére are also
hybrid approaches, that remove #l&IMA block ofa PSb-PMMA block copolymewia
wet etching and transfer the patterns into siligiardry etching. An overview of different
block copolymer pattern transfer strategies is providedigare A.1. Wet etching
therefore represents an alternative for the first step of the pattern transfespdsces
infinite [4] etch selectivity is claimed for the rinsingB&b-PMMA in acetic acid after
the exposition of the filmby DUV radiation [5] The UV-sensiblePMMA layer is
degraded [6], whilePS is not [7] For moderate UV exposure dos&sS undergoes a
crosslinking process and therefore even reduces its solubili#t[8]e same time, acetic
acid is a solvent for the (both degraded and non-degr&dé¢iA [9].

In pure dry etching approachd®MMA can be selectively removed using a variety of
different process gases. Pure oxygen plasmasAt@,-mixtures [11] CO-Ar-mixtures

[12] and alsoO,-CHFs-mixtures [13] are some of the gas mixtures that have been
demonstrated to be suitable for this process. The specific underlyingmigrol for the
preferential etching dPMMA in each of the respective mixtures is beyond the scope of
this annex The common denominator of those processes is the use of oxyigese
radicals drive the etching mechanism. The aromatic side group oftyrelys is
chemically much more resistant towards oxygen radicals than the oxygemicaside
groups ofPMMA. This effect explains the lower etch resistanc®&MA compared to

PS

The second and technologically more sophisticated selective removal apgpeelsho
convert one of the blocks into another material. This conversion is realizbd means
of an infiltration triggered by an atomic layer deposition (ALD) step. The entieeps
is referred to as selective infiltration synthesis (SISHB}. A commonly used precursor
for selective infiltration synthesis isimethyl alumium (TMA), which is selectively
deposited on top of theMMA domain. The material is converted into aluminum oxide
during a water exposure cycle. The quantity of aluminum oxide infiliatedhePMMA
domain is proportionab the number of repeat cycles of this procedure.[Lfi¢ aim of
the SIS process is that the infiltrated bloE®#MA in case ofPSb-PMMA) shows a
higher etch resistance with respect to the plasma and a higher etch seledtivigspéct
to the other block. The etch resistance of BMMA domain infiltrated by aluminum
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oxide is significantly larger than of the non-infiltrate& andPMMA domains. In this
approach, th®Sdomain is removed by an aggressi¥eplasma exposure.

To transfer structures with nanometer lateral dimensions into the undeflsually
silicon) substrate, it is indispensable to apply a patterning processavthcisely
controllable and at the same time moderate etch velocity. One alternative to ackieve thi
is the pseudo-Bosch process. Unlike in the common Bosch pracess in
microfabrication in the pseudo-Bosch process both reaction g&&#%s, and SF;, are
injected with a constant flow rather than in a pulsed mode [18 SF molecules are
decomposed in the plasma and represent the source of fluosndtiomately responsible
to etch the silicon substrate under the formatioisié% as reaction product [19]. The
injection ofC4Fs, on the other hand, leads to the polymerizatioGefspecies [20]. This
homogenously deposited film @F; chains with different polymerization protects the
side walls of the etched features, while it is constantly sputtered awtég dyottom of
the trenches. The sputtering speed of this process can be coriyollexlapplied chuck
potential, a value that is responsible for the acceleration of charged particledsttivear
substrate [18]The forward bias is a sensitive parameter, espectaitgnsfer nanometer-
sized features when defined by the polystyrene part of the bloptlymer. A large
forward bias sputters away not only the polymerigddeh layer efficiently, but also
damages the polystyrene layer. Processes with very low forviasg However, lack
sufficient etch velocity and may not be capable of efficiently removiegd#posited
polymer layer on the bottom of the pattern [18].

In the following, we present images of block copolymer patterns transiatcesilicon
substrates and give an overview of the used etching conditions. Wmdesentrary is
explicitly stated, all the block copolymer films shown in thsexhave been spun from
a 1.5 wt% solution of the respective block copolymeP®MEA at 2500 rpm, which
yields a film thickness of about 25 nm.

