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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
modificaci6 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 teécniques 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 mitjancant 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 infiltraci6 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”, aboard the challenge of the development, implementation and
characterization of a chemical epitaxy process to direct self-assemble block copolymers.
The development of 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 and enhancing thus, 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 mnanotechnology 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 things 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.
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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.
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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 this 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 trigger a lot on 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.






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 wavelengths, 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 is based on the observation
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 does not only need to provide performance on its traditional
market, but also to develop new markets, based on non-electronic functions of IC. That is,
microelectronics has to be a platform to biological and medical science, in order to develop

new applications and capabilities.?
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1.2. Status and challenges of lithography for microelectronics

Lithography is derived from Ancient Greek, ‘lithos’ and ‘graphia’, which mean stone and to
write, respectively. It was invented around 1796 in Germany by Alois Senefelder. He
discovered that he could duplicate his scripts by writing them in grey crayon on slabs of
limestone, and then printing them with rolled-on ink. From this seminal discovery to the
current lithography processes many efforts in research and development have been

dedicated.

In microelectronics, lithography refers to a micro/nano fabrication technique used to make
IC, as well as micro and nano electromechanical systems (MEMS and NEMS). It is a highly

specialized process used to transfer the patterns from a mask to a layer.

For many technological generations, the scaling of physical dimensions has been enabled by
the continuous improvements of optical lithography. It has been achieved thanks to the
reduction of the wavelength and/or to the increase of the numerical aperture (NA).
Nevertheless, its physical limits are coming closer due to intrinsic limitations in resolution,

and alternative non-optical lithography approaches are taking over.

Figure 1.1 shows a graph with the lithography scaling as a function of the time and wafer
size. Nowadays, extreme ultraviolet (EUV) lithography seems to be almost ready for high-
volume manufacturing, while new technologies like DSA or nanoimprint lithography (NIL)

are gaining consensus.

Figure 1.1. Lithography scaling map as a function of time and wafer size

In the next sections, the next generation lithography (NGL) techniques will be discussed,

according to their challenges and their current status on the industry.
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1.2.1. Optical lithography

Optical lithography has been the primary patterning method for semiconductor industry,
since it has provided high-volume manufacturing and high-resolution chip production, as

compared to other approaches.

As in other lithography approaches, the goal is to generate a pattern on a thin layer of
resist, which is on the silicon substrate. Figure 1.2 shows a schematic representation of a

general photolithography process.

The desired pattern is created on a photomask normally larger than the final pattern in the
resist (4x in most systems), and the system has a projection lens which provides a
demagnification ratio. Then, the resist is exposed to a pattern of intense light, which causes
a chemical change on the exposed areas, which is finally developed. Thus, the final pattern
on the resist is binary: there are parts covered with the resist, and others completely un-

covered. Finally, this binary pattern is used for pattern transfer into the underlying layer.

Figure 1.2. Schematic representation of a general photolithography process

The optical resolution R, is a key parameter in optical lithography, which depends on the

illumination light wavelength, A, and the NA of the projection lens, as shown in equation

(1.1).
R=k - A/ NA, (1.1)

where k is a constant which depends on the resist and process technology NA is
proportional to the medium index of refraction, n, and to the largest angle of converging
rays subtended at the resist, 8. R can be reduced by reducing the wavelength and/or

increasing NA.

When using optical lithography, changes in the NA, or in the material can improve the
resolution, getting structures at fractional wavelength sizes.*® The choice of the wavelength
is determined by the radiation source. Figure 1.3 shows a schematic representation of the
wavelength exposure systems. Until the late 1980s, optical lithography was performed with
high-pressure Hg discharge lamps, which operated at 436 nm (g-line) and 365 nm (i-line),

respectively.
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Then, these lamps were substituted by more powerful excimer lasers, called deep-ultraviolet
(DUV) systems, which have been the main pillar of the industry for the last past years.
The excimer laser wavelengths for DUV are 248 nm (KrF) and 193 nm (ArF), respectively.®
The 193 nm wavelength has allowed achieving resolutions of 50 nm. An important element
of 193 nm lithography is the wuse of pellicles, which protect the mask from the
contamination of particles, and maintains thus, the manufacturing yield of the industry. On
the other hand, another related wavelength parameter is the resist, which cannot be too
thin if it has to be used in pattern transfer. Therefore, large efforts on the development of

new resists have to be performed, particularly in the chemically amplified resists (CAR).

As the resolution demands were increasing, the exposure wavelength was reduced to 157
nm by using Fs lasers. Nevertheless, the development of lenses, masks, pellicles and resists
took a considerable amount of time, and an alternative was found by introducing the ArF
immersion system.” Immersion lithography replaces the air gap between the lens and wafer
with a liquid which refractive index is greater than 1. By this way, the resolution is

increased by a factor equal to the refractive liquid index.

The water immersion with ArF exposure allowed to overcome better the resolution limit of
the ArF exposure, since it permitted getting wavelengths smaller than 157 nm, and
resolutions of 39 nm.* 193 immersion lithography has displaced the 157nm technology, and

has been the choice for printing critical dimensions of the 45 and 32 nm nodes.

Figure 1.3. Wavelengths in projection exposure systems. Hg lamps are used for g-line and i-line
exposure. In DUV, KrF and ArF excimer lasers are used’

1.2.2. Extreme ultraviolet lithography

EUV lithography development started in 1985, and it extends optical lithography to a
higher resolution, since it utilizes a shorter wavelength (A = 13.5 nm), as depicted in the

scheme of Figure 1.3.

10
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Moreover, EUV can greatly enhance the feature density of chips without using additional
layers or multi-patterning, and it is currently developed for high volume manufacturing of
the 7 nm logic node by 2020 (Intel, Globalfoundries, Samsung and TSMC).

The principle of EUV, is similar to optical lithography, in which the light is refracted
through lenses onto the wafer. Nevertheless, because light radiation is strongly absorbed at

this wavelength, all the EUV system must be in vacuum, and the optics must be reflective.

The EUV beam can be taken out from high-temperature and high-density plasma. There
are mainly two methods two produce the plasma: the laser produced plasma (LPP) which
produces plasma by condensing a strong laser beam into a material, and the discharge
produced plasma (DPP) which produces plasma by a pulsed high-current discharge between
electrodes in a certain atmosphere. The first one is the most commonly used in the

industry, and its principle of operation is represented in Figure 1.4.

To generate the EUV light by the LPP system, the light source hits a rapid-fire stream of
droplets with CO; laser pulses, which generates a plasma. The most common target
material for laser-plasma are 50Sn, s3I, and ;sXe. The EUV excited from the plasma, is
collected then by a condensing mirror, which directs the resulting radiation into the

scanner, going through an intermediate focus which illuminates a reflection mask.

In summary, this means that, in order to generate EUV light of 13.5 nm wavelength, there
is the need of a powerful laser, added to the disadvantage of having to work in vacuum and

with specialized multilayer mirrors.

