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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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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 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.
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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 deposited on a 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 optical system 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. Finally, the resist is developed. Thus, the
final pattern on the resist is binary: there are parts covered with the resist, and others
completely un-covered. This binary pattern is used for pattern transfer into the underlying

layer.

1. Photoresist coating 2. Alignment + 3. Development
+ pre-bake exposure + etching, implant...

NS

Figure 1.2. Schematic representation of a general photolithography process
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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 = (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 the manufacturing yield. 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.

Exposure Wavelength
13 11110 ZII'IO 300 . 4?0 (nm)
T UV Excimer Laser Me‘rcury._]....a@p
EUV Ar: F2 ArF KrF i g9
(13.5) (157) (193) (248) (365) (436) (nm)
Absorption i
Vacuum 02 and H]o Air

Cata-Dioptric
System
Optical Glass

| Quartz |

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.
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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.

Droplet generator

o Ve
1

Scanner

+
Intermediate focu

D Metrology for source to

Collector x
scanner alignment

\.,

Beam transport

Tin catch

Co, system

LI Nes

Power amplifiers

Sub-fab Floor

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.
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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.

1. Photoresist coating 2. E-beam exposure 3. Development 4. Resist stripping
+ pre-bake + etching, implant...

~ NN O

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

13



1. Introduction to nanolithography

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®

Substrate

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.

Sputtered particles Implanted ions

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 generating 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 equation (1.2).
P=X/(2 - sin 0), (1.2)

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

Beam splitter

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.

(a)

imprinti 3. Cooling down 4. Residual polymer
1. Photoresist coating 2. Stamp imprinting g P

into the polymer + Heating up ~ + stamp separation removal

2. Stamp imprinting 4. Residual polymer

1. Photoresist coating 3. Stamp separation

into the polymer + UV exposure removal

S v oS

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: graphoepitary’>®® 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) b

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 it probably has one more generation before having to add multi-

patterning or much larger NA.

Uni-directional parallel line/space patterning techniques
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Immersion Single patterning —
Immersion LELE —+
Immersion SADP -
Immersion SAQP —
EUV Single patterning —
EUV SADP -
Immersion DSA [ps-b-PMMA] —
Large features do not phase separate well by
ArF, EUV, E-beam High chi-DSA —
Manoimprint Manoimprint — ////4/4
High NA EUV Single pattemning — ////////////
E-beam Single patterning” — 7 8 ////é///////
E-beam DSA [ps-b-PMMAT™ | — Large features do no phase separate well by DSA %fé

Consenses that technigue has been used in production
- Published demonstrations from potential deployable equipment show opportunity for production

% Simulations, surface images, or research grade demonstration suggest potential for extendability

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
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.

.‘........ Statistical copolymer
0000000000 . i

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 temperatures, 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.

Disordered state Ordered state

\§S N AN N
AN

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

i
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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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2. Chemistry and physics of block copolymer materials

conventional processes present some drawbacks regarding the molecular weight distribution,
composition, and the fact that some residual monomer chains remain 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 it 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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2. Chemistry and physics of block copolymer materials

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.
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Figure 2.6. Schematic representation RAFT mechanism process
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2. Chemistry and physics of block copolymer materials

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 exist two regimes in BCPs microphase segregation: strong
weak!?? segregation regimes. 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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2. Chemistry and physics of block copolymer materials

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 10.5.2 Therefore, 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" 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 (Scp), 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 has been identified both theoretically? and experimentally
corresponding to the orthorombic Fddd phase (07).30% 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
their 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.

S

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, Fy.u, and from its surface/interface, Fy.y, as shown in equation (2.2):

F = Fyur + Fsurf = (FA/B + Fconf) + (FA/subs + 1:"B/subs + FA/air + FB/air)' (2~2)

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

domain and the air or substrate, respectively.

Normally, in a DSA process, BCP film thickness, d, is less than few nanometers the BCP
pitch, Ly, and hence the contribution of the surface to the total free energy, F, becomes
significant. Therefore, the effect of commensurability between BCP film thickness, d, and
its natural period, Ly, is critically important, and it makes the film thickness to be an
integer or half-integer of L. 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 that 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

substrate when domains present different interface energies with air and substrate. In that
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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 film thickness is present.

YA-subs = YB-subs

YA-air < YB-air

i T I(n+0.5) + L,

YA-air = YB-air

Figure 2.10. Schematic illustrations of a lamellar A-B BCP thin film varying interfacial affinities.
YA-sub, YBeub, YAnir @Nd 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 tends 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 uniformily over the whole sample. 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, it is important to have
a balance between the film thickness, the substrate and the interface energies.***%3" In order
to control the interface energy between the air and the BCP and thus its orientation, there
exist other different approaches that can be used, including solvent annealing®*,
electric’®* or magnetic?? fields, or the use of top-coats.®*® 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
large area.>* 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 (eaatepB)
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 high
temperatures, y 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 and
processing conditions, and they permit 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 Angstroms 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 anhilation. 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. As observed, 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—B.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 it evolves in time scales of minutes

or hours, which are 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

kN: isothermal liquid compressibility - Invariant degree of
Polymer melt

polymerization
Repulsion between unlike #N: 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 o - . . .
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 oxygen plasma or UV exposure + wet etching, 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
PMMA78 80

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),'* its minimum feature size is around 12 nm and therefore, its
utility for the next generation nodes is restricted.3*%! 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 has 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 it is translated 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-0-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.