A.2 Selective removal of one block

A.2.1 PMMA removal via dry etching

The process conditions that have been applied inPM&A removal step are the
following: 200 sccmAr, 10 sccnO,, 1.33 Pa, 200 W ICP power and 5 W chuck power
(seetable A1) using an Alcatel AMS 110 deep RIE ICP system. The etch veldcibheo
PMMA domain is about@"/min at a selectivity of around 1:4 with respect?f The
images presented figure A.2 a)d) are taken after a 30 s etch process.
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Source Chuck Gas flows Process Etch time
power power O2 Ar pressure
200W 5W 10sccm 200sccm 1.3Pa 30s

Table A.1 Process conditions for the PMMA removal in different PS-b-PMMA blog&lgmers.

The red arrows depicted in the pang)sandb) in figure A.2indicate areas where we
detect residual brush layer after the etching step. According to our expetfenetch
rate for the brush layer is significantly lower than for BMMA domain. The reason for
that may that, the neutral brush layer is a mixtdfre®andPMMA and may therefore
resist theAr-O2-etch more efficiently than the puRMMA domain. Infigure A.2 a)the
PSfraction in the random copolymer is 70 %, while BddMA fraction is 30 %. ldigure
A.2 b)the used random copolymer consists of 683and 40 ¥PMMA. The relatively
high proportion ofPSin both neutral brush layers used in this work leads to the effect
that the process time must be increased notably in order to operyghedrely. An
increase in etching time represents, however, also an increase aigskevearing. An
entirely removed brush layer in the areas oRNMA block is nevertheless a prerequisite
to start the etching of the features in the whole sample area at the same time.

Figure A.2: Residual brush layer after PMMA etching. a) 35 nm full-pitdhndrical block
copolymer with 7 nm neutral brush layer after PMMA removal, b) 38 nnpifch lamellar
block copolymer with 7 nm neutral brush layer after PMMA removal, c)itypimage of a 3C
nm pitch lamellar block copolymer deposited on a thin randomIgoEs layer after PMMA

removal, d) cross-section SEM image of image c).
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A convenient solution for this problem is the reduction of taedom copolymer
thickness. The brush layers of the samples depictéidure A.2. a)andb) have been
deposited with the conditions referred to*a&/ KL F N E U ¥ ¢hHéap@M2AHtis' means
that the initial film is spun from a 1.5 wt% solution, which leads topgmaximately 7
nm thick random copolymer film after rinsing. ¢éhapter 2Awe have also presented a
deposition method referred to 8 KL Q E U X Wherextiz\reindém copolymer is spun
from a 0.25 wt% solution leading to an approximately 3 nm thickifilfinee surface.

The SEM images depicted figure A.2 c)andd) are taken from a sample witl2& nm
lamellar block copolymer deposited on top the séhin brush layerf. The overview
image depicted ifigure A.2c) demonstrates that the thin brush layer is also capable of
providing upright standing block copolymer lamellae. Furthermore, thes-seagion
image depicted ifigure A.2d) demonstrates that the same 30 s lagiltMA removal

step is capable of opening the structure down to the silicon substrateemiining
structure represents merely a networkR& domains which precisely represents the
desired outcome for this process.

A.3 Pattern transfer to silicon

As suggested in thiatroduction the implementation of block copolymer lithography in
semiconductor manufacturing requires the transfer of patterns to siiection A.3f
this annexaims to present our results of pattern transfer into silicon. More splgijfica
we present results on the pattern transfer usPgmaask insection A.3.land the results
of the pattern transfer after a SIS processeation A.3.2We have applied different
pseudo-Bosch processto the samples discussed in both sectidie silicon etching
processes have been done in the same Alcatel AMS 110 deep RIE t&R agsthe
PMMA removal.

A.3.1 Pattern transfer using a PS etch mask

Results of the pattern transfer of a 30 nm pitch lamellar block copolymeepictedi in

a top-view SEM image ifigure A.3 a)and a cross-section SEM image of the same
sample irfigure A.3 b).

We observe in the SEM top-view image depictefiganre A.3 a)that the features show
a waviness that has not been there aftePM&A removal (compare witfigure A.2 c).
The reason for this waviness is not clear. We have discassidilar effect inchapter
2A
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Figure A.3: Overview of the pattern transfer of a 30 nm pitch lamellar kdopklymer.