Figure 1.4. EUV generation principle (Image taken from ASML)

The major drawback of EUV, is that it does not only require new scan-systems, but also
new chemicals and new mask infrastructure. Moreover, it has the big challenges of making
masks free of defects, and on the other hand, of designing resists able to absorb EUV five

times as faster.

11
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All of these requirements make this technology to be very complex and expensive; more
than twice that of an average 193 nm scanner. Although EUV presents these big challenges,
there is being a very solid progress, and the industry is very optimistic about EUV

lithography to be implemented into 7 nm logic node production.

Currently, manufacturers are using immersion lithography and multi-patterning at 16 nm,
14 nm and 10 nm logic nodes, respectively. However, for the 7 nm node, it seems that 193
immersion lithography is being replaced by EUV scanners due to its simplicity.
Nevertheless, the 7 nm node will be costly not only for fabrication but for wafer, mask,

design and development times costs.

1.2.3. Maskless lithography

Maskless lithography refers to the lithography approaches in which the radiation used to
expose the resist is not projected or transmitted through a mask. The various forms of
maskless lithography include: electron beam lithography (EBL), focused ion beam (FIB),
interference lithography (IL) and scanning probe lithography (SPL).

1.2.3.1. Electron beam lithography

EBL is a complementary solution to optical lithography, because it offers a very high
resolution (sub-10 nm) due to the achievable small wavelength (10-50 keV electrons).
Nevertheless, it has a low throughput, and therefore its use is limited to mask fabrication,

low-volume production and research and development.

Figure 1.5 shows a plot with the required time to expose an area of 1 cm?

, as a function of
the minimum feature size. As observed in the graph, for linewidths below 600 nm, the

exposure time does not meet with the minimum requirement of semiconductor industry (1

cm?/s).
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Figure 1.5. Required time to expose 1 cm? area with EBL as a function of the linewidth'
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For research applications, normally an electron microscope equipped with an e-beam system
is used, avoiding thus the extremely high costs of those used for commercial applications.
These fully dedicated patterning systems present the advantage of offering very high
resolution added to the ability of creating patterns without a mask. Moreover, despite
presenting the drawback of using very long writing times, projection EBL!'? and the use of

massive parallel beams'® have been recently introduced to overcome these limitations.

The EBL fabrication principle involves the exposure of a highly focused electron beam to a
resist in order to chemically modify its solubility and enabling the selective removal of
either the exposed or non-exposed parts of the resist. The general fabrication process is
depicted in Figure 1.6, which includes the (i) resist deposition, (ii) e-beam exposure, (iii)
development and (iv) resist stripping. In between (iii) and (iv) other processes can be

performed like etching or metallization.

Figure 1.6. Schematic representation of a general e-beam process

The quality of the guiding patterns depends on the quality of the optics, resist, substrate
and processing conditions (e-beam energy and dose, development time and temperature).
On the other hand, the column containing the electron optics must operate in vacuum in

order to reduce gas scattering of the beam.

The quality of the e-beam spot is determined by the electron optics and the degree of
focus.” When the electrons go inside the resist, they start a sequence of collisions which
produces the deflection of the beam. This effect, represented in Figure 1.7, increases with

thickness and it is more pronounced at low energies.?

Figure 1.7. Simulations of electron beam broadening caused to scattering effects at (a) low and (b)
high incident energies'

13
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A vpart from the scattering effect, there is a need to control also the backscattering,
produced by some electrons which eventually re-emerge into the resist (see Figure 1.8).
This effect leads to beam broadening and proximity effects, causing pattern alterations and

overexposure.'"1®

Figure 1.8. Backscattering of electrons and substrate

As shown in Figure 1.7 simulations, higher voltages produce high energy electrons which
penetrate deeper and can spread laterally due to backscattering, increasing thus, the
proximity effect. Although high voltages provide significantly high resolution and sharp
resist profiles, low voltages (0.5 - 5 keV) are sometimes more convenient to reduce
proximity effects, improve throughput and reduce the substrate damage caused to

underlying materials.1%2

In summary, the EBL is a technique which although not used in high volume

manufacturing, it is very suitable for research and development, and for masks production.

1.2.3.2. Focused ion beam

FIB instruments use an ion beam rather than electrons. The focused ion beam can directly
mill the surface, with a nanometer controlled sputtering process. The ion source is normally
Gat, since gallium has a low melting point, low volatility, low vapor pressure, and excellent
mechanical, electrical and vacuum properties. Another ion source commercially available
uses He ions, which are less damaging than Ga ions, but with low sputtering rates.
Moreover, since He ions can be focused into small probe sizes, it offers higher resolution

images.

FIB is normally assembled to a scanning electron microscopy (SEM) system, allowing thus,
the generated features to be in situ visualized. In these systems, the electron and ion beams

intersect at a 52° angle at a coincident point close to the sample surface.

The principle of operation is described in Figure 1.9. As observed in the scheme, applying
an electrical field, the Ga ions are extracted from the metal surface by field transmission.
These ions, are accelerated and focused through electrostatic lenses and then they hit the
surface. Due to the interaction of the impinging ions with the surface, secondary electrons
are generated and detected to produce an image. There are some ions which penetrate the

sample and get trapped inside, producing their implantation. Ion implantation is commonly

14
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used to introduce dopants into a semiconductor material. On the other hand, there are

other ions, which transfer enough energy to the surface, inducing physical sputtering.

Figure 1.9. Schematic representation of a general FIB process

Figure 1.9 schematizes the different effects than can be produced simultaneously during the
process: ion implantation, sputtering and secondary electrons due to the ion-matter

collisions.

Another advantage of the FIB technique relies on the possibility of depositing material by
directly adding a gas phase organometallic compound in the path of the ion beam. It
decomposes when hits the ion beam and generates volatile organic compounds which are
removed by the vacuum system, and metal remains which are deposited on the surface

creating a thin film.

In summary, FIB offers numerous advantages to the semiconductor industry, like the
ability to perform both milling and imaging, flexibility (different shapes and deposition of
different materials), and fabrication of thin cuts around 100 nm thick. Moreover, its
capabilities can be increased by building an in-situ electrical measurement, thus offering the

possibility of performing electrical measurements while the FIB is operating.

1.2.3.3. Interference lithography

IL is a technique which uses two interfering light beams to produce periodic structures. Its
basic principle is the same as interferometry introduced by Thomas Young in 1801, in
which the light is divided and recombined, formic periodic intensity patterns that are
recorded into the substrate (see Figure 1.10). Then, the resist is exposed to the two

superimposed single laser beams.
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For two interfering beams, the periodicity of the patterns is given by:
P=A/ (2 sin 6), (1.2)

where A is the wavelength, and @ is the angle between the two interfering waves.