43



2. Chemistry and physics of block copolymer materials

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
block which is resistant to oxygen plasma. The inorganic part is normally a silicon or iron
containing domain which forms the corresponding oxide after oxygen 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 ¥, value
PS-b-PMMA 0.041" PS-6-PFS 0.08"
PS-6-PEO 0.077% PS-b-PDMS 0.26%
PS-6-P2VP 0.178% PTMSS-b-PLA 0.46%
PS-6-PLA 0.233% PS-6-MH 0.58%
PS-b-PI 0.110% PLA-b-PDMS-b-PLA 1.4%

There are other high-y systems which combine BCPs 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 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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Chapter 3

Directed self-assembly of PS-0-PMMA

block copolymers by chemical epitaxy

In directed self-assembly by chemical epitaxy, block copolymers are guided by chemical
patterns created on the substrate. Thus, by tuning the chemical interactions between the
block copolymer domains and the chemical pattern, an optimal BCP alignment with high
density multiplication factors can be achieved.

In this chapter, the development, optimization and characterization of a chemical epitazy
process based on substrate functionalization is presented. To demonstrate its industrial
applicability, the process initially developed at IMB-CNM has been transferred to the
cleanroom of CEA-Leti, which is more focused towards industrial production, and has a
pilot line intended to the fabrication of CMOS integrated circuits.

On the other hand, two other novel approaches based on chemical direct writing
techniques by means of electron beam lithography and atomic force microscopy

lithography are presented.
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3.1. Introduction to directed self-assembly of block copolymers

by chemical epitaxy

DSA of BCPs is becoming a very promising approach to overcome the conflict between the
continuous demanding to decrease the size of electronic devices and processing costs of
traditional lithographic techniques, since it is a very effective and simple method to pattern
dense arrays of features with dimensions in the nanoscale.! ¢ Several recent studies have
shown that DSA is an emerging technique that can be used to improve the line-width
roughness (LWR)" and line-edge roughness (LER)®, apart from enhancing the resolution of
the currently patterning methods. Nevertheless, it remains a challenge to fulfill the rigorous
requirements of defectivity from the semiconductor industries. Chemical and topographical
guiding patterns provide highly oriented and ordered features, and have demonstrated to

offer satisfying structures demanded by the semiconductor industry.”* 1

Chemical epitaxy consists of a combination of a top-down method to create chemical
patterns with a self-assembled periodic process, which allows getting higher resolutions than
the lithographic ones. In chemical epitaxy, the guiding patterns consist of guiding areas
that preferentially wet one of the domains of the BCP and that are separated by
interspatial regions which are normally referred to as background areas. These guiding and
background lines are characterized for having different interactions with the domains of the
BCP. Therefore, in chemical epitaxy DSA, the chemistry and the guiding pattern
geometries determine the generation of microestructures with the lowest free energy.'¢
Consequently, there has to be a high control of the thermodynamic forces which fine tune
the patterning order, by controlling the critical parameters on the fabrication of chemical

guiding patterns.

Several materials can be used as background layers to create the guiding patterns: self-
assembled monolayers'’, HSQ resist’” and end-grafted homopolymers or random copolymer
brushes.*!>120  The most widely used technique consists on using end-grafted
homopolymers or random copolymer brushes. Different approaches are currently used to
create the guiding patterns. The first chemoepitaxy approach based on substrate
functionalization was presented by Kim et al. in 2003 where a self-assembled monolayer
(SAM) was used to chemically create the guiding patterns.”” In this approach, the
photoresist was patterned by EUV-IL, with alternating lines and spaces of period Ly, and
then the topographic resist pattern was converted to a chemical pattern by irradiating the
sample with X-rays. However, this method presents some disadvantages regarding the
lithography step, since it has to nominally be at the same feature density as that achieved
by the BCP. Therefore, Ruiz et al. reported a viable technique based on the use of EBL

and oxygen plasma functionalization for cylindrical BCP with pattern density
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multiplication of 2Ly (see Figure 3.1.a)!3 Later on, Cheng et al. developed a technique to
increase the density multiplication factor of a lamellar PS-5-PMMA BCP, based on 193 nm
immersion lithography.” In 2010, Sanders et al. from IBM presented a chemical epitaxy
DSA flow using sparse chemical pre-patterns made by a pattern-first, neutralize-last
approach.?’ Based on these works, industry focused BCP DSA as a potential
complementary technique for the next generation logic nodes. However, the defect density
has to be decreased down to 0.01 defects/cm?, and thus, in order to achieve the defectivity
level required by the industry, Liu and Nealey in 2011 developed the LiNe process. In this
process, two materials with different chemical affinities are employed to create the chemical
guiding pre-patterns. As shown in the scheme from Figure 3.1.b, the process flow starts by
spin-coating a cross-linkable polystyrene (X-PS) on a substrate and after a lithography
step, the material is etched. Then, a random hydroxyl terminated poly(styrene-b-methyl
methacrylate) (PS-~PMMA-OH) brush is spin-coated and grafted to the substrate between
the X-PS guiding stripes, creating thus a chemical pattern. The X-PS guiding stripes are
more affine to PS domains while the PS-~PMMA background stripes have equal affinity
for both domains.'® Other approaches combining the use of topographical and chemical
patterns have been also presented by Kim et al. in which the BCP is self-assembled on top

of grapho-chemical pre-pattern.?