The process parameters of the applied pseudo-Bosch process to etch theas#licon
summarized inable A.2 The relatively large source power of 1200 W is a normal value
for the etching of silicon in ICP processes [21]. The chuck pows0 oY is low, but still
larger than for the®MMA removal process, where it is 5 W. 10 W has been found to
represent the minimum value that is capable of openingCEHegolymer layer at the
given ratio of Sk and C4Fs. A low chuck power yields a lower vertical and larger
horizontal etch rate [22], but also represents an effective way to reducemodisking

On the other hand, the large percentag8fcompared taC.Fs yields a relatively fast
etching. While the gas composition contains 20 s&®and 15 sccnCaFs, results
presented in literature suggest gas mixtures with a significantly lasgefractions. Gas
mixtures of up to 80 scci@sFs and 15 sccmSks been reported [21]. It is a frequently
observed phenomenadn reactive ion etching processes that the same conditions yield
different results in different tools. The presented etch conditions are devétopbd
Alcatel AMS 110 Deep ICP-RIE in the clean room of IMB-CNM and must n
necessarily be transferrable to other tools. On the other hand, mangnliffets of
process conditions may lead to similar plasma chemistries and therefonéaoetching
results.

Source Chuck Gas flows Process Etch time
power power Sk C4Fs pressure
1200 W 100w 20 sccm 15 sccm 2 Pa 20s

Table A.2 Process conditions of pattern transfer using the PS block of a 30lirpitdh lamellar
block copolymer as etch mask.

The presented etching conditions yield a patterning depth of 38 nm. Accdodihg
2016 edition of the IEEE International Roadmap for Devices and Sgseetygpical fin
heights for the fabrication of finFETssupposed to be around 42 nm [Z3je difference
between the feature height and the height required for fins iniolgime manufacturing
is below 10 %. Despite of the fact that the block copolymer is symmetricirfetiye
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pristine film thePSdomain is as wide as tf®MMA domain) the feature width is in the
range of 11 nm at 30 nm full pitch. The derivation of the feature \iidth the expected

15 nm is in part caused by a non-zero lateral etch velocity throudtesilicon etching
process. The second reason is related to the interphase betw&Shathe thePMMA

block upon self-assembly. A formula to determine the diffuse indésgbetween theS

and thePMMA block has been proposed by Helfand and Tagami [24] and yields that the
distance between the position where the film consists of #5%nd where it consists

of 95 % PMMA is around 4 nm (seehapter 5. The successively changing material
composition is leads to a successively changing etch resistance thubtighinterphase

and represents another reason for the reduction of the feature width.

The result of the pattern transfer of a 23.4 nm full pitch lamé&&b-PMMA block

copolymer is discussed in the following paragraphs. The chosen etaridgions for
this process are the same as for the 30 nm full pitch block copolymessiigchefore,
while the etching time is reduced notably from 20 s to 10-15 ddbéeA.J.

Source Chuck Gas flows Process Etch time
power power Sk CaFs pressure
1200 W ow 20 sccm 15 sccm 2 Pa 10-15s

Table A.3 Process conditions of pattern transfer using the PS block of a &8fdlhpitch
lamellar block copolymer as etch mask.

Representative SEM images of the results of processes using etching titfes, 4P s
and 15 s are depicted figure A.4 a)e). While the sample depicted in the left image
(figure A.4 a) has clearly not yet reached the maximum etch depth (e.g. the réd2&lual
mask is very thick in comparison to the etch dgptie sample depicted in the right image
is clearly overetchedi@ure A.4 c). This is expressed by notably thinner features, some
of whom even suffer from breakthroughs. Considering the uakidask thicknesses as

a function of the etching time (compdigure A.3 b)andfigure A.4 a)e)) indicates that
the etch resistivity of theSmask for the two different block copolymers in question is
comparable, hence the resistivity of B@mask is not a function of the molecular weight.