Figure 1.10. Interference of two coherent laser beams

The most interesting advantage is that dense features over a wide area can be produced
without losing the focus. Therefore, it is commonly used for the fabrication of molds in
NIL?, or for testing resist processes for lithography approaches with new wavelengths.
Nevertheless, its use its limited to patterning features uniformly distributed, and other

types of lithography have to be used if arbitrarily shaped patterns are desired.

1.2.3.4.Scanning probe lithography

SPL emerged in the late 1980s. It is based in scanning tunneling microscopy (STM) or
atomic force microscopy (AFM), and they are used to pattern features in the nanometer
range. Its mechanism is based on using a sharp tip in proximity to the sample to pattern

the desired features.

Figure 1.11 shows the general SPL generation system. As observed, a local tip is brought
close to the surface (nanometric distance), and the resulting tip-sample interactions

(electrical, optical or mechanical) are measured in real time.

The position of the tip is controlled in the three directions by means of piezoelectric tubes.
In AFM, the interaction signal is the deflection of a laser beam focused on a cantilever on
which the tip is attached, whereas in STM, the interaction signal is the measurement of the

tunnel current between the top and the surface of the conducting surface.
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Figure 1.11. Schematic representation of a general SPL process

Apart from providing information about the surface local properties, SPL can be also used
to modify the surface in a permanent way. These processes can be thermal, electrical,
mechanical or diffusive.?? Figure 1.12, shows the classification of the SPL methods

depending on the tip-surface interaction.

Figure 1.12. Classification of the SPL methods depending on the tip-surface interactions®

SPL techniques offer a wide range of approaches to modify the surface, and thus leads to a
high variety of patterning methods. On the other hand, as compared with other techniques,
it presents the advantage of pattering in ambient conditions with no special material

requirements and with high resolution.

Nevertheless, it has very low throughput is unsuitable out of the laboratory environment.
To overcome these issues, different approaches are being studied, like the use of multiple

probes, which can read and write in parallel.®
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1.2.4. Nanoimprint lithography

NIL is a low cost process, which offers high throughput and resolution. Its basic principle
has been known for hundreds of years. However, its sub-100 nm application was introduced
by Stephen Chou in 1995.%

The fabrication process of NIL is depicted in Figure 1.13, and it consists in imprinting
nanostructures from a mold to a surface, pressed into a thin resist deposited on the
substrate. There are different NIL techniques, but the mostly used are the thermal NIL
(Figure 1.13.a) and the UV NIL (Figure 1.13.b), respectively.

Figure 1.13. Schematic representation of a general (a) thermal and (b) UV nanoimprint process

The thermal NIL is the conventional process developed by Stephen Chou. During the
imprint process, the mold is kept in contact with the resist, and they are heated up above
the glass transition temperature of the polymer in order to make it softener.* Hereafter, the
polymer is cooled down and the mold is removed, leaving the pattern resist left on the

substrate.

On the other hand, in UV NIL, transparent molds are imprinted into UV curable liquid
resists at room temperature. Then, the mold and the substrate are put in contact and
pressed. During this process, the resist is cured in UV light and becomes solid.

Subsequently, the mold is removed.

Unlike conventional lithography methods, NIL does not require the use of energetic beams.
Therefore, the mold used can be made by a high-resolution and low-throughput
lithography, and the NIL can be wused for low-cost high-volume manufacturing.
Furthermore, it is a versatile technique with applications that go beyond microelectronics,

including optics, plasmonics or biotechnology.
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Despite the amount of benefits, there are still important challenges to overcome:
throughput, overlay and defect density. For quite a long time, the throughput has
improved, coming from faster filling times of the resist into the mold (80 wafers per hour).
On the other hand, the overlay (ability of the lithography scanner to align and print the
various layers accurately on top of each other) is also improving by the development of new
wafer chucks to improve the flatness around the wafer meeting the production standards by
2018. Regarding the defectivity, it is expected to improve, as the technology develops, by
improving the template cleaning, resist materials and by employing antistiction layers on

the stamp to reduce the adhesion between it and the resist.

1.2.5. Directed self-assembly of block copolymers

Lithography using BCPs was first introduced by Mansky et al., in 1995.%2 The most
interesting feature of a BCP is the ability to self-assemble into domains with dimensions
that are very expensive to fabricate with conventional lithographic tools. The first study
with BCPs, was with a poly(styrene-b-butadiene) (PS-6-PB) system, in which the BCP film

was annealed to form a single layer of PB spheres into a PS matrix.?

DSA has become a relevant alternative lithographic technique for the creation of nanometer
scale patterns due to its high throughput and process simplification compared to other
approaches.??” It is important to remark that DSA is not a stand-alone lithography, but a
combination of a lithographic tool with the ability of BCPs to self-assemble into nanoscale
features. Moreover, DSA is a potentially viable patterning technique for the semiconductor
industry since it offers higher throughput and simpler and lower cost processes compared to

other techniques.?®

Even though, the major drawbacks of DSA are related with placement and defectivity.
However, significant progress has been achieved in the past few years up to the extent that
defect levels have been dramatically reduced (defectivity values around 24 defects/cm?).2930

The industry is struggling nowadays with DSA design and integration challenges.?!

There are two main approaches to control the orientation and alignment of self-assembled
BCP domains: graphoepitazy’>®® and chemical epitary.®* 3¢ Figure 1.14 shows a schematic
representation of a general DSA process by graphoepitaxy (Figure 1.14.a) and by chemical
epitaxy (Figure 1.14.b).
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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.

On the other hand, chemical epitaxy consists of creating chemical patterns on a neutral
surface so that the modified areas would present larger affinity to one of the blocks,
determining the position and orientation of the molecules. The major difference between
topographical and chemical DSA is the relative length scale between the pattern and the
pitch of the BCP.

Until now, the multiplication factors in graphoepitaxy can be four times larger than the
BCP pitch, which are much larger than in chemoepitaxy. One of the major advantages of
chemical epitaxy with respect to graphoepitaxy is the reduction of the edge roughness due
to the self-healing of BCPs, which means that the irregularities of the guiding patterns are
not certainly transferred to the BCP pattern.”

Some years ago, the original projections were all for DSA, and it was supposed to move
into the logic production flow from the 14 nm to 7 nm node. However, together with its
principal problem, the defectivity, pattern roughness, placement accuracy and material

quality control, are still challenges that need to be overcome.

Currently, DSA of PS-b-PMMA defined on chemical guiding patterns is the primary focus
of activities, and therefore, the main research objectives involve demonstrations that DSA
can meet manufacturing requirements in terms of defectivity. On the other hand, the
industry is also working on other DSA materials which scale beyond 11 nm, the minimum
size achievable for PS-0-PMMA.

