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Resume 

The presented thesis entitled “High-resolution guiding patterns for the directed self-

assembly of block copolymers” investigates strategies to introduce long-range order into 

block copolymer thin films for nanopatterning applications.  

Structures defined by top-down lithography that enable the introduction of long-range 

order into an otherwise disordered thin film of block copolymers are referred to as guiding 

patterns. This thesis explores and develops different techniques that enable the fabrication 

of guiding patterns with a particular focus on methods capable of providing high-

resolution and high-accuracy, because they are at the prospect of playing a crucial role in 

the directed self-assembly of very low-pitch block copolymer materials. We demonstrate 

the directed self-assembly of an 11.7 nm full-pitch PS-b-PMMA block copolymer with 

guiding patterns fabricated by means of five different top-down lithography techniques. 

One strategy to fabricate guiding patterns consists in the generation of topographic 

structures, which is referred to as graphoepitaxy. In this case, we have used extreme-

ultraviolet interference lithography to fabricate trenches with nanometer precision to 

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

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

guiding pattern dimensions the defect-free directed self-assembly can be expected. 

Moreover, we have used electron beam lithography for the fabrication of sub-10 nm wide 

topographical guiding patterns and study the directed self-assembly of block copolymers 

in structures with feature sizes close to the material’s half-pitch.  

Another strategy to fabricate guiding pattern consists of chemical surface modification to 

create areas that are selectively affine to one of the blocks. We have presented a novel 

approach based on thermal scanning probe lithography and adjust the patterning 

conditions for the fabrication of chemical guiding patterns with 10 nm line width. Due to 

the absence of the proximity and diffraction effects, thermal scanning probe lithography 

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

As a third strategy to align block copolymers, we use grain boundaries in block copolymer 

thin films as order-inducing surfaces. A surface modification is used to trap a grain of 

vertically oriented block copolymers between two grains of horizontally oriented block 

copolymer domains in a controlled manner. We call the developed technique “grain-

boundary induced alignment”. To demonstrate its working principle we employ 

mechanical AFM and electron beam direct writing, and show the ordering of block 

copolymers on length scales of various hundreds of nanometers. 

The presented thesis is complemented with the development of a probe-based imaging 

technique to study the thermal conductivity of polymer materials with sub-10 nm lateral 



VIII   
 

resolution. The dissipation of heat into a sample is determined at each measurement point 

by means of an electrical circuit that is integrated into the cantilever. We study the thermal 

conductivity of PS-b-PMMA block copolymers with different pitches and different 

orientations. This technique represents an advance in the investigation of polymeric 

surfaces due to its high resolution and good material sensitivity. 
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Resumen 

La tesis titulada: “High-resolution guiding patterns for the directed self-assembly of block 

copolymers” investiga distintas estrategias para la introducción de orden de largo alcance 

en capas delgadas de copolímeros de bloque para aplicaciones de nano-estructuración de 

superficies. 

Los elementos definidos por litografía top-down que permiten la introducción del orden 

de largo alcance en una desordenada capa delgada de copolímeros de bloque se conocen 

como patrón de guiado. Esta tesis explora las diferentes técnicas que permiten la 

fabricación de patrones de guiado y está particularmente enfocada en la fabricación de 

éstos en alta resolución y precisión, con la perspectiva de jugar un papel clave en el 

autoensamblaje dirigido de copolímeros de bloque de bajo periodo. Demostramos el 

autoensamblaje de un copolímero de bloque de PS-b-PMMA de 11.7 nm con patrones de 

guiado fabricados por cinco técnicas diferentes. 

Una estrategia abordada se basa en la fabricación de patrones de guiado topográficos, lo 

que se conoce como graphoepitaxia. En particular, usamos litografía por interferencia en 

el ultravioleta extremo para fabricar zanjas con precisión nanométrica y estudiar el 

comportamiento de autoensamblaje de los copolímeros de bloque bajo nano-

confinamiento. Este sistema nos permite el desarrollo de un modelo de energía libre para 

predecir, para que dimensiones de zanja esperamos un autoensamblaje dirigido libre de 

defectos. Además, utilizamos la litografía de haz de electrones para la fabricación de 

patrones de guiado topográficos menores de 10 nm para estudiar el autoensamblaje 

dirigido de copolímeros de bloque en estructuras con tamaño similar al tamaño de sus 

bloques.  

Otra estrategia para la fabricación de patrones de guiado consiste en la modificación 

química de superficies para la creación de áreas selectivamente atractivas a uno de los 

bloques. Presentamos un nuevo método fundamentado en la litografía basada en la 

microscopía térmica de sondas y ajustamos las condiciones para la fabricación de 

patrones de guiado químicos con un ancho de línea de 10 nm. Debido a la ausencia de 

efectos de proximidad y de difracción, la litografía basada en sondas de escaneo térmico 

es ideal para la fabricación de patrones de guiado químicos densos y de alta resolución.  

Como tercera estrategia para el alineamiento, usamos fronteras de grano en capas 

delgadas en copolimeros de bloque para inducir orden. Se usa la modificación química 

de la superficie para atrapar un grano de copolímeros de bloque orientado verticalmente 

entre dos granos orientados horizontalmente. Denominamos a esta técnica "alineamiento 

inducido por fronteras de granos". Para demostrar el principio de funcionamiento de esta 
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técnica, usamos la modificación mecánica mediante AFM y la escritura directa mediante 

e-beam. 

La tesis presentada se complementa con el desarrollo de una técnica de obtención de 

imágenes basada en microscopía de sonda térmica que permite estudiar la conductividad 

térmica de polímeros con resolución lateral inferior a 10 nm. La disipación de calor en 

una muestra en cada punto se mide mediante un circuito eléctrico integrado en el fleje. 

Estudiamos la conductividad térmica de copolimeros en bloque autoensamblados en 

diferentes orientaciones y dimensiones. La técnica representa un avance en la 

investigación de superficies poliméricas debido a su alta resolución y la capacidad de 

distinguir entre materiales con alta sensibilidad.  
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Zusammenfassung 

In der vorliegenden Arbeit mit dem Titel „High-resolution guiding pattners for the 

directed self-assembly of block copolymers” werden Techniken vorgestellt, die dazu 

dienen, Fernordnung in Block Kopolymer Dünnschichten zu induzieren.  

Mittels top-down Litografie hergestellte Strukturen, mit dem Zweck Block Kopolymere 

zu ordnen, werden guiding patterns (Führungsstrukturen) genannt. Es werden 

verschiedene Techniken aufgezeigt, die die Herstellung von Führungsstrukturen 

ermöglichen. Bei der Auswahl dieser Techniken wurde ein besonderer Fokus darauf 

gelegt, dass diese dazu in der Lage sind, Produktionsprozess mit einer hohen Auflösung 

und einem größtmöglichen Maß an Exaktheit durchzuführen. Es wird erwartet, dass 

besonders exakte Führungsstrukturen zukünftig eine wichtige Rolle beim Induzieren von 

Fernordnung in Block Kopolymeren mit besonders geringer Strukturgröße einnehmen 

werden. In dieser Arbeit zeigen wir die gerichtete Selbstorganisation eines PS-b-PMMA 

Block Kopolymers mit einer Strukturweite von 11.7 nm induziert durch fünf 

verschiedenene Arten von Führungsstrukturen.  

Eine Alternative, um Führungsstrukturen herzustellen besteht im Ausnutzen von 

topographischen Strukturen. Dieses Verfahren wird graphoepitaxy genannt. Wir haben 

Extrem-Ultraviolette Interferenz-Litografie verwendet, um Gräben mit einer Genauigkeit 

von wenigen Nanometern herzustellen, und die gerichtete Selbstorganisation von Block 

Kopolymeren in diesen mit größtmöglicher Genauigkeit zu untersuchen. Wir verwenden 

dieses System, um daraus ein Modell der freien Energie abzuleiten und vorhersagen zu 

können, in Gräben welcher Weite die gerichtete Selbstorganisation des untersuchten 

Materials defektfrei abläuft. Darüber hinaus stellen wir weniger als zehn Nanometer 

breite topographische Führungsstrukturen mittels Elektronenstrahllitografie her und 

untersuchen die Selbstorganisation von Block Kopolymeren in topographischen 

Elementen in der Grössenordenung ihrer eigenen Strukturweite. 

Eine weitere Strategie zur Herstellung von Führungsstrukturen ist die chemische 

Oberflächenmodfikation, bei der Bereiche auf der Probeoberfläche kreiert werden, die 

vornehmlich von einem der beiden Blöcke benetzt werden. Wir präsentieren eine neue 

auf thermischer Rastersondenlitografie basierende Methode und passen deren 

Prozessparameter so an, dass wir chemische Führungsstrukturen mit 10 nm Linienbreite 

erfolgreich herstellen können. Thermische Rastersondenlithografie stellt eine sehr gute 

Alternative für die Herstellung chemischer Führungsstrukturen dar, weil bei ihr weder 

Beugungseffekte noch die Resisterwärmung durch Proximität einen limitierenden 

Einfluss haben. 
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Als eine dritte Strategie nutzen wir Korngrenzen in Block Kopolymer Dünnschichten, 

um Fernordnung in ihnen zu induzieren. Eine Oberflächenmanipulation dient dazu, ein 

Korn mit vertikal angeordneten Block Kopolymer Domänen zwischen zwei Körnern in 

horizontaler Ausrichtung in kontollierter Weise einzusperren. Wir nennen diese Methode 

„Korngrenzen-induzierte Ordnung“. Um die Wirksamkeit dieser Methode nachzuweisen, 

nutzen wir mechanische Rasterkraftmikroskopie und direktes Elektronenstrahlschreiben 

und zeigen somit, dass wir Fernordnung in Block Kopolymere auf einer Längenskala von 

bis zu mehreren hundert Nanometern induzieren können.  

Die präsentierte Arbeit wird mit der Entwicklung einer Rastersonden-basierten Technik 

zum Messen von Wärmeleitfähigkeit in Polymermaterialien mit einer lateralen 

Auflösung besser als zehn Nanometern vervollständig. Die Menge der abgeleiteten 

Wärme von einer erhitzten Spitze in eine Probe an jedem Messpunkt wird durch das 

Auslesen eines direkt in die Spitze integrierten elektrischen Schaltkreises bestimmt. Wir 

untersuchen die Wärmeleitfähigkeit von PS-b-PMMA Block Kopolymeren in 

verschiedenen Orientierungen und mit verschiedenen Kettenlängen. Diese Technik trägt 

durch ihre hohe laterale Auflösung und die gute Materialempfindlichkeit zum Fortschritt 

auf dem Gebiet der Untersuchung von Polymeroberflächen bei.  
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6 Motivation  
 

Motivation  

The technological progress of mankind in post-industrial-revolution times is closely 

related to the ability to manufacture new and better goods at a fast pace. In particular, 

semiconductor manufacturing has been the backbone of the advance from mainframe 

computers occupying entire rooms to smartphones that easily fit in our pockets within 

only few decades time. The successful industrial use of anticipated technological 

revolutions, such as the Internet of Things (IoT), Artificial Intelligence (AI) and self-

driving cars depend, among other factors, on improved manufacturing processes in 

semiconductor industry.  

The miniaturization of transistors in microprocessors in the last fifty years has been 

closely accompanied and to some extend guided by a prediction made by Gordon Moore 

in 1965 [1], that has become famous under the name “Moore’s Law”. Moore’s Law states 

that the number of transistors per unit area in a commercial microprocessor has to double 

about every two years in order to maintain high volume manufacturing (HVM) in 

microelectronics industry profitable. Accomplishing Moore’s Law has been the working 

horse for growth in the semiconductor industry for decades and it is at the prospect of 

also being it in the years to come.  

Appropriate fabrication techniques for semiconductor manufacturing have to satisfy both 

technological and economical requisites. Accordingly, fabrication techniques in 

microelectronics HVM have to fulfill the market’s request for higher performance 
microprocessors by providing improved resolution patterning at a low level of defectivity 

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

a high fabrication throughput. Remarkably, Moore’s law has been deliberately 

accomplished by the semiconductor industry for several decades [2].   
Figure 0.1: Relationship of Moore’s law and the economic and technological prerequisites of 

patterning techniques. 
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High-resolution lithography techniques represent the essential step in semiconductor 

manufacturing to define small structures whose size ultimately defines the transistor 

dimensions. Currently used deep-ultraviolet immersion lithography is approaching its 

physical resolution limit. Pushing it towards today’s resolution requirements (as dictated 

by Moore’s Law) requires multiple patterning steps and comes therefore at increasingly 

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

to enhance the resolution of lithography is one of the key points that needs 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 been identified by the 

International Technology Roadmap for Semiconductors (ITRS) to be capable of pushing 

the patterning resolution in semiconductor fabrication for the technology nodes to come. 

The directed self-assembly (DSA) of block copolymers (BCPs), together with extreme-

ultraviolet lithography (EUV), nanoimprint lithography (NIL) and maskless techniques 

(ML2) forms part of this group. DSA is a hybrid patterning technique that combines 

bottom-up and top-down methods and is at the prospect to be used to fabricate structures 

far below 10 nm lateral size at an industrial scale. Besides research activities concerned 

with the development of novel high-χ block copolymer materials, an important part of 

this technology depends on the precise (commonly top-down) fabrication of structures 

capable of inducing long-range 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 fabrication methods 

to enable the directed self-assembly of block copolymers with high accuracy and 

consequently with a small number of defects. The scope of this thesis is schematically 

depicted in figure 0.2. 

We expect that the currently available techniques are not sufficient to satisfy the needs of 

upcoming challenges in block copolymer lithography especially - but not exclusively - 

due to the significantly lower domain sizes in future high-χ block copolymer materials. 

For this reason, this thesis is particularly concerned with the development of high-

resolution and high-precision guiding pattern fabrication techniques. In order to do so, 

we have collaborated with different international research groups with a particularly high 

profile in top-down lithography techniques. 



8 Scope of the thesis  
 

The two most intensively studied approaches to direct the self-assembly of block 

copolymers are based on topographically defined features (referred to as graphoepitaxy) 

and chemical patterns (referred to as chemoepitaxy). 

In a collaboration with the nanopatterning group at IBM Research Zurich, we have 

applied thermal scanning probe lithography to push the resolution of chemical guiding 

patterns down to 10 nm. Due to the capability of thermal scanning probe lithography to 

fabricate dense patterns at high resolution, the technique is perfectly fit for the fabrication 

of chemical guiding patterns for future small pitch block copolymers. Later on, the same 

nanopatterning tool has also been used to measure the thermal conductivity of block 

copolymers with a sub-10 nm resolution.   
Figure 0.2: Sketch of the organization of this thesis. Departing from the core issue, namely the 

guiding pattern (GP) fabrication, different approaches are presented to direct the self-assembly 

of block copolymers. Based on these techniques, various further experiments have been 

conducted. These experiments represent the shell of the ellipse. The numbers in brackets behind 

the name of the techniques refer to the chapter, where reports on the respective experiments can 

be found.  

 

We have fabricated sub-10 nm topographical guiding patterns using e-beam lithography 

in collaboration with the Laboratory of Micro and Nanotechnology (LMN) at the Paul 

Scherrer Institut (PSI), and identified an alternative self-assembly morphology of block 

copolymers when deposited in guiding patterns with feature dimensions close to the block 

copolymer half-pitch. Here, the analysis of the structures by GISAXS (executed at the 

P03 Micro- and Nanofocus X-ray Scattering beamline at Deutsches Elektronen-

Synchrotron DESY) plays an important role to identify a new design rule for high-

resolution topographical guiding patterns. In a second collaboration with the LMN at PSI, 

we use extreme-ultraviolet interference lithography (EUV-IL) to study the self-assembly 

of block copolymers in trenches whose width is controlled with nanometer precision. The 
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exceptionally high accuracy of the guiding pattern fabrication by EUV-IL has been used 

as the basis to improve current free energy models for confined block copolymers. 

Apart from the use of chemical and topographical guiding patterns, we have developed 

an alternative approach referred to as grain-boundary-induced alignment, which 

represents an interesting alternative to direct the self-assembly of block copolymers with 

significantly lower resolution requirements in the lithography step. This work is 

especially concerned with the fundamental understanding of how grain boundaries may 

be used to fabricate arrays of parallel nanowires in block copolymer thin films. Pattern 

transfer techniques have been tested on block copolymer samples without long-range 

order, and afterwards been applied to structures aligned by grain boundaries.  

 

Structure of the thesis 

After an introduction to state-of-the-art lithography, to next generation lithography 

techniques, and in particular to block copolymer lithography and its underlying principles 

in chapter 1, we present the results of this PhD thesis in a total of four more chapters 

(chapters 2 - 5) and one annex (annex 1).  

Chapter 2 is about the fabrication of topographical guiding patterns and therefore divided 

in two parts. Part 2A refers to the results using extreme ultraviolet interference 

lithography, while the experiments concerning sub-10 nm guiding patterns via e-beam 

are presented in part 2B. 

The results of the experiments regarding the fabrication of chemical guiding patterns via 

thermal scanning probe lithography are presented in chapter 3. 

In chapter 4 the principle of grain-boundary-induced alignment is explained and applied 

to the alignment of block copolymers using mechanical AFM and e-beam direct writing. 

The sub-10 nm resolution measurement of the thermal conductivity of block copolymers 

is presented in chapter 5.  

Results of pattern transfer processes of block copolymer structures into silicon are 

presented in annex 1. 

 

Contributions to projects 

Research activities presented in this manuscript have been conducted in the framework 

of three different European projects. In the following section, we will briefly introduce 
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the scope of the projects and make reference to the results that have been obtained in the 

framework of the respective project. 

NFFA (Nanoscience Foundries and Fine Analysis) 

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

that offer access to academia and industry. The access to the participating laboratories is 

organized in a free-of-charge transnational access concept that is based on proposals that 

undergo an evaluation process. Apart from offering transnational access, the project 

includes networking activities and original research activities conducted by the partners 

with the aim to solve current bottlenecks in nanoscience. These activities are organized 

in joint research activities (JRAs). The experiments presented in the chapters 2A and 2B 

(both graphoepitaxy), chapter 4 (grain-boundary-induced alignment) and annex 1 

(pattern transfer) of this thesis are realized in the framework of the NFFA JRA2 “High 
precision manufacturing”. Particularly, the experiments presented in chapters 2A and 2B 

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

in chapter 2A and 4 have been conducted in the course of beamtime facilitated via the 

NFFA transnational access framework in Petra III in Hamburg. The NFFA project 

receives funding from the EU’s H2020 framework program for research and innovation 
under grant agreement no. 654360 starting 01/09/2015 ending 31/08/2019 [3,4].  

SNM (Single Nanometer Manufacturing for Beyond CMOS Devices) 

The objective of the SNM project to extend the limits of nano-device fabrication through 

the use of novel lithography techniques with sub-10 nm resolution. The approaches that 

have been considered within this project are scanning probe lithography (SPL) and 

focused electron beam induced processing (FEBIP). 

The directed self-assembly of block copolymers presented in chapter 3 (chemoepitaxy 

via t-SPL) is the result of a research stay at IBM Research Zurich conducted in the 

framework of SNM. The work presented in chapter 5 (thermal conductivity of block 

copolymers) is not financially related to the funding received through the SNM project, 

but is the result of another visit at IBM Research Zurich after the end of the SNM funding 

period. SNM has been funded from the EU’s FP7-ICT (Very advanced nanoelectronic 

components: design, engineering, technology and manufacturability) 01/01/2013 - 

31/03/2017. The project ID is 318804 [5,6].  

Ions4SET (Ion-irradiation-induced Si Nanodot Self-Assembly for Hybrid SET-CMOS 

Technology) 

Ions4SET aims at developing low-energy-consumption single electron transistors that 

can be operated at room-temperature. Therefore, the fabrication of nanopillars is crucial. 

A part of the results presented in annex 1 are the outcome of activities related to etch 

processes to enable the fabrication of nanopillars based on the directed self-assembly of 
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block copolymers. Ions4SET is funded by EU’s H2020 framework program and forms 
part of the sub-section “Generic micro-and nano-electronic technologies”. The funding 
period is 02/01/2016 – 31/01/2020 [7,8]. The grant agreement no. of Ions4SET is 688072. 
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Introduction 15  
1.1 Overview of lithography techniques 

A large part of the advance in semiconductor manufacturing in the last decades has been 

due to the capacity to fabricate smaller and smaller features. The impressive improvement 

in manufacturing resolution has been made possible by major research activity in the field 

of photolithography. 

1.1.1 Lithography principles 

Photolithography is a widely-used method to replicate structures in a photo-sensitive 

resist with a resolution down to few tens of nanometers. To expose the resist selectively, 

a photo-mask with opaque and transparent regions is placed in the light path. In 

semiconductor manufacturing, high-resolution topographies composed of different 

materials may be fabricated by combining lithography with etching and deposition steps 

as depicted in figure 1.1.   
Figure 1.1: Typical work-flow of a lithography step with subsequent lift-off or etching step.   

Depending on the resist material, the light exposure (2) may either induce cross-linking 

or lead to a degradation of the resist material in irradiated areas. Resists that cross-link 

upon exposure are referred to as negative tone resist, whereas resists that are degraded 

upon interaction with radiation are called positive tone resist. Figure 1.1 shows the work-

flow using a positive tone resist, where the exposed areas are modified and subsequently 

removed. For the development step (3), the sample is rinsed in a liquid that dissolves 

either the exposed (positive resist) or the non-exposed (negative resist) part of the resist. 

As a result, the substrate is revealed in those areas, while the rest of the substrate is still 

covered by the resist layer. The exposed areas of the substrate may subsequently be 

subject to a (commonly metal-) deposition step. The thin layer that is deposited on top of 

the resist stripes is removed by a rinsing in a liquid that dissolves the resist layer (4.1). 

Alternatively, the exposed substrate can be structured (4.2) by means of a (wet or dry) 

chemical etching step, while the resist protects the substrate from being attacked. In that 

way, material can be added and removed in lithographically defined areas.  
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The resolution of the lithography step (2) is the principal limiting factor of the size of the 

structures that can be fabricated by means of lithography. The capacity to print smaller 

and smaller features into the resist layer has been the driving force to sustain Moore’s law 
for many years. Therefore, pushing (photo-)lithography towards an always higher 

resolution is of great interest for the advance in the field of computer technology, storage 

techniques and many more.  

1.1.2 DUV lithography and resolution enhancing techniques 

As for photolithography, one usually distinguishes between contact lithography, 

proximity lithography and projection lithography. The minimum printable resolution for 

contact lithography and proximity lithography is approximately 𝑏𝑐,𝑥 ≈√𝜆 ∗ ሺ𝑑𝑒௦ + 𝑑௦/ሻ, where λ is the wavelength used during the exposure, dres is the 

thickness of the resist and ds/m is the sample-mask distance.  

Upon using complex optics, projection lithography is capable of reducing the size of the 

printed features with respect to their size on the mask. The minimum resolution in that 

case is given by 𝑏 = భ∗𝜆𝑁𝐴 , where NA is the numerical aperture of the optical system 

and k1 is a process and instrumental parameter. Projection lithography is currently used 

in HVM processes. Without further process improvements, the use of 193 nm wavelength 

light sources, as currently used in DUV lithography would, however, preclude the 

fabrication of sub-100 nm features. The key limiting factor is the light diffraction by the 

mask features.  

Some of the strategies that have been considered to push the resolution of DUV 

lithography below this value include the enhancement of the numerical aperture NA, the 

reduction of k1 and the reduction of the wavelength λ. The latter is discussed in the section 

about EUV lithography.  

Particular measures that have been taken to reduce the value of k1 are off-axis 

illumination, phase shifting masks and proximity corrections, which manipulate the wave 

direction, phase and amplitude [1]. 

Furthermore, an important step to enhance the resolution of DUV lithography has been 

the development of immersion lithography, which introduces a medium with a refractive 

index n > 1 (such as water) between the mask and the substrate. In this way, the effective 

wavelength inside the medium and thus diffraction mechanism are reduced [2]. Structure 

sizes below 30 nm have been demonstrated [3].  

To fabricate even smaller feature sizes it is necessary to employ multiple (self-aligned) 

patterning steps (see figure 1.2). This is a combination of a common lithography step and 

a uniformly covering coating step (1 / 2). After the etch-back of the coating (3 / 4) and 
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resist stripping (5), 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 players in semiconductor 

manufacturing currently use self-aligned quadruple patterning (e.g. two consecutive self-

aligned double patterning steps) in their 10-nm-node processes. Counterintuitively, the 

number in the node name does not refer to the half-pitch of the lithography step used to 

fabricate the features, but rather to the width of the electrical channel. The full-pitch of 

Intel’s 2017 10-nm-node 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 lithography and multiple 

patterning, the use of 193 nm-wavelength-light-based lithography for cutting-edge HVM 

is most likely come to an end in the next years, whether because the cost of multiple 

patterning is too high to maintain profitability or because multiple patterning makes the 

patterning process be too complex. Four techniques that are at the prospect of being 

capable of accomplishing Moore’s Law in the next years are briefly introduced in this 

section [6].  

1.1.3.1 Extreme ultraviolet lithography 

Extreme-ultraviolet lithography follows the apparently obvious approach of reducing the 

wavelength in photolithography to 13.4 nm in order to improve the resolution of the 

technique. The development of this technique is, however, very challenging, because the 

need for reflective instead of transparent optics [7] and masks [8] leads to a substantially 

increased process complexity [9]. The major issues to be solved in EUV lithography are 

the currently insufficient light source power and line width roughness (LWR) in the 

printed features [10]. Recent progress has been sufficiently promising that Samsung has 

announced it will use extreme-ultraviolet lithography in its 7-nanometer node test 

production [11,12]. 

1.1.3.2 Maskless technologies 

One generally refers to maskless lithography techniques as those that inherently lack the 

necessity of using a mask to define the shape of structures. Well-known examples for this 

group are probe-based techniques and e-beam lithography, which are usually serial 

techniques. Nanofabrication by means of serial techniques is usually several orders of 
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magnitude slower than by parallel techniques. A possible solution for this issue is given 

by the development of a parallel e-beam lithography system with up to 650,000 

simultaneously exposing beams [13] to meet a throughput target of 5-10 wafers per hour 

[14]. Maskless techniques have been under discussion to represent a cost-effective 

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 patterning medium 

(polymer, resist, etc.) with nanometer resolution [15] is referred to as nanoimprint 

lithography (NIL) [16]. Most of the process variations of nanoimprint lithography can be 

grouped in either thermal NIL [17] or UV-NIL [18]. Unlike in photolithography where 

the printed features may be significantly smaller than the features fabricated on the mask, 

NIL is a contact method where the stamp actually touches the wafer and hence reproduces 

the mask features with a 1:1 size ratio. Therefore, the major challenges in NIL are both 

contamination and defects arising from the physical contact between stamp and sample, 

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 chains covalently 

bonded together to one single macromolecule [19]. Driven by the repulsive force between 

chemically different molecules, the chains self-assemble in periodic structures in the size-

range between few nanometers and few tens of nanometers. The periodic structures 

defined in that way can be used as bottom-up templates for nanofabrication processes that 

require very high resolution, such as bit patterned media for hard disk drives [20–22], 

finFETs [23] and contact holes [24]. Guiding patterns that are usually defined by top-

down lithography are required to induce long-range order in the material [25–28]. One of 

the principal problems to date is the insufficiently low defect density for the integration 

of block copolymer lithography in HVM processes [6]. 

1.2 Block copolymer physics 

As mentioned before, block copolymers are macromolecules that consist of two or more 

polymer chains connected by a covalent bond.  

The chemically different blocks can either be merged in a linear or in a branched manner. 

In that sense, a great variety of different block copolymer structures may be thought of 

[19]. The most widely studied, and at the same time the block copolymer type that has 

been used in the experiments conducted in the course of this thesis, is the linear AB block 

copolymer, denoted A-b-B. 
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1.2.1 Molecular interaction and phase separation in block copolymers 

The chemical difference between the two blocks A and B leads to a repulsive interaction 

between them and thus acts as driving force for microphase separation. This microphase 

separation process leads to the formation of periodic domains predominantly consisting 

of only one component A or B. This concept is sketched in figure 1.3 a). The covalent 

bond between the chains inhibits their separation into two phases as we would observe it 

in a blend of two immiscible homopolymers. A quantification of the repulsive interaction 

between two blocks is given by the Flory-Huggins interaction parameter χ, based on 

works of Flory and Huggins [29,30]: 

χAB= Z
kBT⁄ [εAB- 1

2⁄ ሺεAA+εBBሻ],  (0.1) 

where Z is the number of nearest neighbours of a unit and εij is the interaction energy 

between two monomers i and j. In this thesis, block copolymers based on polystyrene and 

poly(methyl methacrylate) (PS-b-PMMA) (see figure 1.3 b) for scheme of the molecule) 

have been employed. Their mutually repulsive forces are inherently low. As the 

interaction parameter scales inversely proportional to temperature, mixing of the two 

phases is enhanced as the temperature of the material increases. Experimental results 

[31,32] yield an interaction parameter for PS-b-PMMA as a function of the temperature 

T [K] of 

χPS/PMMA= 0.028+ 3.9
T [K]

  (0.2) 

This formula yields χ = 0.041 at room temperature and 0.037 at 160 ºC.  
Figure 1.3: Influence of microphase separation in block copolymers on the molecular order of 

block copolymers. a): Difference between molecular order in a diblock copolymer in disordered 

state (left) and the microphase separated state (right), b): molecular architecture of a PS-b-

PMMA polymer. 

 

In general, the microphase separation in block copolymers is achieved in two different 

ways [33]. At one hand, thermal annealing can be used to heat the block copolymers 

above their glass transition temperature, enhance their chain mobility in this way [34] and 

to provoke microphase separation. Besides the substrate-block copolymer-interaction, an 
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important aspect for the success of the thermal annealing procedure is the difference in 

surface energy Δγ between the two blocks. In case Δγ is very large, the block copolymer 

will self-assemble such that it forms a wetting layer of the material with lower surface 

energy at the block-copolymer-air-interface. Interestingly, for PS-b-PMMA we find that 

Δγ < 1 % at 170 ºC [35], and that Δγ decreases even more for larger temperatures [36]. 

This converts thermal annealing in an easy way to induce microphase separation in PS-

b-PMMA. Solvent annealing, on the other hand, is the second strategy used to induce the 

self-assembly of block copolymers [37]. The selectivity of the solvent plays a role in the 

orientation of the block copolymer domains with respect to the substrate [38–40]. Solvent 

annealing has not been used in the course of the experiments presented in this thesis.  

1.2.2 Phase diagram of AB diblock copolymers 

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

same time represents the only type of block copolymer that is used in this thesis. A-b-B 

block copolymers show a well-studied phase behaviour as a function of the product of 

the polymerization N and the Flory-Huggins interaction parameter χ, and the relative 

chain lengths of its components fA and fB [41,42]. The theoretical phase diagram of A-b-

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

ref. [43] (see figure 1.4 a)).   
Figure 1.4: Phase behavior of diblock copolymers. a): Phase diagram of diblock copolymers 

according to Monte Carlo simulations taken from [43]. The parameter f (x-axis) indicates the 

weight fraction of the chain of one of the blocks, for example PS. The term χN (y-axis) represents 

the product of the Flory-Huggins interaction parameter χ and the chain polymerization N. 
Lamellar self-assembly is expected in the areas denoted “L” and the cylindrical morphology in 
the areas denoted “C”. Less frequently used morphologies are the spherical and the gyroid 

phase, denoted “S” and “G”, respectively, b): sketches of the block copolymer self-assembly 

morphologies upon changing f. Illustration taken from ref. [44]. 