Nowadays, the main research objective for DSA on chemical patterns is to meet the
manufacturing requirements of the semiconductor industry (low defectivity, process
integration and device design with DSA patterns). Nevertheless, new processes and
materials must be developed to demonstrate resolutions up to 5 nm of BCP half-pitch, to
serve DSA manufacturing processes able for more than two future node generations.
Therefore, for the complete incorporation of DSA processes it is necessary to understand
the physics and chemistry that enables the integration of BCPs with traditional

manufacturing processes.?

In this chapter, the implementation, characterization and modelling of a chemical epitaxy
process for PS-b-PMMA based on the functionalization of the substrate after an EBL is
presented. First, this method has been implemented at laboratory scale, at the IMB-CNM
cleanroom. Then, and in order to demonstrate the industrial scalability of the process, it
has been transferred to CEA-Leti’s cleanroom, which is more industrial focused and has a

compatible pilot line for the fabrication of CMOS integrated circuits.

On the other hand, two other novel chemical epitaxy approaches based on direct writing
techniques are presented. These two direct writing techniques are based on using EBL and
AFM directly on the substrate, thus avoiding the use of resist and the corresponding

development and stripping steps.
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Figure 3.1. Schematic of the chemical epitaxy process developed by (a) Ruiz et al. using e-beam
lithography and O: plasma functionalization' and by (b) Liu and Nealey using an alternate pattern
of two polymers (LiNe process)"

3.2. Development and implementation of chemical epitaxy by

substrate functionalization

Chemical epitaxy based lithography and substrate functionalization methods are those in
which an end-grafted homopolymer or random brush polymer is first deposited on top of
the substrate, and then patterned by means of a top-down approach. Then, the defined
regions are selectively functionalized to change their chemical affinity. This

functionalization can be performed by using either oxygen plasma or UV exposure.

In this section, a chemical epitaxy process defined by EBL and oxygen plasma
functionalization is presented. First, the process is defined and optimized at the IMB-CNM
cleanroom for three different PS-5-PMMA materials, and then for high-y BCPs (see chapter
5). Since chemical epitaxy processes are mainly driven by the difference on the surface free
energy between the substrate and the BCP domains, a new experimental process to
determine these interactions is also presented. Then, based on these experimental results,

the simulation and modelling of this DSA method is performed.

3.2.1. Materials and methods

3.2.1.1. Description of the chemical epitary process

A new technique based on using the EBL and oxygen plasma functionalization has been

developed and optimized to promote the alignment of PS-6-PMMA and also high-y BCPs.
57



3. Directed self-assembly of PS-0-PMMA block copolymers by chemical epitaxy

The process flow is depicted in Figure 3.2. It consists of the following steps: (i) polymer
brush grafting on the top of a silicon substrate, (ii) e-beam writing on PMMA resist, (iii)
resist development and substrate functionalization by oxygen plasma, (v) resist removal
and (vi) BCP spin-coating.

3. Development

1. Brush spin-coating 2. E-beam lithography 4. Resist stripping 5. BCP spin-coating

and O, functionalization

@ si @ Brush > PMMA resist <~ Modified brush@P PS @ PMMA

Figure 3.2. Schematic of the chemical epitaxy process based on using EBL and oxygen plasma

functionalization

3.2.1.2. Brush and block copolymer materials

Lamellae PS-6-PMMA BCPs with different polymer chain lengths have been used for the
DSA process, each one processed with its own polymer brush and annealing conditions in
order to fine-tune the interface energies that provide an optimal alignment (see Table 3.1

and Table 3.2 for brush and BCP specifications).

For each BCP, different brush layers based on PS-~PMMA and PS-OH, and in
consequence different processing conditions, have been tested. The brush layer and

processing conditions used for each BCP are specified in Table 3.3.

Table 3.1. Specifications of brush layer materials used for chemical epitaxy DSA

Material Molecular weight PDI
PS-OH 4.5 kg/mol 1.34
PSro%-r-PMMA 9.9 kg/mol 1.09
PSeor-r-PMMA 7.9 kg/mol 1.85

Table 3.2. Specifications of PS-5-PMMA BCP used for chemical epitaxy DSA
BCP chemical nature ‘ PS-b-PMMA PS-b-PMMA PS-b-PMMA

PDI 1.09 1.12 1.1
Molecular weight 79 kg/mol 45 kg/mol 42.3 kg/mol
PS fraction 50 % 50% 48%

Pitch 38 nm 28 nm 22 nm

Table 3.3. Processing conditions used for PS-6-PMMA BCP DSA

R Q
0 O o,

Brush material

PS-OH

PS-OH

PSrnu-r-PMMA

Processing conditions

260°C for 5 min,
N environment

260°C for 5 min,
N: environment

230°C for 5 min,
N environment

Film thickness

4.7 nm

4.7 nm

8.6 nm

Film thickness

0.9Lo

0.75L0

1.3Lo

Processing conditions

230°C for 10 min,

N. environment

200°C for 20 min,
O environment

230°C for 10 min,
N. environment
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3.2.1.3. Substrate preparation and creation of the chemical guiding patterns

The starting substrates are 0.9 x 0.9 ¢cm? chips bearing a native silicon oxide layer ({100},
p-type silicon wafers of 4-40 Q- cm resistivity). Previously to the grafting process, the
sample surface is cleaned and activated by an oxygen plasma for 10 min at 500 W and 50
sccm oxygen flow. Then a 2% PGMEA brush solution is spin-coated at 5000 rpm on the

top of the surface and annealed by using the processing conditions depicted in Table 3.3.