For the near future, DSA is not ready for insertion into industry for conventional
patterning, but it will be used for pattern healing or repair. Nevertheless, by reducing the
defectivity and improving patterning reliability, DSA patterning can push 193 nm
lithography beyond its limits, especially for space/line applications by using chemical

epitaxy.
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1.3. Summary: lithography status, issues and challenges

Lithography is a key technology for semiconductor industry since it determines the device
critical dimensions. The permanent quest for miniaturization is becoming increasingly
difficult, since the cost and functionality of the fabrication processes are increasing and

becoming more complex.

The recent ITRS lithography roadmap shows a big technology decision about how to lead
the next generation logic node. As shown in Figure 1.15, multiple patterning and all the

NGL techniques have enough resolution to reach the 10-nm half-pitch and better.

Although EUV seemed to be the preferred option for the next generation nodes, some
required improvements are taking longer than expected, and NIL and DSA are becoming
much closer to manufacturing implementation. Especially DSA has demonstrated improved

defectivity and progress in process flow integration.

Experts on the field, support the idea that EUV is the most suitable technique for the next
generation node, but probably only has one more generation before having to add multi-

patterning or much larger NA.

Figure 1.15. Potential solutions for line/space applications by pitch and half pitch published in
the 2013 ITRS Roadmap for Lithography

To summarize, DSA and NIL are very promising techniques at lower cost, EUV promises a
simpler and shorter processes, and mask-less lithography is becoming more focused for chip
personalization and cost effective for low volume chip designs.®® Nevertheless, EUV is still
not ready for high-volume manufacturing at 7 nm node, which is predicted for 2018 to
2019. Although it is making a noticeable progress, there are still some challenges ahead,

such as power source, resists and pellicles.
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In any case, it seems that bringing technology from the laboratory to the fabrication is
becoming more difficult at each node, probably because technology has been pushed much

further than it was predicted to be.
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Chapter 2

Chemistry and physics of block

copolymer materials

Block copolymers are macromolecules formed by two or more chemically distinct polymer
chains joined by inter-block covalent bonds that microphase separate due to a balance
between intermolecular repulsive and attractive forces. Due to the continuous trend to
reduce the dimensions of integrated electronic circuits, these materials are of special
interest since they have the intrinsic property of forming dense nanoscale structures at
length scales not accessible using traditional lithographic techniques.

This chapter aims to give the fundamentals of block copolymers, including their synthesis

and self-assembly properties.






2. Chemistry and physics of block copolymer materials

2.1. Block copolymers and their synthesis

A copolymer is the result of a polymerization between two or more different monomers, and
they are classified based on how these monomers are arranged in the chain!, as shown in
Figure 2.1. More complex architectures also exist, where different chains can form each

branch.

Figure 2.1. Representation of the different copolymer types

BCPs are macromolecules formed by two or more chemically distinct repeat units joined
together by covalent bonds.? These materials have attracted special interest in the last few
years because of their ability to self-assemble into ordered structures at the nanometer
scale.* The most characteristic feature of a BCP is the strong repulsion that exists
between the different domains. As a result of this repulsion, BCPs tend to segregate, but as
they are chemically bonded, even with a complete segregation, they cannot lead to a
macroscopic phase separation, as in the case of a polymer blend. Rather, different polymers
chains minimize their repulsive energy by segregating into microdomains with a length scale
on the order of tens of nanometers or less. At low temperature the enthalpic effect drives
the blocks to phase-separate, while at high temperatures entropic effects dominates and

results in an homogenous mixture, as depicted in Figure 2.2.

Figure 2.2. Schematic representation of disordered and ordered states of an A-B diblock copolymer

In order to synthesize a well-defined BCP, a controlled chain-growth polymerization
method is needed together with an appropriate purification method. There are numerous
routes to synthetize BCPs, but radical polymerization is one of the most used for
commercial production of high molecular weight polymers, since it is more competitive by
providing simple and reproducible mechanisms.” Methods involving radical processes have
been the most relevant and widely used since they can be used by a large variety of

monomers and they allow very broad range of processing conditions. Nevertheless, the
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conventional processes present some drawbacks regarding the molecular weight distribution,
composition and the fact that some residual monomer remains even after long reaction

times.

In the radical polymerization processes, as depicted in Figure 2.3, the first step consists on
the production of free radicals by thermal or photochemical decomposition of specific
compounds, or by using high energy radiation and reduction-oxidation reactions. These free
radicals react with a monomer in a way that the new molecule becomes the new free
radical. Therefore, the growth of a polymer chain consists in the successive addition of
monomers during propagation. The propagation step continues until all monomers are
consumed. Then, the polymerization process is finished either by combination in which two
growing polymer chains react with each other, or by disproportionation in which an
hydrogen atom is transferred from one radical to the other resulting in two polymers. In
this conventional polymerization method, the molecular weight increases rapidly at early
stages and then is reduced because of monomer exhaustion. However, in an ideal
polymerization process all the chains have to grow at the same time and survive the
polymerization. This can only be possible in the presence of reagents that react with
radicals (RM -) by reversible deactivation or reversible chain transfer, as described in

Figure 2.4. In that case, the lifetime of an individual chain as an active specie will be lower.

I —-2R-
R-+M— RM- } Initiation

RM. -+ M — RM.,,; - Propagation

MX : + My C— Mery

} Termination
Mx. +MV_>M‘<+MV

Figure 2.3. Schematic representation of conventional radical polymerization process (I, R - and M
denote the initiator, radical and monomer species, respectively)

RMi-+ X+ 5 RM, -X Rewversible deactivation
RM; -+ RM, - X5 RM, - + RM; - X

Reversible chain transfer

Figure 2.4. Schematic representation of radical polymerization process with reversible deactivation
and chain transfer

Different living polymerization techniques have been used for the synthesis of BCPs, like
nitroxide-mediated polymerization (NMP)* atom-transfer polymerization (ATRP)% or
reversible addition-fragmentation chain transfer (RAFT)!"12) being this last one the most
convenient and useful' since it is applicable under a large number of experimental
conditions. RAFT process involves conventional radical polymerization in the presence of a
suitable chain transfer agent (thiocarbonylthio RAFT agent) which mediates the
polymerization process by a reversible chain-transfer process, allowing the production of low

polydispersity (PDI) and high-functionality polymers. Normally, the suitable RAFT agent
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described in Figure 2.5 has a thiocarbonylthio group with substituents R and Z that

influence the polymerization reaction kinetics.

s S—R

Reactive Y

—
double bond Z N~ Weak C-S bond

Figure 2.5. General structure of RAFT agent. R and Z are group substituents of the molecule

Figure 2.6 shows a schematic representation of how the RAFT polymerization mechanism
takes place. During the initiation process (shown in the first step of Figure 2.3) the initiator
is decomposed into fragments (R -) which react with a single monomer molecule, growing a
polymeric radical (RM - ). Polymeric radicals react in the next step with the RAFT agent
to create an intermediate RAFT product which can lose either the R group (R ) or the
polymeric species (RMx ). After, the leaving group reacts with another monomer to create
a new propagating radical referred as RMy. Then, there is a rapid equilibrium between the
active radicals and all the species that have not undertaken termination. This is the most
important step in the RAFT process, and it provides equal probability to all chains to grow
with narrow PDI. Finally, when the polymerization is completed, active chains react to
form chains that cannot react further.”® For BCPs, there is the additional limitation that

the RAFT agent must be suitable for both monomers.*6

The RAFT process has emerged as one of the most important methods of living
polymerization for BCP synthesis, since it can provide control over the way of initiation
and termination steps and have a better chain length polymer control, a part of presenting

versatility in the use of a wide number of monomers and processing conditions.