 

A symmetric block copolymer self-assembles in lamellar structures (denoted L), whereas 

upon increasing the fraction of one polymer fa, the material will first pass to a gyroid 
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morphology and then to cylinders in a matrix of material B, before it will finally self-

assemble in spheres in a matrix of material B (see figure 1.4 b)). Microphase separation 

occurs for all materials that are above the order-disorder transition line in the phase 

diagram. The curve indicating the order-disorder transition in the phase diagram is 

parabolic with a global minimum at χN= 10.4  for perfectly symmetric block copolymers. 

Based on that, microphase separation for PS-b-PMMA block copolymers at 160 ºC is a 

priori precluded for materials consisting of less than 251 monomers. The smallest 

reported full pitches obtained by PS-b-PMMA are 17.5 nm [45] and 19 nm [46], although 

the utility of sub-22 nm full pitch PS-b-PMMA materials for pattern transfer processes is 

questioned by some authors [47]. 

In a microphase separated block copolymer melt, its periodicity is determined by the 

minimization of the free energy of the block copolymer chains. A free energy model for 

block copolymers minimizes the sum of an entropic term and an enthalpic term. The 

entropic component of this minimization problem originates from the stretching of the 

chains, whereas the enthalpic component of the free energy takes the repulsive force 

between monomers into account.  

 

Figure 1.5: Correlation between chain stretching and periodicity of block copolymer lamellae. 

a): Large chain stretching reduces the entropy of the system, but also reduces the enthalpy 

because of a smaller number of A/B interfaces, b): Large chain compression increases both the 

enthalpy and the entropy of the system. 

 

According to Ohta and Kawasaki [48], this yields a free energy per chain of  

ܨ =  3 8⁄  𝑇𝑁𝑎మ 𝐿2 + 2𝑇𝑁𝑎𝐿 √𝜒6,  (0.3) 

where a is the monomer length, N is the chain polymerization and L is the period of the 

system.  

Comparing this equation with the free energy equation according to Gibbs 
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ܩ = ܪ − ܶܵ,  (0.4) 

we state that the enthalpy of this system can be described as  

ܪ = 2𝑇𝑁𝑎𝐿 √𝜒6,  (0.5) 

while the other summand describes the entropy and corresponds to  ܵ =  − 3 8⁄  𝑁𝑎మ 𝐿2 (0.6) 

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

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

Hooke’s law. The stretching of polymer chains contributes a decrease in entropy, because 

the stretched chains represent a more ordered system. In contrast to that, the enthalpic 

term scales with L-1 representing the decrease of the density of A-B interfaces as the layer 

spacing increases. This concept is graphically represented in figure 1.5.  

The periodicity of the resulting features proportional both to the Flory-Huggins 

interaction parameter and the chain polymerization can be calculated by the minimization 

of the Ohta-Kawasaki formula with respect to the lamellar period L, so that L0 α χab
1/6·N2/3 

[49].   
Figure 1.6: Free energy in block copolymer thin films. a): Sketch providing an overview of free 

energy contributions to the total free energy in a block copolymer thin film, b): difference 

between horizontally and vertically aligned block copolymer thin films as controlled by different 

block copolymer brushes.  

 

1.2.3 Controlling surface interactions of block copolymers 

For the energy minimization process in block copolymer thin films, in general four energy 

components are taken into account [50] (see figure 1.6 a)), namely (1) the energy stored 

in the chain stretching/compression other than the radius of gyration, (2) the A-B interface 

curvature, which contributes a negligibly low amount of free energy, (3) the interface free 

energy between the blocks A and B and (4) the surface energy at the block copolymer-air 

and the block copolymer-substrate interface. The self-assembly morphology is always 
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such that the sum of the four free energy components is minimal. For the self-assembly 

of thin films in unconfined states (e.g. on energetically homogenous, non-patterned 

substrates) the chain will stretch such that pattern pitch is L0 and therefore minimize the 

chain extension and the total surface energy between the blocks A and B.  

In case of lamellar block copolymers, the decision about whether the material self-

assembles in vertical or horizontal lamellae (see figure 1.6 b)) depends on the interface 

energy between the substrate and the material the two blocks consist of Mansky et al. 

have found that the energy at the block copolymer-substrate interface of PS-b-PMMA can 

be managed by using PS-r-PMMA random copolymer brushes [35]. Random copolymer 

brushes whose monomer ratio is similar to the one of the block copolymer in question 

can be used as neutral brush layers and promote upright standing features. If one of the 

blocks, however, wets the random copolymer brush layer in an energetically clearly 

favorable manner, the block copolymer is assembled in horizontal features.  

 

1.3 Enabling lithography with block copolymers  

1.3.1 From self-assembly to directed self-assembly 

Self-assembly is referred to as “the autonomous organization of components into patterns 
or structures without human intervention” [51] and is generally subdivided in static self-

assembly and dynamic self-assembly. The microphase separation of block copolymers 

requires an initial energy input to the system, but is subsequently stable. For this reason, 

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

Another example for static self-assembly is the formation of molecular crystals. 

A key condition that has to be fulfilled for self-assembly to take place is the ability of the 

building blocks to move with respect to one another [51]. For this reason, self-assembly 

mechanisms are usually observed in liquids or on smooth surfaces. Particularly, this is 

the reason why block copolymers are heated above their glass transition temperature in 

thermal annealing. Equilibrating forces are usually required to (i) avoid uncontrolled 

agglomeration when attractive forces are too high, and (ii) the decomposition of the 

material, when repulsive forces are too large. In case of block copolymers, the repulsive 

force is the chemical incompatibility described by the Flory-Huggins interaction 

parameter χ 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 naturally self-assemble in a patterns that are 

similar to line-and-space pattern required in semiconductor manufacturing. They exhibit, 

for example precisely defined line widths and periods. Self-assembled block copolymer 

patterns have already been identified as an excellent platform to develop applications in 
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nanotechnology [52]. The well-defined self-assembled block copolymer patterns are 

furthermore suitable to improve the resolution of lithography techniques, the line edge 

roughness and the line width roughness of current patterning techniques [27,53] and 

represent for this reason an excellent bottom-up technique for etch mask fabrication. 

The absence of long-range order and placement accuracy precludes, however, any 

lithography application of the material in semiconductor industry in its as-spin-coated-

and-annealed state. It is therefore crucial to induce long-range order in a controlled 

manner. This process is referred to as “directing” the self-assembly of block copolymers. 

In the following we will briefly refer to the most commonly used techniques to direct the 

self-assembly of block copolymers. The features that are fabricated by means of top-down 

lithography techniques to introduce long-range order in the thin film are called guiding 

patterns.  

1.3.2 Graphoepitaxy 

Directing the self-assembly of block copolymers with topographical patterns is referred 

to as graphoepitaxy. The technique aims at fabricating topographical structures in such a 

way that they energetically favor the block copolymer to self-assemble in the desired 

structures as depicted in figure 1.7 a). The energetic advantage of ordered (e.g. directed) 

self-assembly in the created trenches with respect to a disordered self-assembly is in the 

preferential wetting of guiding pattern walls by one of the blocks. Furthermore, the 

creation of defects in block copolymers assembled in commensurate trenches imposes a 

free energy penalty, which converts the self-assembly in lamellae parallel to the guiding 

pattern walls into the minimum-free-energy state. The probability to from defects 

increases with the distance between the guiding pattern features because of the finite 

correlation length of the block copolymers far away from the order-inducing surface.   
Figure 1.7: Scheme of most common techniques to direct the self-assembly of block copolymers. 

a): Graphoepitaxy, b): chemoepitaxy.  

 

This principle has been successfully employed by a number of authors, as for example 

reported in refs. [54–58]. The best results are obtained when the width of the confining 

trench is exactly or close to an integer multiple of the natural pitch of the block copolymer 

[59]. A suitable guiding pattern design permits it, for example, to direct the self-assembly 

of block copolymers in device-oriented features [23] and induce long-range order in sub-
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10 nm half-pitch block copolymers [60] and sub-5 nm half-pitch liquid crystals [61]. 

Another widely used approach to make use of cylindrical block copolymers are contact-

hole shrink applications [24]. 

1.3.3 Chemoepitaxy 

The chemoepitaxy approach relies on the introduction of chemical patterns into an 

underlying substrate (see figure 1.7 b)). In this thesis, we work with the chemical 

modification of grafted random copolymers [62–65]. Nevertheless, the orientation of 

block copolymers can also be successfully controlled by the use of self-assembled 

monolayers [66] and crosslinked polymer mats [67]. A lithographic process is applied to 

locally modify the interface free energy between the block copolymer and the underlayer 

in such a way, that certain regions are more attractive to one of the blocks than to the 

other. The most widely known approach to direct the self-assembly of block copolymers 

on chemically pre-patterned surfaces is the so called LiNe process [67], named after its 

inventors Liu and Nealey. There, a cross-linked polymer mat is patterned by means of 

photolithography and the space between the defined stripes is subsequently refilled with 

a neutral brush layer. 

A common path to manipulate the surface free energy of a PS-r-PMMA random 

copolymer brush layer is the combination of a lithography step with its exposure to UV 

light [68] or an oxygen plasma [65]. A characteristic feature of the chemoepitaxy 

approach is that the guiding pattern must have a pitch close to η-times larger than the 

natural pitch of the block copolymer. The factor η is an integer referred to as density 

multiplication factor of the guiding pattern. The critical dimension of the guiding pattern 

features has to correspond to the half-pitch of the block copolymer [69] or 1.5 times the 

block copolymer pitch [63]. 

1.3.4 Other techniques  

Long-range order has also been induced into cylindrical block copolymers by means of 

an electric field [70]. The orientation of self-assembled block copolymer cylinders in thin 

films takes place perpendicular to the electric field direction [71]. The self-assembly of 

cylindrical block copolymers has also been directed by the use of minimal topographic 

patterns [72,73]. A third interesting alternative alignment technique has been developed 

in the course of this thesis and uses the energy minimization of block copolymer thin 

films in grain boundaries. The underlying theoretic principles have been developed by 

Gido et al. [74–77] and Duque et al. [78]. 
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Abstract: 

We study the nanoconfinement of block copolymers in topographical guiding patterns 

and extend current free energy models by estimating the free energy of a defect-loaded 

state. The defect-loaded state appears as a consequence of the mismatch between the 

guiding pattern separation and the block copolymer natural pitch. We determine the 

relation between trench width and the emergence of defects with nanometer precision. 

This allows us to us to predict the process window for guiding pattern fabrication to 

achieve a low level of defects. Extreme-ultraviolet interference lithography (EUV-IL) is 

used to manufacture topographical guiding patterns that direct the self-assembly of an 

11.7 nm half-pitch PS-b-PMMA block copolymer. High-accuracy silicon oxide-like 

patterns with trench widths ranging from 68 nm to 117 nm are fabricated by exposing a 

hydrogen silsesquioxane (HSQ) resist layer with EUV light at different exposure doses. 

The excellent line width roughness of the fabricated guiding patterns enables us to 

minimize the influence of defect formation in the self-assembly due to guiding pattern 

inaccuracies and to model the emergence of the formation of defects due to guiding 

pattern incommensurability.  
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2A.1 Introduction  

Recent developments in the field of high-volume manufacturing forecast that extreme-

ultraviolet (EUV) lithography will play a significant role in semiconductor 

manufacturing because of its capacity to fabricate features with high throughput and high 

resolution [1]. EUV interference lithography (EUV-IL) has emerged as a promising 

nanolithography technique for research, which is inherently capable of producing single 

digit (sub-10 nm) periodic and quasiperiodic dense nanostructures (lines/spaces, dots, 

holes etc.), with record resolutions down to 6 nm [2]. Transmission diffraction gratings 

on thin Si3N4 membranes are used to create interference of mutually coherent beams, 

which, in turn, results in the desired interference patterns recorded in a photosensitive 

material, as schematically shown in figure 2A.1. Depending on the number and 

configuration of the transmission gratings, several periodic structures can be produced, 

such as lines and spaces, square and hexagonal arrays of dots and holes, Kagome lattices 

etc. [3]. The scheme in figure 2A.1 a) shows a two-grating configuration, such as the one 

used in this work that is used to create lines and spaces. The incident beam gets diffracted 

by each one of the two gratings whose angles of diffraction are given by: ݏ𝑖݊𝜃 = 𝜆𝑃𝑔   (2A.1), 

where m is the order of diffraction, λ is the wavelength of the light, and Pg is the grating 

periodicity (pitch). When the illumination of the two gratings is identical, the resulting 

interference pattern has a periodicity given by: 𝑃 = 𝜆ଶ sin𝜃మ  (2A.2), 

where θ = 2θm is the angle between the two diffracted beams in the case of the two-grating 

mask. Combining the two equations and taking m = 1 for first-order diffraction one finally 

obtains: 𝑃 = 𝑃𝑔ଶ   (2A.3). 

In this case, the pitch on the resist is half of the pitch of the transmission gratings, enabling 

frequency multiplication by a factor of 2. The EUV-IL setup used throughout our 

experiments is located at the XIL-II beamline of the Swiss light source (SLS) synchrotron 

of the Paul Scherrer Institut in Switzerland. The EUV radiation comes from an undulator 

(insertion device) tuned at a wavelength of 13.5 nm, which is the wavelength for next-

generation EUV lithography.  

One important bottleneck for the implementation of EUV lithography in high-volume 

manufacturing is the still large line edge roughness (LER) and line width roughness 
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(LWR) of the features at high resolution, which improves when the technique is 

combined with DSA [4]. Moreover, achieving sub-10 nm half-pitches with EUV 

lithography will be challenging. On the other hand, the weak point of DSA is the still too 

large defect density, which is potentially attributed to an insufficient guiding pattern 

quality [5]. The fabrication of guiding patterns for the directed self-assembly of block 

copolymers far below 10 nm full-pitch will, therefore, require techniques with high 

resolution, high precision and at low LER/LWR [5] for DSA to meet the defect density 

required of semiconductor manufacturing requirements. Here, we investigate the use of 

topographical guiding patterns fabricated by EUV-IL to guide the self-assembly of block 

copolymers and the potential to obtain DSA patterns with a low density of defects.  

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

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

roughness or point defects in the diffraction gratings merely generate incoherent 

scattering which can add a few percent background to the aerial image. The exact 

structure of the diffraction gratings defines the diffraction efficiency but has no influence 

on the aerial image. Compared to e-beam lithography, EUV-IL therefore enables the 

fabrication of denser and smoother nanostructures.  

EUV-IL has been used before for the fabrication of chemical guiding patterns to direct 

the self-assembly of block copolymers [6,7], but to our best knowledge there are no works 

combining graphoepitaxy and EUV-IL. Other authors have presented graphoepitaxial 

guiding patterns defined by an EUV micro-exposure tool [8] using a positive tone resist 

to analyze the behavior of PS-b-PLA under confinement [9], however with relatively low 

guiding pattern accuracy and a significant guiding pattern LWR. DSA has moreover been 

used to shrink holes defined by EUV [10,11]. A very good candidate for the fabrication 

of smooth guiding patterns is hydrogen silsesquioxane (HSQ) [12], that has recently been 

used to direct the self-assembly of block copolymers in combination with e-beam 

lithography [13,14]. HSQ is particularly interesting, because the cross-linking of HSQ 

induced by EUV-IL has been demonstrated to provide high resolution patterns with 

excellent LWR [15]. The LWR of the guiding pattern features represents an important 

parameter in the generation of defects in the directed self-assembly of block copolymers. 

This has been shown both in theoretical [16] and in experimental [5,17] works. In order 

to analyze the behavior of block copolymers in topographical guiding patterns with 

highest-possible accuracy and free of effects due to guiding pattern roughness, we chose 

EUV-IL as a guiding pattern fabrication technique. 

We present a complete study of the directed self-assembly of an 11.7 nm half-pitch PS-

b-PMMA block copolymer in trenches fabricated by the selective exposure of HSQ with 

EUV-IL. Extensive optimization of the process is carried out to achieve that block 
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copolymers self-assemble in structures relevant for the fabrication of finFETs [18,19]. 

We conducted an in-depth study of the effect of the trench width on the emergence of 

defects and tested different approaches of neutral PS-r-PMMA brush layer deposition. 

The accurate control of the space between two guiding pattern ridges allows us to analyze 

the behavior of the block copolymer chains under confinement with nanometer precision. 

We have developed a free energy model that successfully describes, how to design 

topographical guiding patterns to direct the self-assembly of block copolymers to obtain 

patterns with low defect levels. The model describes the free energy of a system with 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 template in topographical 

guiding patterns fabricated by EUV-IL is depicted in figure 2A.1 a).  

2A.2.1 HSQ deposition, exposure and development 

We used flowable oxide FOX 16 by Dow Corning Corporation diluted 1:6 in methyl 

isobutyl ketone (MIBK). Spin coating this solution at 2000 rpm for 1 min on 22 cm2 Si 

chips yield a film thickness of 70 nm. After spin coating, the chips are transferred in the 

EUV-IL exposure chamber and pumped down to a pressure of 10-7 mbar. Upon exposure 

to EUV radiation, a cross-linking process [12,20] is initiated and the exposed areas are 

converted into a SiO2-like material. The non-cross-linked, unexposed HSQ is 

consequently developed away in an alkaline developer (Microposit 351 developer diluted 

1:3 in water) for 30 s and then rinsed in deionized water, yielding the desired line/space 

guiding patterns. The guiding patterns are fabricated using transmission gratings of 300 

nm pitch to create a fixed 150 nm pitch interference pattern on the chips. The transmission 

mask has been fabricated by e-beam lithography by the exposure of an HSQ film spun on 

an Si3N4 membrane, which is transparent for EUV radiation [1,21]. The mask used in this 

work is optimized to produce 50 % duty cycle (75 nm half pitch) line/space patterns. By 

varying the exposure dose below and above the nominal dose, one can reduce or increase 

the duty cycle of the line/space patterns with great accuracy. This nanometer precision 

over the width of the guiding pattern is essential to help us better understand the 

mechanism of directed self-assembly of block copolymers in our system. In this study, 

the exposure dose (i.e. dose on the mask) has been varied from 350 mJ/cm
2 to 1050 mJ/cm

2 

in a step and repeat manner. The achieved duty cycles are between 23 % - 67 % which 

correspond to trench widths of 115 and 35 nm respectively.  
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2A.2.2 Deposition of neutral brush layer 

In order to deposit a brush layer that grafts both to the guiding pattern walls and to the 

guiding pattern bottom, a solution of 1.5 % neutral 

l brush layer in PGMEA is 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 0.25 % solution in PGMEA is also 

spin-coated at 4000 rpm for 30 s.  

Due to the strongly diluted solution, the deposited film is thin enough to be deposited 

exclusively on the bottom of the trench [22]. In both cases, the sample undergoes a 5 min 

annealing step at 230 ºC. This step is required to initiate the brush layer grafting to the 

 
Figure 2A.1: Work-flow and guiding pattern fabrication. a): The work-flow used to fabricate 

the guiding patterns and to direct the self-assembly of block copolymers in EUV-IL fabricated 

patterns consists of the exposure and development of HSQ, the deposition and self-assembly of 

block copolymers and the subsequent removal of PMMA, b): a scheme showing the principle of 

EUV-IL, where the diffracted beams create and interference pattern that is recorded in a 

photoresist-covered substrate, c): guiding patterns exposed at different exposure doses yield 

different guiding pattern widths, d): the amount of cross-linked HSQ can be increased by raising 

the exposure dose. For this reason, we are capable of tailoring the trench width with nanometer 

precision with slight variations of the exposure maintaining the pitch of the features constant at 

150 nm.  
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underlying surface. The residual, non-grafted material is removed by a rinsing step in 

PGMEA. The neutral brush layer is a PS-r-PMMA random copolymer containing 58 wt% 

PS and 42 wt% PMMA at a molecular mass Mbrush = 7.9 kg/mol and a polydispersity index 

PDIbrush = 1.85. 

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

We work with a PS-b-PMMA block copolymer with a molecular mass MBCP = 42.3 kg/mol. 

It consists of 43 wt% PS and 57 wt% PMMA with a polydispersity index PDIBCP = 1.1. 

When deposited on a neutral brush layer, it self-assembles in a lamellar structure with a 

natural pitch of 23.4 nm. The spin coating of a 1.5 % solution in PGMEA at 2000 rpm for 

30 s yields a 28-nm-thick film in free surface. To initiate the microphase separation 

process, the material is annealed in a nitrogen environment for 10 min at 230 ºC. 

2A.2.4 Selective PMMA removal 

In order to fabricate technologically useful etching masks, one of the block copolymer 

domains has to be removed selectively. In this work, we design a selective reactive ion 

etching (RIE) step in an Oxford 80Plus RIE applying a gas mixture of 5 sccm O2 and 40 

sccm CHF3 at 50 mTorr pressure. At a power of 40 W, this process etches PMMA at 46 

nm/min and PS at 18 nm/min. This means that the selectivity between the two materials is 2.5.  

 

2A.3 Results 

2A.3.1 Guiding pattern fabrication  

Examples of guiding patterns resulting from three different exposure doses are depicted 

in figure 2A.1 c). Figure 2A.1 d) shows a plot of the variation of the trench width w as a 

function of the exposure dose. The curve that relates the exposure dose with the trench 

width has a negative slope, since the trench width corresponds to the non-cross-linked 

area. The trench width is the key parameter in this work, because it defines the space that 

confines the block copolymer lamellae laterally.  

As we have mentioned before, defects in DSA usually originate from rough or 

incommensurate guiding patterns. Table 2A.1 depicts the results of an LRW/LER analysis 

of four representative guiding patterns from this study confirming their extraordinarily 

low roughness. Image pre-processing included the bi-cubic interpolation, rotation of the 

image and Gaussian filtering. The threshold for the edge detection was set to 0.5 of the 

maximum signal of the image. The numbers displayed in table 2A.1 represent the 3σ-

values of the analyzed image. We observe better results for LWR and LER as the 

exposure dose is increased, finally yielding sub-nm line edge roughness for duty cycles 

larger than 50 %. 
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Exposure 

dose 

[mJ/cm2] 

Trench 

width 

[nm] 

LWR 

[nm] 

Std. error 

(LWR) 

[nm] 

LER 

[nm] 

Std. error 

(LER) 

[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 respective 
3σ-LWR/LER values and their standard error. 

 

2A.3.2 Control over interface energy by surface neutralization  

The deposition of an intermediate neutral brush layer allows it to control the interaction 

between the block copolymer and the substrate. We considered the deposition of the 

neutral brush layer only after the EUV-IL step, because EUV radiation interacts strongly 

with styrene and methyl(methacrylate) [23,24]. The chemical integrity of the neutral 

brush is absolutely required [25] to study the effect of different ways to deposit the neutral 

brush layer.  

The deposition of the 1.5 wt% PS-r-PMMA solution yields a neutral layer that is thick 

enough to cover both the bottom of the trench, and also the walls, so that during the self-

assembly both PS and PMMA wet the guiding pattern walls and bottom of the trench. The 

block copolymer self-assembles consequently in short aligned lamellae perpendicular to 

the guiding pattern, as depicted in figure 2A.2 a). 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 nm thick film on a non-

patterned surface both before and after the rinsing step. After depositing and annealing 

the block copolymer, we observe self-assembly in lamellae parallel to the guiding pattern 

walls (see figure 2A.2 b)). This orientation can be explained by the absence of PS-r-

PMMA macromolecules grafted to the guiding pattern walls. For this reason, the block 

copolymer interacts directly with the PMMA-attractive SiO2 walls. A top view of the 

block copolymer self-assembly configurations using 0.25 wt% brush layer solution is 

depicted in the scanning electron micrographs of figure 2A.2 b). 

In the complete absence of a neutral brush layer (see figure 2A.2 c)) the block copolymer 

self-assembles as depicted in the sketches on the top of the structure [26]. Similar to the 

guiding pattern walls, the silicon substrate is preferentially wetted by the PMMA domain. 

For this reason, we expect a wetting layer on the bottom of the trench interrupting the 

morphological integrity of the 3-D structure and making a pattern transfer more difficult. 
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A more detailed comparison between the two aforementioned morphologies is provided 

later.  

 
Figure 2A.2: Self-assembly modes and example of successful DSA in commensurate guiding 

pattern a)-c): Three different block copolymer assembly modes in graphoepitaxy as a function 

of neutral brush layer deposition conditions: thick, i.e. covering top and side walls of guiding 

pattern features, thin, i.e. covering only the space between the guiding pattern features and 

none; scale bars are 100 nm, d): large-area defect-free self-assembly of block copolymers in 

topographical guiding pattern fabricated by EUV-IL. The trench width is 109 nm and reduced 

the block copolymer pitch about 6.5 % with respect to an assembly in free surface; 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 structures (i.e. ordered and 

in ideal shape for pattern transfer), we conclude that the 0.25 wt% brush solution yields 

the best results, because the observed morphology demonstrates structural integrity over 
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the whole film thickness. A detailed comparison between the two morphologies is 

provided in the results section.  

We have achieved a defect-free directed self-assembly over several tens of square 

micrometers after depositing and annealing of the block copolymer in a commensurate 

guiding pattern. Figure 2A.2 d) shows an SEM image of the directed self-assembly of 

block copolymers in guiding pattern trenches of 109 nm. To increase contrast and 

facilitate the acquisition of SEM images, the PMMA domains have been removed before 

the analysis. Throughout this chapter the number of PS domains per trench is used as a 

reference to categorize the guiding patterns. In total we count five PS domains in the 

configuration depicted in figure 2A.2 d). Two of these domains remain almost unseen in 

the SEM images because of the large signal originating from the edges of the guiding 

pattern features. To transfer three fins into the substrate, we hence need trenches to be 

wide enough for the self-assembly of five PS domains, because experiments have shown 

that the two outermost PMMA 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.4.1 Influence of brush layer thickness on self-assembly  

In the following, we experimentally assess the effect of the brush layer deposition mode 

and describe its influence on the morphology of the self-assembly below the surface. 

Information about the three dimensional structure was obtained by a controlled selective 

dry etching step as introduced in the experimental section. Due to the etching selectivity 

of the PS domain with respect to the PMMA domain, SEM imaging of the structures after 

the etching step provides useful information about the morphology of the respective 

structure below the surface.  

Figure 2A.3 a) and figure 2A.3 b) depict the directed self-assembly in a guiding pattern 

before the RIE process without and with a neutral brush layer. Figure 2A.3 c) and figure 

2A.3 d) show top view SEM images of the same structures after the RIE process. The 

reconstructed morphology in cross-section is sketched in the respective in-sets.  

For samples with a thin underlying brush layer, we observe that the number of PS domains 

on the surface and below the surface is the same. We deduce that the block copolymer in 

direction normal to the substrate self-assembles in continuous vertical lamellae. In 

absence of the brush layer the number of PS domains decreases after the dry etching. This  
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  indicates that the domains are not continuous vertical lamella and the block copolymer is 

arranged in a U-shape caused by the PMMA wetting both the guiding pattern walls and 

the bottom of the trench. These results are consistent with previous studies [22,27].  

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

Another interesting question for further scrutiny is how the defectivity for block 

copolymers self-assembled in topographical guiding patterns differs as a function of the 

guiding pattern width w and the brush layer deposition mode.  

We compare the vertical lamellae with the U-shaped morphology in terms of the 

capability of guiding patterns of different trench widths w to direct the self-assembly. We 

have grouped together guiding patterns with similar trench widths that yield similar self-

assembly results. In particular for samples with a thin brush layer, we identify certain 

periodically recurring guiding pattern width areas that yield a large number of 

imperfections in the self-assembly. We show representative SEM images for the groups 

denoted 1-5 (figure 2A.4 a)). All the images were taken from samples with thin brush 

layer and after the removal of PMMA.  

 
Figure 2A.3 Comparison of different self-assembly modes assessed by reactive ion etching. a): 

SEM top-view image and single line intensity profile of DSA for onion-shape morphology before 

RIE, b): SEM top-view image and single line intensity profile of DSA for vertical lamella 

morphology before RIE, c): SEM top-view image and single line intensity profile of DSA for 

onion-shape morphology after RIE, d): SEM top-view image and single line intensity profile of 

DSA for vertical lamella morphology after RIE. 
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Figure 2A.4 b) relates the number of PS domains on the surface and the number of PS 

domains under the surface to the trench width for the two different self-assembly 

 
Figure 2A.4: Groups of self-assembly and 3-D morphology of the domains. a): Representative 

SEM images of the groups as shown in figure 2A.4 b), b): graphics showing the number of PS 

domains nPS deposited as a function of the guiding pattern trench width comparing the 

deposition in trenches with a thin neutral brush layer as shown in the inset. The colored areas 

refer to experimentally accessible trench widths, where the blue shaded areas represent those 

trench widths with defect-free self-assembly and the yellow areas refer to areas with a high 

defectivity, c): free energy per block copolymer chain in units of the free energy in unconfined 

state as a function of the trench width as predicted by Turner [28] (red curve, based on grey 

curves) and according to the calculation presented in this paper (blue curve), d): curve showing 

the energy difference between the two models presented in panel c), e:) graphics showing the 

number of PS domains deposited as a function of the guiding pattern trench when no neutral 

brush layer is deposited, as shown in the inset. 
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morphologies. Trench widths are assigned to groups according to the number of PS 

domains that fit into the trench. For the vertical lamellar morphology, self-assembly with 

a low defectivity is only observed in the groups 1, 3 and 5 (see figure 2A.4 a)). It is not 

possible to assign a discrete number of PS domains to the block copolymer patterns self-

assembled in incommensurate guiding patterns of groups 2 and 4 in figure 2A.4 b), 

because both n and n+1 domains coexist in this area. The patterns that are capable of 

directing the self-assembly in practically defect-free fashion are characterized by trench 

widths close to integer multiples of the natural pitch of the block copolymer. The expected 

number of PS domains as a function of trench width is indicated by the grey dashed line 

in figure 2A.4 b)). This curve merely serves as guidance for the reader, given the fact that 

the number self-assembled block copolymer domains has to be an integer number.  

By determining the trench widths at which the block copolymers change their self-

assembly morphology from defect-free to defect-loaded (or vice versa), we can extract 

the maximum stretch / compression that the chains sustain before it becomes energetically 

more favorable to form defects.  

We refer to the defective state as each morphology in which the block copolymer domains 

are not oriented perfectly parallel to the guiding pattern walls [29], as shown in the 

representative images of group 2 and group 4 (see figure 2A.4 a)). We observe that the 

block copolymer domain wiggles, which is known to be an effect to reduce chain 

deformation at the expense of augmenting the area of the intermaterial dividing surface 

(IMDS) [30]. This phenomenon is also known from the behavior of liquid crystals under 

strain [31]. 