Consequently, the non-grafted brush is removed by dipping the sample in PGMEA for 5
min in an ultrasound bath at 40°C. The brush film thickness grafted after PGMEA rinsing
depends on brush molecular weight (see Table 3.3). Then, a 2% 950k PMMA solution is
spin-coated on the top of the brush at 2000 rpm giving rise to an 80 nm film thickness.
Once the resist has been deposited, the guiding patterns are defined by EBL in a RAITH
150Two equipment. Figure 3.3 depicts the definitions regarding guiding pattern dimensions
and BCP specifications that are going to be used from now on through the manuscript (d
denotes the BCP film thickness, Ly is the BCP pitch, and L, and L; refer to guiding and
background stripe widths, respectively). Guiding patterns for line/space applications with
guiding stripes widths between 0.5Lg to 3.5Ly and density multiplication factors of 2L to
7Ly have been designed.

The EBL has been performed by exposing the desired patterns at 20 kV and 110 pA of
beam current with a nominal beam diameter of 2 nm. The exposure has been defined as a
set of single line exposures and e-beam doses between 225 and 675 pC/cm? have been used
in order to obtain the desirable line width. This means that the writing speed has been

varied between 4.9 pm/s and 1.6 pm/s by using a line step size of 10 nm.

Figure 3.3. Guiding pattern dimensions and BCP specifications scheme

After the exposure, the resist is developed by dipping the sample in a methyl isobutyl
ketone (MIBK) and isopropanol (IPA) solution at 1:3 for 30 s and then, in IPA for a
further 30 s. Subsequently, the sample defined areas are exposed to oxygen plasma in order

to chemically change their structure.

3.2.1.4. Functionalization of the surface and PS-b-PMMA spin-coating

Once the sample has been developed after the EBL exposure, it is subjected to a brief dose

of oxygen plasma in order to chemically change the substrate affinity. It is known that
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oxygen plasma induces polar groups on the brush creating regions more affine to PMMA

(see Figure 6.4.c from chapter 6).2*

The functionalization is performed in an Alcatel AMS 110 DE reactive ion etching (RIE)
equipment by using two different conditions denoted as soft and strong (see specifications
in Table 3.4). Two different conditions have been used in order to study how the BCP
morphology changes as a function of the interactions between the BCP domains and the

different functionalized regions.

Table 3.4. O, plasma conditions for brush functionalization

| Soft O: plasma Strong O: plasma
[O2] (sccm) 10 50
Power Source (W) ‘ 150 300
Time (s) 5 10
Pressure (Pa) 1.33 1.33
Temperature (°C) 20 20
Brush removed 0.6 nm 4.5 nm

After performing the brush functionalization, the resist is removed by dipping the sample
into acetone for 2 min in an ultrasound bath at 40°C. Figure 3.4 shows AFM images of the
topography and phase signals of a chemical guiding pattern created on a PS-OH brush
layer by soft oxygen plasma functionalization after removing the PMMA resist. Brighter

and darker areas correspond to the background and guiding stripes, respectively.

The chemical contrast revealed by the AFM phase image is a signature of the fact that the
un-exposed PS-OH domains (background regions) are slightly affine to polystyrene, while
the stripes exposed to oxygen plasma are slightly affine to PMMA due to the oxidation of
the polymer. Furthermore, it is observed that oxygen plasma exposure induces a removal of
around 0.5 nm of PS-OH (Figure 3.4.a).

The presence of some topography between stripes may enhance the guiding efficiency of the

chemical patterns, although it is not enough to induce the alignment of the BCP.%%

Finally, a 1.5% PGMEA solution of BCP is spin-coated on the top of the chemical guiding
pattern and it self-assembles with respect to the previous pattern after a thermal annealing
treatment. Processing conditions (brush material, BCP film thickness, annealing

temperatures and time) for each BCP are summarized in Table 3.3.
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Figure 3.4. AFM topography (a) and phase (b) images of a chemical guiding pattern created by e-
beam exposure followed by oxygen plasma modification

3.2.2. Directed self-assembly by chemical epitaxy of PS-b-PMMA
results

The PS-0-PMMA DSA process has been studied for three molecular weight systems. First,

the results for the 28 nm pitch are presented, and then those for the 38 nm and 22 nm,

respectively.

PS-b-PMMA 28 nm pitch directed self-assembly

First DSA experiments were performed with PS-0-PMMA of 14 nm half-pitch by varying
the multiplication factor and by keeping constant the guiding stripe width at 0.5L¢. Figure
3.5 shows an example of PS-0-PMMA DSA for a guiding stripe width of 0.5Ly and density
multiplication factors of 3Ly and 4L,. As it can be observed, the BCP is well self-assembled
with respect to the preview chemical pattern as a function of the guiding pattern pitch.
Furthermore, Figure 3.6 shows that the process is transferable to larger guiding patterns

showing low defectivity.