Figure 2.6. Schematic representation RAFT mechanism process
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2.2. Physics of block copolymers

2.2.1. Order-disorder transition in block copolymers

The change in free energy of mixing (AF,) when applied to polymer blends is described by
the Flory-Huggins theory'” in which it is assumed that components are incompressible and
mix at constant volume.”® Equation (2.1) represents the dependence of AF,, with the
entropy contribution (AS,, first two terms) and the enthalpy input (AH,,, third term) which
includes the Flory-Huggins parameter, y.

AFp O 9
m=ﬁln®A +N_§1n®3 +X®A®B' (21)

where ¢4 and ¢@p are the volume fractions of species A and B in the blend, Ny and Np are
the degree of polymerization of species A and B, kzT is the thermal energy, and y is the

Flory-Huggins parameter.

In contrast with homopolymer blends, diblock copolymers cannot separate macroscopically,
but form ordered microphase separated morphologies due to the fact that the blocks are
joined by covalent bonds and this leads to the formation of different phases depending on
the volume fraction of each domain. Therefore, the Flory-Huggins theory is unsuitable to
study the microphase separation of a BCP. Bates and Fredrickson have reviewed the

extensive experimental and theoretical thermodynamics of BCPs.?

The phase behavior of an A-B BCP is determined by three main parameters: (i) the overall
degree of polymerization, N, (ii) the volume fraction of each domain in the BCP, f, and (iii)
the Flory-Huggins interaction parameter, y, which represents the energy cost of two species
to be mixed homogeneously and is inversely proportional to temperature. The first two
parameters are dictated by the polymerization stoichiometry and the translational and
configurational entropy, whereas y is determined by the selection of the material, which has
a largely enthalpic contribution. Thus, the strength of the BCP segregation power is
normally expressed by the reduced parameter yN, which reflects both enthalpic and
entropic contributions. By increasing yx, which favors a reduction in A-B contacts, and N,
which is related to some loss of translational and configurational entropy, a local
compositional ordering frequently referred to as microphase separation is induced. On the
contrary, if either N or y are not large enough, the entropic contributions will dominate

leading to a disordered phase.

The critical point predicted by mean-field calculations for symmetric diblock copolymers is

2021 gnd

N = 10.5.1 There exists two regimes in BCPs microphase segregation: strong
weak!®?? segregation. In the strong segregation limit (SSL), where yN > 10.5, the
interaction energy drives the blocks to segregate into well-defined microdomains and the A-
B interface is narrow. In the weak segregation limit (WSL), which occurs in the vicinity of

the order-disorder transition, the entropic terms are larger than the interaction term.
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Therefore, the two blocks are miscible since the segregation power is not strong enough to
form a sharp phase boundary between the two phases, thus the interface becomes diffuse.
The boundary between the melted and segregated structures is determined by the order-
disorder temperature, Topr, where the thermal energy is comparable to the interaction
energy of the two blocks. For f = 0.5, the transition between ordered and disordered states
occurs when yN is approximately 10.2 When yN « 10.5, entropy dominates the energetic
penalty of mixing A and B segments, resulting in a disordered phase. As this value
increases, A and B domains remain ordered in the microscopic scale since they are

chemically joined.

2.2.2. Morphologies of diblock copolymers

As previously described, the structure resulting from the BCP microphase separation will
depend on the degree of polymerization, the composition of the BCP and the chemical
interaction between blocks. The phase behavior of an A-B diblock copolymer has been
studied experimentally* and a successful theoretical correlation has been found by using
the self-consistent field theory (SCFT).2-* 2" Based on SCFT, Matsen and Bates™
constructed a phase diagram for an A-B copolymer from the WSL to the SSL, and it was
observed that for the WSL the SCFT results agree with Leibler who first showed the phase

diagram in this region.!?

Figure 2.7 shows the most updated phase-diagram for an A-B diblock copolymer® which
consists on a representation of yN as a function of f. The BCP morphology will depend
basically on the strength of the interactions between monomers and the bulk fraction of
each domain. The phase diagram shows that by increasing f, body-centered cubic (bcc)
spherical (S), hexagonal-close packed (hcp) spherical (Sep), cylindrical (C), gyroid (G) and
lamellar (L) structures are predictable. Figure 2.8 shows a schematic of the most useful

microphase arrangements of blocks in an A-B diblock copolymer as a function of f.

Over the years, there have been several contributions to the phase diagram, and lately
another morphology was identified both theoretically?® and experimentally corresponding to
the orthorombic Fddd phase (O™).303 On the other hand, it can be inferred that for a
symmetric system, below yN = 10.5 the system is disordered, and between 10.5 and 12.5 it
is found the WSL, in which it is expected to appear some disordered regions due to thermal

effects derived from the fact that the thermodynamic driving force, is small.
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Figure 2.7. Phase diagram for an A-B diblock copolymer showing the ordered lamellar (L),
cylindrical (C), spherical (S), gyroid (G) and Fddd (O™) morphologies™

Figure 2.8. Schematics of the most common ordered-state morphologies found in an A-B diblock
copolymer as a function of f. Above f = 0.5, the hierarchy reverses, i.e. the morphology phases
repeat with the blocks reversed

For non-crystallizable homopolymers there is a thermal transition where upon heating, the
material changes from a vitreous solid to the viscous or rubbery liquid state. This
temperature is called glass transition temperature, T, and above it polymer chains have
greater mobility since polymer free volume increases. BCPs exhibit two T corresponding to
its constituent blocks, so in order to allow BCP molecules diffuse freely, it has to be heated
above the largest T, and the film becomes more ordered over time. Nevertheless, there is a
limit on temperature which is set by the stability of the polymer that can undergo

crosslinking or chain scission.

2.2.3. Block copolymers in thin films

In lithographic applications, BCPs are used to form thin films, so the phase behavior is
actually richer than in bulk, since there are effects induced by the interfaces involving air
and the substrate. Generally, thin films are produced by coating a substrate with a dilute

polymer solution in an appropriate solvent for both blocks. BCPs show the same
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morphology as in bulk, but the orientation of the phase strongly depends on the

boundaries, i.e. on the interaction between the domains and the substrate.