We observe domain-wiggling (see figure 2A.4 a), group 2) with a wavelength of few tens 

of nanometers in the case of chain stretching. We refer to chain stretching, when the 

number of domains self-assembled in the trench n multiplied with the equilibrium domain 

spacing L0 is smaller than the trench width w, i.e. when n L0 < w. The appearance of 

domain wiggling has been predicted by Wang as a stable state for block copolymer 

patterns confined in patterns exceeding a determined incommensurability [30] and 

explains our observation of the abrupt occurrence of domain wiggling.  

For large pattern incommensurability (characterized by w > (n +/- 0.5) L0), the system 

partially changes its self-assembly morphology from n domains to n+1 domains, giving 

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

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

at one hand, and domains where n+1 domains are self-assembled (characterized by chain 

compression) on the other hand. Point-like defects are observed in the transition areas 

from n to n+1 domains. The coexistence of n and n+1 domains in highly incommensurate 
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guiding patterns has, furthermore, previously been observed and reported [32]. The effect 

that the system does not self-assemble in a pure n+1 domain morphology for trench 

widths w > (n +/- 0.5) L0 is due to a difference between the compression modulus and 

the stretching modulus in block copolymers. It requires more energy to compress a block 

copolymer system perpendicular to its domains than to stretch it in the same direction. 

Although the spring model of polymer chains predicts that the energy stored in a chain 

compressed by a factor f is the same as the energy stored in a chain that is stretched by a 

factor f, in the particular system of block copolymers chain stretching contributes to a 

reduction of the IMDS and the compression leads to an increase of the IMDS.  

The defects observed in the transition zones between n domains (stretched chains, defined 

by wiggling) and n+1 domains (compressed chains) can neither be clearly identified as 

dislocation nor as disclination point defects. In the following, we will therefore refer to 

theses defects as point-like defects. Recent results on the analysis of defects in the 

directed self-assembly using chemical guiding patterns suggest that point defects 

represent a metastable state that would disappear in case of an infinitely large annealing 

time, suggesting that the system has not yet reached its equilibrium state.[33]  

In contrast to our observations of the self-assembly morphology in the groups 2 and 4, 

the defect density of the aligned block copolymers inside the pattern of groups 1, 3 and 5 

is very low. In particular, group 3 includes guiding patterns with trench width ranging 

from 86 nm to 100 nm. The energetically most beneficial trench width for this 

morphology is 93.6 nm, because this is four times the natural pitch of the block 

copolymer. The number of IMDS (i.e. PS/PMMA interfaces) equals the number of block 

copolymer chains across the trench, so that we can state that eight macromolecules 

assemble in group 3. The maximum compression per chain at the moment when the 

assembly mode changes is 0.78 nm and the maximum stretching per chain is 0.9 nm. The 

same calculus for group 5 yields an average compression per chain of 1 nm and 0.94 nm 

respectively. The average stretching per chain for group 1 is estimated to be 1 nm. These 

values correspond to the capability of the chains to compress on average 8.1 % and to 

stretch 7.6 % with respect to their expansion at natural pitch, before a defective self-

assembly state occurs. The occurrence of the domain wiggling – previously referred to as 

buckling instability – has previously been associated with the yield point of block 

copolymers in macroscopic samples [34,35]. Coarse-grained modelling has determined 

the onset of the buckling instability for a critical strain of 6 % [36], which is in excellent 

agreement with the values we have determined in our nanoscale system.  

Furthermore, we analyzed our system using the free energy model developed by Turner 

[28] that has already been successfully employed by a number of other authors [9,13,37] 

to explain the block copolymer self-assembly. The underlying principle is the energy 
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balance between formation of interfaces between PS and PMMA, and the deformation of 

the chains taking the interaction between the guiding pattern walls and the preferentially 

wetting polymer domain into account. The natural pitch L0 of the block copolymer is the 

result of an energy minimization process. If the block copolymer chains are stretched so 

that the pitch is increased, the number of IMDS per unit length along the trench width is 

reduced. This is one way to reduce the enthalpy of the system. Stretching the polymer 

chains leads on the other hand to a reduction of the entropy of the system [38]. The black 

parabolas in figure 2A.4) c) represent the normalized free energy per chain 
𝑒T
e0

 according 

to Turner for the self-assembly of n = {1;6} domains in trenches of width w, given by the 

following equation: 

𝑒𝑒0 =  ଵଷ (ቀ 𝑤∗0ቁଶ + ଶ∗∗0𝑤 + ଶ∗௰∗0𝑤 )  (2A.4) 

where Γ is a measure for the energy penalty induced through the polymer-wall interaction, 

which represents the incommensurability w/(n L0) of the trench. The surface tensions 

required to estimate Γ have been extracted from works of different authors [39–41]. The 

red curve in figure 2A. 4 c) represents the minimum of these parabolas and thus predicts 

a determined number n of domains for each trench width characterized by the least free 

energy. The free energy eT is normalized to the bulk free energy per chain e0.  

We always observe the creation of a high defect density in the close vicinity of those 

trench widths, where the guiding pattern incommensurability reaches its maximum and 

Turner’s model predicts a crossover from n domains to n+1 domains. These areas are 

represented by the beige boxes in figure 2A.4 b), 2A.4) c) and 2A.4 d). Neither the 

formation of domain wiggling nor the formation of metastable point-like defects can be 

explained by the Turner model. In the following, we will provide an extension of the 

model to quantify the free energy of the defective state. 

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

energy of the defect-loaded state. Although the physical origin of wiggling and the 

metastable point-like defects at the transition from n to n+1 domains is fundamentally 

different, here it makes sense to join the both effects together to the “defect-loaded state”, 
and henceforth only to distinguish between the defect-free and defect-loaded state. This 

blue curve is later used to identify those trench widths where the self-assembly in the 

defect-loaded state is energetically favorable. To find this curve, we have assumed that 

the formation of defects and wiggling leads to the relaxation of the chains to their bulk 

energy level, and in return adds an unknown, but constant energy penalty per chain ep/e0 

that accounts for the average free energy per chain that exceeds the bulk free energy. 

Hence, the relaxation of the chains to bulk energy level can be implemented in Turner’s 
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formula assuming that the incommensurability is 1. After adding the constant energy 

penalty term, the modified formula to describe the free energy of the observed 

morphology, called e/e0 , is of the form: 

𝑒𝑒0 = ͳ + ଶ∗௰∗0ଷ∗𝑤 + 𝑒𝑝𝑒0  (2A.5) 

A more detailed derivation of this formula is presented in the sections 2A4.5 – 2A.4.8. 

We can now estimate 
ep/e0 by fitting the curve to the position of crossover points between 

the defect-free and the defect-loaded state. Section 2A.4.4 is dedicated to the accurate 

determination of the crossover points. The fitting process yields ep/e0 = 0.00704 with a 

coefficient of correlation R2 = 0.9989. Assuming that the system self-assembles in the 

morphology that is characterized by the minimum free energy, we may simply calculate 

Δe
e0

= e
e0

- e
e0

. The result of this operation is plotted in figure 2A.4 d). The defect-loaded state 

is energetically favorable for values 
Δe
e0

(w)>0, while the defect-free state according to 

Turner is energetically favorable for 
Δe
e0

ሺwሻ<0. We can conclude that the observed defect-

loaded state is energetically unstable for trench widths larger than 130 nm. We thus derive 

that the change from the defect-free to the wiggling state occurs as soon as the energy 

penalty induced through the deformation of the chains exceeds 0.7 % of the bulk free 

energy level. The reason why this state for increasing trench width successively 

disappears is that incommensurability is compensated by a steadily increasing number of 

chains yielding a smaller amount of energy stored in the chain stretching to compensate 

for the same absolute incommensurability. A more detailed explication of this analysis 

can be found in the sections 2A.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 to the correlation 

length of the block copolymer, which represents the limit of the directed self-assembly of 

block copolymers by topographical guiding patterns. For very large multiplication factors 

the formation of defects similar to self-assembly in free surface will play a successively 

larger role. Despite of the observation of two different defect formation mechanisms (i.e. 

domain wiggling and point-like defects), we find that the free energy of the defect-loaded 

state can be described with one single function. The energy reduction in the wiggling 

morphology can be qualitatively explained by a partial release of the energy stored in 

chain stretching through the introduction of additional IMDS.  

Figure 2A.4 e) depicts the results of the analysis of the number of PS domains nPS as a 

function of the trench width w on the surface and below the surface for the directed self-

assembly in trenches without depositing any neutral brush layer. We observe 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 observation is that there 
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is no trench width that enables the directed self-assembly of block copolymers in perfectly 

vertical lamellae unless there is a neutral brush layer deposited. We do not observe the 

self-assembly in a morphology that displays a massive formation of defects as observed 

in case of the neutral brush layer deposition. A plausible explanation for this observation 

is that the U-shaped organization of the block copolymer in the trench (i.e. the 

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 LWR analysis 

for the groups 1-5, b) LWR as a function of the trench width w yields significantly higher 

values for trench widths far away from the commensurate guiding patterns.  
 

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

The LWR of an object is defined as the standard deviation of its width, defined as the 

distance between a right and a left border. Representative LWR measurements for each 

of the groups are depicted in figure 2A.5 a). We observe that the LWR increaseses for 

high-defect-density block copolymer patterns. This is not the case because the LWR of 

the block copolymer actually increases by such a large factor, but because the 

measurement direction is defined in one determined direction x indicated by the black 

arrow in figure 2A.5 a). A deviation from this direction is expressed by a larger measured 

line width at this position.  

2A.4.4 Determination of crossover points  

One challenging part of this work is the accurate determination of the trench width w, at 

which the block copolymer system changes from the defective morphology to the defect-

free morphology and vice versa. We take advantage of the finit length of the mask  
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transmission gratings and therefore of the interference pattern. We observe that the 

feature width becomes successively smaller towards the border of the pattern. In these 

last micrometres towards the border of the guiding pattern width decreases at a rate of 

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

determine the specific trench widths, at which the self-assembly mode changes from one 

morphology to the other. Examples of this part of the guiding pattern is depicted in figure 

2A.6.  

To minimize measurement uncertainties, we extracted the trench widths from 49 

morphology changes. The results of this analysis are summarized in table 2A.2 below.  

x → y 
Mean 

[nm] 

Std. 

Dev. 

[nm] 

e/e0 

[-] 

n L0 

[nm] 

#Chains 

[-] 

Chain 

Length 

[nm] 

ΔChain 

Length 

[nm] 

ΔChain 

Length 

[%] 

1 → 2 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 8 10.9 0.78 6.7 

3 → 4 100.8 1.74 1.316 93.6 8 12.6 0.90 7.7 

4 → 5 107 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-defective state in 

block copolymer self-assembly 

 

 
Figure 2A.6: Examples of how to determine the cut-off values for each group. The numbers in 

the images indicate, which group this part of the guiding pattern belongs to. The dashed line 

indicates the approximate location of the crossover point.  
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2A.4.5 Analyzing the system according to Turner  

According to Turner, the free energy per block copolymer chain in a system confined 

between two parallel plates normalized to the bulk free energy per chain e0 can be written 

as [9,28]: 

𝑒𝑒0 = ଵଷ ቀ𝜆ଶ + ଶ𝜆 + ଶ ∗௰∗𝜆ቁ   (2A.6) 

The energy per chain in this system is a function of the parameter 𝜆 (which indicates the 

incommensurability of the trench with respect to an integer multiple of the natural pitch 

of the block copolymer; see formula 2A.7) and 𝛤 (which balances the interface energy 

between one of the blocks and the confining wall, and the interface energy between the 

two blocks; see formula 2A.8): 𝜆 =  𝑤∗0  (2A.7) 

and 𝛤 = 𝛾ೄ𝑖ೀమ−ುಾಾಲ𝛾ುೄ−ುಾಾಲ   (2A.8) 

The interface free energy between two materials can be calculated by an extension of 

Young’s equation, as presented by Owens and Wendt [39]. The parameters required to 

do the calculus are the dispersive (γD) and polar (γP) contributions to the surface free 

energy of the respective materials.  𝛾− =  (√𝛾𝑃, − √𝛾𝑃,)ଶ + (√𝛾𝐷, − √𝛾𝐷,)ଶ    (2A.9) 

Using literature values, this calculation yields 𝛤 = ʹ.ͳ [40–42]. Here, material A is 

PMMA and material B is SiO2. Filling this result into formula 2A.6, we can determine the 

curves for the free energy per chain as a function of w for n = {1; 2; 3; …}, where n 

corresponds to the number of PS/PMMA repeat units. This calculation provides us with 

the free energy per chain, when a number of n repeat units is confined in a trench with 

width w. The corresponding curves are depicted in figure 2A.7 in 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, which is symbolized by 

the black dashed line. The light blue shaded area in figure 2A.7 represents the trench 

widths that we have worked with in the course of our experiments and the beige boxes 

represent those zones, where we observe the defect-loaded state, which cannot be 

explained with Turner’s formula. 
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Figure 2A.7: Free energy per chain according to Turner. Colored parabolas: free energy per 

chain as a function of trench width w for n = {2;6} PS and PMMA domains. Black dashed 

curve: Minimum of all colored curves. Blue shaded area: Process window in this work. Light-

orange-shaded areas: Defect-loaded self-assembly. 

 

2A.4.6 The influence of 𝛤 on the determination of crossover points in Turner model 

Reliable information about the polar and the dispersive surface free energy of SiO2 

(crosslinked HSQ is chemically very similar to amorphous SiO2) is somehow hard to find 

and we would like to probe the justifiable concern that inaccuracy has been introduced to 

the calculation of the crossover points due to that. Filling formula 2A.7 into formula 2A.6, 

yields  

𝑒𝑒0 = ଵଷ (ቀ 𝑤∗0ቁଶ + ଶ∗∗0𝑤 + ଶ∗௰∗0𝑤 )  (2A.10) 

Furthermore,  

𝜕ቀ𝑒𝑒0ቁ𝜕𝑤 = Ͳ  (2A.11) 

yields  

𝑤 =  √+ଶ∗௰మ∗0య
  (2A.12) 

Therefore, we can tell that the location of the minimum free energy in a confined system 

for constant n is proportional to the cube root of 𝛤. Looking closely at figure 2A.7, we 

observe surprisingly that the minima of the parabolas do not necessarily form part of the 

free energy curve. The defect-loaded morphology of the block copolymers always occurs 
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in the vicinity of crossover points between two of minimum free energy curves cn and 

cn+1. Accordingly, the crossover points have the mathematical property  ቀ𝑒𝑣𝑒𝑟𝑡𝑒0 ቁ =  ቀ𝑒𝑣𝑒𝑟𝑡𝑒0 ቁ+ଵ  (2A.13) 

, which by using formula 2A.7 becomes 

ଵଷ (ቀ 𝑤∗0ቁଶ + ଶ∗∗0𝑤 + ଶ∗௰∗0𝑤 ) = ଵଷ (ቀ 𝑤ሺ+ଵሻ∗0ቁଶ + ଶ∗ሺ+ଵሻ∗0𝑤 + ଶ∗௰∗0𝑤 ) (2A.14) 

Here, the term containing 𝛤 easily cancels out. This means that an inaccurate estimation 

of the wall/polymer interaction 𝛤 does not affect the position of the crossover points and 

is therefore no essential parameter for our analysis.  

2A.4.7 Extension of Turner’s model to predict the self-assembly mode 

In this section we will explain, why block copolymers in certain trench width regimes 

abruptly change their morphology from stretched vertical lamellae with no or almost no 

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

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

mathematical expression that allows us to describe the free energy per chain normalized 

to e0 in the defect-loaded state (i.e. the morphology that is not explained by Turner’s 
model), fit it to our experimental data and compare it to the model presented by Turner. 

Therefore, we assume that the block copolymer always self-assembles in the morphology 

with the minimum free energy.  

Let us now assume that the free energy of the system we investigate is the sum of four 

energy components Etot with 𝐸𝑡𝑡 = 𝐸ௌ, + 𝐸, + 𝐸𝑊 + 𝐸𝑃  (2A.15) 

The components introduced above are defined as follows:  

ES,L0: Energy stored in the stretching of the chains in bulk conditions, i.e. when 

the block copolymer pitch equals the equilibrium pitch L0. Here, one single chain 

is stretched to the length of L0/2 

EAB,L0: 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]) 

EP: 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 number of b chains, we state that the total free energy of 

the system Etot equals the product of b chains and their respective free energy e, such that 

formula 2A.15 can also be written as: 𝐸𝑡𝑡 = ܾ ∗ ݁ = ܾ ∗ ሺ݁ௌ, + ݁, + ݁𝑊 + ݁𝑃ሻ   (2A.16) 

Minuscule letters refer to one chain, while capital letters refer to the energy of the entire 

system.  

As Turner’s model analyzes the energy per chain normalized to the bulk free energy, we 
will have to divide formula 2A.16 by the number of chains and the energy of a single 

block copolymer chain in bulk configuration ሺܾ ∗ ݁ሻ, which yields: 

𝑒𝑒0 = 𝑒ೄ,ಽ0+𝑒ಲಳ,ಽ0+𝑒ಲ𝑊+𝑒ು𝑒0 = 𝑒ೄ,ಽ0+𝑒ಲಳ,ಽ0𝑒0 + 𝑒ಲ𝑊𝑒0 + 𝑒ು𝑒0   (2A.17) 

The sum of free energy due to chain stretching and the creation of PS/PMMA interfaces 

in bulk configuration ݁ௌ,+ ݁, is precisely defined as e0, so that formula 2A.17 can be 

simplified to:  𝑒𝑒0 = ͳ + 𝑒ಲ𝑊𝑒0 + 𝑒ು𝑒0   (2A.18) 

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

𝑒𝑒0 =  ଵଷ ∗ ቀ𝜆ଶ + ଶ𝜆 + ଶ∗௰∗0ଷ∗𝑤 ቁ   (2A.19) 

The first summand in brackets accounts for the chain stretching, the second term accounts 

for the interface energy between the blocks and the third term corresponds to the energy 

contribution caused by the interaction between one of the block copolymer blocks and 

the wall. Assuming that 𝜆 = ͳ (the chains are perfectly commensurate), as defined in 

formula 2A.7, yields  

𝑒𝑒0 =  ଵଷ + ଶଷ + ଶ∗௰ଷ∗ = ͳ + ଶ∗௰∗0ଷ∗𝑤    (2A.20) 

After clarifying this, we are capable of isolating the interaction term between the wall and 

the block copolymer, and estimate the contribution of the wall/block copolymer 

interaction to the free energy per chain in the system (using 𝛤 = ʹ.ͳ and 𝐿 = ʹ͵.Ͷ): 
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ଶ∗௰∗0ଷ∗𝑤 = 𝑒ಲ𝑊𝑒0 = ଷଶ. 𝑤 []   (2A.21) 

Filling in this term into formula 2A.18 yields:  

𝑒𝑒0 = ͳ + ଷଶ.𝑤 + 𝑒ು𝑒0   (2A.22) 

Let us furthermore assume that the term 
𝑒ು𝑒0 = .ݐݏ݊ܿ ≠ ݂ሺ𝑤ሻ.This term is likely to 

contain contributions from stretching energy and an additional energy component due to 

the formation of additional IMDS. It accounts for all the additional free energy 

components that the macromolecule may be subject to. We know that the curve we search 

for intersects with the curve derived by Turner exactly in the crossover points, where we 

observe the self-assembly morphology to change from the defect-free state to the defect-

loaded state, and vice versa.  

For this reason, we fit the curve  

𝑒𝑒0 = ͳ + ଷଶ.𝑤 + 𝐶  (2A.23) 

to the five experimentally determined crossover points as presented in table 2A.2, 2nd and 

3rd column. This analysis yields C = 0.007074 with a coefficient of determination of R2 

= 0.9989. The curve represents the given data therefore excellently.  

The curve that describes the free energy of the self-assembly of block copolymers in a 

state with many defects is thus: 

𝑒𝑒0 ሺ𝑤ሻ = ͳ + ଷଶ.𝑤 + Ͳ.ͲͲ7Ͳ7Ͷ  (2A.24) 

To fulfil the objective of this work and to find an expression that helps us predict, in 

which morphology the block copolymer self-assembles as a function of the trench width 

w, we will have to take a look at the energy difference between the two models denoted ௱𝑒𝑒0 , which is defined as follows: 

௱𝑒𝑒0 = 𝑒𝑒0 − 𝑒𝑒0 =   ݉𝑖݊ {ଵଷ (ቀ 𝑤0∗0ቁଶ + ଶ∗0∗0𝑤 + ଶ∗௰∗0𝑤 )}0=∈ {ଵ;} −{ͳ + ଷଶ. 𝑤 + Ͳ.ͲͲ7Ͳ7Ͷ}  (2A.25) 

This function is plotted in figure 2A.4 d) for the trench width w = {23.4 nm; 200 nm} and 

n = {1;9}. Whenever the free energy of Turner’s model is larger than the free energy of 

the model that we have developed here, the function is positive, which predicts that the 

block copolymer self-assembles in defect-free lamellar morphology. For those trench 
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widths where 
௱𝑒𝑒0 ሺ𝑤ሻ > Ͳ, the block copolymer self-assembles with a large number of 

defects. The light blue box represents those trench widths that have been experimentally 

accessible for us. The yellow boxes indicate those trench widths, where the defect-loaded 

state is energetically preferable. These areas become consistently narrower and disappear 

for trench widths larger than 130 nm. On a molecular basis this is mainly due to the fact 

that upon stretching, the energy required to stretch a molecular chain increases in a 

quadratic manner. For this reason, in case of an incommensurable trench, the energy 

penalty is smaller if the system must stretch many chains a little bit, than if it has to stretch 

few chains a lot.  

2A.4.8 Free energy contributions under confinement 

Let us now understand which energy contributions play a role in the two models that we 

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

parameter C, i.e. 
𝑒𝑝𝑒0 This is a good opportunity to bear in mind, that in neither one of the 

models we included the interface energy contributions between the substrate and the 

block copolymer, and the surface tension of the block copolymer. As the two models we 

investigate are a form of upright-standing lamellae (even though the one has defects), the 

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

Turner’s model takes chain stretching (eS), the inter-block interface (eAB) and the block-

wall interaction (eAW) into account (see formula 2A.19). The energy contributions of the 

chain stretching and inter-block interface in bulk conditions (eS,L0; eAB,L0) can be 

understood as the sum of a bulk condition contribution (eS,L0+eAB,L0 = e0). Moreover, two 

additional contributions account for the stretching (/compression) (eS,λ) and the resulting 

reduction (/increase) of interfaces (eAB,L0) due to the incommensurability λ.  ்݁݁ = ݁ௌ+ ݁ + ݁𝑊݁  = (𝑒ೄ,ಽ0+𝑒ೄ,𝜆 ሻ+ ሺ𝑒ಲಳ,ಽ0+𝑒ಲಳ,𝜆)+𝑒ಲ𝑊𝑒0 =  𝑒0+𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆+𝑒ಲ𝑊𝑒0   (2A.26) 

The respective energy contributions are sketched in figure 2A.8. From this plot we learn 

that a great proportion of the free energy of the system originates from the bulk free 

energy eS,L0 + eAB,L0 = e0 (blue curves, where eS,L0 = 1/3 and eAB,L0 = 2/3).  

Another important, but strictly monotonically declining part of the free energy comes 

from the interaction of the A block (i.e. PMMA) and the wall (green curve). The 

characteristic 1/w-dependence of this curve can be explained by the fact that wall free 

energy 𝐸𝑃ெெ−𝑊, is not a function of the trench width, but rather equivalent to ʹ ∗ 𝐴 ∗𝛾𝑃ெெ−𝑊. In this equation, A stands for the area of the guiding pattern wall which is in 

contact with the PMMA block and 𝛾𝑃ெெ−𝑊 is the respective interface free energy. As 
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the trench width increases, this energy contribution is to be distributed among a 

consistently increasing number of chains. For an infinitely wide trench, this energy would 

be zero.   
Figure 2A.8: Different energy components that contribute to the calculation of the free energy 

according to Turner and according to the model derived in this work. 

 

The characteristic spikes in Turner’s curve originate from additional increase in stretching 
and interface energy due to the incommensurability (eS,λ+eAB,λ) with the trench. It is only 

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

minimum free energy, so that any deviation from the equilibrium point at L0 leads to an 

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

red dashed line. The interface energy term, however, becomes negative in case of chain 

stretching, because the density of interface areas is reduced. In case of a chain 

compression, the interface energy term is positive, because the density of interfaces is 

reduced. This effect is the principle source of the different moduli for block copolymer 

compression and stretching.  

Based on that, let us now repeat this analysis for the model we have developed to describe 

the defect loaded system. Exactly like Turner’s model, our analysis takes the bulk energy 

as a starting point and analyzes the energetic deviation of the system from the bulk energy. 

Therefore, we include both the bulk free energy (݁ௌ,+ ݁, =  ݁ሻ and the wall 

interaction energy ݁𝑊 exactly like in the previous section. In contrast to that, our 

approach does not take the stretching of chains and the change in interface energy due to 

incommensurability (eS,λ + eAB,λ) into consideration, and replaces it by a constant penalty 

term 
𝑒ು𝑒0 . This term primarily accounts for the increase in free energy due to the creation 
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of defects. Here, the term “defect” refers both to the formation of wiggling and to the 
formation of point-defect like artifacts in crossover from n domains to n+1 domains. 𝑒𝑒0 =  𝑒ೄ,ಽ0+ 𝑒ಲಳ,ಽ0+𝑒ಲ𝑊+ 𝑒ು𝑒0 = 𝑒0+𝑒ಲ𝑊+ 𝑒ು𝑒0    (2A.27) 

If we now subtract formula 2A.27 from formula 2A.26, we determine out that 
௱𝑒𝑒0  (plotted 

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

௱𝑒𝑒0 =  ሺ𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆ሻ−𝑒ು𝑒0   (2A.28) 

This confirms once again, but on a more general level, that our results are independent 

from the interaction energy of the block copolymer and the guiding pattern wall, and are 

therefore not a function of Γ. This finding is well recieved, given the fact that one of the 

major sources of uncertainty of our method is the estimation of Γ. 

Previously, we have found that 
eP
e0

=0.00704 which corresponds to a value of 0.704 % of 

e0.  

To set this value in a relation, let us now calculate the bulk free energy per chain as 

proposed by Ohta and Kawasaki [38,43] normalized to kT, which is given by:  

𝑒0் = ଷ଼ ∗ 0మே∗𝑎మ + ଶ∗ே∗𝑎0 ∗ √𝜒 = ʹ.99  (2A.29) 

In this calculation, we set the block copolymer periodicity L0 = 23.4 nm, the 

polymerization N = 424 and the Flory-Huggins interaction parameter χ = 0.037 [44]. For 

the determination of the average Kuhn segment length a of our block copolymer, we use 

a = 6.6 Å [45].  

Based on this calculus we estimate that  ݁ = Ͳ.ͲͲ7ͲͶ ∗ ݁ = Ͳ.Ͳʹͳ 𝑘𝑇  (2A.30) 

We can thus conclude that the additional energy induced in the system compared to the 

bulk energy quantitatively only accounts for a relative small fraction of the total free 

energy of the system. Seen it the other way around, the energy difference per chain 

between the defective and the non-defective state in the directed self-assembly in 

topographical guiding patterns is even at the point of maximum free energy difference 

for perfectly commensurate guiding patterns characterized by an energy penalty of a 

small fraction of kT. The value we estimate here is in surprisingly good agreement with 

the energy difference other authors have calculated for the defective and the non-

defective state in the directed self-assembly of block copolymers in chemical guiding 
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patterns [46]. This very small quantity demonstrates that the directed self-assembly of 

block copolymers relies on the system to accommodate to state that has a very small 

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 manufacturing highly accurate 

topographical guiding patterns for the directed self-assembly of block copolymers. EUV-

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

it an advantageous method compared to other lithography approaches. We have 

demonstrated the alignment of patterns of PS-b-PMMA of 11.7 nm pitch in perfectly 

vertical lamellae when a neutral brush layer is grafted to the bottom of the trenches.  

We have taken advantage of the accurate control of the dimensions of the guiding patterns 

that EUV-IL can achieve to investigate the creation of defects as a function of the trench 

width while minimizing the influence of defects due to guiding pattern imperfections. We 

conclude that the maximum stretch/compression that the block copolymer chain can 

sustain is 8 % of the of the chain length in free surface. We extend the commonly used 

free energy models by adding the description of free energy of the self-assembly 

morphology that includes defects. The model successfully predicts the window of the 

pattern process observed experimentally. 

To conclude, the experimental proof of the advantage of using EUV-IL for creation of 

guiding patterns in directed self-assembly of block copolymers, together with the 

methodology to predict the process window that provides aligned patterns without 

defects, will help to design process conditions for DSA using new materials, and in 

particular high-ꭓ materials, to reliably obtain sub-10 nm resolution patterns.  
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Abstract: 

In this chapter we investigate the directed self-assembly of block copolymers in 

topographical guiding patterns with feature sizes in the range of the block copolymer half-

pitch. In particular, we present the self-assembly of an 11.7 nm half-pitch block 

copolymer in sub-10 nm resolution guiding patterns fabricated by the direct e-beam 

exposure of hydrogen silsesquioxane (HSQ). One result of this analysis is that the block 

copolymer self-assembles in such a way that the guiding pattern features form part of the 

3-D architecture of the film. We are capable of determining a shift in the block copolymer 

pitch as a function of the guiding pattern pitch with sub-nanometer accuracy by means of 

both real-space imaging techniques (AFM, SEM) and reciprocal-space imaging 

techniques (GISAXS). An interesting, result is that the block copolymer self-assembly in 

the studied structures depends on the guiding pattern pitch rather than on the trench width 

as in standard graphoepitaxy.  

The extended free energy model we have developed in chapter 2A is 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 techniques with excellent 

resolution because the chemically modified areas need to be in the size range of the block 

copolymer domains. Works concentrating on very high-resolution topographical guiding 

patterns are, in turn, sparse [1]. This may be because one of the principal advantages of 

the use of graphoepitaxy [2] is the low required resolution for the guiding pattern 

fabrication. 

Nevertheless, investigating the behavior of block copolymers in high-resolution 

topographical guiding patterns is of technological interest for at least two reasons. On one 

hand, the need for high-resolution topographical guiding patterns will increase 

substantially as soon as new high-χ block copolymers or other self-assembling materials 

with significantly smaller pitches are developed [3]. On the other hand, the space on the 

chip occupied by guiding pattern features represents non-utilizable space for the 

fabrication of electronic devices on the chip. Therefore, the use of high-resolution 

topographical guiding patterns represents a noticeable increase in patterning efficiency 

with respect to systems using large guiding pattern features. To our best knowledge there 

is no work published that analyzes the behavior of block copolymers in topographical 

guiding patterns whose critical feature size has been pushed below the block copolymer 

domain size. 

Besides standard real-space nanocharacterization methods like SEM and AFM, in this 

chapter, we rely on the use of grazing-incidence small-angle X-ray scattering (GISAXS), 

which is a destruction-free contact-less characterization technique frequently used to 

analyze the nanostructure of polymer films [4]. A significant advantage of GISAXS over 

common real-space techniques is that the relatively large sampling volume permits the 

investigation of a statistically meaningful area both on the sample surface and below [5]. 

Low incidence angles (usually few tenths of degrees), however, lead to significantly 

elongated beam foot prints. In the last years GISAXS has been used to analyze gratings 

to determine their basic geometric properties [6], but also more advanced parameters like 

the line-edge-roughness [7].  