On the other hand, when the guiding pattern dimensions are not in registry with the BCP
pitch, the alignment is lost all along the guiding pattern (Figure 3.7). For this later
example, guiding and background stripe widths are 0.5 and 4Ly, respectively, and because
the background stripe width does not fit with (0.54n) - Ly, the accurate BCP alignment is

not achieved.

Nevertheless, despite being an appropriate method to guide this 28 nm pitch BCP, the
required resolution of the beam is 14 nm since the guiding stripe dimensions are set to be
the half of the BCP pitch. Therefore, the method is somehow disadvantageous due to the
fact that it introduces a lithographic step, nominally at the same feature density as that
achieved by the BCP.
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200 nm

200 nm

Figure 3.5. PS-0-PMMA (Lo = 28 nm) DSA for L. = 0.5L and density multiplication factors of
(a) 3Lo and (b) 4Lo

1 pm

Figure 3.6. PS-6-PMMA (Lo = 28 nm) DSA in a large area for Ls = 0.5Lo and density
multiplication factor of 3Lo

200 nm

Figure 3.7. PS-6-PMMA (Lo = 28 nm) DSA for L, = 0.5Ly and L, = 4Lo showing no BCP
alignment due to the non-commensurability of the pattern with the BCP pitch

As a solution, guiding patterns with wider guiding stripes have been designed in order to

relax the lithography resolution requirements and extend the implementation of the process
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for the next generation BCP materials with smaller pitch. Figure 3.8 illustrates the density
multiplication concept when using 0.5Ly or (0.5+n) - Ly guiding stripe widths. The concept
behind this approach is that by properly tuning the brush functionalization, when using
wide guiding stripes, more than one standing perpendicular lamellae is located on top of

guiding stripes, thus avoiding lying lamellae.

To experimentally demonstrate the effect of the brush functionalization on the BCP
alignment, guiding patterns with the same dimensions have been exposed to two different
oxygen plasma conditions (referred to soft and strong), depicted previously in Table 3.4,
and using the same BCP material. As shown in Figure 3.9.a, when soft oxygen plasma
conditions are used slightly PMMA affine regions can be obtained, favoring standing
perpendicular lamellae. In that situation, 3.5Lo wide guiding stripes were exposed and thus,
four PMMA and three PS stripes are on top of them. On the other hand, the non-exposed
regions (1.5Lg) which are slightly affine to PS, have three PS and two PMMA stripes.
When stronger conditions are used, lying lamellae is promoted due to the strong surface
affinity for PMMA, as shown in Figure 3.9.b. Based on these DSA results, it can be
concluded that by properly tuning the oxygen plasma conditions, the BCP wetting
behavior can be accurately controlled, enabling the possibility of achieving and controlling

different alignment morphologies.

(aG (bQ

L =L/2 L =(+1/2)"L,
Figure 3.8. DSA by chemical epitaxy schemes showing the concept of density multiplication. Ls
denotes the width of the chemical guiding stripes, and Ly represents the separation between guiding
stripes (background). The density multiplication factor is defined as the ratio between the period of
the guiding pattern and that of the BCP
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Figure 3.9. PS--PMMA (L; = 28 nm) DSA when using (a) soft and (b) strong plasma conditions.
Red and green colors refer to soft and strong functionalization, respectively, while blue color depicts
background regions
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PS-0-PMMA 38 and 22 nm pitch directed self-assembly

To demonstrate that the process is scalable to other BCP polymer chain lengths, two
additional BCPs with 38 nm and 22 nm pitch have been used with a guiding and
background stripe widths of 0.5L, and 1.5Lo, respectively (material specifications and

processing conditions are depicted in Table 3.1, Table 3.2 and Table 3.3, respectively).

As shown in the SEM images from Figure 3.10, the BCP has been aligned by following the
chemical pre-pattern, although different processing conditions have had to be used for each
BCP. This is attributed to the fact that depending on the BCP molecular weight the
interactions taking place between the domains and the surface are different. This effect will

be later on studied by the experimental characterization of surface free energies.

Moreover, the DSA method has been also tried for guiding patterns with wider guiding
stripes, but it has not been successful for the case of 38 nm pitch PS-6-PMMA, as it has
been for the case of 22 nm pitch demonstrated in Figure 3.11. In this later situation,
guiding stripe widths of 1.5Ly have kept constant while the guiding pattern pitch has been
varied up to density multiplication factors of 5Ly. Above 5L, pitch, fingerprint morphology
is started to be seen in between background regions because the chemical pattern is not

strong enough to drive the BCP alignment.