Figure A.4: Evolution of the aspect of the pattern of a 23.4 firpifch lamellar PS-b-PMMA
block copolymer as a function of the etching time.
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Based on our experiments, we conclude that the limit of the pattern trdeptarfor the
two block copolymers is determined by two different effects. Whiesk wearing is the
dominant effect in the pattern transfer of the 30 nm full pitch btoglolymer, the pattern
transfer of the 23.4 nm full pitch block copolymer is restricted by the lateralelmtity.
The difficulty of the lateral etch rate in the 23.4 nm block copolymeribes even more
evident, when we take into account that the material consists of merely 483S\vBased
on this we can estimate that the width of B&domain in its initial state is as low &8
nm. In addition to that, this material is relatively close to the order-disdransition line
in the phase diagram. As a result, the diffuse interphase betweamtpkases becomes
broader and makes tiiS domain more prone to lateral etching in BldMA removal
step.

Cross-section images of transferred structures under minimumdlé ée.g. 2°) before

and after the removal of the residual etch mask are depicfeglire A5. A sketch on

the left side of the SEM images depicts Bf@domain in red color and silicon in light-

grey. The removal of the residual mask is daiaen oxygen plasma cleaning step at 500

W for about 10 minutes. The treatment is strong eno®jht HPRYH WKH UHVLGXDO §
thick PS mask and the thin underlying brush layer efficiently. The fearexd silicon

features without residual mask layer are depictefigure A.5 b) The full pitch of the

features in the images seems to be larger than the actual 23.4 nimajHie because

the SEM image been taken from a sample with self-assemblygier fprint pattern and

the imaged features do not run perfectly perpendicular to the cleavage.

Changes in the patterning recipe to increase the maximum pattern tcepfefor the
both previously discussed block copolymer materials have to tacklérnbgpl limiting
factor that precludes a deeper transfer. For this reason, possibtevéments in the
pattern transfer recipe for the 23.4 nm full pitch block copolymer hawntofor a
reduction in lateral etch velocity. A way to do so could be to increadertvard bias
and/or theC4Fs ratio in the gas mixture. The principal limiting factor in the pattern
transfer of the 30 nm full pitch block copolymer is, in turn,rtieesk wear. Increasing the
forward bias is therefore not recommended, because this would enhaaceeleration
of charged particles towards the substrate and result in increased maskAwear.
alternative may be a slight reduction@aFs, which increases both lateral and vertical
etch velocity.
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Figure A.5 Pattern transfer of a 22 nm pitch block copolymer. a) SEM crossoee@?
inclination after pattern transfer, with etch mask, b) SEM cross se@foimclination after
silicon etching, without etch mask

Based on this analysis, we conclude this section with the insight thatdssile to
conduct a pattern transfer of block copolymer features 8w an etch mask. Due to
the limited resistance of the mask towards physical etch mechanismse aesigtant
mask would, however, be desirable.

A.3.2 Pattern transfer to silicon using infiltrated PMMA as etch mask

A method to increase the etch resistivity by a factor of up to 37 [16¢dsiential
infiltration synthesis. Sequential infiltration synthesis is a way to infiltreeePtIMA
domain of the block copolymer with an alumina complex. This formsorganic-
inorganic hybrid material with high resistance to etch processes. A reasdhef
selectivity of the mechanism (e.g. the reason ®WBys not infiltrated, buPMMA is) is
the chemisorption 6cf MA to theOH-groupsin PMMA [25]. According to this theorygS
is not infiltrated due to the absence @H-groups A SIS process consists of various
repetition cycles consisting of an ALD ®MA and a followingH,0 exposition. The exact
processes taking place on the molecular basis are complex [15,26,2jd aegond the
scope of this thesis.

After the SIS process, the non-infiltrate@domain is removed by an oxygen plasma for
10 minutes at 500 W. The material that has been used for the results presenied
section is a 67.%9/mo molecular weighPSb-PMMA block copolymer consisting afl

wt% PSand 29 wt%°MMA. This block copolymer self-assembles in cylindrical domains
with a pitch of 35 nm an®@MMA features with a nominal diameter of 17 nm. The self-
assembly of the block copolymers, the sequential infiltration synthedishe removal

of the residualPS of the samples shown in this section have been conducted by
collaborators from CEA Leti and IMM-CNR.