In this chapter we report on the self-assembly of a 23.4 nm full-pitch lamellar diblock 

PS-b-PMMA block copolymer with a low defect-density in sub-10 nm resolution 

topographical guiding patterns fabricated by the direct exposure of HSQ to an electron 

beam. The material is found to exhibit a self-assembly morphology that is different from 

the one observed for the directed self-assembly of block copolymers in wide guiding 

patterns (as for example discussed in chapter 2A), which we confirm by GISAXS, SEM 

and AFM measurements. We apply a free-energy model and compare the fabricated 
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structures with regard to the free energy difference between the defect-free self-assembly 

and the defective self-assembly. 

 

2B.2 Experimental 

The substrates used in the experiments are pieces of 2 x 2 cm2 cleaved from a p-doped 

<100> oriented silicon wafer (4-40 Ω cm resistance).  

2B.2.1 HSQ deposition, exposure and development 

The chip is cleaned in an O2 plasma at 100 W for 20 s. We used flowable oxide FOX 16 

by Dow Corning Corporation diluted 1:6 in methyl isobutyl ketone (MIBK) and spin 

coated this solution at 1000 rpm for 1 min. This yields a film thickness of 42 nm. The 

exposure of HSQ by electron beam induces a cross-linking process [8–11], which 

converts the exposed areas into an SiO2-like amorphous material. 

The exposure takes place with Vistec EBPG 5000+ tool using a 100 kV electron beam 

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

varies from 7400 μC/cm
2 to 8800 μC/cm

2 as a function of the pattern pitch, which in this work 

is between 80 nm and 250 nm. The patterns are 512 μm wide and 10 mm long. 

After the exposure the non-cross-linked HSQ is removed in a development step using an 

alkaline developer (Microposit 351 diluted 1:3 in water) for 5 min. Subsequently the 

sample is dipped in H2O for one minute and air-dried. 

2B.2.2 Deposition of neutral brush layer 

A neutral brush layer is spun from a 0.25 wt% solution of PS-r-PMMA (58 wt% PS and 

42 wt% PMMA at a molecular weight Mbrush = 7.9 kg/mol and a polydispersity index 

PDIbrush = 1.85) dissolved in PGMEA. The spin coating conditions are 4000 rpm for 30 

s, leading to a film thickness of 4 nm in free surface. An annealing step at 230 ºC for 5 

min initiates a grafting process of the random copolymers to the activated silicon surface. 

The non-grafted brush layer is removed by a PGMEA rinsing step. 

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

All the experiments in this work are done with a lamellar PS-b-PMMA diblock copolymer 

(MPS-b-PMMA = 42.3 kg/mol; 43 wt% PS, 57 wt% PMMA, PDIBCP = 1.1). The natural pitch 

in free surface is 23.4 nm. Spin-coating of a 1.8 wt% solution in PGMEA at 2000 rpm 

yields a 34 nm thick film in free surface. Microphase separation is induced by an 

annealing step at 230 ºC for 10 min. 
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2B.2.4 Analysis 

The samples are inspected by tapping mode AFM using the Dimension Icon / Nanoscope 

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

is done with a Zeiss Auriga using the InLens detector. GISAXS, using synchrotron 

radiation, of representative samples are conducted at the P03 Micro- and Nanofocus X-

Ray Scattering Beamline at PETRA III in Hamburg, Germany [12]. The sample-detector 

distance is set to L = 5800 mm and the radiation wavelength to λ = 0.107 nm. The 

incidence angle of the beam is αi = 0.4º. The detector that has been used for these 

experiments is a PILATUS 300k pixel detector with a readout time below 3 ms and a 

pixel size of 172 μm x 172 μm. 

The estimated uncertainty in lateral size determination according to the procedure 

proposed by Smilgies [13] is 0.3 nm. Here, the most important contribution to the 

measurement uncertainty originates from the beam divergence, while the contribution of 

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

2B.3 Results 

In the following, we compare the typical graphoepitaxy work-flow characterized by 

relatively large guiding pattern features with a work-flow where the guiding pattern 

features have been minimized to sub-10 nm size.  
Figure 2B.1: Sketches comparing the self-assembly morphology in topographical guiding 

patterns with sub-10 nm guiding pattern width (top part) with the self-assembly morphology in 

guiding patterns with a width significantly above 10 nm (bottom part). In both rows the 

parameter p indicates the guiding pattern pitch, and w the separation between the guiding 

pattern features, so that the trench width is p-w. 
 

The work-flow pursued to fabricate the guiding patterns is depicted in the top part of 

figure 2B.1 and compared to wide guiding pattern fabrication work-flow, which is 

sketched in the bottom part of the same figure. The principal difference between the two 

work-flows is in the guiding pattern feature width. The work-flow sketched in the top 

images is characterized by a guiding pattern feature width below 10 nm, which is in the 
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size range of the block copolymer domain. The lower row of images, in turn depicts a 

work-flow using guiding patterns with a feature width significantly above the block 

copolymer domain size. For both alternatives it is particularly important to deposit a thin 

4 nm neutral brush layer to avoid grafting of random copolymers to the guiding pattern 

walls, because otherwise the self-assembly morphology would no longer be lamellar 

parallel to the guiding pattern direction, but rather convert into lamellae perpendicular to 

the guiding pattern direction (see chapter 2A and ref. [1]). The fundamentally different 

self-assembly morphologies originate from differences in the guiding pattern width. The 

origin of this difference is depicted in figure 2B.1 and explained in the forthcoming 

paragraphs.  
Figure 2B.2: SEM images of patterns with different pitches before and after self-assembly. a) - 

c): SEM images of 90 nm, 120 nm, 150 nm guiding patterns, d) - f): SEM images of 90 nm, 120 

nm, 150 nm guiding patterns with self-assembled block copolymer, g): SEM image of defect-free 

assembly on large scale, h): AFM height image of the 150 nm structure, i): single line scan 

along the green dotted line in h) with a sketch of the self-assembly morphology in the 

background. 

 

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

On the forthcoming pages, we analyze results obtained using sub-10 nm guiding pattern 

with nominal pitches of 90 nm, 120 nm and 150 nm, as depicted in the figures 2B.2 a)-

c). The SEM images depicted in figure 2B.2 d)-f) demonstrate the excellent ability of the 

guiding patterns to direct the self-assembly of block copolymers. The guiding patterns 
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are capable of directing the self-assembly of block copolymers without the formation of 

defects over areas of various tens of square micrometers. The example shown in figure 

2B.2 g) is an SEM image that demonstrates the defect-free self-assembly in trenches with 

a 150 nm pitch. The multiplication factor is n = 6 for this pattern. That means that the 

density of the block copolymer features in this pattern is six times higher 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 sequence of PS and PMMA 

domains, indicating that the guiding pattern features are entirely covered by block 

copolymer molecules. Based on our observations, we conclude that the block copolymer 

surrounds the guiding pattern features rather than occupying exclusively the space 

between the features, as it is the case for wide guiding patterns (see sketch in figure 2B.2 

i)). A similar self-assembly morphology has been observed in a study analyzing the 

directed self-assembly of block copolymers based on a chemoepitaxy-graphoepitaxy 

hybrid process [14] , however, other than in the present study, only with a few nanometers 

of topography [15,16]. It is, moreover, well known that the cross-linked HSQ is 

preferentially wetted by PMMA [17,18]. Based on that, we conclude that the recessed line 

in the middle of the area above the guiding patterns indicated by the black dashed lines 

corresponds to PMMA. It is known that the exposure of PS with ionizing radiation 

promotes cross-linking [19], while it leads to the degradation of PMMA [20]. The results 

presented in ref. [21] confirm these findings for GISAXS experiments that have been 

conducted under conditions that are very similar to the ones used in our experiments. The 

complete degradation / cross-linking of PS and PMMA thin films is in the range of various 

tens of seconds. Since the accumulated exposure time per guiding pattern in our 

experiment is well below 5 s, we expect the respective cross-linking / degradation process 

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

Another interesting observation we make concerns the different degrees of visibility of 

the guiding patterns in the AFM height image compared to the SEM image. Although the 

AFM analysis reveals that the guiding patterns are entirely covered with block 

copolymers, the guiding pattern lines, produce a strong SEM signal. This observation 

suggests that the block copolymer layer covering the guiding patterns is only few 

nanometers thick. The coverage of the guiding pattern thus results most likely from an 

energy minimization process during the self-assembly. 

These observations confirm the self-assembly morphology depicted in figure 2B.1 and 

demonstrate that the self-assembly in these patterns differs significantly from the directed 

self-assembly when the guiding pattern feature width is notably larger than the block 

copolymer domain. 
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2B.3.2 Analysis of the structures with GISAXS 

An important parameter for the understanding the behavior of block copolymers under 

confinement is the strain / compression with respect to their equilibrium spacing L0 which 

can be determined by measuring the block copolymer pitch. Although we get an excellent 

qualitative understanding of how the block copolymers self-assemble in our system, it is 

difficult to determine deviations in the block copolymer pitch with high accuracy by the 

exclusive use of real-space techniques. 

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

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

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

by GISAXS. The elongated shape of the guiding pattern (512 μm x 10 mm) is necessary 

to avoid that a large part of the measured signal originates from block copolymers 

oriented in fingerprint morphology. At the chosen incidence angle of 0.4 º, the 50 μm 
beam has a footprint of slightly more than 7 mm in length, which is shorter than the 

pattern length and therefore allows us to detect scattered photons originating exclusively 

from the block copolymer in the guiding pattern.  

The GISAXS measurement of the samples with guiding patterns before the deposition of 

block copolymer shows the characteristic scattering features for such gratings [6]. The 

patterns depicted in figures 2B.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. The GISAXS patterns consist 

of a superposition of the Ewald sphere leading to an arc, and a number of grating 

truncation rods (GTRs), whose separation indicates the pitch of the real space lattice in 

reciprocal space. We can easily extract the lattice pitch with the Bragg equation, which 

yields a pitch p1 = 89.9 ± 0.3 nm for figure 2B.3 b), p2 = 120.3 ± 0.3 nm for figure 2B.3 

c) and p3 = 150.1 ± 0.3 nm for figure 2B.3 d). These values are mean values of the position 

of two GTRs in each pattern and demonstrate the excellent precision of the guiding 

pattern fabrication.  

The semicircular shape of the intersection of the Ewald sphere with the detector is very 

sensitive to the orientation of the pattern with respect to the incident beam [22,23]. The 

nearly perfectly semicircular shape of the arc in the observed pattern suggests a deviation 

from perfect parallelism of merely few thousandths of a degree. The semicircle has its 

center in the sample horizon (at α = 0º; ω = 0º) and its radius corresponds to the incidence 

angle of the beam [24].  

In figure 2B.3 e)-g) we depict the scattering patterns of block copolymers after the 

directed self-assembly. In comparison to the measurements shown before, these patterns 

show a number of scattering effects in addition to the GTRs and the semicircle we observe 
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in the guiding pattern. These scattering features are consequently due to the self-

assembled block copolymer. In general terms, the signal intensity in the patterns 

decreases notably after the deposition of the block copolymer. The reason for this effect 

is that the scattering probability at the interface between two materials is proportional to 

the difference in their electron density. The difference in the electron density between air 

and SiO2 in case of the guiding pattern sample, is larger than the difference in electron 

density between the SiO2 and block copolymer. In each GISAXS pattern there is one GTR 

that stands out of the rest due to its enhanced intensity. For figure 2B.3 e), the high-

intensity GTR can be found in the 4th order, for figure 2B.3 f), in the 5th order and for 

figure 2B.3 g) in the 6th order GTR. While this effect is important in the GISAXS pattern 

of the 90 nm grating, it is rather weak in the 120 nm and the 150 nm grating. An important 

conclusion from this observation is that the order of the GTR that shows this phenomenon 

corresponds to the multiplication factor n we observed in the SEM and AFM analysis of 

our structures (figure 2B.2). Additional features that distinguish the GISAXS patterns 

after block copolymer deposition from those before deposition is the existence of satellite 

arcs that other authors have previously interpreted as a result of line edge roughness in 

the analyzed pattern [25] but will not be made a further subject of discussion in this paper. 

Finally, we notice an intensity modulation in the range of α = {0.1 º; 0.15 º} 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 from 

block copolymers directed by chemical guiding patterns [27,28]. In these works, the 

authors also observe the effect of intensity enhancement of the n-th GTR for guiding 

patterns with a multiplication factor n. The similarity between GISAXS measurements of 

our patterns and on samples with block copolymer self-assembly directed by 

chemoepitaxy supports our thesis that (i) the intensification of determined GTRs is due 

to the presence of block copolymers, (ii) we can draw conclusions about the block 

copolymer structure based on the position of the intensified GTR and (iii) the 

topographical guiding pattern actually forms part of the 3D morphology of the block 

copolymer pattern. 

In the following, we will analyze specific transverse cuts through the GISAXS pattern of 

the 90 nm pitch grating sample before and after the deposition of block copolymers and 

in particular investigate the origin of the enhanced intensity of the 4th order GTR. 

In figure 2B.4 a) we compare cuts at α = {0.125º ± 0.025} (i.e. around the Yoneda peak 

[26] of the block copolymer constituents) of the guiding pattern (red curve), the guiding 

pattern with block copolymer (black curve) and a block copolymer in free surface (blue 

curve). Small versions of the respective patterns are depicted in the panel as in-sets and  
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the approximate position of the cut is indicated by the white dotted line. The color of the 

respective inset’s frame corresponds to the color of the curve.  

The GISAXS analysis of the fingerprint pattern sample yields only one peak (ω = 0.267º), 

that corresponds to the periodicity of the block copolymer pattern. The peak position 

suggests a natural block copolymer pitch L0 = 23.4 ± 0.3 nm. In addition to that, the block 

copolymer fingerprint pattern produces a remarkable scattering intensity at small 

diffraction angles ω, causing a large background intensity in the blue curve. For the black 

and the red curve, we observe GTRs at the same diffraction angles ω before and after the 

block copolymer deposition. The absence of a peak at ω = 0.267º confirms that the 

amount of illuminated material outside the guiding pattern (i.e. material self-assembled 

in fingerprint morphology) in this experiment is negligible. Although the overall signal 

 

Figure 2B.3: GISAXS analysis of structures with and without block copolymer. a): Geometry of 

GISAXS experiments, b): GISAXS pattern for 90 nm pitch guiding pattern, c): GISAXS pattern 

for 120 nm pitch guiding pattern, d): GISAXS pattern for 150 nm pitch guiding pattern, e): 

GISAXS pattern for 90 nm pitch guiding pattern with self-assembled block copolymer, f): 

GISAXS pattern for 120 nm pitch guiding pattern with self-assembled block copolymer, g): 

GISAXS pattern for 150 nm pitch guiding pattern with self-assembled block copolymer. 
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declines after the deposition of the block copolymer, we observe that the black curve has 

a background intensity whose shape is very similar to the one measured in the fingerprint 

sample. This phenomenon seems to be an effect caused by block copolymers and results 

in the misleading impression that low-order GTRs have a significantly higher scattering 

intensity than the higher-order GTRs.  

The conversion from scattering angle ω into the q-space is done with Bragg’s law using ݍ = ସ∗𝜋𝜆  sin ሺ𝜔ଶ ሻ  (2B.1), 

where the radiation wavelength λ for our experiments is 0.107 nm. In figure 2B.4 b) we 

transform the pattern in the q-space and compare the 3rd and the 4th order GTR of the 90 

nm guiding pattern sample after the deposition of the block copolymer. Interestingly, the 

4th order GTR needs to be fitted with two Gaussians, while for the 3rd order GTR it is 

sufficient to fit it with one Gaussian. The center of the two Gaussians (drawn in grey 

dashed lines) is qα = 0.28 nm-1 indicating a block copolymer pitch of 22.4 ± 0.3 nm. For 

the conversion from q to real space periodicity d, we use ݀ = ଶ∗𝜋   (2B.2). 

 

Based on this observation, on the AFM/SEM analysis presented in figure 2B.2 and on the 

similarity of this system to the chemoepitaxy system analyzed in refs. [27,29], we deduce 

that this peak represents a superposition of the 4th guiding pattern GTR and the 1st order 

block copolymer GTR. This implies that the pitch of the block copolymer that is deposited 

in the 90 nm guiding pattern area differs from its natural pitch L0 = 23.4 nm by 

approximately 4.2 % (corresponding to a pattern compression to 22.5 nm full-pitch). The 

 
Figure 2B.4: Determination of the block copolymer pitch with sub-nm resolution. a): Cuts 

through GISAXS patterns depicted at the right at exit angle α = 0.125º ± 0.025º (see white 

dashed lines and zoomed into the relevant area, b): 3rd order peak of 90 nm pitch guiding pattern 

peak and its single-peak fit, and 4th order peak of 90 nm pitch guiding pattern and its double 

peak fit.  
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distortion of cylindrical block copolymers due to guiding pattern incommensurability has 

been observed by GISAXS before for minimal topographical guiding patterns [30]. 

 

2B.4 Discussion 

2B.4.1 Comparison with chemoepitaxy and common graphoepitaxy 

So far, it has been common sense that graphoepitaxial guiding patterns have to be 

designed such that the space between the guiding patterns is exactly or close to an integer 

multiple of the natural block copolymer pitch [31–35]. These findings are confirmed by 

the experiments presented in chapter 2A of this thesis.  

This design rule implies that the successful design of graphoepitaxial guiding patterns 

depends on the interplay of pattern pitch p and pattern width wGP. Based on the analysis 

presented in the results section of this chapter, we conclude that the design rule for the 

successful alignment of block copolymers in topographical guiding patterns with feature 

sizes in the range of individual block copolymer domains differs fundamentally from 

those for wide topographical guiding patterns. Similar to chemoepitaxy, the high-

resolution topographical guiding patterns have to be designed such that their pitch (and 

not the space between the two guiding pattern features) is in the close vicinity of an 

integer multiple of the block copolymer pitch (see figure 2B.5 a) – e)).  

A model to describe the normalized free energy of block copolymers under confinement 

has been developed by Turner [32] and successfully used to describe the self-assembly 

of block copolymers in topographical guiding patterns [18]. In chapter 2A, we have 

introduced an extension of this model to explain the free energy of a self-assembly 

morphology with a high defect density as it can also be found in our experiments for 

strongly incommensurate pitches. In the following, we will estimate the free energy of 

the block copolymers self-assembled in sub-10 nm guiding patterns using a further 

extension of the previously found model. Exactly like for guiding patterns with wide 

guiding pattern features, we observe alternatingly regions with successful self-assembly 

and regions where the self-assembly shows a large number of defects, which we refer to 

as defect-loaded state (see figure 2B. 5 a)). 

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

nm and 110 nm pitch leads to a very large defect density in the block copolymer template 

(see images in figure 2B.5 b) / d), where images with a red frame represent examples for 

self-assembly with a large number or defects and images with a green frame represent 

examples with a defect-free self-assembly). The guiding patterns with 90 nm and 120 nm 

pitch, in turn, provide a self-assembly morphology free from defects (see figure 2B.5 c) / 



Directed self-assembly in sub-10 nm topographical guiding patterns 77  
 
e)). The basis of the extended model to describe the free energy of laterally confined 

block copolymers is the model derived by Turner to deduce 
e𝑇 e0

⁄ . Here, eT is the free 

energy of one macromolecule confined in a trench of width w in consideration of the 

deformation free energy, the polymer-wall interaction and the A/B-interfaces, and e0 

corresponds to the free energy per macromolecule under equilibrium conditions. Despite 

of the differences in pattern feature width, we find that results elaborated for the design 

of wide guiding patterns are adaptable for the present system if we consider the guiding 

pattern pitch instead of the trench width as independent variable (note the two different 

x-axis on top and at the bottom of figure 2B.5 a)). For this reason, the trench width w 

from the original equation has been replaced by pattern pitch p to adapt the model 

corresponding to the present guiding pattern morphology: 

𝑒𝑒0 =  ଵଷ (ቀ 𝑛∗0ቁଶ + ଶ∗𝑛∗0 + ଶ∗௰∗0 ),   (2B.3), 

where n is the multiplication factor, L0 is the block copolymer equilibrium pitch in free 

surface and Γ is a term representing the interaction between the block copolymer and the 

guiding pattern features.  

We will now add a summand 
݁𝐷 ݁⁄ to this equation, which accounts for the additional 

free energy introduced into the system due to the distortion of the block copolymer 

features in the direct vicinity of the top cap of the guiding pattern features, so that the 

equation turns into:  

𝑒𝑡𝑒0 =  ଵଷ (ቀ 𝑛∗0ቁଶ + ଶ∗𝑛∗0 + ଶ∗௰∗0 ) + ݁𝐷 ݁⁄    (2B.4). 

We call the expression 
݁𝑇𝑡 ݁⁄ , because it describes the free energy of the system in thin 

guiding patterns. With the summand 
݁𝐷 ݁⁄  we account for the free-energy caused by 

chain deformation in the self-assembled system that is independent from the 

incommensurability [14]. 

The normalized free energy according to Turner in thin guiding patterns (equation 2B.4) 

is now compared with a term that we call ݁ ݁⁄  and describes the free energy of the system, 

when it forms defects. This term sums up the normalized free energy in free surface (i.e. 

1), the interface free energy contribution due to the interaction between the block 

copolymers and guiding pattern features (i.e. 
ʹ ∗ ߁ ∗ ܮ ͵ ∗ ⁄ ሻ and a constant energy 

penalty term accounting for an additional free energy contribution (including, for 

example, the formation of additional interfaces, domain wiggling and chain stretching) 

called 
݁ ݁⁄  
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𝑒𝑒0 = ͳ + ଶ∗௰∗0ଷ∗ + 𝑒𝑝𝑒0   (2B.5) 

Following the reasoning presented in a chapter 2A, we can state that the system forms 

defects, if the term 
𝑡݁߂ ݁⁄  defined as 

௱𝑒𝑡𝑒0 = 𝑒𝑡𝑒0 − 𝑒𝑒0   (2B.6) 

is positive, which occurs when Turner’s free energy is larger than the free energy of the 

defective state. If the free energy of the defective state is larger than Turner’s free energy 
(i.e. the result of equation 2B.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 2A to describe the self-

assembly behavior of block copolymers in high-resolution guiding patterns. We observe a 

reduction of the process window for the fabrication of high-resolution guiding patterns with 

respect to wide guiding patterns.  

 

We determine a distortion parameter that we call eD. The determination of eD is based on 

the assumption that the penalty term eP (in chapter 2A and ref. [31] estimated to be 

approximately 0.007 for the self-assembly of PS-b-PMMA in wide guiding patterns) is 

valid for all the macromolecules in this system that are not subject to distortion in the 

close vicinity of the top cap of the guiding pattern features, as argued in the results 

section. To describe our new system accurately, we introduce the distortion term, which 

effectively increases the free energy of the defect-free state due to the deformation of 

molecules close to the top cap of the guiding pattern features. The term eD is no function 

of the guiding pattern pitch, because the said distortion is independent of the (in-

)commensurability of the guiding patterns. Based on this, we state that the parameter eD 

as the reason for the observed narrowing of the process window and estimate ݁𝐷  ≈  Ͳ.ͲͲ͵ ݁   (2B.7). 
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We provide a detailed derivation of the model including the distortion parameter eD in the 

supplemental information part. Using the equation proposed by Ohta and Kawasaki [36], 

we can now estimate that the energy penalty due to the domain distortion in the close 

vicinity of the guiding pattern features accounts for about nine thousandths of kT per 

chain. This free energy component does not exist in the self-assembly of block 

copolymers in wide guiding patterns. Our interpretation of this term is, that eD represents 

the reason for the smaller process window for the successful alignment of block 

copolymers in thin topographical guiding patterns than in wide topographical guiding 

patterns. The smaller process window is particularly obvious when we compare the 110 

nm pitch thin feature guiding pattern with the 110 nm trench width pattern for wide 

guiding pattern features [31]. While the wide guiding pattern shows defect-free assembly, 

the 110 nm pitch pattern is clearly inside the defective area for the high-resolution guiding 

patterns.  

This finding, furthermore, demonstrates that the maximum free energy difference 

between the ordered (i.e. defect-free) and the disordered (i.e. defect-loaded) state in the 

described system merely accounts for 0.004 e0, which is a result that is in good agreement 

with calculations done by Garner et al. for chemical guiding patterns [37]. The maximum 

free energy difference is here defined as the free energy difference for completely 

commensurate topographical thin guiding patterns.  Figure 2B. 6: Comparison of process windows. A direct comparison for wide (red curve) and narrow (blue curve) guiding patterns in graphoepitaxy reveals a smaller process window for narrow guiding patterns. 
 

Figure 2B.6 represents a comparison between the free energy difference as a function of 

the guiding pattern pitch (for narrow guiding patterns) and the trench width (for wide 

guiding patterns), respectively. The two curves have been derived in the chapters 2A and 

2B of this thesis and are now plotted in the same coordinate system to facilitate direct 
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comparison. The free energy difference for narrow guiding patterns has a larger ordinate 

for each abscissa value when compared to the wide guiding patterns. This is because the 

defect-free state in the narrow guiding patterns has a larger free energy when compared 

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

that we describe with the distortion parameter eD. A direct consequence of this behavior 

is that a larger proportion of the blue curve is above the baseline as compared to the red 

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 reduced process window 

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

2B.4.2 Derivation of the distortion parameter eD 

This section of the chapter is an insertion with the aim to provide additional insight into 

the determination of the distortion parameter eD.  

The free energy formula 2B.3 can also be written as 

𝑒𝑒0 = 𝑒0+𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆+𝑒ಲ𝑊𝑒0   (2B.9), 

where e0 is the bulk free energy, es,λ is the free energy penalty induced due to the chain 

deformation from the minimum free energy chain length.ܮ ʹ⁄  Furthermore, eAB,λ is the 

free energy contribution due to the change in A/B-interfaces upon domain deformation. 

The term eAW is the free energy contribution due to the polymer-wall interaction.  

Accordingly, formula 2B.4 can also be written as 

𝑒𝑡𝑒0 = 𝑒0+𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆+𝑒ಲ𝑊𝑒0 + 𝑒𝐷𝑒0   (2B.11). 

On the other hand, we know that  𝑒𝑒0 = ͳ + 𝑒ಲ𝑊𝑒0 + 𝑒𝑃𝑒0   (2B.12). 

Using equations (2B.9) and (2B.12), we can state 

௱𝑒𝑒0 = 𝑒𝑒0 − 𝑒𝑒0 =  𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆𝑒0 − 𝑒𝑃𝑒0   (2B.13). 

In a previous work (see ref. [31] and chapter 2A), we have determined 𝑒𝑃𝑒0 = Ͳ.ͲͲ  (2B.14). 

On the other hand, using the equations (2B.11) and (2B.13), we can state accordingly: 

௱𝑒𝑡𝑒0 = 𝑒𝑡𝑒0 − 𝑒𝑒0 = ቀ𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆𝑒0 + 𝑒𝐷𝑒0 ቁ − 𝑒𝑃𝑒0 = 𝑒ೄ,𝜆 +𝑒ಲಳ,𝜆𝑒0 − ሺ𝑒𝑃𝑒0 − 𝑒𝐷𝑒0 ሻ (2B.15). 
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Now, fitting our experimental results (i.e. defects in 80 nm and 110 nm pattern, and 

defect-free alignment in 90 nm and 120 nm pattern) to determine the offset ሺ𝑒𝑃𝑒0 − 𝑒𝐷𝑒0 ሻ 

yields  ቀ𝑒𝑃𝑒0 − 𝑒𝐷𝑒0 ቁ = Ͳ.ͲͲͶ  (2B.16). 

In the case that the chains are not deformed at all (i.e. es,λ = 0 and eAB,λ = 0),  

௱𝑒𝑡𝑒0 = ሺ𝑒𝑃𝑒0 − 𝑒𝐷𝑒0 ሻ  (2B.17), 

which means that ቀ𝑒𝑃𝑒0 − 𝑒𝐷𝑒0 ቁ equals the maximum energy difference between the defect-

loaded and the defect-free state in the directed self-assembly of block copolymers in 

topographical guiding patterns in the size range of the block copolymer domain.  

Furthermore, by using eq. 2B.14 and eq. 2B.16 we have determined eq. 2B.7, (i.e.  ݁𝐷 =Ͳ.ͲͲ͵ ∗ ݁) is true.  

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

It is well known that the average size of particles can be analyzed by the mean of X-rays 

[38]. The equation developed by Scherrer has successfully been applied to GISAXS [13] 

and afterwards also used to estimate the correlation length ξ of block copolymers [39]. 

The estimation of the correlation length of patterns of directed cylindrical block 

copolymers along their alignment direction by GISAXS measurements has recently been 

demonstrated [40].   
Figure 2B.7: Analysis of a block copolymer fingerprint pattern by the mean of GISAXS and 

SEM. a): GISAXS pattern of a lamellar diblock copolymer self-assembled in finger print pattern, 

b): SEM image of the same sample as in a).  
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The correlation length ξ can be estimated as a function of the width Δq of the respective 

peak as follows: 𝜉 = ଶ𝜋௱   (2B.18), 

where K is the Scherrer constant, which depends on a variety of factors, like, among 

others, the shape of the grain and the unit cell [41]. In GISAXS the Scherrer constant for 

spherical grains accounts for 1.123, and 0.886 for platelets [13]. The peak data is fitted to 

Gaussian shaped peaks with the mathematical function 

݂ሺݕ, ,ݓ 𝑐ݔ , 𝐴ሻ = ݕ + √ଶ𝜋 ∗ 𝐴௪ ∗ ݁−ଶ∗ቀሺ௫−௫𝑐ሻ ௪⁄ ቁ2
 (2B.19) 

with the fit parameters y0, w, xc and A. Here, xc represents the peak center, y0 is the baseline 

offset and A is the area under the peak. The parameter w is twice the standard deviation 

of a Gaussian distribution and relates to the peak FWHM as follows:  𝐹𝑊𝐻ܯ ∗ Ͳ.ͺͶͻ =  .(2B.20) ݓ

The FWHM is set equal to Δq to determine the correlation length. The determination of 

the correlation length based on the GISAXS pattern depicted in figure 2B.6 a) yields ξ = 
903 nm. A comparison of figure 2B.6 a) and b) confirms that the results yielded by the 

GISAXS and SEM analysis are comparable. Block copolymer correlation lengths in free 

surface in the range of few hundreds of nanometers have previously been determined by 

the analysis of SEM images [42,43].  

In the same manner, we have conducted an analysis of the width of the peaks depicted in 

figure 2B.6 a)-e) to extract information about the correlation length ξ of the block 

copolymers inside the guiding patterns.  
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For the sake of clarity, we plot the fitted peaks separately in figure 2B.7 a)-e). 

Accordingly figure 2B.7 a) depicts the measured 4th order peak of the 90 nm guiding 

pattern in black and the two fitted Gaussians in brown. In the same way, the result of the 

5th order peak of the 120 nm guiding pattern is depicted in figure 2B.7 b), the 6th order 

peak of the 150 nm guiding pattern in figure 2B.7 c). To be able to compare the fits 

properly with GTRs that are not expected to contain signal originating from block 

copolymer scattering, the next lower order peaks are depicted in figure 2B.7 d). 