300 nm

L 300l i i

Figure 3.10. PS--PMMA DSA when using 0.5Lo width guiding stripes and density multiplication
factor of 2L, for BCP pitch of (a) 38 nm and (b) 22 nm

300 nm 300 nm : 300 nm

Figure 3.11. PS-6-PMMA (Lo = 22 nm) DSA for L. = 1.5Lo and density multiplication factors of
(a) 3Lo, (b) 4Lo and (c) 5Lo. Red color refers to guiding stripes width (L. = 1.5Lo)

On the other hand, it is known that BCP morphology depends on the BCP film thickness.
In order to find out the optimal film thickness which provides the best DSA results, a range
of different thicknesses has been studied for each BCP. As an example of it, Figure 3.12
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shows SEM images of PS--PMMA (Ly = 38 nm) on top of the same chemical guiding
pattern (Ls = 0.5Lg and L, = 1.5Lg) by using different values of film thickness. It is clearly
observed that the morphology and phase separation behavior strongly depends on the BCP
film thickness. For this BCP, the best result is obtained when the film thickness is 0.9L.

l B4 (O i . . . 4K 1 X
LUREREELEED b DRRNERRGIH il el T s srsni bk
Figure 3.12. PS-6-PMMA (Lo = 38 nm) DSA for L, = 1.5L¢ and density multiplication factor of
2L, with film thickness values of (a) 0.8Lo, (b) 0.9Lo, (¢) 0.96Lo and (d) 1.1 Le

In short, it has been demonstrated that the DSA of PS-6-PMMA by chemical epitaxy with
oxygen plasma functionalization has been successfully implemented with different BCP
chain lengths and high density multiplication factors, although the largest pitch BCP has
not been possible to align by using wide guiding stripes patterns and high density
multiplication factors. This may be attributed to the high interaction that exists between

the stripes and the domains of the BCP.

In order to understand how the BCP behaves at the bottom of the guiding pattern and
thus check which interactions are taking place between the blocks and the chemical
pattern, a cross-section SEM image, after selectively removing the PMMA domains by an

oxygen plasma has been taken.

From Figure 3.13 it can be gathered that PS domains slightly wet the PS-OH brush layer
in non-modified regions (brown stripes). That means that the interaction between the brush
and the PS domains is too strong to ensure the perpendicular BCP morphology from the
top to the bottom, promoting a PS wetting layer at the bottom of the guiding pattern.
Therefore, it is difficult to direct self-assemble the BCP through the entire guiding pattern

with higher density multiplication factors.

On the other hand, to avoid this wetting behavior on background regions different random
copolymer brush layers (PS-~PMMA) with PS contents between 0.6 and 1 have been tried
for different processing conditions. Nevertheless, there has not found an optimal alignment

condition for any of the brush layers used.
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4

Figure 3.13. SEM cross-section of PS-6-PMMA (Lo = 38 nm) DSA for L. = 0.5L¢ and density
multiplication factor of 2L

3.3. Characterization of the surface free energy of chemical

guiding patterns

As discussed in previous chapters, the self-assembly of BCPs oddly leads to perfect
structures without defects. Sometimes the system is kinetically trapped into a metastable
morphology.!? Therefore, computer simulations are used to optimize the self-assembly
process on the guiding patterns by using SCFT or Ginzburg-Landau theory (TDGL) of the

Ohta-Kawasaki model.?

In chemical epitaxy DSA, the achievement of the proper BCP alignment with high density
multiplication factors depends on the chemical pattern dimensions and on the interface
energies between the guiding features and the BCP domains. By controlling the interactions
between the substrate and the BCP domains together with an accurate guiding pattern

design, large aligned BCP areas have been experimentally demonstrated.!"*

3.3.1. Experimental method to determine the interface interactions

for modeling the chemical epitaxy DSA process
3.3.1.1. Materials and methods

Description of the overall process to determine the surface free enerqy

The difference of surface free energy between homopolymers A and B, can be

experimentally determined by performing homopolymer blend dewetting experiments.

This novel approach, depicted in Figure 3.14, allows measuring the contact angle between
homopolymers in a polymer blend, and thus calculating the difference on the surface free
energy. First, a 50:50 A:B homopolymer blend is spin-coated on the top of a brush layer
(un-modified and chemically modified), and it is subsequently annealed under the same

conditions than those for which the BCP is optimally aligned.
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After the annealing, if the substrate is not attractive enough to both homopolymers, a set
of droplets is obtained. In most of the cases, the homopolymer blend layer dewetts, forming

a drop-in-drop structure which contains both homopolymers.

As it can be seen in more detail in the cross-section of Figure 3.14, the droplets are
generally formed by one polymer droplet surrounded by the other polymer. Then, one of
the two domains is selectively removed and the contact angle is characterized by SEM

cross-section imaging.

1. Brush spin-coating 2. A/B blend sping-coating 3. A/B dewetting 4. A/B contact angle characterization

@ s Fsush @FABblend @A @B

Figure 3.14. Overall fabrication process to determines the contact angle between homopolymers

The contact angle between homopolymer determines the surface affinity for both BCP
domains. If ®,.3<90°, then the surface is more affine to B and if ®4.3=90°, then the surface

presents equal affinity for both homopolymers.

Polymer brush_and processing conditions

In order to find out the interactions taking place at the surface in the different chemical
epitaxy processes described in section 3.2, PS/PMMA contact angle experiments are carried
out. Different brush layer materials and BCP, and surface processing conditions (non-
modified and chemically modified surfaces by using soft and strong oxygen plasma

conditions) have been used.

The systems chosen to characterize the surface free energies have been those in which the
different BCPs have shown an optimal DSA behavior (Table 3.5). The optimal DSA
conditions have been selected according with the experimental results shown in the previous

section.

