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“Caminante son tus huellas, el camino y nada mds;
Caminante no hay camino, se hace camino al andar.
Al andar se hace el camino, y al volver la vista atrds,
se ve la senda que nunca se ha de volver a pisar.

Caminante no hay camino, sino estelas en la mar”

Antonio Machado (1875-1939)
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Resum

La tesi doctoral titulada “Auto-assemblatge de copolimers de bloc per modificacié
quimica de la superficie”, presenta com a objectiu principal el desenvolupament,
implementacié i caracteritzacié d’'un metode de guiatge de copolimers de bloc basat en la
modificacié quimica de la superficie. El desenvolupament d’aquest metode de

nanofabricacié contribueix a la futura generacié de dispositius i circuits nanoelectronics.

Primer de tot, es presenten els aspectes generals sobre l'auto-assemblatge dirigit de
copolimers de bloc, aixi com el seu rol dins del futur de la nanoelectronica comparat amb
altres tecnologies emergents. Després, per tal d’entendre i determinar les interaccions que
tenen lloc durant el procés d’auto-assemblatge, es déna una visié general sobre els

processos quimics i fisics que tenen lloc en les pel - licules primes de copolimers de bloc.

La part principal de la tesi es focalitza en I'estudi, desenvolupament i implementacié d’un
metode de guiatge quimic per tal de dirigir 'auto-assemblatge de copolimers de bloc. A
banda d’estudiar el procés experimental, també es caracteritzen els mecanismes que
condueixen lalineament i s’introdueixen a un model per simular el procés d’auto-
assemblatge dirigit. A més, també es presenta la transferéncia del procés a una linia pilot

industrial de fabricacié de circuits integrats.

La implementacié del procés de guiatge quimic s’ha provat no dnicament amb materials
comercials, sin6 també amb nous sistemes polimerics que permeten arribar a mides per
sota dels 10 nm. Per aquests sistemes, es defineix un nou metode de guiatge basat en la

combinacié de modificacions topografiques i quimiques.

Per tal d’entendre millor el procés, s’estudien tecniques especifiques de metrologia. En
particular, mitjancant tecniques d’alta energia de rajos X, es descriuen les principals
diferéencies entre patrons quimics de guiatge. D’altra banda, les propietats
nanomecaniques dels diferents dominis del copolimer es determinen mitjangant el mode

peak force tapping de la microscopia de forga atomica.

Finalment, es mostra un metode per transferir els motius del copolimer al substrat.
Aquest es basa en la infiltraci6 d’'un domini del copolimer. La infiltracié canvia les
propietats del material i el fa més resistiu al gravat amb oxigen. D’altra banda, i com a
aplicaci6 final, es presenta un procés de fabricacié de ressonadors nanomecanics, basats

en el procés d’auto-assemblatge de copolimers de bloc amb infiltracié.






Summary

The thesis entitled “Directed self-assembly of block copolymers on chemically nano-
patterned surfaces”, adresses the development, implementation and characterization of a
chemical epitaxy process to direct self-assemble block copolymers. This nanofabrication

method contributes to the next generation of nanoelectronic devices and circuits.

Firstly, the main aspects of directed self-assembly of block copolymers and its role and
status in the future of nanoelectronics is presented and compared with other powerful
technologies. Then, a general overview about the physics and chemistry involved in block
copolymer thin films is presented, in order to understand and determine the interactions

taking place during the DSA process.

The main part of the thesis is focused on the study, development and implementation of
a chemical epitaxy approach to guide the self-assembly of block copolymers. Apart from
the process development, the mechanisms which drive the block copolymer alignment are
characterized and simulated into a DSA model. Moreover, the process transfer to a more

industrial pilot line is presented.

The implementation of the chemical epitaxy process is addressed not only with
commercial block copolymers, but also with new polymer systems which allow getting
sub- 10 nm resolution. For these systems, a new guiding method is presented based on

the combination of a chemical and graphoepitaxy approach.

To better understand the DSA process, dedicated metrology methods are also studied. In
particular, by using high-energy X-ray techniques it is possible to describe the main
characteristics of the chemical guiding patterns. On the other hand, the nanomechanical
properties of block copolymer domains are studied by using the peak force tapping mode

in atomic force microscopy.