Furthermore, the cut through the free surface GTR we have analyzed before is plotted in 

panel e) of the same figure. In addition to that, we give an overview of the results in table 

2B.1 providing the peak name, the associated periodicity and the relevant required to 

calculate the correlation length.  

The relevant values to determine the correlation length according to the formulas 

previously provided in this chapter are the peak width w according to formula 2B.19, and 

the device and experiment dependent peak broadening Bres as proposed by ref. [13], which 

has been determined to be 3.26 μm-1. This result is very close to the uncertainty reported 

in ref. [40] for a similar experiment. The estimation of the correlation length of the block 

copolymers is done using formula 2B.18 and yields 390 nm for the 90 nm pattern, 301 

nm for the 120 nm pattern and 302 nm for the 150 nm pattern. The block copolymer pitch 

inside the 90 nm guiding pattern is compressed to 22.4 nm, while it is stretched to 24.1 

nm and 25.0 nm in the 120 nm and 150 nm pitch guiding pattern, respectively. 

 
Figure 2B.8: Analysis of all the peaks referred to during the analysis. a): bi-peak fit of 4th GTR 

of 90 nm pattern with block copolymer, b): bi-peak fit of 5th GTR of 120 nm pattern with block 

copolymer, c): bi-peak fit of 6th GTR of 150 nm pattern with block copolymer, d):single-peak fit 

of 3rd GTR of 90 nm pattern, 4th GTR of 120 nm pattern, 5th GTR of 150 nm pattern (all patterns 

with block copolymer), e): single-peak fit of 1st GTR in free surface. 



84 Discussion  
 

GISAXS 

pattern 

Peak 

name 

qα  
[nm-1] 

d 

[nm] 
FWHM 

[μm-1] 

w 

[μm-1] 

w - Bres 

[μm-1] 

ξ  
[nm] 

Free 

surface 

BCP_FS 0.263 23.4 7.81 9.56 6.63 903.4 

90 nm 

pitch 

GP1_90 0.209 90.2 5.76 7.82 4.89 962.9 

GP2_90 0.280 89.8 4.38 6.65 3.72 1264.5 

BCP_90 0.280 22.4 14.22 15.00 12.07 390.1 

120 nm 

pitch  

GP1_120 0.209 120.3 2.29 4.87 1.94 2421.7 

GP2_120 0.261 120.5 5.32 7.45 4.52 1041.4 

BCP_120 0.261 24.1 18.39 18.54 15.61 301.7 

150 nm 

pitch  

GP1_150 0.209 150.5 4.22 6.51 3.58 1313.9 

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 in our SEM images 

and the low correlation length of the measured patterns may be related to the 3-D self-

assembly morphology depicted in figure 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 associated to a smaller 

correlation length. We may still compare the defect density in the different patterns, 

which represents one of the most important issues in block copolymer lithography 

[44,45]. Therefore we consider that the correlation length ξ is proportional to the defect 

density ρD
-2 of the block copolymer pattern [46]. A mathematical expression to estimate 

the defect density 𝜌𝐷 in a pattern with pitch p is 𝜌𝐷 ∝ 𝜉2. This analysis shows us that in 

our experiments the defect density increases with the guiding pattern pitch, i.e. the 

multiplication factor (see figure 2B.8). We may, however, not forget that the block 

copolymer self-assembly depends heavily on the guiding pattern commensurability. 

Consequently, we present this measurement merely as a method to extract qualitative 

information about the defect density in the directed self-assembly of block copolymers 

from GISAXS patterns.  
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Figure 2B.9: Estimating the correlation length of block copolymers in guiding patterns. 

Analyzing the correlation length based on FWHM analysis of block copolymer peaks (red dots) 

and the normalized defect density of block copolymers (green dots) as a function of the guiding 

pattern pitch. 

 

2B.5 Conclusions 

We have presented the fabrication of topographical guiding patterns for the directed self-

assembly of block copolymers with sub-10 nm resolution by electron beam exposure of 

HSQ. During the self-assembly in these guiding patterns, we observe a self-assembly 

morphology, where the block copolymer self-assembles not only between the guiding 

pattern features, but also on top of them. We deduce that the prerequisite for the block 

copolymer to self-assemble in this morphology is that the guiding pattern features are in 

the size range of the PMMA domain of the block copolymer.  

The present structures have been analyzed by AFM, SEM and GISAXS. Detailed peak-

analysis of GISAXS measurements reinforce the thesis about the morphology intuited 

based on the results of real-space imaging techniques. Furthermore, GISAXS enables the 

determination of the changing block copolymer pitch as a function of the guiding pattern 

pitch with sub-nm resolution. Based on an analysis of the peak width, we compare the 

correlation length of the material in guiding patterns and after self-assembly in fingerprint 

pattern. We furthermore propose a method to qualitatively analyze the defect density of 

block copolymers in narrow topographical guiding patterns by GISAXS. A quantitative 

estimation of the correlation length inside the guiding pattern is difficult due to the 

uncertainty about the extent of peak broadening that is caused by the distortion of the 

block copolymer domains adjacent to the guiding pattern features.  

At last, we demonstrate that free energy models describing the self-assembly in wide 

guiding patterns are still valid for the description of our system after minor adjustments 

are introduced. Based on the modified model and the experimental results of this work, 

we determine that the maximum difference between the defect-free state and the defect-

loaded state for thin guiding pattern features is only about half as large as for the directed 
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self-assembly in wide guiding patterns. We report that this is due to the distortion created 

by the incorporation of the thin guiding pattern features in the block copolymer thin film. 

As a result, the process window for the guiding pattern fabrication is smaller than for 

regular wide topographical guiding patterns. 
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Thermal scanning probe 

lithography for the directed self-

assembly of block copolymers 

 

 

 

 

Abstract: 

Thermal scanning probe lithography (t-SPL) is applied to the fabrication of chemical 
guiding patterns for directed self-assembly of block copolymers. The two key steps of the 
overall process are the accurate patterning of a poly(phthalaldehyde) (PPA) resist layer of 
only 3.5 nm thickness, and the subsequent oxygen-plasma functionalization of an 
underlying neutral poly(styrene-random-methyl methacrylate) (PS-r-PMMA) brush layer. 
We demonstrate that this method allows one to obtain aligned line/space patterns of 
poly(styrene-block-methyl methacrylate) block copolymers of 18.5 nm and 11.7 nm half-
pitch. Defect-free alignment has been demonstrated on an area of tens of square 
micrometers. The main advantages of t-SPL are the absence of proximity effects, which 
enables the realization of patterns with 10 nm resolution, and its compatibility with 
standard DSA methods. In the brush activation step by oxygen-plasma exposure, we 
observe swelling of the brush. This effect is discussed in terms of the chemical reactions 
occurring in the exposed areas. Our results show that t-SPL can be a suitable method to 
direct the self-assembly for research activities in the field of DSA, in particular for low-
pitch, high-χ block copolymers to achieve sub-10-nm line/space patterns.  
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3.1 Introduction 

In this chapter, we report on the use of the proximity-effect-free, low-cost thermal 
scanning probe lithography (t-SPL) for the creation of dense guiding patterns. It has been 
shown that t-SPL [1] can be used to fabricate sub-20-nm-sized patterns [2]. The patterning 
principle in t-SPL relies on the resistive heating of an AFM tip up to temperatures of 700 
- 1000 °C. When the heated tip is brought into contact with a poly(phthalaldehyde) resist 
layer [3], the polymer evaporates in nanometre-sized areas. PPA is a self-amplified 
depolymerizing material with a decomposition temperature of about 150 ºC [4]. By 
heating the tip to a temperature considerably above the polymer decomposition 
temperature, polymer evaporation is promoted with very short tip-resist interaction times 
(see figure 3.1 a)). The main patterning parameters are the tip temperature, the tip-surface 
contact duration and contact force [5]. Thanks to the microsecond-scale polymer 
evaporation, the patterning at tip velocities of up to 20 mm/s has been demonstrated [4], 
which means a throughput of up to 104 - 105 µm2 per hour [6]. Another interesting 
application of t-SPL is the fabrication of 3D patterns in PPA [5], where the tip contact 
pressure is used to modulate the writing depth.  

In the experiments presented in this chapter, we combine t-SPL with surface chemical 
modification to direct the self-assembly of block copolymers (e.g. chemoepitaxy). 
Chemoepitaxy has been demonstrated [7,8] to be an efficient way for directing the self-
assembly of block copolymers as well as to be suitable for large-scale integration. To 
avoid the formation of dislocations and defects, it is crucial to induce chemically 
attractive areas with the natural pitch of the material [9] or a small integer multiple thereof 
[10] with high resolution and high accuracy.  

One way to obtain chemical contrast is to expose a surface-sensitive polymeric brush 
layer to an oxygen plasma through a resist mask defined by means of lithographic 
methods, such as e-beam lithography [10] or DUV [11]. The interaction of the brush layer 
and the oxygen plasma promotes structural changes in the brush layer in such a way that 
the plasma-modified areas are preferentially wetted by one of the blocks. Maskless e-
beam exposure [12] and local anodic oxidation (LAO) [13] are techniques that are also 
capable of inducing a chemical contrast in the neutral brush layer. There, the chemical 
contrast is directly induced by the interaction of charged particles with the brush layer. 
The major drawback of DUV-based fabrication of chemical guiding patterns is the high 
cost of equipment required at the production site. Moreover, proximity effects make it 
very difficult to obtain high-density and high-resolution guiding patterns by e-beam 
lithography. In contrast to light-based methods, probe-based lithography methods do not 
suffer from constraints due to diffraction effects.  

In this chapter we present our results concerning the application of t-SPL to create guiding 
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patterns through selective exposure to an oxygen plasma. The performance of the method 
is evaluated in terms of pattern resolution and material (e.g. PPA) compatibility.  

 
Figure 3.1: Work-flow and overview of results. a): Scheme of t-SPL working principle. To write 

a pixel, the resistively heated AFM tip is pulled into contact with the PPA surface by an 

electromechanically induced force F for several microseconds, b): the workflow can be divided 

into six steps, from brush deposition to the final directed self-assembly, c): AFM contact-mode 

height image of a t-SPL guiding pattern in PPA corresponding to step 3) in the workflow scheme, 

d): example of directed self-assembly of block copolymers on guiding patterns fabricated 

according to the workflow presented in b). Images b) and c) of this figure have been taken by 

Matteo Lorenzoni.  

 

3.2 Experimental Section  

The overall workflow to achieve long-range-ordered line structures by chemical 
modification induced by oxygen plasma is subdivided into six steps as shown in figure 
3.1 b). The initial substrate is a p-doped silicon wafer (4 – 40 Ω·cm resistivity) with a 
native oxide layer. After cleaning the substrate in isopropyl alcohol and acetone, a 
polymer brush layer and a PPA layer are deposited. Then the PPA is patterned by t-SPL, 
and the resulting pattern is transferred to the brush layer by an oxygen plasma. A local 
chemical modification is introduced in those areas that have been patterned by t-SPL. In 
the non-patterned area, the remaining PPA layer is removed, and the block copolymer 
film is deposited. Figure 3.1 c) shows a pattern defined by t-SPL on an 8-nm-thick PPA 
film, and figure 3.1 d) depicts the result of a self-assembled block copolymer pattern at 
the end of the annealing process. It shows the directed self-assembly of a 37 nm pitch PS-
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b-PMMA block copolymer induced by the guiding pattern of figure 3.1 c). To increase the 
topographic contrast, the image was taken after partial removal of the PMMA-domains 
by O2 plasma etching. The process steps are referred to one-by-one on the following 
pages. 

3.2.1 Brush layer deposition  

Two kinds of polymer brush layers are used, depending on the block copolymer whose 
self-assembly was to be directed: a 7 nm thick brush layer of PS-r-PMMA with a styrene 
fraction of 58 % (MR60 = 7.9 kg/mol, PDI 1.85) and an 8 nm-thick hydroxyl-terminated 
polystyrene (PS-OH) brush layer (MPS-OH = 4.5 kg/mol, PDI 1.09) are grafted to the silicon 
substrate. To obtain these layers, 1.3 wt% of polymer are dissolved in propylene glycol 
methyl ether acetate (PGMEA) in case of PS-r-PMMA and in toluene in case of PS-OH, 
spin-coated at 5000 rpm for 30 s and subsequently annealed at 230 °C for 5 min. Then 
the sample is rinsed in a PGMEA ultrasonic bath for 5 min, and afterwards dipped in 
acetone and isopropyl alcohol. This treatment assures the removal of any non-grafted 
material from the sample. The roughness of the grafted layers accounts for 0.2 – 0.3 nm. 
The PS-r-PMMA brush layer is synthesized by Arkema and the PS-OH brush layer has 
been purchased from Polymer Source.  

3.2.2 PPA deposition 

The 3.5 nm thick t-SPL resist layer is deposited by spin-coating of 0.25 wt% PPA 
dissolved in methoxybenzene at 2000 rpm for 90 s. A 35 s spin-coating of a 1 wt% PPA 
solution at 3000 rpm leads to a film thickness of 10 nm. A discussion of the non-
uniformities of the PPA layer on top of PS-r-PMMA can be found in the discussion part.  

 

Figure 3.2: Patterning test with t-SPL to determine the process conditions. An array of ten 

vertical short lines is patterned into the PPA layer in order to determine the optimum writing 

conditions individually for each tip. 
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3.2.3 t-SPL patterning 

To take advantage of the high-resolution patterning capability of t-SPL, super sharp 
silicon-tips with a nominal apex radius of 3 nm were used. The line patterns were written 
along the fast scan direction at a tip-heater temperature between 680 °C and 720 ºC, and 
applying between 10 nN and 40 nN force pulses of 5 μs duration. A patterning test 
covering this parameter field is depicted in figure 3.2. After patterning of a line, that line 
was immediately imaged in contact mode. The combination of fabrication and imaging is 
the principle of closed-loop lithography (CLL) [1]. This mode is very useful to correct 
the lithography conditions during the writing process. To obtain good imaging resolution, 
each written line corresponds to eight reading lines. Imaging the lines directly after their 
fabrication is possible because the time required for the tip to cool down after one heating 
phase corresponds to the thermal time constant of the heater of 6 μs. An example of a t-
SPL pattern is given in figure 3.1 c).  

3.2.4 PPA trim and brush activation 

An oxygen-plasma exposure step is used to etch the remaining PPA layer at the bottom 
of the patterned lines and to activate the unveiled brush layer. We used an oxygen plasma 
at 1 mbar and 150 W for 8 s to functionalize the PS-r-PMMA brush and an O2/N2 1:4 gas 
mixture, 10 W power and a pressure of 2·10-2 mbar to functionalize the PS-OH brush. 

3.2.5 Removal of PPA rests  

After functionalization, any remaining PPA is removed by dipping the sample into a 
cyclohexanone bath for 2 s. The cyclohexanone is purchased from Sigma Aldrich and 
used as received.  

3.2.6 Directed self-assembly 

Two different block copolymer materials are used in this work. A slightly asymmetric PS-
b-PMMA copolymer (MPS= 18.1 kg/mol and MPMMA= 24.2 kg/mol, PDI 1.1) was deposited by 
spin coating at 2500 rpm for 30 s from a 1.1 wt% solution in PGMEA. The polymer self-
assembled in structures with L0 = 23.4 nm pitch. Self-assembly is induced by an 
annealing step at 230 °C for 10 min on a hot plate in ambient atmosphere. The resulting 
film thickness is 22 nm. For the second material, a 30 nm thick block copolymer film is 
deposited from a 1.5 wt% solution of a PS-b-PMMA polymer (MPS= 39.5 kg/mol, 
MPMMA= 39.5 kg/mol, PDI 1.09), resulting in a pitch size of L0 = 37 nm. Both materials are 
spin-coated and annealed under the same conditions. An aligned block copolymer pattern 
of L0 = 37 nm pitch size is shown in figure 3.1 d). Both block copolymer materials are 
provided by Arkema. 

3.2.7 Characterization  

The samples undergo an analysis after every step. The micrographs presented in this 
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chapter are taken in AFM tapping mode (Dimension Icon / Nanoscope V, Bruker) and 
with a scanning electron microscope (SEM) (AURIGA; Zeiss), where we use the In-lens 
detector. The images of the t-SPL patterns are taken with the t-SPL tool in contact mode. 
WSxM [14] is used to process some of the images. 

 

3.3 Results  

The minimum achievable structure size in t-SPL depends on the shape and geometry of 
the tip. Because the tip is conically shaped, it is recommended to work with extremely 
thin PPA layers to push the resolution of the technique. Writing deep patterns into thick 
PPA layers has a resolution-limiting effect because, as sketched in figure 3.3 a), material 
will also be removed by the conical upper part of the probe, if the writing depth is larger 
than the tip radius. This indicates that at large writing depths the ultimate resolution is 
determined by the opening angle of the conically shaped part of the probe far away from 
the apex, and thus not directly by the radius of the tip. In contrast to that, the resolution 
at small writing depths is determined by the radius of the apex.  

 
Figure 3.3: t-SPL patterns. a): A scheme of the t-SPL tip geometry. The nominal tip radius is 3 

nm. The minimum achievable lateral resolution for two different writing depths, 2 nm and 5.5 

nm, is indicated by the dashed red lines, b): Patterns written in PPA. Overall pattern with slight 

onset of a dewetting effect of PPA on brush. Z-range is 5 nm, c): Highly uniform pattern with 10 

nm lines at 46.8 nm pitch in a close-up of the area indicated by the white box in b). Z-range is 5 

nm. 

 

Results of t-SPL patterning of a 3.5 nm thick PPA layer are shown in figures 3.3 b) and 
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figure 3.3 c). The patterning step was done at a contact force of 40 nN. The pattern lines 
were written parallel to the fast scan direction. To write a line, the tip temperature is set 
to 680 ºC for a single scan line. The t-SPL contact-mode image (see figure 3.3 b)) shows 
a patterned area of 25 μm2 that has been written with an average tip velocity of 16.1 μm/s. 
The total time required for patterning and imaging is 5 min. A pattern with a resolution 
of 10 nm line width is achieved. This remarkable resolution was obtained by writing 
shallow patterns of only 2 nm depth, taking advantage of the extremely high resolution 
of t-SPL for patterning. The pattern pitch is 46.8 nm, which is equal to 2L0, where L0 is 
the pitch of the block copolymer. In consequence, the multiplication factor  η = 2, where 
η is defined as the ratio of the period of the guiding pattern period to the pitch of the block 
copolymer. As the patterns are shallower than the PPA film thickness, the polymer brush 
is not unveiled. The absence of piled-up material on the borders of the written lines proves 
that the PPA film has indeed been removed by evaporation and not by mechanical force. 
This observation leads to the conclusion that a tip temperature of 680 ºC is sufficiently 
high for the patterning process.  

 
Figure 3.4: Documentation of workflow by the mean of AFM images. a): AFM height image 

after t-SPL patterning. b): AFM height image after residual PPA removal, showing the chemical 

guiding stripes on the polymer brush. c): AFM height image of aligned block copolymer on 

guiding pattern depicted in b). d): AFM phase image of the same area as depicted in c), e): AFM 

height image after removing the PMMA block by the mean of oxygen plasma. f): Comparative 

study of profiles (top to bottom) along the dashed black lines indicated in a), b) and e), 

respectively. The patterned lines in (1) are recessed, whereas after oxygen-plasma exposure, 

they are elevated (2). A density multiplication takes place from (2) to (3). 

 

Fine-tuning of the plasma exposure process is crucial for achieving an optimal chemical 
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guiding pattern. Moreover, the process conditions have to be such that the residual PPA 
layer in the patterned lines can be removed without removing the PPA layer in the non-
patterned areas and without removing the brush layer. This means that during the oxygen-
plasma exposure the remaining 1.5 nm PPA layer in the patterned area has to be removed 
accurately, whereas the 3.5 nm thick pristine PPA layer in the non-patterned area must 
not be etched away entirely to make sure that the chemical modification of the brush takes 
place exclusively in the patterned area. Figures 3.4 a) and b) compare the patterns before 
and after oxygen-plasma activation. The area selected for the analysis corresponds to the 
edge of the patterned area, so that we can compare the change in pattern height with the 
unpatterned area. After the removal of the residual PPA, the pattern shows a homogeneous 
and regular line/space pattern (see figure 3.4 b)). Because of the brush annealing step, the 
neutral PS-r-PMMA brush layer is grafted onto the silicon surface so that the 
cyclohexanone dipping step to remove the remaining PPA does not affect the integrity of 
the brush layer. Interestingly, the previously patterned and oxygen-plasma-exposed areas 
appear slightly elevated in height with respect to the pristine brush layer. The difference 
in height is about 1.8 nm.  

Figure 3.4 c) shows an AFM height image of the resulting block copolymer pattern 
immediately after self-assembly. As it is difficult to visualize the block copolymer pattern 
in AFM height images, we also present an AFM phase image in figure 3.4 d). AFM phase 
imaging helps us to acquire a higher contrast image of the phase separated block 
copolymer despite of the flat sample topography. To enhance the surface contrast of the 
block copolymer AFM image, a brief oxygen plasma treatment of 5 seconds at 100 W is 
applied. This leads to a topography contrast between the two blocks because the etch rate 
of PMMA is larger than that of PS [15,16]. For this reason the recessed lines correspond 
to PMMA blocks. The result of this process step is depicted in figure 3.4 e). The AFM 
images presented in figures 3.4 a), b) and e) have the same x- and y-scale so that they are 
directly comparable and the concept of the multiplication factor η becomes evident: The 
self-assembled pattern is clearly denser than the line pattern fabricated with t-SPL. This 
is illustrated in the profiles extracted from figures 3.4 a), b) and e) along the dashed lines 
indicated in figure 3.4 f).  

The SEM images presented in figures 3.5 a) and b) contribute to a better understanding 
of the morphology of the self-assembled structures. Figure 3.5 a) shows the same DSA 
pattern as figure 3.4 e). It exhibits a large-area defect-free directed self-assembly. As 
explained by Wang et al. [17], a notable part of the structure in PS-b-PMMA structures 
with such small domain sizes still consists of a diffuse interface, where the structure is 
neither pure PS nor pure PMMA. This could explain the relatively large line-edge 
roughness of the structures, which is even larger after removal of the PMMA block [18]. 
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The absence of defects proves that commensurable guiding patterns can be fabricated 
with t-SPL. As shown by coarse-grained many-body simulations of self-assembly, block 
copolymers may form a wetting layer above wide guiding stripes [19], depending on the 
strength of the affinity between the modified brush and the blocks. This would lead to a 
U-shaped configuration of the block copolymers, in which the structure in top view 
appears to self-assemble into vertical lamellae, although there is a PMMA bottom layer 
parallel to the guiding stripes. In our patterns we do not observe any difference in height, 
pointing to the existence of a wetting layer. This indicates that the guiding patterns are 
commensurate with L0/2 and that the affinity strength of the guiding patterns is suitable.  

 
Figure 3.5: SEM images of aligned block copolymer. (a) Defect-free aligned block copolymers 

on micrometre-scale patterned area with both PS and PMMA blocks present. (b) Comparison 

of patterned area (right) and non-patterned area (left) shows the influence of the chemical 

guiding patterns on the self-assembly of the block copolymers. At the bottom on the right of the 

image, the dimensions of the guiding pattern are indicated. SEM images were taken after 

removal of the PMMA block by oxygen plasma. 

 

Figure 3.5 b) is an image taken at the edge of the patterned area. On the left-hand side of 
the image, the characteristic fingerprint pattern can be observed. There is no long-range 
order in the non-patterned area of the sample. In sharp contrast to that, the block 
copolymer self-assembles in straight vertical lines on the right-hand side of the image. 
The patterned and the non-patterned areas can be understood as two adjacent grains. In 
the patterned area, the block copolymers self-assemble according to the guiding pattern 
whereas the adjacent grains nucleate and self-assemble randomly. The transition zone 
from one area to the other is narrow, and a large number of defects are generated at the 
interface. The interface can also be referred to as grain boundary. A high density of defects 
in close vicinity of the grain boundary indicates a large grain boundary energy and thus a 
large guiding pattern strength. The energy penalty of one point defect is in the range of 
200 kBT [20].  
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3.4 Discussion 

3.4.1 Guiding stripe dimensions 

Let us now focus on the analysis of the chemical guiding patters. First, we compare the 
dimensions of the t-SPL pattern with those of the pattern that is subsequently transferred 
to the brush layer. A single line profile of the pattern shown in figure 3.4 a) is depicted in 
the top panel of figure 3.4 f). The reason why the exposed lines are elevated in height is 
discussed below. The mean width is Ls =10.7 nm with a standard deviation σ = 1.15 nm. 
The mean width of the lines transferred to the brush layer (see second profile in figure 3.4 
d)) is Ls= 20.7 nm, with a standard deviation σ = 2.04 nm. This profile is part of the 
profile indicated by the dashed line in figure 3.4 b). Assuming that the nominal tip radius 
of the imaging probe is 7 nm and the average line height is 1.8 nm, the line width is 
overestimated by 8.4 nm (tip convolution effect). This implies that the actual line width 
is Ls,corr=12.3 nm. This means that the plasma activation step causes almost no widening 
of the structures. The guiding pattern corresponds to 0.52 L0, which is close to the optimal 
value. Theoretical considerations reveal that (as a function of the guiding pattern strength) 
the optimal guiding pattern width for this pattern is slightly below the width of the PMMA 
domain to minimize the energy penalty induced by the curvature of the interface between 
the two blocks [19].  

3.4.2 Pattern functionalization  

Now we discuss the effect that leads to the swelling of oxygen-plasma-exposed lines in 
the brush layer. Figure 3.4 b) shows an AFM height image of a pattern at step 5 that has 
been exposed to oxygen plasma for 8 s. From this image, we conclude that there is an 
effect that leads to the swelling of the brush layer after short exposure times, before the 
material removal process begins. The etch rate of PPA was estimated to be 44 nm/min. 
Taking into consideration that the device needs about 2.5 s to ignite a plasma, the actual 
exposure time is reduced to 5.5 s. If we also take into consideration that it takes 
approximately 2 s to etch through the 1.5 nm of remaining PPA film, the effective 
exposure time of the film to the plasma is 3.5 s. The swelling effect can be explained by 
the addition of unspecific functional groups in the exposed areas [21]. One of the 
characteristics of these functionalized layers is the relatively large ratio of polar hydroxyl 
groups. The number of oxygen on the uppermost polymer layer has been reported to 
increase and exhibit up to 18 – 24 oxygen atoms per 100 carbon atoms in the first 2 s of 
plasma exposure [22]. Polar oxygen-containing groups may be the reason for both the 
functionalization of the brush and the observed swelling. The existence of polar groups 
on the surface can explain the attractiveness of these areas to PMMA [10] because methyl 
methacrylate (MMA) monomers are slightly more polar than styrene monomers.  

Extending the effective exposure time by 2 s leads to a pattern in which the exposed lines 
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are on a lower height level than the pristine brush layer, indicating a partial etching of the 
brush (figure 3.6 a)). The single line profile depicted in figure 3.6 b) shows the recess of 
the exposed areas. We conclude that after the initial formation of functionalized groups, 
a degradation process of the polymeric films starts once the surface is saturated with 
oxygen-containing by-products. Particularly, the aromatic ring of polystyrene suffers from 
degradation because of its large cross section [21]. Previous work suggests that 
polystyrene loses its aromatic rings relatively fast because it is attached to the rest of the 
monomer only through a single carbon-carbon bond. This mechanism initiates a 
crosslinking that leads to the formation of carbon-carbon double bonds [22]. The partial 
etching of the brush could thus be explained by the removal of aromatic rings from styrene 
species, which renders the surface chemically less similar to PS, which, in turn favours 
the wetting of these areas by PMMA even more.  

 
Figure 3.6: The nature of patterned lines after oxygen-plasma activation. a): AFM height image 

of an overexposed pattern, b): height profile averaged over the box indicated by the dashed 

white line in a) shows that the lines in the overexposed pattern are recessed with respect to the 

pristine brush layer, c): behaviour of block copolymers on an over-etched pattern. The 

morphology changes from vertical to horizontal lamellae. 

 

The resulting behaviour of the deposited block copolymer on this pattern is shown in 
figure 3.6 c). Increasing the oxygen-plasma exposure time consequently leads to a change 
of the self-assembly morphology from vertical lamellae to horizontal lamellae. The height 
of the vertically oriented area increases because vertical lamella block copolymers can 
only self-assemble in film thicknesses d with d = n L0 and n  ≥  1.  As the block 
copolymer film thickness initially deposited is slightly below the material’s natural pitch, 
L0 = 23.4 nm, the difference in height originates in this effect. Furthermore, it is expected 
that the increased etching time enlarges the width of the functionalized area. 

3.4.3 PPA dewetting 

As discussed in the main text, the oxygen-plasma activation step is crucial for the 
performance of the chemical guiding patterns. However, taking a closer look at figure 3.3 
a) reveals a certain inhomogeneity in the PPA layer. Areas appear in which the PPA film 
seems to undergo a process similar to dewetting. As such problems do usually not occur 
when depositing PPA on silicon samples, we compared the behaviour of PPA on silicon 
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and on the neutral random copolymer brush layer. Corresponding AFM height images are 
depicted in figures 3.7 a) and b), respectively. Figure 3.7 a) shows a PPA film deposited 
on a brush layer as used in our experiments. In addition to that, the sample was heated at 
60 ºC for 90 s to enhance the mobility of the polymer chains and to accelerate possible 
dewetting effects. This temperature is well below the glass-transition temperature of PPA 
(137 ºC), PMMA (105 ºC) and PS (90 ºC). The depth of the holes corresponds to the 
thickness of the PPA deposited. In contrast to that, there is no such dewetting effect of 
PPA when it is directly spun onto silicon (see figure 3.7 b)).   

Figure 3.7: Comparison of the PPA thin-film morphologies on two different substrates. (a) PPA 

deposited onto PS-r-PMMA, (b) PPA deposition directly onto silicon. 

 

Therefore, we conclude that the dewetting originates from the high surface tension 
between the brush layer and the PPA. Although the holes were transferred to the brush 
and led to a changed self-assembly morphology, an optimization of the etching step could 
prevent this problem. We did not experience compatibility problems when depositing the 
PPA layer on top of a hydroxyl-terminated polystyrene brush layer (PS-OH). The 
drawback of this brush chemistry is, however, that far away from the patterned area the 
polymer does not self-assemble into a fingerprint pattern. It requires stronger guiding 
patterns to direct the block copolymers on a PS-OH brush than on a PS-r-PMMA brush.  

3.5 Conclusions 

We have demonstrated the directed self-assembly of block copolymers with very small 
domain sizes in a chemoepitaxy process using t-SPL as lithography method for creating 
the guiding patterns. We have shown that it is possible to fabricate dense patterns for 
aligning the self-assembled block copolymers with half-pitches in the range of 10 nm. 
This result is possible thanks to the inherent absence of proximity effects in t-SPL.  

We have demonstrated the fabrication of 10 nm-wide chemical guiding patterns using a 
merely 3.5 nm thick resist mask. For the chemical functionalization of the brush, we have 
developed a demanding, but reproducible etching/brush activation process. We have 
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observed the swelling of the activated PS-r-PMMA brush layer when exposed to oxygen 
plasma for few seconds, which is attributed to the attachment of polar functional groups. 
Longer exposure times lead to the removal and cracking of aromatic rings and a widening 
of the exposed areas.  