The performed experiments are detailed in Table 3.6. These experiments have been selected
in accordance to brush material/annealing and BCP. Then for each optimized DSA system
(pair of brush/annealing and BCP), modified and un-modified surfaces have been
characterized (three first rows of Table 3.6). Additionally, to compare the DSA results, two
further systems in which none of BCPs has shown DSA, have been analyzed (two last rows
of Table 3.6).
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Table 3.5. Optimal DSA processing conditions obtained for PS-6-PMMA of 38, 28 and 22 nm pitch

Brush layer 4+

Block copolymer . BCP annealing SEM image
annealing - -
PS-b-PMMA -
PS OH . 230°C, 10 min in N

Lo = 38 nm 260°C, 5 min in Ns
PS-b-PMMA PS-OH 200°C, 20 min in
Lo = 28 nm 260°C, 5 min in N hot-plate
PS-b-PMMA -7

PSrox-r-PMMA 930°C, 10 min in N»
Lo = 22 nm 230°C, 5 min in No

300 nm

Table 3.6. PS/PMMA contact angle experiments performed, describing the processing conditions
(brush layer and BCP processing)

. . : BCP DSA
ea g 3 €3 g ONna O
A PS-OH 200°C, 20 min PS-6-PMMA
260°C, 5 min in N2 in hot-plate - Non-modified 28 nm
B PS-OH PS-0-PMMA
260°C, 5 min in N2 - Modified with soft O, 38 nm
PSnu-r-PMMA conditions PS--PMMA
C o .
230°C, 5 min in N2 | 230°C, 10 min 22 nm
D PSGU%-T—PMMA in Nz
230°C, 5 min in N2 - Modified with strong O, .
Not achieved
E PSsoy-r-PMMA conditions
230°C, 5 min in N2

3.3.1.2. Experimental determination of surface free energy

After PS/PMMA spin-coating and annealing, PMMA domains are selectively removed by
oxygen plasma in order to characterize the samples by SEM cross-section imaging. Figure
3.15 shows a schematic representation of the drop-in-drop structure that the homopolymer
blend takes after the annealing in both un-modified and modified surfaces. Figure 3.15.a
represents a surface slightly more attractive to A domains (red), whereas Figure 3.15.b
strongly to B (blue). The wetting behavior is not strong in Figure 3.15.a, and therefore
there is no polymer wetting layer, as there is in Figure 3.15.b where the surface is strongly
B affine.
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Figure 3.15. Schematics of the drop-in-drop structure of A/B blend after annealing on top of (a)
un-modified and (b) modified surface

SEM images of PS/PMMA polymer blend droplets on top of un-modified and modified
(soft) PS-OH brush layers after removing PMMA domains are shown in Figure 3.16 (SEM
images correspond to the PS/PMMA experiment depicted in the first row of Table 3.6).
From Figure 3.16.a it can be observed that the measured contact angle between PS and
PMMA is 60.6° indicating a more PS affine surface. On the contrary, when the surface is
functionalized by oxygen plasma exposure, the chemical affinity becomes more PMMA

attractive, as revealed by the contact angle value of 140.5°.

100 nm

: .' » AN ‘ ; ¢ 100 nmy

Figure 3.16. SEM images of PS/PMMA polymer blend droplets on the top of (a) un-modified and
(b) modified PS-OH brush layers taken after removing PMMA domains

The behavior of the polymer blend not only depends on the substrate functionalization
(depicted in Figure 3.15), but also on the brush chemistry. Figure 3.17 shows SEM images
of PS/PMMA homopolymer blend on top of different brush layer materials which present
different PS content. It can be observed, that the higher the content of PMMA in the
brush, the higher the value of the contact angle due to the increase of PMMA affinity.
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Figure 3.17. SEM images of PS/PMMA polymer blend droplets on the top of different brush
layers (a) PSsou-r-PMMA (& = 37.9°), (b) PSww--PMMA (& = 42.1°) and (a) PSe--PMMA (® =
61.9°)

From the contact angle between homopolymers, the difference on the surface free

energy is determined by the Young’s Equation:
Ys = YsL + YL - cos 0, (3.1)

where ys and yr, represent the surface free energy of the surface and the liquid, respectively,
yst is the surface tension between the surface and the liquid, and @ is the contact angle

between the liquid and the surface.
For homopolymer blends, equation (3.1) becomes:
YA-Surface = YB-Surface = YA-B + YL * COS aAB, (32)

where Ya-surface a0d YB-surface are the interface tensions between homopolymers, and yag is the
surface free-energy between A and B which depends on the annealing temperature and can
be obtained from the literature. The interfacial tension between PS and PMMA as a

function of the annealing temperature reported in the literature is (3.3).%
YPS/PMMA [IIIN/HI] = 3.6 - 0.013T [OC], (33)

For each system described in Table 3.6 and by using equations (3.2) and (3.3), the
difference on the surface free energy is calculated. Table 3.7 and Table 3.8 show the values

of the experimental interface energies obtained from the contact angle measurements.