2.2.3.1. Role of surface affinity

Figure 2.9 shows a cylindrical A-B diblock copolymer self-assembled onto two different
systems. When the substrate has a neutral attraction for both domains, the cylinders are
oriented perpendicular to the substrate, whereas if the substrate strongly attracts one of the
domains, the free energy is minimized by forming a layer with cylinders oriented parallel to

the substrate.

Figure 2.9. Schematic and SEM images of cylindrical PS-b-PMMA block copolymer, showing
different polymer blocks-surface interactions

2.2.3.2. Role of block copolymer film thickness

In a thin film, the BCP morphology is strongly influenced by the boundary conditions
determined by the surface and the interface of the film. The total free energy of an A-B
diblock copolymer thin film can be expressed as a sum of the contributions from its internal

structure, Fyu, and from its surface/interface, Fy.y, as shown in Equation (2.2):

F = Fyur + Fsurf = (FA/B + Fconf) + (FA/subs + FB/subs + l::A/air + FB/air)J (2'2)

where Fy/p is the interfacial energy between A and B, F.,, is the conformational entropy of
A and B, and Fapir, Fpair, F asmws and Fpeus are the interaction energies between each

domain and the air or substrate, respectively.

Normally, in a directed self-assembly (DSA) process, BCP film thickness, d, is less than
few nanometers the BCP pitch, L), and therefore the contribution of the surface to the
total free energy, F, becomes a significant. Therefore, the effect of commensurability
between BCP film thickness, d, and its natural period, Ly, is vitally important, and it
makes the film thickness to be an integer or half-integer of Lo. If not, the energy due to the
conformational entropy of the A and B polymer chains becomes too high and leads to non-

homogeneous BCP films.

Figure 2.10 shows a general overview of the different morphologies a lamellar diblock
copolymer can present depending on the interface energies between the domains and the air
and substrate, respectively. As it can be observed, the surface and air are in contact with

the polymer which presents lower interface energy and the BCP is oriented parallel to the
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substrate when domains present different interface energies with air and substrate. In that
situation, one has to take into account that the film thickness has to be equal to n - Ly or
(n+0.5) - Ly, in order to not change the natural bulk period, Lo. When film thickness does
not commensurate with n - Ly or (n+0.5) - Ly, the system tends to minimize its free energy
by forming spontaneously macroscopic islands or holes. On the other hand, perpendicular
lamellae are observed when both the air and the substrate present equal affinity for both

BCP domains, and no commensurability effect due to thickness is present.

YA-subs < YB-subs YA-subs = YB-subs

YA-air < YB-air

YA-air > YB-air

YA-air = YB-air

Figure 2.10. Schematic illustrations of a lamellar A-B BCP thin film varying interfacial affinities.
YA-sub, YB-ub, YA-nir @0d YRan represent the interfacial energies of A and B with respect to the substrate

and air, respectively

As described in Figure 2.11, when BCP do not accomplish the film thickness
commensurability condition, because of stretching or compression effects which are
energetically unfavorable, BCP tend to mitigate them and fulfill the commensurability
condition, by creating some holes or terraces with different number of layers. As it can be
observed in the SEM image, in the region where the BCP has a perpendicular orientation,
the BCP does not fit the commensurability condition, and therefore it adopts the

morphology in which there is no restriction with the film thickness.

Figure 2.11. Schematics of a lamellar A-B diblock copolymer confined in a system with
preferential affinity to red domains on the substrate and air with initial thickness of (n+0.5) - Lo
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2.2.4. Interface neutralization

Technological applications require transferring the patterns into a functional material and
therefore, there is the need to control the BCP morphology. In general, strong preferential
interactions occur between one of the BCP domains and the substrate, which leads to
wetting morphologies at the polymer-brush interface. Therefore, the surface has to be able
to balance the surface free energies for both BCP domains. This can be overcome by
creating a neutral substrate and thus, controlling the interface energies in order to promote
the desired morphology. The most used technique to achieve this goal was first introduced
by Mansky* and it consists in using a brush polymer based on the use of random
copolymers to induce the perpendicular orientation of BCPs. By properly tuning the brush
layer composition, the interface energies can be well controlled and thus, the final BCP

morphology.

On the other hand, high-y BCPs have normally a large surface energy between the two
blocks, and this leads to a parallel oriented morphology.* Therefore, there has to be a
balance between the film thickness, the substrate and the interface energies.?**%*" In order
to control the interface energy between the air and the BCP and thus its orientation, there

38,39

are different approaches that be used, including solvent annealing®*®, electrici®

or
magnetic?? fields or the use of top-coats.®®3 The use of top-coats is more compatible with
lithographic processes, but top-coats must be soluble in a solvent that do not disturb the
BCP self-assembly.

2.2.5. Thermal and solvent annealing of block copolymer films

As it has been mentioned previously, in order to promote and enhance the ordering of the
BCP microdomains it is necessary to introduce some mobility on polymer chains to
facilitate the microphase separation process. Furthermore, when using BCP thin films, the
molecules are in a non-equilibrium state, trapped on a solvent, and cannot form an ordered

3.3‘44

large are In order to promote the equilibrium morphology, either thermal treatments or

processes in which a solvent vapor is used can be employed.

2.2.5.1. Thermal annealing processes

BCP phase-separation is promoted by the strength of the repulsive interaction between

blocks, ¥ N, where y depends on the temperature as:
z (eaa+epB)
1= () [oas — 25722 (2:3)

where Z is the number of nearest neighbors per monomer in the polymer, kzT is the
thermal energy, and &45,&44, € are the interaction energies between A and B, A and A,

and B and B, respectively.
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Taking account equation (2.3), y decreases as function of temperature, but at higher
temperatures it is high enough to induce microphase separation. Thermal treatments
consist on annealing the BCP above its T, but below Topr, in order to increase the mobility
of the molecules and promote the microphase separation. These processes are strictly
controlled by the BCP film thickness since the compression of polymer chains is
energetically unfavorable. Therefore, the microphase separation occurs in the way to reduce
the entropic penalty; that is, if the initial film thickness is commensurate with the
boundary conditions (see Figure 2.10), then the film is stable and homogeneous.
Additionally, in order to minimize the total free energy, the system develops different
morphologies. As compared with other processes, thermal treatments are preferred since
there is equipment already implemented in industry and there is no waste stream.*
Nevertheless, thermal treatments are not very effective for some systems which require very
long annealing time due to their high Tons* and sometimes they are not suitable for
systems which undergo degradation under high temperatures. To address these issues,

processes involving the use of a solvent are used.

2.2.5.2.Solvent annealing processes

Solvent vapor annealing processes offer flexibility regarding the choice of the solvent,
processing conditions and it permits avoiding the budget temperature that thermal
processes involve since the BCP glass transition temperature is decreased by exposing the
sample to a vapor.?®4” In these processes, polymer thin films are exposed to one or more
solvents at temperatures below T, for a period of time to form a swollen and mobile
polymer film.**4° During the evaporation process, there exists a gradient of solvent
concentration which goes from the surface to the inside of the film, thus occurring first the

ordering at the film surface.