We conclude that brush layer functionalization is exclusively due to the oxygen-plasma 
activation. We have also shown that we can tailor the strength of the guiding pattern by 
varying the oxygen-plasma exposure time. 

Based on the results presented in this paper, we consider t-SPL to be a viable alternative 
to e-beam lithography for studies that require both high resolution and dense patterns. 
The process represents a good option for nanofabrication as an alternative to synchrotron 
radiation or expensive DUV immersion lithography, and it is compatible with the methods 
commonly used in directed self-assembly. 
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Chapter 4:  
Grain-boundary-induced 

alignment of block copolymer 

thin films 

 

 

 

 

Abstract: 

In this chapter we present and discuss the capability of grain boundaries between 

horizontally and vertically assembled grains to align block copolymers in thin films. We 

create these grain boundaries in a controlled manner and use them to direct the self-

assembly of a 23.4 nm full-pitch lamellar PS-b-PMMA diblock copolymer. 

We fabricate arrays of parallel fins making use of the directed self-assembly of block 

copolymers. For this, we trap an elongated grain of vertically aligned lamellae between 

two grains of horizontally aligned lamellae which leads to the formation of 90º twist grain 

boundaries. An energy minimization process makes the block copolymer domains come 

off perpendicular to the grain boundary. The features maintain their orientation on an 

average length scale, which can be described by the material’s correlation length ξ. As 

the energy-minimizing feature is the grain boundary itself, the width of the manipulated 

area (e.g. the horizontally aligned grain) does not represent a critical process parameter. 

In this chapter, grain-boundary-induced alignment is achieved by the mechanical removal 

of the neutral brush layer via AFM. The concept is also confirmed by a maskless e-beam 

direct writing process. 
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4.1 Introduction 

The shape of grain boundaries in block copolymers and the energy minimization process 

associated to their formation has been studied quite extensively for bulk materials, and 

reported in excellent experimental [1] and theoretical [2–5] works.   
Figure 4.1: Different types of twist grain boundaries and their corresponding inter-material 

dividing surface (IMDS). a): two grains of lamellar block copolymers under a twist angle α << 

90º; the grey areas of the inset represent the IMDS reconstructed in a Scherk surface, b): two 

grains of lamellar block copolymers under a twist angle α << 90º, the inset represent the IMDS 

reconstructed in a helicoid shape, c): two grains of lamellar block copolymers under a twist 

angle of 90º, the grey areas of the inset represent the IMDS reconstructed in a Scherk surface, 

d): (taken from ref. [6]) scheme of a first Scherk surface representing the IMDS of c). 

 

Two relevant types of grain boundaries are the twist grain boundary at one hand (see 

figure 4.1) and the tilt grain boundary on the other hand (see figure 4.2). As for lamellar 

block copolymers, the grain boundary free energy is a function of the area of the 

intermaterial dividing surface (IMDS) and the stretching and the compression of 

molecules in the close vicinity of the grain boundary. The material usually tries to reduce 

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

For twist angles α < 15º we observe two different reconstruction moduli, which are called 

helicoid interphase and Scherk first surface [3,5]. The two morphologies coexist for low 

angles because of their similar grain boundary energies (see figure 4.1 a) and b)). The 

major difference between these two morphologies is the shape of the IMDS. There is no 

major reconstruction mechanism in the formation of helicoid grain boundaries (see shape 
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of the respective IMDS in inset of fig. 4.1.b)). In the second case, the first Scherk surface, 

the IMDS is reconstructed to a distorted chess board pattern, as excellently described in 

ref. [2]. The IMDS in these structures can be mathematically described as a first Scherk 

surface, which forms part of the family of minimal surfaces [7]. The insets of figures 4.1 

a) and c) represent a scheme of the situation inside the grain boundary. Here, white and 

black areas represent A-A-block interfaces and B-B-block interfaces, respectively. The 

actual IMDS is represented by the grey areas, which represents A-B-block interfaces. The 

reconstruction of twist grain boundaries in first Scherk surfaces has been observed 

experimentally [1,8]. For better understanding, we have plotted a scheme of a first Scherk 

surface as it occurs in 90º twist grain boundaries in figure 4.1 d). For large twist angles 

(α >> 15º), the formation of first Scherk surfaces is energetically favorable when 

compared to helicoid grain boundaries. This is at one hand because the helicoid grain 

boundary massively compresses the lamellae (and therefore the chains) at large angles. 

On the other hand, the first Scherk surface is by definition a minimal surface that 

minimizes the IMDS at large twist angles of α = 90º.   
Figure 4.2: Overview of tilt grain boundary morphologies. a): two grains of lamellar block 

copolymer tilted under an angle well below 90º, b): two grains of lamellar block copolymer 

tilted under an angle of 90º, c): 2D-scheme of the IMDS of a low-tilt-angle chevron grain 

boundary, d): 2D-scheme of the IMDS of an omega grain boundary, e): 2D-scheme of the IMDS 

of a pure T-junction as observed in 90º tilt grain boundaries. 

 

Tilt grain boundaries represent another grain boundary family commonly observed in 

bulk block copolymer samples. Schemes of two grains under a low tilt angle θ << 90ª 

and under a tilt angle θ = 90º are represented in figure 4.2 a) and b). Low angle tilt grain 

boundaries are sub-divided in so-called chevron tilt grain boundaries and omega tilt grain 

boundaries. While the chevron tilt grain boundary is rather prominent at low tilt angles, 
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the omega grain boundary tends to be the result of energy minimization at larger tilt 

angles [4]. As we can tell from the two sketches depicted in figure 4.2 c) and d), both 

morphologies are similar in appearance. The sequence of the omega-layers and 

semicylinder caps [4] in omega tilt grain boundaries efficiently minimizes the grain 

boundary energy at higher angles. When the tilt angle increases even more and θ 

approaches 90º (see figure 4.2 b)), the most efficient manner to minimize the free energy 

of the system is to interrupt the continuity of one of the species and reorganize them in 

semicylinder caps as shown in figure 4.2 e). 

90º tilt and 90º twist grain boundary structures, as sketched in figure 4.1 c) and figure 4.2 

b), may form in block copolymer thin films, when a vertically oriented grain is adjacent 

to a horizontally oriented grain. This situation may occur wherever the surface energy 

changes abruptly from a neutral surface to a highly preferentially wetted surface. Taking 

into consideration that the block copolymer features on neutral surfaces are upright 

standing lamellae, the only two structures that may be formed in such grain boundaries 

are the 90º tilt grain boundary and the 90º twist grain boundary. In ref. [9] the authors 

argue that the free energy of 90º twist grain boundaries is around half of the free energy 

of 90º tilt grain boundaries, which heavily benefits the formation of twist grain 

boundaries. This calculation is moreover supported by the fact that 90º twist grain 

boundaries, and the resulting tendency to form Scherk’s first surface IMDSs, are also 

observed in the terraced self-assembly horizontally aligned block copolymers on 

preferentially wetting substrates [10]. 

The few existing works on 90º twist grain boundaries in relation with block copolymer 

thin films include, for example, experiments with two chemically patterned plates [11], 

where the grain boundaries have been observed parallel to the substrate, and a soft 

graphoepitaxy approach, where 90º twist grain boundaries have been observed for film 

thicknesses significantly larger than the guiding pattern feature height [12]. Alignment 

perpendicular to the grain boundary has recently also been observed as a metastable state 

in the chemoepitaxial alignment of block copolymers [13] referred to by the authors as 

“stitch morphology”. Interestingly, in ref. [14], the authors direct the self-assembly of 

block copolymers by the creation of structures under the formation of 90º tilt grain 

boundaries. This effect has for example been evoked by mixing a block copolymer with 

a determined ratio of its constituent homopolymers and coupled with chemoepitaxy used 

to direct the material in device-oriented features [15]. Nevertheless, despite of few 

isolated examples, grain boundaries have not been considered as order-inducing features 

in the directed self-assembly of block copolymers. 

In this work we trap one grain of vertically self-assembled block copolymers between 

two elongated grains of horizontally aligned block copolymers. We use the 90º twist grain 
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boundaries on both sides of the trapped grain to direct the self-assembly of the block 

copolymer in this area without the use of any further guiding patterns.  

Grain-boundary-induced alignment is an interesting complementary technique to direct 

the self-assembly of block copolymers, because it represents a versatile method to align 

the material on lengths up to its correlation length ξ. The correlation length ξ characterizes 

the length range where the self-assembly of block copolymers can successfully be 

directed by grain-boundary-induced alignment. It is inversely proportional to the defect 

density in the film [16] in fingerprint pattern. Due to the lack of guiding patterns in a 

stricter sense, grain-boundary-induced alignment does not increase the mean grain size 

of the material, but rather orients the grains perpendicular to the formed grain boundaries.  

 

4.2 Experimental 

4.2.1 Substrate  

The substrate are chips cut from a Si wafer. Native oxide is not removed. After cleaning 

the substrate in isopropyl alcohol and acetone, the 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 grafted PS-r-PMMA polymer chains (58 wt% PS, 42 

wt% PMMA, Mp=7.9 kg/mol and polydispersity index 1.85) yielding a film thickness of 6.5 

nm (see figure 4.3 a) panel (1)). To deposit the neutral brush layer, 1.5 wt% of PS-r-

PMMA is dissolved in PGMEA and 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 annealed at 230 ºC in a 

nitrogen atmosphere for 300 s. The non-grafted molecules are removed by rinsing the 

sample in PGMEA. 

4.2.3 Guiding pattern fabrication  

In this work we use two different methods to fabricate the guiding patterns.  

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

two elongated rectangular areas of 500 nm × 5 μm separated by a distance d in the range 

of few hundreds of nanometers. The brush removal is done by mechanical AFM using 

the contact mode of a Dimension Icon / Nanoscope V AFM by Bruker. The tips used in 

these experiments (OTESPA, Si-tip with nominal spring constant 42 N/m) have a nominal 

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

deflection set-points to be between 0.26 μN and 2.25 μN. The AFM height image shown 

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

of the contact force. The contact force has been increased by 0.26 μN for each segment 
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of the spiral going from the inside to the outside. The fabrication of the structures 

presented in this chapter have been conducted with nominal contact force of 1.04 μN, 
because this condition represents the minimum required force to remove the polymer film 

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

The second approach to fabricate the guiding patterns is based on the modification of the 

brush layer by direct e-beam exposure. The exposure has been performed in a RAITH 150 

(TWO) electron lithography tool at a nominal beam diameter of 2 nm. We expose lines of 

50 μm in length and between 65 nm and 500 nm in width, separated by between 500 nm 

and 65 nm. This concept is sketched in figure 4.3 a), panel 2.b, where the electron beam 

exposed area is depicted in light red. We follow the procedure explained in ref. [17], 

where the neutral brush layer is exposed to an electron beam with 20 kV acceleration 

voltage and a sample current of 330 pA. The exposure dose is 256 mC/cm
2.  

4.2.4 Block copolymer deposition 

The diblock copolymer used in these experiments is a PS-b-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 index PDI is 1.1, and the molecular weight is 42.3 

kg/mol. A 1.7 wt% solution of the polymer in PGMEA is deposited by spin coating for 30 

s at 2500 rpm and subsequently annealed for 600 s in a N2 atmosphere at 230 ºC. This 

process yields a film thickness of 24 nm in free surface. The result of the self-assembly 

process is sketched in figure 4.3 a), panel 3.  
Figure 4.3: Alignment principle and work-flow. a): work-flow to direct the self-assembly of 

block copolymers by grain-boundary-induced alignment, b): force-dependence of the 

mechanical brush removal while successively increasing the contact force from 0.26 μN to 2.25 

μN from the inside to the outside of the spiral.  

 

4.2.5 Pattern transfer 

The pattern transfer consists of two steps. At first, the PMMA block is removed in a 

selective dry etching step in an Alcatel AMS 110 DE ICP RIE. We used etching conditions 

similar to those previously successfully developed and used by the authors of ref. [18]: a 

gas mixture of 200 sccm Ar and 10 sccm O2 with at 200 W source power and 5 W 

substrate power. The etch selectivity of PS with respect to PMMA in this process is 1:3 
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with PS being the more resistant material. The etching time for this step is 21 s. For the 

subsequent Si etching we use the same RIE tool with a plasma power of 1200 W and a 

substrate power of 10 W for 12 s. The used gases are 30 sccm SF6 and 25 sccm C4F8. We 

employ an etch process in which both gases are injected in the reaction chamber in a non-

pulsed fashion. For more information about these two pattern transfer processes and more 

detailed information about results they yield, refer to annex 1 of this thesis. 

4.2.6 GISAXS analysis 

GISAXS measurements of a representative sample have been conducted at the P03 

Micro- and Nanofocus X-Ray Scattering Beamline at PETRA III in Hamburg [19]. The 

sample-detector distance was 5800 mm and the radiation wavelength 0.107 nm. The 

incidence angle of the beam was 0.4º. The detector that has been used for these 

experiments is a PILATUS 300k pixel detector with a readout time t < 3 ms and a pixel 

size of 172 μm.  
Figure 4.4: Results of grain-boundary-induced alignment via AFM mechanical removal. a): 

AFM height image of brush layer with two areas treated by m-AFM without brush layer, b) AFM 

height image of DSA on area depicted in a), c): AFM phase image of b), d): single line profile 

along blue dashed line in a), (e) average height profile as indicated by 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 neutral brush layer in areas of 500 

nm x 5 μm by means of mechanical AFM. The width of those areas has been chosen such 

that the resulting structures to have a reasonable size for later characterization. The 

mechanical removal uncovers the underlying silicon substrate, which is preferentially 

wetted by PMMA. The preferential wetting of silicon by PMMA leads to the formation of 
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horizontal lamellae. For block copolymer film thicknesses in the range of L0 the top 

material is thus PMMA, while the top-layer consists of PS, when the film thickness is in 

the range of 1.5 L0. In order to dissolve the pile-ups of removed random copolymer the 

sample has undergone a PGMEA rinsing step before taking the AFM height image in 

figure 4.4 a). This procedure is, however, not usually part of the fabrication process. The 

distance d of the two modified zones depicted in figure 4.4 a) is 300 nm. The result of the 

directed self-assembly on these guiding patterns is depicted in an AFM height image 

(figure 4.4 b)) and phase image (figure 4.4 c)). Profiles revealing the sample topography 

perpendicular to the modified areas before and after the directed self-assembly step are 

presented in figure 4.4 d) and e). The measured height step of approximately 7 nm 

corresponds to the height of the random copolymer layer, which has been entirely 

removed. The self-assembled block copolymer structures have a notably shallower 

topography of around 2 nm. The block copolymer in the trapped grain adapts 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 case is the surface modification by e-beam, where we make use of 

the modification of the neutral brush layer due to interaction with charged particles [17]. 

For relatively high exposure doses (e.g. 256,000 μC/cm
2), we observe that the exposed, 

previously neutral, surface is now preferentially wetted by PMMA which leads to 

horizontal self-assembly. Results of self-assembly in the direct vicinity of a 65 nm wide 

line and a 65 nm wide pristine area are depicted in the panels a) and b) of figure 4.5. The 

orientation of the block copolymer perpendicular to the grain boundary is explained by 

the energy minimization in the grain boundary and the formation of 90º twist grain 

boundaries.   
Figure 4.5: Results of grain-boundary-induced alignment obtained by the surface modification 

by e-beam direct writing. a): horizontal self-assembly on a 65 nm wide stripe, b): vertical self-

assembly (e.g. grain-boundary-induced alignment) on stripes of different widths with a minimum 

of 65 nm.  
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4.3.3 Pattern transfer 

As depicted in figure 4.6, the pattern transfer process consists of two steps. After the 

guiding pattern fabrication (4.6 a)) and the self-assembly (4.6. b)), it is necessary to 

remove the PMMA, so that the remaining PS part of the block copolymers matrix can 

serve as an etch mask. This process step is displayed in figure 4.6. c), where the bright 

lines correspond to PS features and the dark lines correspond to the voids created by 

removed PMMA. The PMMA removal can effectively be done using various oxygen-

containing gas mixtures, such as Ar/O2 or CHF3/O2. PS, in turn, is relatively inert towards 

oxygen-containing plasma etch processes, enabling an etch selectivity around 3.  

Secondly, we use the remaining PS template as an etch mask to transfer the defined 

features into silicon. The result of the pattern transfer into silicon is depicted in figure 4.6 

d). A great advantage for the fabrication of devices with this technique is that the 

horizontally aligned block copolymers serve as an etch mask and preclude the chemical 

attack of Si in this area. If the process is conducted on a SOI wafer, these 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 fabrication of dense 

nanowire arrays by grain-boundary-induced alignment, for the fabrication of 

nanoelectronic devices.  
Figure 4.6: Micrographs of different fabrication stages in the pattern transfer process. a): AFM 

image of m-AFM treated area for grain-boundary-induced alignment, b): DSA of block 

copolymers on the presented guiding pattern, while the excerpt corresponds to area surrounded 

by dashed line in a), c): PS etch mask after selective removal of PMMA via RIE (area 

corresponds to white dashed line in b)), d): pattern transferred into silicon.   
4.4 Discussion 

4.4.1 Surface energy modification by m-AFM 

As the surface energy modification of a polymeric brush layer by direct e-beam exposure 

has been successfully done and reported elsewhere [17], in this section we 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 consisting of the 

components of the block copolymer can serve as a qualitative test for the surface energy 

in micrometric areas [20,21]. Here, we use this technique to qualitatively understand the 

surface energy by observing the behavior of a PS/PMMA blend in the modified and in the 

non-modified area. Phase separation of PS and PMMA is induced by the annealing of the 

film at 230 ºC for few minutes. To be capable of distinguishing the two polymers more 

easily in the SEM images, we subjected the sample to an 18 s oxygen plasma treatment 

at 500 W source power. Due to the higher etch resistivity of PS with respect to PMMA, 

we expect the PMMA droplets to be recessed in height. The results are depicted in two 

SEM images and two explanatory sketches in figure 4.7. Figure 4.7 a) shows the behavior 

of the polymer blend in the close vicinity of a 5 μm × 50 μm stripes, where the neutral 

brush layer has been removed by means of m-AFM. In figure 4.7 b) we observe a 

behavioral difference of the polymer blend between the modified area and the pristine 

area in more detail.  
Figure 4.7: Qualitative analysis of PS/PMMA blends on neutral surfaces and on surfaces 

modified by m-AFM. a): Overview SEM image of PS/PMMA blend in two modified areas 

(stripes) and their direct pristine vicinity covered with neutral brush layer, b): close-up of the 

part of a)indicated by the light blue line, c): explanatory sketch of the architecture of the droplet 

sketched on the left side of b) before and after the oxygen plasma treatment, d): explanatory 

sketch of surface on the right side of image b)  
 

The phase-separated PS/PMMA droplet in the pristine area of the sample in figure 4.7 b) 

is sketched in figure 4.7 c) and provides valuable insight in the behavior of polymer 

blends on neutral surfaces. The slightly recessed part of the droplet corresponds to a 

PMMA droplet inside a PS droplet due to the O2 plasma treatment. This indicates that 

both polymers have very similar interface energies with respect to the neutral brush layer. 

The surface energy of PMMA (with respect to the air) is slightly higher than the one of 
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PS [22], which justifies that the PMMA droplet is inside the PS droplet 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 modified areas. 

This behavior is explained by a homogenous coverage of the silicon by PMMA, because 

the interface energy between the activated silicon and PMMA is significantly lower than 

between silicon and PS. The PS thus minimizes its surface energy through the formation 

of droplets on top of the PMMA layer. This concept is sketched in figure 4.7 d). 

This experiment demonstrates that the surface energy is efficiently modified when the 

neutral brush layer is removed by m-AFM.  

4.4.2 Fixed-height self-assembly 

Transferring the created block copolymer patterns into the underlying substrate is a key 

step that converts block copolymer lithography into a purposeful technique for 

semiconductor manufacturing. Here, the pattern transfer process is particularly 

challenging, because polystyrene and poly(methyl methacrylate) are chemically similar. 

Despite of PS being chemically relatively inert, it does by far not show etch resistances 

as large as an inorganic hard mask would do. This leads to fast mask wear and requires 

exact knowledge about the film thickness of the initial block copolymer film to design a 

successful pattern transfer process. Nanometric fluctuations of the block copolymer 

thickness throughout the wafer / chip area due to microscopic impurities or other process-

related issues may lead to difficulties in the pattern transfer process.   
Figure 4.8: Measuring the height step between substrate and horizontally aligned block 

copolymer lamellae. a): AFM height image of prepared sample, b): single line profile indicated 

by white dashed line in a), c):3D sketch of the measurement presented in a), d): possible self-

assembly morphologies with height quantized to from 0.5 L0-2L0 in steps of 0.5 L0. 
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The self-assembly of block copolymers between two grain boundaries is quantized to 

multiples of 0.5 L0, because of the adjacent horizontally oriented grains’ quantized height. 
This concept is clarified in figure 4.8, where we present a measurement of the block 

copolymer height in the horizontally aligned (and previously modified) area. The block 

copolymer has been removed by m-AFM in an area orthogonal to the long axis of the 

modified area, and an AFM height image of one part of the sample is depicted in figure 

4.8 a). A single line AFM height profile is shown in figure 4.8 b). The profile’s precise 

location and direction is indicated by the white dashed line both in the sketch and in the 

actual height image. The step height is 35 nm, which corresponds to 1.5 L0 (with L0 being 

23.4 nm, as we have found in chapter 2). Based on the knowledge that the silicon wafer 

is preferentially wetted by PMMA, we conclude that the top layer must be PS, as sketched 

in figure 4.8 c).  

Figure 4.8 d) presents a sketch of four different self-assembly heights in steps of 0.5 L0. 

We would like to state at this point that the horizontally aligned areas will self-assemble 

in a quantized state such that the film height in the horizontally aligned area is always an 

integer multiple of 0.5 L0. Interestingly, we observe in all our experiments that the self-

assembly of block copolymers in the vertically aligned trapped grain is about three 

nanometers recessed with respect to the horizontally aligned grains. The opposite has 

been observed by other authors in a similar experiment [23], where the vertically 

assembled block copolymer domain is few nanometers higher than the horizontally 

aligned domain. 

4.4.3 Limits of grain-boundary-induced alignment 

An important feature of the ordering of block copolymers via grain-boundary-induced 

alignment is that this technique does not require the fabrication of a high-resolution 

guiding pattern as it is the case for chemoepitaxy and graphoepitaxy. This comes, 

however, at the expense of the fact that the maximum alignment length is limited by the 

correlation length ξ of the block copolymer. To estimate a reasonable maximum distance 

d between the two horizontally aligned grains, we have to investigate the grain size 

distribution of the block copolymer finger print after self-assembly. 

In figure 4.9 we present an estimation of the block copolymer correlation length based on 

the GISAXS pattern depicted in figure 4.9 a), similar to the way it has already been 

discussed elsewhere (see chapter 2B of this thesis and refs. [24,25]). Moreover, we 

present an analysis of the width of the first order grating truncation rod (GTR) in figure 

4.9 b), and an SEM image indicating the estimated mean grain size in figure 4.9 c). 

It is well-known that block copolymer self-assembly is a process based on grain 

nucleation and subsequent growth, also referred to as coarsening [26]. Characterization 
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techniques like small-angle X-ray scattering (SAXS), depolarized light scattering (DPLS) 

[27] and grazing-incidence small-angle X-ray scattering (GISAXS) [24] are capable of 

providing mean values [28] for the grain sizes in block copolymers (e.g. correlation 

length). Nevertheless, the provided value does not a priori contain information about the 

grain size distribution. The experimental analysis of the grain size in the self-assembly of 

horizontally aligned diblock copolymers by AFM has been demonstrated to be in 

excellent agreement with a log-normal distribution function [29]: ݂ሺlnሺ𝜉ሻሻ = ଵ√ଶ𝜋∗lnሺ𝜎ሻ ∗ ݁𝑥𝑝 {− ሺlnሺ𝜉ሻ−lnሺ𝜇ሻሻ2ଶ∗2ሺ𝜎ሻ }  (4.1) 

with σ being the geometric standard deviation and μ being the number-based geometric 

mean, equivalent to the mode diameter of the grain.   
Figure 4.9: Estimating the limits of the directed self-assembly by grain-boundary-induced 

alignment. a): GISAXS pattern of randomly assembled block copolymer features, b): estimation 

of the FWHM of the block copolymer GTR to estimate the mean correlation length ξ of the 

sample, c): SEM image of finger-print pattern with a circle representing the mean grain size as 

determined by the analysis of the GISAXS pattern. 

 

The authors of ref. [29] suggest that the block copolymer grain size can be described by 

a Smoluchowski coagulation function, for which σ=1.45; usually used for systems where 
particle trajectories are controlled by Brownian motion. If the correlation length ξGISAXS 

as determined by the GISAXS line width analysis corresponds to the mean correlation 

length of all grains is in the thin film (in this case ξ=900 nm), we can estimate that the 

grain size distribution ݂ሺ݈݊ሺ𝜉ሻሻ of our sample is: ݂ሺlnሺ𝜉ሻሻ = ଵ√ଶ𝜋∗lnሺଵ.ସହሻ ∗ ݁𝑥𝑝 {− ሺlnሺ𝜉ሻ−lnሺ7ଷଵ.7ሻሻ2ଶ∗2ሺଵ.ସହሻ }  (4.2) 

(plotted in figure 4.10 a)) because in this way  

𝜉𝑎 =  ∫ 𝜉∗ሺlnሺ𝜉ሻሻௗ𝜉∞0∫ ሺlnሺ𝜉ሻሻௗ𝜉∞0 = 9ͲͲ݊݉  (4.3) 
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Knowing the approximate grain size distribution of our block copolymer in free surface ݂ሺlnሺ𝜉ሻሻ, we can estimate the probability p [%], that a grain of the sample is smaller than 

a determined value ξ0 with: 

𝑝ሺ𝜉ሻ = ͳͲͲ ∗ ∫ ሺlnሺ𝜉ሻሻௗ𝜉𝜉00∫ ሺlnሺ𝜉ሻሻௗ𝜉∞0 [%]  (4.4) 

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

a blue area. The surface area of the red part divided by the total area represents the 

probability p(ξ0) that an areal unit forms part of a grain smaller than 𝜉 = ͶͷͲ݊݉. In this 

exemplified calculation using formula (4.4), the probability for this event is 4.8 %. 

Accordingly, 0.3 % of the total area is occupied by grains with the size of 300 nm and 

merely 7×10-10 % of the area is occupied by grains smaller than 65 nm. The self-assembly 

in structures like the ones we fabricate in this work is by definition only considered to be 

successful if there is no defect on the entire length l of the grain boundary.   
Figure 4.10: Grain size analysis in block copolymer thin films. a): Grain size distribution for 

the block copolymer in free surface for ξmean=900 nm, b): table with results for the probability 

of defect free self-assembly between a 5 μm grain boundary for three characteristic distances d 
between the grains. 

 

We can estimate the probability 𝑝ௗ̅ of this event by estimating the probability that all the 

grains along the grain boundary with the length l are at least as large as the distance d 

between the two grain boundaries, which is given by the term: 𝑝ௗ̅ = 𝑝ሺ𝜉 = ݀ሻ ௗ⁄   (4.5) 

In the table presented in figure 4.10 b) we present the probability to fabricate a l = 5 μm 
long array without defects for three different lengths of d. The values for d we worked 

with in this table are process parameters used in this section. In particular, we have 

presented the grain boundary-induced alignment with d = 300 nm in figure 4.4 fabricated 

by m-AFM and d = 65 nm in figure 4.5 by e-beam direct writing and we observe no or 

very few defects in these structures – just as predicted by the presented estimation. The 

fact that a 𝑝ௗ̅ሺ݀ = ͶͷͲ݊݉ሻ 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 structure with d = 450 nm is 

depicted in figure 4.11 a) and we observe the formation of defects.  

Based on the presented analysis, the self-assembly of block copolymers by grain-

boundary-induced alignment mainly depends on the correlation length ξ of the block 

copolymer (material parameter), and on the distance d between the two horizontally 

aligned grains and the length l of the horizontally aligned grains (process parameters). 

For this reason, it is important to understand the mechanisms of self-assembly and defect-

annihilation in detail, which has already been subject to a number of works [16,24,30,31]. 

The rate at which a block copolymer eliminates defects in the course of the self-assembly 

process is determined by the energy barrier that has to be overcome in order to annihilate 

the defect [32]. Here, a smaller energy barrier indicates a faster defect removal 

mechanism which is expressed by a higher degree of order in the block copolymer. In ref. 

[32] the authors demonstrate that the energy barrier for the defect removal is inversely 

proportional to χN. A direct consequence of that is that the correlation length ξ of block 

copolymers is larger for small-pitch materials (e.g. materials with small χN). This means 

that an inherent property of grain-boundary-induced alignment is the decreasing number 

of defects for smaller-pitch materials.   
Figure 4.11: Alternative structures fabricated by grain-boundary-induced alignment. a): 

defective self-assembly due too large distance d between the two grain boundaries, b): self-

assembly of nanowire array based on grain-boundary-induced alignment, c): arbitrary figures 

fabricated by mechanical AFM removal, d)/e): double-bar cross fabricated by mechanical AFM 

removal and grain-boundary-induced alignment of block copolymers between the cross 

branches.  

 

The fabrication of patterns to direct the self-assembly of block copolymers by grain-

boundary-induced alignment by m-AFM is not limited to trapping one single grain, which 
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has been the only structure that we have discussed until now. In figure 4.11 b)-e) we 

present alternative structures fabricated by grain-boundary-induced alignment, such as 

defect-free array of nanowires of 200 nm in length and a pitch of 250 nm in figure 4.11 

b). In figure 4.11 c) we show a number of geometric shapes that have been fabricated to 

demonstrate the versatility of the technique. A double-lined cross of 10 μm × 10 μm with 

a line width of 500 nm and 250 nm spaces between the lines is depicted in figure 4.11 d) 

and 4.11 e). The in-set of panel d) shows the Moiré pattern between the two branches of 

the cross, which indicates the high order of the block copolymer without actually having 

sufficient measurement points to resolve single block copolymer domains. Moiré patterns 

are interference patterns [33] that occur when a periodic lattice (for example a directed 

block copolymer pattern) is measured with an imaging technique whose sampling step 

size is below the step size of the lattice that is supposed to be measured. The existence of 

the Moiré pattern hence can be understood as a proof for the successfully directed self-

assembly of the block copolymers between the two branches of the cross. To verify this 

thesis, we show a close-up of the center of the fabricated cross in figure 4.11 e), where 

we doubtlessly see the directed self-assembly of block copolymers is successful 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 be favorable to achieve 

an alignment mode that is not restricted by the correlation length of the block copolymer. 

One way to do so is to influence the material is such a way that the preferentially formed 

grain boundary is a 90º tilt grain boundary (see figure 4.1. c)) instead of a 90º twist grain 

boundary (see figure 4.2 b)). This is the case when the vertical interface created by the 

horizontally ordered block copolymer is energetically more attractive to one block than 

for the other – similar to the energetic situation in graphoepitaxy. 