A reliable method to pattern transfer the block copolymer features into the substrate is
showed. It is based on infiltrating one block copolymer domain which enhances its
resistivity to plasma etching. Finally, as a final application, a novel fabrication process of

a nanowire mechanical resonator by means of DSA and infiltration is presented.
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Introduction

The term “nano” means the billionth part of something, and thus nanoscience refers to
the study of phenomena taking place in materials at atomic, molecular and
macromolecular scales, where matter properties differ significantly from those at larger
scale. It is a multidisciplinary science which is based on the convergence of a mix of
scientific and technological domains. Its application to different techniques which allow
the manipulation, fabrication and characterization of matter with an industrial objective

is referred as nanotechnology.

The conceptual foundations of nanotechnology were partially inspired by the physicist
Richard Feynman, Nobel Prize winner for Physics in 1965, during a conference of the
American Physical Society in 1959. It was entitled “There is plenty of room at the
bottom”, and he discussed the importance of manipulating and controlling the matter at
the nanometer scale, and how they could tell us about the peculiar phenomena that occur

in complex situations.

Nanofabrication is one aspect of nanotechnology that has developed from the evolution of
microelectronics during the last decades on one side, and on the other side, from the
incorporation of novel methods and techniques from nanoscience. Since the invention of
the integrated circuit more than half a century ago, there has been an exponential growth
in the number of transistors per chip and an associated decrease in the smallest width.
Lithography is the central process in nanofabrication, and its tremendous technological
evolution, in particular for what it concerns optical lithography, has delivered the
possibility to define nanoscale patterns at high throughput and reproducibility. However,
the current technological limits will soon be reached, and emerging technologies will take

over.

It is in the framework of the need of new patterning methods for nanoelectronics that the
present thesis arises. The initial overall objective of thesis has been the research of novel
solutions for nanolithography, a topic of interest for the two research centers where the
work has been developed (IMB-CNM-CSIC, and ICN2) and also for the European
research community, as exemplified by the European projects where it has contributed.
Actually, the work of this thesis has been, in several aspects, dictated by the involvement
mainly in the CoLiSA Project (Computational Lithography for directed self-assembly:
Materials, Models and Processes - FP7-619793) but also in SNM (Single Nanometer
Manufacturing for beyond CMOS devices - FP7-318804) and PLACYD (Pilot Line for
Self-Assembly Copolymers Delivery - ENICAC JU-621217) projects.



Introduction

Directed self-assembly (DSA) of block copolymers (BCPs), offers very attractive
characteristics from an industrial point of view: high resolution, low cost and high
throughput. The ability of BCPs to self-assemble at the nanoscale makes them of interest
to use as complementary solution to conventional lithographic techniques. Therefore,
they are being to be exploited to form small features at low cost processing. DSA
integrates bottom-up self-assembly with top-down conventional lithography responsible to
direct the orientation of the BCPs. There are basically two approaches to do so:
graphoepitary which uses topographical features of lithographically patterned surfaces,
and chemical epitaxy which employs dense chemical patterns created normally on a

polymeric surface.

The research reported in this thesis, concerns the overall objective of study, development,
characterization and optimization of a chemical epitaxy approach to direct self-assemble
BCPs for nanoelectronic applications. The outline of the thesis is divided in seven
chapters, and they cover different aspects of BCPs, from the basic concepts to the

application of DSA on the fabrication of a nanomechanical resonator.

The first chapter aims to give a general overview of the conventional and next generation
lithography techniques, and bring together the foremost advances and challenges for the
next generation logic node. It also describes which the main aspects of DSA are, and its

role and status in the future of microelectronics industry.

On the other hand, in order to determine the mechanisms involved during the DSA
process, an understanding of the basic concepts of BCPs is of great importance.
Therefore, chapter 2 is focused on the study of BCP physics from its bulk state to thin

films.

The study, development and implantation of different chemical epitaxy processes are
discussed in chapter 3, which covers the central part of the thesis work. This chapter,
apart from giving a summary of the experimental methods and results, leads down the
whole chemical characterization performed to understand the interactions which take
place between the surface and the BCP domains. Furthermore, a novel experimental
method which allows predicting the chemical affinities is presented. With the obtained
data it has been possible to simulate and predict the DSA process by using self-consistent
mean-field calculations. On the other hand, the process transfer to a more industrial

focused pilot line in CEA-Leti, is presented.

In chapter 4, the implementation of graphoepitaxy process by means of photolithography,
is presented. The BCP orientation is controlled by the tuning of experimental conditions
and materials used. On the other side, the topographical guiding pattern designs and the
subsequent DSA process are focused on the fabrication of a nanomechanical resonator

presented in chapter 7.



Introduction

In order to demonstrate the DSA implemented processes for smaller structures, the self-
assembly behavior of materials which offer smaller features than the most used BCP,
poly(styrene-b-methacrylate), (PS--PMMA), is presented. Both, chemical and
graphoepitaxy approaches, are implemented for the DSA of these new materials. These

methods are explained in chapter 5.