When solvent annealing processes are used, one has to take into account that the solvent
may affect the interaction between BCP domains®® and polymer interaction with the
substrate. The miscibility between a polymer and a solvent is governed by the interaction
polymer-solvent parameter, yps, which can be estimated with the molar volume of the
solvent, and the solubility parameters of the solvent and polymer. By using the Flory-
Huggins interaction criteria, the complete miscibility between polymer and solvent is
achieved when yps < 0.5, and the affinity between them is stronger when the yps value is
decreased. Therefore, the selection of a solvent may induce some changes in the degree of
microphase separation. On the other hand, it presents a disadvantage in the kinetics when
using high-y BCP systems and therefore, some works have been reported to improve
processing time up to some minutes. These results show that a previous heating of the
solvent induces a smaller activation energy for the BCP diffusion and thus well-ordered

51,52

nanostructures can be formed in shorter times.
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By conveniently combining both processes, highly ordered structures with low defectivity
and by using shorter annealing times can be achieved. In this process, known as
solvothermal annealing processes, the BCP sample is exposed to a solvent vapor and

consequently irradiated with microwave energy.®*

2.3. Modelling of block copolymer directed self-assembly

The phase behavior of simple BCPs is understood rather well, although there are some
disagreements between theoretical and experimental results.!®5%¢ Therefore, the role of
computational modeling consists mainly on exploring parameter variations on the DSA

physical mechanism which are difficult to obtain in experiments.

Modelling the DSA process requires a hierarchical approach since polymeric materials
exhibit structure on very different scales, ranging from armstrongs to micrometers, and
thus the modelling challenge consists in devising models and combining information
provided by the different DSA models. It follows that they cannot be included in the same
theoretical framework, and different theoretical approaches have been developed depending

on the length and time scales.

On the one hand, atomistic models provide an accurate prediction of local properties of self-
assembled systems with dimensions around 10 nm, and on the other hand, coarse-grained
models describe the microphase separation in mixed systems by field-theoretic
representations of polymer molecules in combination with self-consistent-field calculations

on scales in the order of 10 nm to 1 pm.

The atomistic information (statistical segment length, Flory-Huggins parameter, the surface
energies and the self-diffusion coefficient) is used to parameterize the coarse-grained models,
which, in turn, allow predicting the free energy of defects, the DSA kinetics and the
mechanisms of defect generation and removal. Then, the information provided by the
coarse-grained models can be used to calibrate a reduced model that can be integrated into

a lithographic process simulation, by coarse-graining or reverse-mapping the information.

Figure 2.12 shows a schematic representation of the three models as a function of the
length and time scale. There is a need of different models and simulation techniques that
target properties at different length and time scales, since there is no single model capable

of simultaneously extracting all relevant DSA parameters.>”
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Figure 2.12. Adapted schematic illustration of the different models as a function of time and
length scales™

2.3.1. Block copolymer kinetics

From the disordered to the ordered state, as the BCP films equilibrate, the individual BCP
chains move diffusing through the ever-growing domain interfaces adopting more
energetically favorable states. This means that low free-energy defect structures, such as

dislocations, can persist but eventually move to the lowest energy state at equilibrium.

Experimentally it is observed that DSA processes induces a diversity of defects which limits
the application of BCP DSA into the industry (industry standards require less than 0.01
defects/cm?).”® Defects can be conceived as thermal fluctuations in the vicinity of the order-
disorder transition where the excess of free energy is comparable to the thermal energy
scale, kpT. Outside the vicinity of the order-disorder transition, where the defect excess of
free energy is significantly larger than kzT, they directly come from the kinetics of structure
formation.®® Additionally to the thermodynamic equilibrium properties, the kinetics of BCP
formation is also important since BCPs do not usually form spontaneously long-range-
ordered features and they require a thermal or solvent annealing. Therefore, since
diffusivity exhibits an Arrhenius dependence (equation (2.4)) annealing times determine the
ability of the BCP to eliminate defects.® On the other hand, the difference of free energy
between the defective and the defect free state is the driver for eliminating defects and it
decreases as yN increases.®? The higher yN the greater is the penalty for mixing in an

exponential decrease in diffusion:
D= Doe—O.ZS()(N—&S)' (24)

where Dy is the diffusion coefficient of the corresponding non-phase separated polymer.
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Equation (2.4) explains why in high-y BCPs the self-assembly kinetics is very slow
(exponential decrease of BCP chain mobility with respect to yN). Therefore, solvent
annealing processes are very suitable because they can offer polymer chain mobility at low

temperature, thus avoiding the problem of slow self-assembly behavior.

On the other hand, when the BCP self-assemble on a chemical guiding pattern, it can
strongly influence the kinetics by modifying the free energy background. The self-assembly
kinetics is much slower when the guiding pattern dimensions do not commensurate with L,
when the chemical interactions between the BCP domains and substrate are weak or when
using high density multiplication patterns. Therefore, it is important to understand and
control the self-assembly kinetics to annihilate the final trapped defect states, especially
observed in line/space patterns. The use of a soft, coarse-grained polymer model is suitable
to describe the kinetics of the structure formation since the structure formation evolves in

time scales of minutes or hours, but it is, however, non-accessible for atomistic modeling.®?

2.3.2. Field-theoretic simulations and self-consistent field theory

The coarse-grained model denotes the polymer conformations and their interactions through
a coarse-grained bead-spring representation. In this modelling, the atomistic information is
used to correlate material properties to the thermodynamics and kinetics of the DSA
process.®% Coarse-grained models study complex and three-dimensional DSA processes on
the scale of hundreds of nanometers and minutes since the interactions between segments
are weak. Small number of atoms are grouped into segments, and then the interactions
between these coarse-grained segments are calculated.’ %7 These softer interactions arise
as a consequence of coarse-graining and can be explained because of the excluded volume
interactions, due to the fact that in the microscopic scale atoms cannot overlap (Pauli’s
principle).®% Therefore, these soft volume interactions allow for an overlap between the

coarse-grained segments.

In the case of a binary blend, the coarse-grained parameters which describe the interactions
and correlations on short length scales are, the incompatibility between molecules, yN, the
compressibility, xN, the chain dimensions, R.,, and the invariant degree of polymerization,
N, which quantifies the number of neighbors a molecule interacts with:

_ 2

N = (%R(-:’o) , (2.5)
where p, is the number density of segments and N, represents the number of coarse-grained
interaction centers. N is a dimensionless parameter and it is smaller than the smallest
length scale of physical interest and it is on the range between 16 and 128. yN determines

the phase behavior, kN limits the fluctuations of the total density, R., depicts the length

scale, and N controls the strength of long wavelength composition fluctuations.5
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On the other hand, in order to characterize the contact of the DSA domains with the
confining boundaries, the surface and interface tensions are used as the coarse-grained
invariant parameters. These interactions are represented by convenient force fields and the

strength of each of those interactions as depicted in Table 2.1.