Duque et al. [34] calculated the free energy in twist and tilt grain boundaries for a pure 

diblock copolymer and a ternary blend containing 70 % diblock copolymer and a 30 % 

fraction of homopolymers. The calculation yields that 90º tilt grain boundaries have the 

same (or in the concrete case of mixing in 30 % homopolymers an almost negligible 2 % 

lower) grain boundary free energy compared to the 90º twist grain boundary in case of 

mixing in homopolymers. The 90º twist grain boundary has, in turn, a clear energetic 

advantage over the 90º tilt grain boundary in case of pure diblock copolymers. Moreover, 

the absolute grain boundary free energy for the ternary blend is reduced heavily to 

approximately 1/3 of the value for the pure block copolymer.  

We reproduced this experiment using a blend of the 23.4 nm pitch PS-b-PMMA and 

different amounts of PS and PMMA homopolymers with a molecular weight of 39.5 kg/mol 

with total accumulated homopolymer fractions between 0 % and 45 %. In all the 
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experiments the volume fraction of PS homopolymer equals the PMMA homopolymer 

fraction. Results of the behavior of the ternary block copolymer/homopolymer blend in 

the vicinity of a grain boundary is presented in figure 4.12. The annotation in the 

respective SEM images in figure 4.12 refers to the accumulated homopolymer fraction, 

which means that “30 % HP” in figure 4.12 b) indicates that the ternary blend contains 

15 % PS, 15 % PMMA and 70 % PS-b-PMMA. 

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

hand, we observe a progressive swelling of the block copolymer features due to the 

accumulation of homopolymer molecules in the center of the domain (because this is the 

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

IMDS). This effect is accompanied by a decrease of the material’s correlation length.  

 

Figure 4.12: Grain boundary evolution as function of homopolymer content in the ternary blend. 

a): 0 % homopolymer, b): 30 %, c): 45 %; tilt grain boundaries and the blue areas are marked 

in red and twist grain boundaries are marked in blue. 

 

On the other hand, we observe that the proportion of tilt grain boundaries rises upon 

increasing the homopolymer ratio. Those parts of the grain boundary that correspond to 

a tilt grain boundary are red shaded, while twist grain boundaries are marked blue (see 

figure 4.12). As a general trend we can state, that the block copolymer is more likely to 

form tilt grain boundaries at increasing homopolymer fractions. This behavior is 

explained by the reduction of the free energy difference between the two grain boundary 

morphologies. The formation of tilt grain boundaries does, however, not convert into the 

energetically clearly favorable state. The proportion of tilt grain boundaries and twist 

grain boundaries for the 45 % homopolymer sample is approximately equal, as shown 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 formation of a tilt grain boundary 

is energetically favorable for one particular block, but not for the other one. This effect 

may be better understood when we consider ref. [35], where the authors observe that 
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added PS-coated Au nanoparticles accumulate particularly in grain boundaries. There, the 

nanoparticles minimize the A/B interface area of the – in that case – PS-b-PEO block 

copolymer in favor of the PS-block. The alignment of block copolymers via grain-

boundary-induced alignment parallel to the grain boundary can be successful, in case two 

prerequisites are fulfilled: (i) the total homopolymer fraction in the blend is large enough 

to lower the tilt grain boundary free energy significantly and (ii) the ratio of the two 

homopolymers in the blend is sufficiently asymmetric that the tilt grain boundary is 

reduced significantly more for one block than for the other.  

In ref. [36] the authors make use of asymmetric ternary blends with a total of 40 % 

homopolymers (e.g. 29 % PMMA and 11 % PS) to provoke the formation of tilt grain 

boundaries. The alignment of the block copolymers in that work, is however accompanied 

by the use of high-resolution chemical guiding patterns, which we believe would not be 

necessary for sufficiently high-correlation-length blends. The effect of having worked 

with a ternary blend could represent an explanation for unusual self-assembly 

morphology that is observed, but not further explained, in ref. [23]. 

 

4.5 Conclusions 

The directed self-assembly of block copolymers is possible either by the controlled 

removal of an intermediate polymeric brush layer or its surface modification. We have 

shown this concept using both a probe-based mechanical removal approach and an 

electron-beam direct writing approach.  

The driving force of the self-assembly is an energy minimization process in the grain 

boundary between horizontally and vertically assembled block copolymers. This specific 

grain boundary is referred to as 90º twist grain boundary, where the PS/PMMA surface is 

reduced to a first Scherk surface, which mathematically represents a minimal surface. 

Because this approach lacks any kind of guiding pattern along the self-assembly direction, 

the correlation length ξ is the limiting factor for the self-assembly in grain-boundary-

induced alignment and deserves profound analysis. Understanding the parameters that 

influence the correlation length of block copolymer thin films in the annealing step is 

most likely to lead to an improved performance of block copolymer self-assembly in 

grain-boundary-induced alignment. 

For this reason, grain-boundary-induced alignment may represent a particularly 

interesting alternative for early stage testing of new high-χ, low-pitch block copolymers 

with large correlation lengths. A recent report on the self-assembly of sub-5 nm liquid 

crystals (with a remarkably high degree of intrinsic order) has shown that the alignment 
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of very small features by means of graphoepitaxy may be perturbed by large guiding 

pattern roughness [37]. Grain-boundary-induced alignment offers one possible solution 

for upcoming challenges that may be encountered by graphoepitaxy (and also 

chemoepitaxy), which is the difficulty to provide reliable guiding patterns for very small 

pitch self-assembling materials. Grain-boundary-induced alignment, in turn, favors the 

directed self-assembly of materials with small pitches due to their large correlation 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 providing sub-10 nm 

lateral resolution. We demonstrate this resolution by resolving microphase separated PS-

b-PMMA block copolymers with molecular weights ranging from 42 kg/mol to 79 kg/mol that 

self-assemble in structures with half-pitch widths between 11 nm and 19 nm. At each 

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

dissipated into the sample is quantified. The excellent lateral resolution of the presented 

technique is based on the use of very sharp resistively heated tips with apex radii of < 5 

nm. We are capable of measuring the thermal transport into the sample with a resolution 

of < 0.1 μW. The difference in detected heat transfer between the PS domain of the 

measured block copolymers and the PMMA domain is in the range of 20 %. The presented 

technique represents an interesting way to image complex mixed polymeric systems with 

high resolution and a good material contrast based on the differences in the material’s 
thermal conductivity.    



132 Introduction  
 

 

 

  
Table of contents: Chapter 5 

 

5.1 Introduction ........................................................................................... 133 

5.2 Experimental ......................................................................................... 134 

5.1.1 Brush layer deposition ........................................................................... 134 

5.1.2 Brush layer patterning ........................................................................... 134 

5.1.3 Block copolymer deposition ................................................................... 134 

5.1.4 Thermal AFM tool ................................................................................. 135 

5.1.5 Thermal measurement............................................................................ 135 

5.3 Results ................................................................................................... 135 

5.3.1 Heating and bending the cantilever ....................................................... 135 

5.3.2 Quantification of the heat transfer into a sample .................................. 136 

5.3.3 Measuring the heat transfer on different surfaces ................................. 139 

5.3.4 High-resolution thermal measurements on different block copolymers 141 

5.4 Discussion ............................................................................................. 142 

5.4.1 Determining the lateral resolution ......................................................... 142 

5.4.2 Determination of sensing depth ............................................................. 146 

5.5 Conclusions ........................................................................................... 148 

5.6 References ............................................................................................. 148  
  



Thermal imaging of block copolymers with sub-10 nm resolution 133  
 
5.1  Introduction 
The impressive increase in device density in modern microprocessors has been 

accompanied by a notable increase in power density raising the need for efficient thermal 

management on chips [1]. As the size of nano-devices decreases, effects like self-heating 

play a limiting role in their design [2]. Great effort has been put into taking thermal 

images of nanoscale hot spots [3] and even of operating nano-devices [4,5] with 

impressive results. The 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] different temperature-

dependent effects, namely thermovoltage [7], electrical resistance [8], fluorescence [9] 

and thermal expansion [10].  

Besides their important role in the development of nano-patterning processes [11,12], 

heated AFM tips have found application in the study of thermal properties of materials 

[13] and devices [4], because their small apexes are capable of providing a high spatial 

imaging resolution. The use of scanning probe microscopy to map variations in thermal 

conductivity with high resolution has first been demonstrated in 1992 [14]. One recent 

application is the measurement of thermal transport into graphene as a function of the 

layer-thickness [15]. Many works on thermal high-resolution imaging of, for example, 

inorganic films [16], and ultra-high vacuum approaches [17] are restricted in their 

resolution due to the size of the tip-sample contact area. Studies of the glass transition 

temperature of polymers in thin films, especially PS and PMMA [18] with probe sizes in 

the micrometer-range have moreover led to interesting results. Thermal AFM has 

moreover been used as tool to measure heat transport properties of polymer blends [19] 

and single crystalline polymer fibers [20] considered for electronic packaging 

applications. 

The contactless analysis of nano-scale heat transport usually requires ultra-high vacuum 

and complicated computational modeling [21]. Studies of radiative heat transfer in the 

extreme near field in very good agreement with theory have been presented [22] albeit 

lateral resolution has not been optimized yet. In this chapter we present a thermal imaging 

technique that enables the measurement of power dissipated from a resistively heated tip 

[23] into block copolymers through a nanometric tip-sample contact. This technique 

acquires images with sub-10 nm resolution and a high surface sensitivity. The measured 

difference in dissipated energy between the polystyrene and the poly(methyl 

methacrylate) is in the range of 20 %, which is close to the difference that can be expected 

based on the heat conductivity values of the bulk material [24,25]. The presented 

experiments are executed with the same tool and the same tips as the experiments 

presented in chapter 3. Besides the excellent resolution, the technique allows us to 
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thermal images at a rate of approximately 5 ms/pixel without the need to conduct the 

experiment in ultra-high vacuum. We use self-assembled block copolymer films of 

different pitches and orientations relative to the substrate to demonstrate the excellent 

resolution of this technique. The material’s controlled nanoscale feature sizes provide a 

good metrology standard for testing the resolution of such imaging method. Studying the 

thermal properties of block copolymers with high resolution and high contrast requires 

both a good measurement sensitivity and a large signal-to-noise ratio because PMMA and 

PS domains 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 copolymer is controlled by 

a thin layer of polystyrene-random-poly(methyl methacrylate) copolymer (PS-r-PMMA) 

to promote vertically oriented lamellae in the block copolymers, and a hydroxyl-

terminated polystyrene polymer (PS-OH) to promote horizontal lamellae. The materials 

we have used in this work are a PS-r-PMMA with a molecular weight MR60 = 7.9 kg/mol 

(58 wt% PS and 42 wt% PMMA; PDI = 1.85) and PS-OH with a molecular weight MPS-

OH = 14.5 kg/mol (PDI = 1.4).  

Both materials are dissolved in PGMEA and a 1.5 wt% solution is spin-coated at 5000 

rpm for 30 s. The grafting is promoted through a 5 min annealing step at 230 ºC. Non-

grafted macromolecules are subsequently removed in a PGMEA rinsing.  

5.1.2 Brush layer patterning 

The patterning of the PS-r-PMMA thin film in elongated rectangular areas of 500 nm х 5 

μm has been realized by AFM mechanical (m-AFM) at a tip contact force of 

approximately 1 μN as described in chapter 4. The nominal spring constant of the 

cantilever is 42 N/m. 

5.1.3 Block copolymer deposition 

In the experiments presented in this paper we work with three different lamellar PS-b-

PMMA block copolymers characterized by three different relative and absolute chain 

lengths. The material with a molecular weight ML37=79 kg/mol is symmetric (50 wt% 

PMMA; 50 wt% PS) and self-assembles in features with 38 nm pitch. The second material 

consists of 47 % PS and 53 % PMMA at an overall molecular weight of ML30=61.2 kg/mol. 

Its full-pitch is 30 nm. The third material we use is a 42.3 kg/mol molecular weight PS-b-

PMMA with 42 % PS and 58 % PMMA at a PDI = 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 microscope with the 

capability to control the apex temperature via resistive heating. For elevated tip 

temperatures, the tool can be operated in thermal scanning probe patterning mode (see 

chapter 3). For the thermal scanning probe measurements, the tip heat is reduced and the 

tool is placed in a vacuum chamber. The pressure inside the measurement chamber is 

typically around 10-3 mbar. 

5.1.5 Thermal measurement 

The cantilever heater temperature in our measurements is between 150 ºC and 400 ºC as 

determined using the model developed in ref. [26]. The measurement process at each 

pixel consists of an approach-retract cycle and takes around 5 ms for each cycle. The 

pixel size is 1-8 nm both in x- and y-direction on the sample surface. Normally, an image 

as acquired in the course of our experiments consists of 128 х 128 pixels or 256 х 256 
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 nano-scale high-

speed data storage systems [7,25,26]. In this work we have used three-legged cantilevers 

that have been developed for the use in thermal scanning probe lithography (t-SPL) [27–
29] (see figure 5.1). The cantilever consists of high-doped legs represented by resistances 

RL,1, RL,2 and RL,3 in the equivalent circuit in figure 5.1. The source of electric current in 

the cantilever is the applied bias voltage VB. The cantilever heating is caused by 

dissipation of electrical energy in a low-doped region in the close vicinity of the tip apex, 

referred to as heater, and represented by RH in the equivalent circuit. The voltage drop 

over the lever legs can be determined using the voltmeter VL, and the heater current IH is 

determined by the amp meter IH. For the measurement of the thermal conductivity of 

surfaces, we predominantly use the heater circuit, which is marked by the dotted line in 

figure 5.1. A read sensor, denoted RR, is used to control the cantilever-surface distance. 

While the nominal doping concentration both of the heater and the reader is 3.3 х 1017 

cm-3, the rest of the cantilever is doped with a nominal concentration of 2.2 х 1020 cm-3 

of phosphorous ions. The capability of predicting the heater temperature as a function of 

the dissipated electrical power is an essential prerequisite both for thermal scanning probe 

patterning (see chapter 3) and the measurement of thermal properties of materials. For 

temperatures of up to 1200 ºC, the heater represents the principal source of electrical 

resistance in the legs. For this reason, the resistances RL,1, RL,2 and RL,3 are usually 
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neglected in the course of our analysis. Reference [26] provides an excellent model for 

the Joule heating of the cantilever, that has been used in this work to calibrate the 

cantilever and to estimate the heater temperature as a function of the dissipated electrical 

power in the heater (defined as heater current IH multiplied by voltage drop VL over the 

cantilever).   
Figure 5.1: Sketch of electrical circuit of the cantilever. In this work, we mainly work with the 

heater circuit indicated by the dotted box. The bias voltage VB induces current in the cantilever. 

The apex is heated by the resistive heating of current flowing through the low-doped region 

referred to as RH. VL is a voltmeter to determine the voltage drop over the cantilever legs and 

the amp meter IH determines, how much current is induced into the heater circuit. 

 

The apex is brought into contact with the surface by applying a voltage VF between the 

cantilever and the substrate. This creates an attractive force which can be modelled by a 

capacitor-spring model [11] (see figure 5.2 a)). Hence, applying a voltage VF bends the 

cantilever down towards the substrate until it comes into contact. The tool registers that 

the tip has come into contact with the sample, because the tip temperature decreases, 

which leads to a change in RH. The voltage VF is subsequently released and the tip snaps 

out. Then, the motors move the tip to the next pixel and the procedure is repeated. The 

sketches in figure 5.2 help to understand the two operating modes of the unbent cantilever 

(VF = 0) with a hot apex (VB = 0; at temperature T1) (figure 5.2 a)) and the bent cantilever 

(VF > 0) at the same bias voltage VB, but at a slightly lower temperature T2 (figure 5.2 b)). 

Due to the micrometer sized cantilevers, thermal response times of the Joule heated apex 

are in the range of micro-seconds. The voltage bias VB is at a constant level VB > 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 the temperature. For this 

reason, a calibration (see ref. [26]) is capable of correlating the heater temperature with 

the voltage bias VB. 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 bias VB that is constant for the entire 

measurement. In case of the example depicted in figure 5.2, the tip temperature T1 

resulting from the applied bias potential VB is 282.1 ºC.  

The electrical power P dissipated in the heater is quantified by the product of heater 

current IH and lever voltage VL, which both can be read out in the measurement set-up. 

The IH(VL)-curve of the heater circuit is depicted in figure 5.2 c). Here, the blue point (IH,A 

/ VL,A) describes the working point of the cantilever in equilibrium in air. The red line is 

an accumulation of measurement points as taken during the measurement of an arbitrary 

block copolymer surface (e.g. corresponding to a state when the tip is in contact with the 

surface). Once the tip gets into contact with the surface, the tip temperature decreases 

from T1 to T2 with T1 > T2. This temperature decrease leads to an increase in the heater 

resistivity and changes both IH,C and VL,C (see figure 5.2 c), zoom). The new heater 

resistance (when the system is in contact with the substrate) can easily be calculated with 

the help of the new values of IH,C and VL,C by using Ohm’s law. The new heater resistance 

can be correlated with the new tip temperature T2 due to the initial calibration.  
Figure 5.2: Measuring principle and temperature calibration. a): Scheme of cantilever with 

heated tip (VB > 0, leading to tip temperature T1) in unbent state (VF = 0), b): Scheme of 

cantilever in contact with the sample (VF > 0; VB > 0 is the same as in panel a), and the tip 

temperature is reduced to T2 due to the tip-sample contact), (c): I-V curve of heater circuit in 

air (blue curve) and with measuring points (red). 
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In figure 5.2.d) we present the power P dissipated in the heater as a function of the tip 

temperature. Again, the blue point is the working point of the cantilever in air, not in 

contact, and the red points represent the different measurement points during the 

measurement of an arbitrary image. The latter are not located on the initial P(T)-curve as 

measured during contact. This is because, as soon as the tip gets into contact with the 

surface, electrical power is not only dissipated in the heater, but a part of it is also 

dissipated into the sample. Because of that, the same amount of dissipated electrical 

power in the heater now yields a lower tip temperature. We define the power dissipated 

into the sample ΔP as difference between the dissipated power at each measurement point 

and the power that would be necessary to heat the tip to this determined temperature T2, 

(typically ΔT= T1 - T2 is in the range of some tenths of a degree Celsius) if the tip were in 

contact with the sample. The magnitude of ΔP is in the range of 1 μW. This expression is 

graphically equivalent to the distance between the respective measurement point and the 

blue curve in y-direction, as depicted in figure 5.2 d). 

In general terms, the temperature difference ΔT at each point is directly proportional to 

the power dissipation ΔP. Here, a higher value for ΔP is associated to a higher thermal 

conductivity of the probed material. 

The following paragraph is to clarify why the measurement of the dissipated power into 

the sample surface allows us to draw conclusions about the thermal conductivity of the 

probed material. The thermal resistance Rth [
K/W] of the measured body is defined as the 

temperature difference ΔTT-S between the tip (here equals heater temperature TH) and the 

sample (here: room temperature RT) divided by the dissipated power ΔP: 

𝛥்−ೄ𝛥𝑃 = ܴ𝑡ℎ  [𝑊]  (5.1) 

An alternative definition of the thermal (spreading) resistance for a sphere into a semi-

infinite bulk is  ܴ𝑡ℎ [𝑊] =  ଵସ∗𝑘 [ 𝑊𝑚∗𝐾]∗𝑎 []  (5.2) 

with k being the thermal conductivity of the material and a being the contact radius. By 

plugging formula 5.2 into formula 5.1, we find that  𝛥𝑃 =  4 ∗ ݇ ∗ ܽ ∗ 𝛥 ்ܶ−ௌ  (5.3) 

This expression tells us that for constant ΔTT-S the power dissipated ΔP into the sample is 

linearly proportional to the thermal conductivity k of the probed material. This 

assumption is reasonable as long as the detected changes in tip temperature are not 

significant. In the presented measurements, the detected changes in tip temperatures are 
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in the range of few tenths of a degree Celsius, which is very little compared to the 

temperature difference between tip and sample, that is in the range of a few hundred 

degrees Celsius. 

5.3.3 Measuring the heat transfer on different surfaces 

To take an image as depicted in figure 5.3 a), we scan the surface and detect both the 

temperature difference ΔT/T and the dissipated energy ΔP as a direct result thereof for each 

pixel according to the procedure described before. The image depicted in figure 5.3 a) 

represents a ΔT/T -map for a lamellar PS-b-PMMA block copolymer with a full-pitch of 38 

nm self-assembled in vertical lamellae.   
Figure 5.3: Measurement of block copolymers. a): high resolution thermal image of 38 nm pitch 

PS-b-PMMA block copolymer, b): selected contact curves of image in panel a) for the two 

different materials, c): topography extracted from snap-in voltages at each measuring point, d): 

thermal image of the image shown in c). 

 

Let us now have a look at the approach / retract curves detected at each measuring point. 

In figure 5.3 b), z corresponds to the cantilever deflection that can be controlled by means 

of the applied substrate voltage VF. The measured temperature difference ΔT/T is equal to 

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

close to the surface, the attractive capacitive force outweighs the restoring spring force 

and the cantilever snaps in. The cantilever z-position, at which the snap-in is detected, 

e.g. position at the moment when the temperature drop is measured, is defined as z = 0. 

The heat transfer from the apex to the surface consequently leads to a temperature drop. 

Once the snap-in has been detected, the cantilever-bending substrate voltage VF is 
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reduced. The snap-out of the cantilever is accompanied by the return to the equilibrium 

condition of the heater temperature, e.g. ΔT/T = 0. The difference Δz between the snap-in 

and the snap-out (in this case also referred to as adhesion) represents a measure for the 

adhesion of the hot tip to the surface and contains qualitative information about the 

contact area during the measurement. A larger adhesion indicates a larger contact radius 

of the tip. Nevertheless, Δz is also influenced by the material-dependent contact physics 

of the tip, which is, for example, expressed in the different Δz values for PS and PMMA. 

The measurement cycle with the approach curve in orange and retract curve in red 

represents a typical measurement for the PMMA domain. Here, the larger ΔT/T indicates a 

larger temperature drop. Although the thermal conductivity of PS and PMMA is a function 

of the material temperature [30], the thermal conductivity of PMMA is at any temperature 

larger than the one of PS. Therefore, there is evidence that areas with lower temperature 

drops correspond to an area characterized by a lower thermal conductivity, which is PS 

in our measurement. The detected temperature difference of the tip is in the range of ΔT/T 

= 10-3. A better thermal conductivity of PMMA (0.19 W/mK) as compared to PS (0.14 W/mK) 

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

An additional information that we can extract form the measurement of the snap-in 

position as a function of z is the topography of the probed surface. The corresponding 

topography image is depicted in figure 5.3 c). The corresponding thermal image of the 

same frame is depicted in figure 5.3 d) and demonstrates the capability of this method to 

provide high-resolution images without being influenced by the sample topography. 

While it is impossible to distinguish the two materials in the topography image, a clear 

material contrast becomes visible in the thermal image. The thermal image is taken on a 

sample with a 38 nm full-pitch block copolymer self-assembled in horizontal lamellae. 

This system can only self-assemble in films with a thickness of an integer multiple of its 

half-pitch n (0.5 L0) forming holes or islands with (n - 1) (0.5 L0) or (n + 1) (0.5 L0), 

respectively. To carry out this transition, the material assembles in horizontal lamellae 

due to their capability of forming structures of arbitrary height [31]. The fringed interface 

is actually a situation similar to the one described in chapter 4, where a narrow area of 

vertically oriented block copolymers is assembled between two horizontally oriented 

grains divided by a 90º twist grain boundary. An interesting property of these height steps 

is that different materials are located at the block copolymer-air interface in each one of 

the areas. From the topography image we can tell that the left part of the image 

corresponds to a hole recessed by 0.5 L0 with respect to the right part of the image. Based 

on the thermal image depicted in figure 5.3. d), we can state that less power is dissipated 

in the left part of the sample, which accordingly consists of PS, while the right part 

consists of PMMA. 
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5.3.4 High-resolution thermal measurements on different block copolymers 

In figure 5.4 we present thermal scanning probe measurements of three different self-

assembled block copolymer thin films in fingerprint vertical lamellae. As the materials 

are defined by different molecular weights, they self-assemble in structures characterized 

by three different pitches [32]. The structures in figure 5.4 a)-c) are characterized by half-

pitches of 11.7 nm, 15 nm and 19 nm, respectively. The fact that the features are so clearly 

resolved demonstrates the excellent lateral resolution of the technique. In the examples 

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-PMMA block 

copolymer, b): Thermal image of 30 nm PS-b-PMMA pitch block copolymer, c): Thermal image 

of 38 nm PS-b-PMMA pitch block copolymer, d): Comparing the dissipated energy for block 

copolymers with three different pitches a)-c) averaged over the lines indicated by the boxes in 

the respective image. Added off-sets are 0.05 μW for the green curve and 0.25 μW for the blue 
curve.  

 

Figure 5.4 d) 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 image. Here, it 

is important to note that the absolute values of the transmitted power may undergo slight 

changes from one measurement to the other. A reason for this effect may be the 

attachment and subsequent release of single polymer chains leading to changes in the 

contact radius. For this reason, we have added an offset to the curves of images of figure 

5.4 (a) and (b). The y-axis in figure 5.4 d) can therefore only be used to identify relative 

changes in dissipated power between the two materials. We observe that the amplitude of 

the curve (e.g. the difference in dissipated power ΔP between PS and PMMA) is nearly 
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the same for 30 nm pitch and 38 nm pitch polymer (0.150 μW an 0.135 μW, respectively) 

and decreases notably upon imaging the 23.4 nm polymer (0.073 μW). 

Various reasons may be associated to the declining contrast between the two blocks. The 

first reason is related to the width of the interphase between the two polymer domains. 

The block copolymer with 23.4 nm pitch is close to the theoretic lower limit for 

microphase separation in PS-b-PMMA [33,34]. This regime is referred to as weak 

segregation limit and characterized by large interphase widths between the two domains 

that may occupy up to half of the domain width [35]. The interphase width is inversely 

proportional to the repulsive force between the blocks, which is in turn proportional to 

the molecular weight. The diffuse interphase consists of a mixture of polystyrene and 

PMMA and is at the prospect of exhibiting a thermal conductivity between the values for 

the two pure phases.  

On the other hand, the tip radius (or more precisely the contact radius between 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, is presented in the 

discussion section. TEM images estimate the tip radii of the samples used in this work in 

the range of 2.5 - 3.5 nm [12]. Additional information about the tips and their analysis is 

provided in ref. [36]. 

A combination of these two effects may lead to the effect of decreasing contrast in thermal 

conductivity between the two blocks as observed during the measurements. The fact that 

the amplitude of the 30 nm-pitch material is close to equal to the 38 nm-pitch material 

indicates that such effects play a negligible role in the measurement of block copolymers 

with 15 nm feature width and above.  

 

5.4 Discussion 
In the following, we present the results of a 3D-COMSOL simulation that has been 

executed to determine the resolution of the thermal imaging and compare its outcome 

with our measurements. In sub-section 5.4.1, we determine the lateral resolution, while 

we dedicate the second sub-section 5.4.2 to 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 comparing 

the measured block copolymer profile as measured in the 38 nm full-pitch block 

copolymer averaged over the box indicated by the black solid line in figure 5.4 c) with a 

model of the block copolymer thermal conductivity.  
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To construct the block copolymer thermal conductivity profile, let us first model the 

PS/PMMA interface using a formula originally developed by Helfand and Tagami for the 

strong segregation limit SSL [37]. A χN-factor in the range of 30 justifies the use of 

formulas developed for the SSL. There, the probability fPS of finding an PS monomer 

along the x-direction, which is defined normal to the interface of PS and PMMA is given 

by the formula 

�݂�ௌሺݔሻ = ቀͳ + ʹ−}ݔ݁ ∗ √ ∗ 𝜉 ∗ ݔ ܾ⁄ }ቁ−ଵ
  (5.4) 

Accordingly,  

�݂�ெெሺݔሻ = ቀͳ + ʹ}ݔ݁ ∗ √ ∗ 𝜉 ∗ ݔ ܾ⁄ }ቁ−ଵ
  (5.5) 

is to estimate the probability of finding a PMMA-monomer along the x-direction, where 

x = 0 is defined at the position where fPS = fPMMA. The two curves associated to the 

formulas 5.4 and 5.5 are plotted in figure 5.5 a). We used b = 0.66 nm as average Kuhn 

segment length [38,39] and ξ = 0.041 [34,40]. Other authors have determined the diffuse 

interface width to be in the range of 5 nm, which is in-line with this result [35,41]. 

Furthermore, we determine the proportion of PS and PMMA at the polymer-air interface. 

Despite of the fact the block copolymer material consists of symmetric block copolymer 

chains, the fraction of the two materials on the sample surface in figure 5.4 a) is not equal. 

To quantify this effect, we present the histogram depicting the number of pixels as a 

function of dissipated power for the thermal image in figure 5.5 b). The shape of the 

distribution revealed by the histogram can be fitted to the sum of two Gaussian peaks, 

each one of the form: 

𝐺ሺݓ, ݔ , 𝐴ሻ = √ଶ𝜋 ∗ ௪ ∗ ݁−ଶ∗ቀሺ௫−௫𝑐ሻ ௪⁄ ቁమ
  (5.6) 

For more information about this formula, see chapter 2B. The result of the Gaussian 

fitting of the PS peak and the PMMA peak is summarized in 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) to determine the 

surface distribution of block copolymers in the 38 nm pitch block copolymer. 
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According to this analysis, the mode value of power dissipated in the PS domain is 1.05 

μW. The mode value for power dissipated in the PMMA domain is 1.24 μW. The relative 
difference in energy dissipated in the domains, defined as the difference between the two 

mode values, therefore accounts for 18 %. The literature predicts a difference in thermal 

conductivity between the two materials in the range of 35 % [24,25]. The measurement 

points in the vicinity of the intersection between the two Gaussian peaks, that are not 

optimally represented by the sum of the two fitted peaks, originate from the PS/PMMA 

interface. The detected difference in thermal conductivity represents a very good result 

given the fact that we measure a system, in which each macromolecule consists both of 

PMMA and PS. This results suggests that heat conductivity along the backbone of the 

macromolecule plays a subordinate role when compared to the influence of the non-

covalently bonded monomers in the close vicinity of each monomer.  

One reason for the good spectral resolution of this measurement technique is the large 

signal-to-noise ratio. We believe that the FWHM of the peaks is a reasonable measure for 

the noise of our measurements, even though the FWHM is likely to overestimate the 

noise, because we neglect the contribution of the PS/PMMA interface 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 the histogram and 

utilized during the evaluation. The relation between the fit parameter w and the peak 

FWHM is given in formula 2B.8 in chapter 2B and yields nPS = 0.235 μW for the FWHM 

of the PS peak and nPMMA = 0.118 μW for the PMMA peak. For the signal-to-noise ratio 

of the measurement of a material i we use the formula: ܵ𝑁ܴௗ,𝑖 = ͳͲ ∗ ଵ݈݃ ቀ௫𝑐,𝑖𝑖 ቁ  (5.7) 

This yields SNRdB,PMMA = 10.2 dB and SNRdB,PS = 6.5 dB for their measurement. 