The conditions used to transfer the structures into silicon are summaritadden.4
below. Sequential infiltration synthesis is a way to increase the resistithesstch mask
as a result of the addition @&f,0s, which represents a solution for the first problem
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encountered during for the use RS as etch mask, as has been found in the previous
section. In addition to that, we increase the substrate bias from 10 Wifcc@énpared
with etching process usingS masks to reduce lateral etching, and raise the relative
fraction of C4Fg in the gas flow from 43 % to 60 %.

Source Chuck Gas flows Process Etch time
power power Sk C4Fs pressure
1200 W 20 W 20 sccm 30 sccm 2 Pa 3045s

Table A.4 Process conditions of pattern transfer using an infiltrated PMMA bloek2¥.4 nm
full pitch lamellar block copolymer as etch mask.

The SEM image depicted iiigure A6 a)-c) shows the evolution of the features as a
function of etching time by the application of said etching proddssimages are labeled
with the process time. We notice that the incre&s€d flow has contributed to a reduced
etch velocity. While the process with 15 sc€afrsand 20 sccn$Fsyields an etch rate

in the range of 126 nm/min, we observe an about 25 % reduced etchaaieargasing

the C4Fs-flux to 30 sccm. The exact determination of the etch rate is, however,
complicated due to the relatively small process window of both processes.

The feature height after 30 s etching is 42 nm (including the etsk)mahile lateral
etching at that point has not yet led to substantial thinning of the feaderfgy(re A.6
b)). After 45 s seconds, we measure a feature height of 76 nndimgline mask), while
the features have become notably thinner {gree A.6¢)). This may be due to two
reasons. At one hand, lateral etching cannot be completely suppressedrizyaase of
forward power anC4Fs-ratio. As we see ifigure A.6a), the mask has a semi-spherical
shape, which means that mask failure first occurs at the border pffifirated dots. It
is conceivable that the reduced pillar width is also due to beginning mask f@iluhe
edges of the infiltrated dots.

Figure A.6: Evolution of pillar aspect as a function of the etching time.
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A.4 Conclusions

We present solutions for the transfer of templates defined by the setfibly of block
copolymers into silicon. Herein, we develop concrete recipes for the removad of t
PMMA domain of the block copolymer and the subsequent transfer into silitothe
remainingPS block as an etch mask. We demonstrate the transfer of a lamellar block
copolymer structure with 11 nm wide features with an etch depth ofr38he main
limiting factors precluding larger etch depths are the mask erosiahartateral etching

of the features. This problem can be minimized by using SIS, whargstrens the mask
and reduces wearing. The increase of both forward bia€#fdoncentration in the gas
mixture has been demonstrated to yield the desired effect of lower lateralgedcioin
contributed to a notable increase in the maximum vertical etch depth.
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H2020 Horizon 2020
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HVM High-Volume Manufacturing

ICP Inductively Coupled Plasma

IEEE Institute of Electrical and Electronic Engineers

IMDS Inter-Materials Dividing Surface

lons4SET lon-irradiation-induced Si Nanodot Self-Assembly for Hyb
SET-CMOS Technology

loT Internet of Things

IRDS International Roadmap of Devices and Systems

ITRS International Technology Roadmap for Semiconductors

JRA Joint Research Activity

LAO Local Anodic Oxidation

LER Line-Edge-Roughness

LWR Line-Width-Roughness

m-AFM Mechanical Atomic Force Microscopy

MIBK Methyl Isobutyl Ketone

ML2 Maskless Lithography

MMA Methyl Methacrylate

NFFA Nanscience Foundries and Fine Analysis
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NGL Next-Generation Lithography

NIL Nanoimprint Lithography

PDI Polydispersity Index

PGMEA Propylene Glycol Monomethyletker Acetate
PMMA Poly(Methyl Methacrylate)

PPA Poly(Phthalaldehyde)

PS Polystyrene
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PSOH Oxygen-terminated Polystyrene
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RIE Reactive lon Etching

RT Room Temperature

SAXS Small-Angle X-Ray Scattering

SEM Scanning Electron Microscopy

SIS Sequential Infiltration Synthesis

SNM Single Nanometer Manufacturing

SNR Signalto-Noise-Ratio

SPL Scanning Probe Lithography

TMA Trimethyl Aluminum

t-SPL Thermal Scanning Probe Lithography
UV-NIL Ultraviolet Nanoimprint Lithography
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