Additionally, in order to compute the free energy and the thermodynamic forces that drive
the structure formation self-consistent field calculations are used. These calculations are
based on a mean-field approximation which allows for the calculation of free energies of

self-assembled morphologies.”™

Table 2.1. Invariant parameters of the coarse-grained model

Interactions Invariant coarse-grained parameters

R.o: mean squared end-to-end distance of non-interacting

Chain connectivity polymer coils

f: fraction of polymer domains

kNN: isothermal liquid compressibility - Invariant degree of
Polymer melt

polymerization
Repulsion between unlike xN: Flory Huggins parameter - Invariant degree of
species polymerization

Geometry of confinement (measured in units of Re, or L)

Interaction of the domains Surf " - f th 3 b th

: Surface free-energies of the segments species with the
with the guiding pattern ysas ysm .g. g P
confining boundaries

Dynamics of D: Self-diffusion coefficient which defines time scale

macromolecules

These particle-based models described before provide detailed information of the
macromolecular conformations, but they are too expensive to explore the DSA on large-
scale lithographic processes. Therefore, new reduced models are being studied since they can
be integrated into a lithographical process flow: Continuum models* ™ and interface
Hamiltonians.™™ On the one hand, continuum models describe DSA processes by collective
variables in space and time in order to predict the three-dimensional BCP structure, and
they can be derived from the SCFT in the WSL between domains. On the other hand,
interface Hamiltonians describe the DSA process by only the evolution of the interfaces
between the copolymer domains, and they provide an appropriate description on the SSL.
They overcome the limitations of continuum models in dealing with the disparity between

interfaces, although it is difficult to derive these interactions in complex geometries

2.4. High-chi block copolymers

Currently, microelectronics industry is demanding the development of new methods focused
on the production of ever-smaller structures. DSA is an alternative technique which
provides a complementary solution to the resolution limitation of conventional lithography.
PS-6-PMMA has been the most studied BCP system, principally due to the fact that both

PS and PMMA have almost equal surface energies which allows forming morphological and
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uniform patterns all the way through the film.** On the other hand, PMMA can be easily
etched by O, plasma or UV exposure, and then the remaining material can be used as a
mask for pattern transfer.®”” Moreover, new techniques based on using SIS have been
recently reported showing very high aspect ratio structures after pattern transfer, due to

the fact of an enhancement on the etch selectivity between PS and PMMA.™ %

As discussed previously, when the enthalpic contributions are sufficiently large to overcome
the entropy to mix the blocks, the microphase segregations occurs originating different
nanostructures depending on the relative volume fraction of the two blocks. For lamellar
block copolymer (f = 0.5), this condition occurs when the product yN is above 10.5, which
means that every BCP has a minimum achievable size.*'® Therefore, in order to obtain
smaller features, the degree of polymerization, N, has to be reduced since it reduces the
characteristic BCP length scale, and the y value has to be increased to balance the product
N and keep constant the level of phase segregation. In that sense, since PS-0-PMMA has a
low y value (0.041 at 25°C)™ which limits the minimum feature size around 12 nm, and
therefore, restricting its utility for the next generation nodes.’*%' Therefore, in order to
achieve smaller domains, a BCP with larger interaction parameter has to be used.
Nevertheless, the design of high-y systems which provide sub-20 nm resolution have to be

demonstrated with a controlled BCP synthesis and with a good etching selectivity.

The generation of high-y BCP systems can be performed by introducing polymer domains
which have stronger interactions among identical monomers and high incompatibility
among different domains. Normally it can be achieved by introducing very highly polar

groups, fluorine or silicon-rich blocks.

2.4.1. Organic based high-y block copolymers

Organic based BCP usually present low yx values. Moreover, these BCP share similar
chemistries which translates in a low etching contrast between blocks, and consequently low
aspect ratio features.*> An example of organic high-y BCP system is poly(styrene-b-D,L-
lactide), PS-b-PLA, with both hydrophobic (PS) and hydrophilic (PLA) domains. This
amphiphilic nature gives rise to a y value of 0.23.% Other organic high-y BCP are depicted
in Table 2.2.

However, such materials are generally difficult to generate due to their dissimilar polarities
and properties between blocks. This means that they cannot easily show the perpendicular
morphology with a thermal annealing as does PS-0-PMMA, and they need either a solvent

annealing or an additional top-coat layer.

2.4.2. Inorganic based high-y block copolymers

Inorganic based BCP are being intensively studied due to the high etching contrast

between domains. They are normally formed by one organic domain and one inorganic
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block which is resistant to oxygen plasma. The inorganic part is normally a silicon or iron
containing domain which forms the corresponding oxide after O, plasma exposure and
retains the pattern from the original features. The first polymer wused was

polydimethylsiloxane (PDMS)-containing BCP with a backbone formed by Si-O bonds.*

The highest-y BCP system synthesized so far, is an ABA triblock copolymer containing
PLA and PDMS end and midblock, respectively.®® These domains are extremely
incompatible (y = 1.4) and PDMS provides a high etch resistivity, while PLA is almost
twice as susceptible to be etched compared to PS. Other inorganic high-y systems are

summarized in Table 2.2.

Table 2.2. Organic and inorganic high-y BCP systems collected from several works at 25°C

Organic BCPs Inorganic BCPs
BCP system x value BCP system x, value
PS-b-PMMA 0.041" PS-b-PFS 0.08"
PS-b0-PEO 0.077% PS-b-PDMS 0.26"
PS-b-P2VP 0.178% PTMSS-b6-PLA 0.46%
PS-b-PLA 0.233% PS-b-MH 0.58*
PS-b-P1 0.110% PLA-b-PDMS-b-PLA 1.4%

There are other high-y systems which combine block copolymers with inorganic species to
form an hybrid material.®® Park et al. describe a system consisting of a mixture of
poly(styrene-b-ethylene oxide), PS-b-PEO, and a low molecular weight organosilicate
forming 7 nm pitch lamellae morphology. On the other hand, there are other examples in
which a metal salt is selectively added to a PS-b-PEO, reducing its size to 3 nm.%
Nevertheless, the fact of adding a metal salt can bring complications during the processing

steps.

Once the basis of BCP chemistry and physics has been studied, in the next chapters the
different chemical and graphoepitaxy processes developed and optimized at IMB-CNM will
be described. These processes will be implemented for both PS-0-PMMA and high-y
materials. All these results, lead to go step further and implement the chemical epitaxy
process at larger scale in the cleanroom of CEA-Leti which operates with a wafer scale of
300 mm. Moreover, the role of the chemical interactions which take place between the

guiding pattern and the BCP domains will be experimentally characterized and modelled.
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