Based on the Gaussian fitting we find, furthermore, that 61 % of the sample surface 

represents PS (e.g. domain width on the surface is wPS = 23.2 nm), while only 39 % of the 

surface is PMMA (e.g. domain width on the surface is wPMMA = 14.8 nm). These values 

are provided by an analysis of the parameter A, which indicates the area under the peak. 

Interestingly, the PS polymer covers a larger proportion of the surface area than its 

volume fraction would suggest. A plausible explanation for this effect may be the slightly 

lower surface energy of PS compared to PMMA. The same analysis of the 23.4 nm full-

pitch block copolymer in figure 5.4 a) yields that a 53.5 % of the sample surface consists 

of PS and a 46.5 % of PMMA. This result is in-line with the fact that the material is 

slightly asymmetric and consists of 58 % PMMA and 42 % PS. 



Thermal imaging of block copolymers with sub-10 nm resolution 145  
 
We model the block copolymer thermal conductivity profile as an oscillation between the 

ΔP values for PS and PMMA with the interfaces determined in formulas 5.4 and 5.5 and 

with the domain widths as determined by the histogram analysis.   
Figure 5.5: Determination of contact radius. a): distribution of PS and PMMA monomers in the 

close vicinity of the PS/PMMA interface according to Helfand and Tagami, b): histogram of the 

thermal measurement of a 38 nm full-pitch block copolymer, c): correlation between the 

measured profile and the modelled profile as a function of the modelled tip-sample contact 

radius, d): comparison of the measured (blue) and the modelled (red) curve with the grey dotted 

line representing the distribution in the actual sample. 

 

In the following, we present the result of a COMSOL simulation, where diffusive heat 

transport through a flat and round contact area was modelled along the profile that we 

have derived on the previous pages. The sample is represented by a cylinder with a 

sufficiently large radius (300 nm) and a thickness of 30 nm, with an internal structure 

equivalent of the block copolymer. The thermal conductivity of the PS domain is set to 

0.14 W/mK and the one of PMMA to 0.19 W/mK. The outside surface of the sample cylinder 

is defined as thermally insulating and the bottom surface is at room temperature. The tip-

sample contact area is modelled as circle with radius a in the upper part of the sample 

cylinder. Given that the phonon mean free path in amorphous polymers is in the range of 

few Ångström, the assumption of purely diffusive heat transport is reasonable. In the 

following, the correlation coefficient R2 for different contact radii a is compared and the 

resulting curve is plotted in figure 5.5 c). The coefficient of correlation R2 peaks at a 

contact radius of 4 nm with R2 = 0.994, indicating that the derived model represents the 

measured curve excellently. The comparison of the modelled profile (red curve), the 

measured profile (blue curve) and the actual block copolymer density profile (black 
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dashed curve) is depicted in figure 5.5 d) and demonstrates the excellent agreement 

between model and measurement. The modelled tip contact radius is in good agreement 

with the tip radius measured with TEM [12].  

In the simulation the block copolymer has been treated as an isotropic material. In the 

next section we will discuss why this assumption is reasonable despite of the fact that 

molecular self-assembly influences the orientation of the macromolecules with respect to 

the sample surface. 
5.4.2 Determination of sensing depth 

In figure 5.6 a)/b) we present a sketch and a thermal image of a block copolymer 

configuration, where the PS-b-PMMA block copolymer with a full-pitch of 30 nm is self-

assembled in vertical lamellae next to an area with horizontal lamellae. The fabrication is 

based on the local removal of the neutral PS-r-PMMA brush layer, which promotes 

vertically aligned lamellae. In those areas where the brush layer is removed, the 

underlying silicon substrate is revealed. Because the silicon substrate is preferentially 

wetted by the PMMA block, the block copolymer self-assembles in horizontal lamellae 

[42,43]. This concept is sketched in figure 5.6 a), while the thermal image is depicted in 

figure 5.6 b). For more information about the fabrication of this structure refer to chapter 

4.   
Figure 5.6: Material contrast and determination of sensing depth. a): Scheme of block 

copolymer morphology in the sample imaged in panel b); b): Image of dT/T of interface between 

horizontally and vertically aligned block copolymers, c): single line profile along the black 

dashed line depicted in b), d): model of measured thermal conductivity knorm (normalized to 

thermal conductivity of PMMA) as a function of the distance z of the PS/PMMA interface from 

the surface. 
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Interestingly, we observe that the polystyrene surface has the same thermal conductivity 

in the area with horizontal lamellae as in the area with vertical lamellae (see single 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 surface-sensitive process. As 

the polystyrene top-layer has a thickness of approximately 7.5 nm (0.25 L0), and the 

absolute dissipated power in this area is exactly the same as in the vertically aligned area, 

we deduce that the measurement does not gather information from more than 7.5 nm 

below the surface. On the other hand, it is well-known that the thermal conductivity of 

polymer chains along their backbone is much larger than the perpendicular to it [44], 

which is an effect that was expected to find expression in the detection of different 

thermal conductivities of the PS surface in vertically and horizontally aligned areas.  

We will first explain, why we do not observe a difference between the horizontally and 

the vertically oriented domains due to different thermal conductivities along and 

perpendicular to the chain direction. Let us define the chain stretching σ as the deviation 

of the block copolymer chain length from its unperturbed state. The unperturbed state is 

described by the molecule’s radius of gyration RG. On average, one block copolymer 

molecule is stretched from an extension of twice its radius of gyration RG to a length of 

0.5 L0 in the course of the self-assembly process. The radius of gyration of an unperturbed 

polymer chain is a function of the Kuhn segment length b and the polymerization N, and 

L0 is a function of χ, N and b [45]. If we now define the relative stretching σ induced to 

the polymer as the quotient of both terms, the dependence of b cancels out and we can 

estimate 

𝜎 = బସ∗ோ𝐺 = ଵ.ଷ∗𝜒భ6∗ேమయସ √6⁄ ∗√ே ≈ ͳ.ͳ  (5.8) 

using N = 600, χ = 0.041 [34], which represents the present material in a realistic manner. 

This estimation indicates that a macromolecule similar to the block copolymer used in 

this experiment exhibits a deformation during the microphase separation in the range of 

17 % with respect to its radius of gyration. According to results presented in ref. [44], this 

deformation leads to a change in thermal conductivity of PS of less than 1 %. It is 

therefore reasonable, that we are not capable of detecting different thermal conductivities 

in two differently self-assembled block copolymer domains consisting of the same 

material.  

We now refer to the curve depicted in figure 5.6 d) to explain, why we do not detect the 

influence of the PMMA layer 7.5 nm below the surface in the horizontally aligned layer. 

The depicted curve represents a simulation based on a 3D-COMSOL model of the 

measured thermal conductivity on a PS surface with a PS/PMMA at a distance z below 
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the surface for a tip contact radius of 4 nm. The y-axis is normalized to the expected result 

for a PS top layer with zero thickness, which is equivalent to a measurement directly on 

a PMMA surface. For very large distances between the surface and the interface, e.g. for 

a thick upper PS film, the curve asymptotically approaches a value of 0.737, which 

corresponds to the thermal conductivity of PS normalized to the value of PMMA. The 

vertical dashed line indicates that the result for a measurement with z = 7.5 nm below the 

surface as measured with a tip with a contact radius of 4 nm is expected to differ merely 

4 % from the result on a pure PS film. This is below the noise level in figure 5.6 c). 

 

5.5 Conclusions 
We measured the thermal power dissipated into PS-PMMA block copolymer samples 

with sub-10 nm resolution using electrostatic actuation of heated silicon levers in vacuum. 

Owing to the small thermal time constant of 6 μs and the fast actuation scheme, an entire 

approach cycle is monitored within ~5 ms. The thermal signal is consistent with the 

difference in thermal conductivity between PS and PMMA based on the literature values 

for bulk PS and PMMA. We are capable of obtaining images with an excellent lateral 

resolution due to the very sharp resistively heated AFM tips. Based on a comparison with 

a finite element model, we determine a tip-sample contact radius of 4 nm. Knowing the 

contact radius, we infer that more than 90 % of the signal originates from a depth of less 

than 10 nm, highlighting the surface sensitivity of the method. The good signal-to-noise 

ratio gives rise to the expectation that the technique is also capable of distinguishing 

between (polymeric) materials with even smaller differences in thermal conductivity 

and/or more different polymers in the same sample. Being able to measure dissipated 

power and contact radius simultaneously may allow us to obtain reliable absolute 

measurements of the thermal conductivities of polymers close to the surface and at sub-

10 nm lateral resolution. It could moreover represent an interesting technique to study the 

thermal properties self-assembly mechanism of block copolymers and other polymeric 

materials below and around their glass transition temperature. 
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This PhD thesis contributes to the field of guiding pattern fabrication for the directed self-

assembly of block copolymers with a particular focus on the exploration of guiding 

patterns with high resolution and high accuracy. These structures are at the prospect of 

playing a key role for the successful directed self-assembly of new high-χ block 

copolymers, which are particularly interesting for the fabrication of future nanoelectronic 

devices. The most important achievements of this thesis are summarized in the following 

paragraphs.  

A substantial part of this thesis is dedicated to the development and testing of different 

guiding pattern fabrication techniques, where we have pushed the respective techniques 

towards their resolution limit.  

In particular, we have successfully directed the self-assembly of a 11.7 nm half 

pitch PS-b-PMMA block copolymer making use of five different lithography 

techniques for the fabrication of guiding patterns, namely (i) EUV-IL (ii) e-

beam lithography (both used for graphoepitaxy), (iii) thermal scanning probe 

lithography (chemoepitaxy), (iv) mechanical AFM lithography and (v) e-beam 

direct writing (both used for grain-boundary-induced alignment). 

The self-assembly mechanism of block copolymers in topographical guiding 

patterns has been studied using parallel EUV-IL. Herein, the behavior of block 

copolymers under confinement has been studied with nanometer precision, and 

a free energy model has 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-assembly in 

topographical guiding patterns.  

The developed free energy model has been modified to describe the process 

window for the directed self-assembly of block copolymers in topographical 

guiding patterns with sub-10 nm feature width defined by e-beam lithography. 

This system has been used to determine the self-assembly morphology of block 

copolymers in topographical guiding patterns with feature sizes close to their half-

pitch and to formulate a general design rule for such guiding patterns. 

A thermal scanning probe based technique for the fabrication of chemical guiding 

patterns with 10 nm resolution has been developed. The recent 

commercialization of thermal scanning probe lithography as nanofabrication 

technique converts the use of thermal scanning probe lithography for the directed 

self-assembly of block copolymer lithography into a technologically particularly 

interesting combination. 
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Grain-boundary-induced alignment is presented as an alternative alignment 

technique capable of controlling block copolymers on length scales around their 

inherent correlation length. Its working principle is explained and experimentally 

demonstrated using mechanical AFM surface modification and e-beam direct 

writing. The technique is especially interesting for the use in fast prototyping 

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 development of 

measurement techniques capable of providing improved insight into the self-assembly 

morphology and the properties of block copolymers.  

A thermal scanning probe based imaging technique to study the thermal 

conductivity of block copolymers with a sub-10 nm resolution has been 

developed. The technique is very surface sensitive and allows it to differentiate 

clearly between PS and PMMA 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 

the block copolymer pitch under confinement with sub-nm precision. GISAXS 

has moreover been used to estimate the correlation length of block copolymers 

in free surface. 
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Abstract: 

This annex summarizes the results obtained during pattern transfer experiments with PS-

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 process with SF6 and C4F8 as simultaneously injected 

reaction gases yielding etch depths of few tens of nanometers. Herein, we have used both 

PS and Al2O3-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 using PS etch masks, we 

moreover identify the thickness of the neutral brush layer as critical parameter for the 

successful fabrication of the mask. We conclude that the infiltration of PMMA with Al2O3 

is an interesting method to increase the process window for the pattern transfer of block 

copolymers and enhance the maximum achievable etch depth.  
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A.1 Introduction 

To make use of the directed self-assembly of block copolymers for nanofabrication 

purposes, it is important to develop suitable etch processes to transfer the defined patterns 

into the underlying substrate. Lamellar block copolymers transferred into silicon 

represent an interesting alternative for the fabrication of finFETs [1]. Besides the 

fabrication of the holes for vertical contacting of micro- and nanoelectronic devices, 

upright standing cylindrical block copolymer structures have been demonstrated to be a 

good way to fabricate bit patterned media [2]. They may moreover be used as a template 

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

This annex represents 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 step to selectively 

remove one of the blocks and a second one to transfer the structure into the substrate, which is 

usually silicon. The sketches on the right side show sketches of the status of the respective 

block copolymer sample. 

 

Pattern transfer processes for block copolymer patterns usually consist of two major steps, 

namely the selective removal of one of the blocks at one hand and the subsequent 

substrate etching step on the other hand (see figure A.1). The first step, the selective 

removal of one block, is necessary to convert the initially continuous block copolymer 

film into an etch mask consisting of areas that protect the substrate from the following 

chemical attack, and areas where the substrate is directly exposed to the reactive species. 

For PS-b-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 remove the PS block. The second 

step then uses the previously created etch mask to transfer the defined pattern into the 
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substrate. Given the small feature sizes and the small thickness of the initial film (and 

therefore also of the etch mask), it is critical for both of the steps to have good control 

over the lateral and vertical etch rate, and to develop processes with a sufficiently large 

etch selectivity. 

In this thesis we have made exclusively use of dry etching steps both for the selective 

removal of one of the blocks and the subsequent silicon pattern transfer. There are also 

hybrid approaches, that remove the PMMA block of a PS-b-PMMA block copolymer via 

wet etching and transfer the patterns into silicon via dry etching. An overview of different 

block copolymer pattern transfer strategies is provided in figure A.1. Wet etching 

therefore represents an alternative for the first step of the pattern transfer process. An 

infinite [4] etch selectivity is claimed for the rinsing of PS-b-PMMA in acetic acid after 

the exposition of the film by DUV radiation [5]. The UV-sensible PMMA layer is 

degraded [6], while PS is not [7]. For moderate UV exposure doses, PS undergoes a 

crosslinking process and therefore even reduces its solubility [8]. At the same time, acetic 

acid is a solvent for the (both degraded and non-degraded) PMMA [9].  

In pure dry etching approaches, PMMA can be selectively removed using a variety of 

different process gases. Pure oxygen plasmas [10], Ar-O2-mixtures [11], CO-Ar-mixtures 

[12] and also O2-CHF3-mixtures [13] are some of the gas mixtures that have been 

demonstrated to be suitable for this process. The specific underlying mechanisms for the 

preferential etching of PMMA in each of the respective mixtures is beyond the scope of 

this annex. The common denominator of those processes is the use of oxygen, whose 

radicals drive the etching mechanism. The aromatic side group of polystyrene is 

chemically much more resistant towards oxygen radicals than the oxygen-containing side 

groups of PMMA. This effect explains the lower etch resistance of PMMA compared to 

PS.  

The second and technologically more sophisticated selective removal approach seeks to 

convert one of the blocks into another material. This conversion is realized by the means 

of an infiltration triggered by an atomic layer deposition (ALD) step. The entire process 

is referred to as selective infiltration synthesis (SIS) [14–16]. A commonly used precursor 

for selective infiltration synthesis is trimethyl aluminum (TMA), which is selectively 

deposited on top of the PMMA domain. The material is converted into aluminum oxide 

during a water exposure cycle. The quantity of aluminum oxide infiltered into the PMMA 

domain is proportional to the number of repeat cycles of this procedure [17]. The aim of 

the SIS process is that the infiltrated block (PMMA in case of PS-b-PMMA) shows a 

higher etch resistance with respect to the plasma and a higher etch selectivity with respect 

to the other block. The etch resistance of the PMMA domain infiltrated by aluminum 
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oxide is significantly larger than of the non-infiltrated PS and PMMA domains. In this 

approach, the PS domain is removed by an aggressive O2 plasma exposure.  

To transfer structures with nanometer lateral dimensions into the underlying (usually 

silicon) substrate, it is indispensable to apply a patterning process with a precisely 

controllable and at the same time moderate etch velocity. One alternative to achieve this 

is the pseudo-Bosch process. Unlike in the common Bosch process used in 

microfabrication, in the pseudo-Bosch process both reaction gases, C4F8 and SF6, are 

injected with a constant flow rather than in a pulsed mode [18]. The SF6 molecules are 

decomposed in the plasma and represent the source of fluorine ions ultimately responsible 

to etch the silicon substrate under the formation of SiF4 as reaction product [19]. The 

injection of C4F8, on the other hand, leads to the polymerization of CF2 species [20]. This 

homogenously deposited film of CF2 chains with different polymerization protects the 

side walls of the etched features, while it is constantly sputtered away on the bottom of 

the trenches. The sputtering speed of this process can be controlled by the applied chuck 

potential, a value that is responsible for the acceleration of charged particles towards the 

substrate [18]. The forward bias is a sensitive parameter, especially to transfer nanometer-

sized features when defined by the polystyrene part of the block copolymer. A large 

forward bias sputters away not only the polymerized CF2 layer efficiently, but also 

damages the polystyrene layer. Processes with very low forward bias, however, lack 

sufficient etch velocity and may not be capable of efficiently removing the deposited 

polymer layer on the bottom of the pattern [18]. 

In the following, we present images of block copolymer patterns transferred into silicon 

substrates and give an overview of the used etching conditions. Unless the contrary is 

explicitly stated, all the block copolymer films shown in this annex have been spun from 

a 1.5 wt% solution of the respective block copolymer in PGMEA 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 in the PMMA removal step are the 

following: 200 sccm Ar, 10 sccm O2, 1.33 Pa, 200 W ICP power and 5 W chuck power 

(see table A.1) using an Alcatel AMS 110 deep RIE ICP system. The etch velocity of the 

PMMA domain is about 80 nm/min at a selectivity of around 1:4 with respect to PS. The 

images presented in figure A.2 a)-d) are taken after a 30 s etch process.  
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Source 

power 

Chuck 

power  

Gas flows  Process 

pressure 

Etch time 

O2 Ar 

200 W 5 W 10 sccm 200 sccm 1.3 Pa 30 s 

Table A.1: Process conditions for the PMMA removal in different PS-b-PMMA block copolymers. 

 

The red arrows depicted in the panels a) and b) in figure A.2 indicate areas where we 

detect residual brush layer after the etching step. According to our experience, the etch 

rate for the brush layer is significantly lower than for the PMMA domain. The reason for 

that may that, the neutral brush layer is a mixture of PS and PMMA and may therefore 

resist the Ar-O2-etch more efficiently than the pure PMMA domain. In figure A.2 a) the 

PS fraction in the random copolymer is 70 %, while the PMMA fraction is 30 %. In figure 

A.2 b) the used random copolymer consists of 60 % PS and 40 % PMMA. The relatively 

high proportion of PS in both neutral brush layers used in this work leads to the effect 

that the process time must be increased notably in order to open the layer entirely. An 

increase in etching time represents, however, also an increase of the mask wearing. An 

entirely removed brush layer in the areas of the PMMA 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-pitch cylindrical block 

copolymer with 7 nm neutral brush layer after PMMA removal, b) 38 nm full-pitch lamellar 

block copolymer with 7 nm neutral brush layer after PMMA removal, c) top-view image of a 30 

nm pitch lamellar block copolymer deposited on a thin random copolymer 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 the random copolymer 

thickness. The brush layers of the samples depicted in figure A.2. a) and b) have been 

deposited with the conditions referred to as “thick brush layer” in chapter 2A. This means 

that the initial film is spun from a 1.5 wt% solution, which leads to an approximately 7 

nm thick random copolymer film after rinsing. In chapter 2A we have also presented a 

deposition method referred to as “thin brush layer”, where the random copolymer is spun 

from a 0.25 wt% solution leading to an approximately 3 nm thick film in free surface.  

The SEM images depicted in figure A.2 c) and d) are taken from a sample with a 25 nm 

lamellar block copolymer deposited on top the said “thin brush layer”. The overview 

image depicted in figure A.2 c) demonstrates that the thin brush layer is also capable of 

providing upright standing block copolymer lamellae. Furthermore, the cross-section 

image depicted in figure A.2 d) demonstrates that the same 30 s lasting PMMA removal 

step is capable of opening the structure down to the silicon substrate. The remaining 

structure represents merely a network of PS domains which precisely represents the 

desired outcome for this process.  

 

A.3 Pattern transfer to silicon 

As suggested in the introduction, the implementation of block copolymer lithography in 

semiconductor manufacturing requires the transfer of patterns to silicon. Section A.3 of 

this annex aims to present our results of pattern transfer into silicon. More specifically, 

we present results on the pattern transfer using a PS mask in section A.3.1, and the results 

of the pattern transfer after a SIS process in section A.3.2. We have applied different 

pseudo-Bosch processes to the samples discussed in both sections. The silicon etching 

processes have been done in the same Alcatel AMS 110 deep RIE ICP system as the 

PMMA removal. 

A.3.1 Pattern transfer using a PS etch mask 

Results of the pattern transfer of a 30 nm pitch lamellar block copolymer are depicted in 

a top-view SEM image in figure A.3 a) and a cross-section SEM image of the same 

sample in figure A.3 b).  

We observe in the SEM top-view image depicted in figure A.3 a) that the features show 

a waviness that has not been there after the PMMA removal (compare with figure A.2 c)). 

The reason for this waviness is not clear. We have discussed a similar effect in chapter 

2A 
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Figure A.3: Overview of the pattern transfer of a 30 nm pitch lamellar block copolymer. 

 

The process parameters of the applied pseudo-Bosch process to etch the silicon are 

summarized in table 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 power of 10 W is low, but still 

larger than for the PMMA removal process, where it is 5 W. 10 W has been found to 

represent the minimum value that is capable of opening the CF2 polymer layer at the 

given ratio of SF6 and C4F8. A low chuck power yields a lower vertical and larger 

horizontal etch rate [22], but also represents an effective way to reduce mask sputtering. 

On the other hand, the large percentage of SF6 compared to C4F8 yields a relatively fast 

etching. While the gas composition contains 20 sccm SF6 and 15 sccm C4F8, results 

presented in literature suggest gas mixtures with a significantly larger C4F8 fractions. Gas 

mixtures of up to 80 sccm C4F8 and 15 sccm SF6 been reported [21]. It is a frequently 

observed phenomenon in reactive ion etching processes that the same conditions yield 

different results in different tools. The presented etch conditions are developed for the 

Alcatel AMS 110 Deep ICP-RIE in the clean room of IMB-CNM and must not 

necessarily be transferrable to other tools. On the other hand, many different sets of 

process conditions may lead to similar plasma chemistries and therefore to similar etching 

results.  

Source 

power 

Chuck 

power  

Gas flows  Process 

pressure 

Etch time 

SF6 C4F8 

1200 W 10 W 20 sccm 15 sccm 2 Pa 20 s 

Table A.2: Process conditions of pattern transfer using the PS block of a 30 nm full pitch lamellar 

block copolymer as etch mask. 

 

The presented etching conditions yield a patterning depth of 38 nm. According to the 

2016 edition of the IEEE International Roadmap for Devices and Systems, a typical fin 

heights for the fabrication of finFETs is supposed to be around 42 nm [23]. The difference 

between the feature height and the height required for fins in high volume manufacturing 

is below 10 %. Despite of the fact that the block copolymer is symmetric (e.g. in the 
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pristine film the PS domain is as wide as the PMMA domain) the feature width is in the 

range of 11 nm at 30 nm full pitch. The derivation of the feature width from the expected 

15 nm is in part caused by a non-zero lateral etch velocity throughout the silicon etching 

process. The second reason is related to the interphase between the PS and the PMMA 

block upon self-assembly. A formula to determine the diffuse interphase between the PS 

and the PMMA block has been proposed by Helfand and Tagami [24] and yields that the 

distance between the position where the film consists of 95 % PS and where it consists 

of 95 % PMMA is around 4 nm (see chapter 5). The successively changing material 

composition is leads to a successively changing etch resistance throughout the interphase 

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

The result of the pattern transfer of a 23.4 nm full pitch lamellar PS-b-PMMA block 

copolymer is discussed in the following paragraphs. The chosen etching conditions for 

this process are the same as for the 30 nm full pitch block copolymer discussed before, 

while the etching time is reduced notably from 20 s to 10-15 s (see table A.3). 

Source 

power 

Chuck 

power  

Gas flows  Process 

pressure 

Etch time 

SF6 C4F8 

1200 W 10 W 20 sccm 15 sccm 2 Pa 10-15 s 

Table A.3: Process conditions of pattern transfer using the PS block of a 23.4 nm full pitch 

lamellar block copolymer as etch mask. 

 

Representative SEM images of the results of processes using etching times of 10 s, 12 s 

and 15 s are depicted in figure A.4 a)-c). While the sample depicted in the left image 

(figure A.4 a)) has clearly not yet reached the maximum etch depth (e.g. the residual PS 

mask is very thick in comparison to the etch depth), the sample depicted in the right image 

is clearly overetched (figure A.4 c)). This is expressed by notably thinner features, some 

of whom even suffer from breakthroughs. Considering the residual mask thicknesses as 

a function of the etching time (compare figure A.3 b) and figure A.4 a)-c)) indicates that 

the etch resistivity of the PS mask for the two different block copolymers in question is 

comparable, hence the resistivity of the PS mask is not a function of the molecular weight.   
Figure A.4: Evolution of the aspect of the pattern of a 23.4 nm full pitch 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 transfer depth for the 

two block copolymers is determined by two different effects. While mask wearing is the 

dominant effect in the pattern transfer of the 30 nm full pitch block copolymer, the pattern 

transfer of the 23.4 nm full pitch block copolymer is restricted by the lateral etch velocity. 

The difficulty of the lateral etch rate in the 23.4 nm block copolymer becomes even more 

evident, when we take into account that the material consists of merely 43 wt% PS. Based 

on this we can estimate that the width of the PS domain in its initial state is as low as 10 

nm. In addition to that, this material is relatively close to the order-disorder-transition line 

in the phase diagram. As a result, the diffuse interphase between the two phases becomes 

broader and makes the PS domain more prone to lateral etching in the PMMA removal 

step.  

Cross-section images of transferred structures under minimum tilt angle (e.g. 2º) before 

and after the removal of the residual etch mask are depicted in figure A.5. A sketch on 

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

grey. The removal of the residual mask is done via an oxygen plasma cleaning step at 500 

W for about 10 minutes. The treatment is strong enough to remove the residual ≈10 nm 
thick PS mask and the thin underlying brush layer efficiently. The transferred silicon 

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

features in the images seems to be larger than the actual 23.4 nm. This may be because 

the SEM image been taken from a sample with self-assembly in finger print pattern and 

the imaged features do not run perfectly perpendicular to the cleavage.  

Changes in the patterning recipe to increase the maximum pattern transfer depth for the 

both previously discussed block copolymer materials have to tackle the principal limiting 

factor that precludes a deeper transfer. For this reason, possible improvements in the 

pattern transfer recipe for the 23.4 nm full pitch block copolymer have to aim for a 

reduction in lateral etch velocity. A way to do so could be to increase the forward bias 

and/or the C4F8 ratio in the gas mixture. The principal limiting factor in the pattern 

transfer of the 30 nm full pitch block copolymer is, in turn, the mask wear. Increasing the 

forward bias is therefore not recommended, because this would enhance the acceleration 

of charged particles towards the substrate and result in increased mask wear. An 

alternative may be a slight reduction in C4F8, 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 cross section, 2º 

inclination after pattern transfer, with etch mask, b) SEM cross section, 2º inclination after 

silicon etching, without etch mask 

 

Based on this analysis, we conclude this section with the insight that it is possible to 

conduct a pattern transfer of block copolymer features using PS as an etch mask. Due to 

the limited resistance of the mask towards physical etch mechanisms, a more resistant 

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] is sequential 

infiltration synthesis. Sequential infiltration synthesis is a way to infiltrate the PMMA 

domain of the block copolymer with an alumina complex. This forms an organic-

inorganic hybrid material with high resistance to etch processes. A reason for the 

selectivity of the mechanism (e.g. the reason why PS is not infiltrated, but PMMA is) is 

the chemisorption of TMA to the OH-groups in PMMA [25]. According to this theory, PS 

is not infiltrated due to the absence of OH-groups. A SIS process consists of various 

repetition cycles consisting of an ALD of TMA and a following H2O exposition. The exact 

processes taking place on the molecular basis are complex [15,26,27] and go beyond the 

scope of this thesis.  

After the SIS process, the non-infiltrated PS domain is removed by an oxygen plasma for 

10 minutes at 500 W. The material that has been used for the results presented in this 

section is a 67.1 kg/mol molecular weight PS-b-PMMA block copolymer consisting of 71 

wt% PS and 29 wt% PMMA. This block copolymer self-assembles in cylindrical domains 

with a pitch of 35 nm and PMMA features with a nominal diameter of 17 nm. The self-

assembly of the block copolymers, the sequential infiltration synthesis and the removal 

of the residual PS 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 summarized in table A.4 

below. Sequential infiltration synthesis is a way to increase the resistance of the etch mask 

as a result of the addition of Al2O3, which represents a solution for the first problem 
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encountered during for the use of PS as etch mask, as has been found in the previous 

section. In addition to that, we increase the substrate bias from 10 W to 20 W compared 

with etching process using PS masks to reduce lateral etching, and raise the relative 

fraction of C4F8 in the gas flow from 43 % to 60 %.  

Source 

power 

Chuck 

power  

Gas flows  Process 

pressure 

Etch time 

SF6 C4F8 

1200 W 20 W 20 sccm 30 sccm 2 Pa 30-45 s 

Table A.4: Process conditions of pattern transfer using an infiltrated PMMA block of a 23.4 nm 

full pitch lamellar block copolymer as etch mask. 

 

The SEM image depicted in figure A.6 a)-c) shows the evolution of the features as a 

function of etching time by the application of said etching process. The images are labeled 

with the process time. We notice that the increased C4F8 flow has contributed to a reduced 

etch velocity. While the process with 15 sccm C4F8 and 20 sccm SF6 yields an etch rate 

in the range of 126 nm/min, we observe an about 25 % reduced etch rate upon increasing 

the C4F8-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 etch mask), while lateral 

etching at that point has not yet led to substantial thinning of the features (see figure A.6 

b)). After 45 s seconds, we measure a feature height of 76 nm (including the mask), while 

the features have become notably thinner (see figure A.6 c)). This may be due to two 

reasons. At one hand, lateral etching cannot be completely suppressed by the increase of 

forward power and C4F8-ratio. As we see in figure A.6 a), the mask has a semi-spherical 

shape, which means that mask failure first occurs at the border of the infiltrated dots. It 

is conceivable that the reduced pillar width is also due to beginning mask failure on the 

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 self-assembly of block 

copolymers into silicon. Herein, we develop concrete recipes for the removal of the 

PMMA domain of the block copolymer and the subsequent transfer into silicon with the 

remaining PS block as an etch mask. We demonstrate the transfer of a lamellar block 

copolymer structure with 11 nm wide features with an etch depth of 38 nm. The main 

limiting factors precluding larger etch depths are the mask erosion and the lateral etching 

of the features. This problem can be minimized by using SIS, which strengthens the mask 

and reduces wearing. The increase of both forward bias and C4F8 concentration in the gas 

mixture has been demonstrated to yield the desired effect of lower lateral etching and 

contributed to a notable increase in the maximum vertical etch depth.  
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