The better understanding and characterization of DSA deserves dedicated metrology
methods. In general, the improvement in nanofabrication methods allowing to produce
sub-10 nm features has triggered a lot of activity to develop adapted characterization
tools. In particular, high-energy X-ray techniques are capable to give information about
the chemical nature of guiding patterns. Therefore, chapter 6 describes the main
differences between chemical guiding patterns created in different ways, by using X-ray
techniques based on synchrotron radiation. On the other hand, the characterization of
BCP pitch and shapes is corroborated by grazing incidence small-angle scattering
(GISAXS). Besides of providing information about BCP morphology, this technique
allows to perform in-situ analysis and give a general overview of the self-assembly

mechanisms at early stages.

To take advantage of BCP DSA, an accurate pattern transfer to the substrate is needed.
However, the poor contrast between most part of the polymers requires the use of
alternative methods to enhance the etch resistivity of one of the blocks. Chapter 7
demonstrates the use of sequential infiltration synthesis (SIS) to pattern transfer the
BCP features. Moreover, it is described a mnovel fabrication process of a nanowire

mechanical resonator based on the combination of DSA and SIS.






DIOOOOOOOOOOO

Chapter 1

Introduction to nanolithography

For many decades, Moore’s Law has delivered to the microelectronic industry more
functionality while decreasing production costs. However, this continuous tendency to
reduce the dimensions of a device forcedly implies new challenges, hence new fabrication
strategies need to be considered.

Nowadays, extreme ultraviolet lithography (EUV) wusing 13.5 nm wavelength, is the
leading candidate to succeed 193 nm immersion lithography for the next generation logic
nodes. Nevertheless, EUV is still not fully developed, and other approaches, like directed
self-assembly or nanoimprint are much closer to manufacturing implementation than they
used to be.

This chapter gives an overview of the different state-of-the-art lithography techniques and

their status, challenges and possible driving forces for implementation.






1. Introduction to nanolithography

1.1. Introduction

For many decades, many areas of science and technology are demanding the continuous
resolution improvement of patterning methods. A prominent example is the semiconductor
industry, where the increase of density in integrated circuits requires reducing the critical
dimensions of the transistors, as dictated by Moore's Law.! This law describes the
exponential growth in complexity of integrated circuits, and it dictates that the number of
transistors in a dense integrated circuit (IC) was doubling every two years. In 1975, it was

adjusted to a doubling every year and a half.?

For many years, the scaling has consisted in only reducing the feature size, and thus has
resulted in a rapid progress in terms of functionality and cost-effectiveness. This has meant
that, every two years, devices have become more powerful, smaller and cheaper.
Nevertheless, this exponential growth is approaching physical limits, and transistors are

getting too small to actually manufacture efficiently.

In the early 2000s, it was realized that chips began to become too hot during operation.
Therefore, manufacturers had to redesign the IC, so that each chip contained not only one
processor, but more. It enabled microelectronics industry to continue shrinking the IC size
and follow Moore’s path. Nevertheless, there is still unknown what will happen in the next
years, when scaling will be no longer available due to quantum effects leading to

interferences and coupling between paths.

The international technology roadmap for semiconductors (ITRS) is a document produced
by semiconductor experts with the aim to enable equipment and materials suppliers to
know about the future requirements. According to the ITRS, there are two directions for
further progress in the microelectronics industry. The first trend is called More Moore, and
it is based on the continuous miniaturization, but reinforced by the incorporation of new
materials and processes. On the other hand, the second direction is called More than
Moore, and it is characterized by the addition of non-digital functionalities which
contribute to the miniaturization of electronic systems, although not at the same rate. More
than Moore technologies do not represent an alternative, but an integration of digital and
non-digital functionalities which can be used in a very extensive list of application fields
(chemical sensors, smart cities, self-driving cars...), which do not require an extreme scaling

demand.

Therefore, microelectronics not only needs to provide performance on its traditional market,
but also to develop new markets, based on non-electronic functions of IC. For example,
microelectronics can be extended as a platform for biological and medical science, in order

to develop new applications and capabilities.?
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Figure 1.14. Schematic representation of a general DSA process by (a) graphoepitaxy and (b) by
chemical epitaxy

On the one hand, graphoepitaxy is based on using topographic patterns (usually holes or
trenches) and confine the BCP on it. It is commonly used in combination with cylindrical

BCPs in order to shrink the size of contact holes or to achieve contact-hole multiplication.
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