Table 3.7. Values of experimental interface energies obtained from contact angle measurements and
the corresponding alignment results achieved after the optimal DSA process (A, B, C)
A (PS-OHa) B (PS-OHB) C (PSr%-r-PMMA)

System Un- Soft Oz | Strong O: Un- Soft Oz | Strong O: Un- Soft Oz | Strong O
modified | plasma plasma modified | plasma plasma modified | plasma plasma
P 60.6° 140.5° 156.6° 55° 128° 147.1° 77.7° 145° 155.8°
cos ¢ 0.49 -0.77 -0.91 0.57 -0.62 -0.84 0.21 -0.82 -0.91
Yps/puma 1 mN/m 0.61 mN/m
Yommaogrusn | 049 0.77 -0.92 0.35 -0.38 -0.51 0.13 -0.50 -0.56
— ¥Yps-Brush mN/m | mN/m mN/m mN/m | mN/m mN/m mN/m | mN/m mN/m
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Table 3.8. Values of experimental interface energies obtained from contact angle measurements of
two polymer brush (D, E)

D (PSeo%-r-PMMA) E (PSsoy-r-PMMA)
System Un- Soft O: Strong Oz Un- Soft Oz | Strong O
modified plasma plasma modified | plasma plasma
[ 107.7° 154.5° 159.7° 64.9° 141.6° 155.3°
cos & -0.30 -0.90 -0.94 0.42 -0.78 -0.91
Yps/pMma 0.61 mN/m
Yomma—prush | -0-19 -0.55 0.57 0.26 -0.48 -0.55
— Yps-Brush mN/m mN/m mN/m mN/m mN/m mN/m

From the values of Table 3.7 it can be observed that for the systems A, B and C, the
surface is PS affine in the background regions, and this affinity is higher as the PS content
of the brush is larger. On the other hand, after the functionalization, the guiding stripes
become more PMMA affine. It can be observed that this interaction is higher when the

oxygen conditions are stronger.

Comparing the oxygen plasma treatments, the different value of ypuna-Brush - Yps-Brush €xplains
the different morphologies that the BCP takes depending on the chemical guiding pattern
strength (experimental results from Figure 3.9, which correspond to system A depicted in
Table 3.7). When the guiding stripes are created by soft oxygen plasma, they are slightly
affine to PMMA domains ypyna-Brush - Yps-Brush = -0.77 mN/m), promoting not a strong but a
slight interaction with the guiding pattern, and forming perpendicular lamellae. In turn,
when using strong oxygen plasma, the guiding stripes become strongly affine to PMMA
YPMMA-Brush - YpsBrush = -0.92 mN/m), favoring laying lamellae. On the other hand, as
discussed before, background stripes present slightly affinity to PS domains ypyvmva-Brush - Yrs-
Brush = 0.49 mN/m). Moreover, by comparing B to E systems (different brush, and same
BCP processing conditions), it can be observed that the higher the content on PS in the

brush the higher is the difference on the surface free energies.

From the characterization of the surface free energies, it can be first concluded that the
surfaces becomes more PMMA attractive after the functionalization of the brush, but the
chemical interaction that takes place strongly depends on the processing conditions used.
Therefore, by properly tuning these chemical modifications on the substrate, an optimal set
of interface energies which provides a DSA with very low defectively can be found. It has
been demonstrated that for each BCP, an optimal set of interface energies is determined by
the brush layer material, its corresponding processing conditions, and by the block

copolymer annealing.

On the other hand, it is also important to remark that in order to have a good alignment
by chemical epitaxy, background areas need to be slightly affine to the contrary domain the
guiding regions are. This is demonstrated when using PSeu--PMMA brush (depicted by
system D in Table 3.8), in which the DSA is lost since both regions (modified and un-
modified) are PMMA attractive.
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Figure 3.18 shows a graph illustrating the difference of surface free energy (yruvma-Brush - Yps-
Brush) ON background (pink) and guiding (blue and green) regions, as a function of the brush
PMMA content. When the same BCP processing conditions are used (systems B to E), it is
observed that the higher the PMMA content on the brush layer, the lower is the difference
on the YpvmMA-Brush - YPs-Brush, Detween soft and strong functionalization. This occurs because
the higher the PMMA content on the brush, the less PS molecules, the oxygen has to react
with. On the other hand, for this situation, it can also be drawn that the lower the PMMA
content, the higher is the difference between modified and un-modified regions, being this

situation more suitable for the highest molecular weight BCP (system B).

On the other hand, it is seen that the final DSA behavior strongly depends on the BCP
annealing. It is reflected in systems A and B, in which the same brush conditions but
different BCP conditions are used. This happens because the interfacial energy between PS
and PMMA depends on the BCP annealing (equation (3.3)), and it is higher when the BCP
annealing temperature decreases. This increase in the interfacial energy between PS and
PMMA, makes the system to have a larger difference between guiding and background

surface free energies.
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Figure 3.18. Representation of the difference free energy (YpMMA-Brush - YPS-Brush) Ol background
(pink) and guiding (blue and green) regions, as a function of the brush PMMA content. SEM
images correspond to the optimal DSA results obtained for each BCP pitch (systems A, B and C)

To demonstrate that a specific BCP system requires a particular set of interface energies,
each BCP has been processed by using the optimal alignment conditions of the other two
BCPs. Figure 3.19, shows SEM images of each BCP (38 nm, 28 nm and 22 nm pitch)
aligned by using the processing conditions A, B and C. It can be observed from the results,
that each BCP only gets an optimal DSA under specific processing conditions, and it

becomes disordered when either the brush or the BCP annealing conditions are changed.
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Figure 3.19. Comparison of the BCP DSA results obtained for the three optimal set of interface
energies found (A, B and C). Ayss and Ayas, denote the difference of surface free energy on
background and guiding stripes, respectively

3.3.2. Role of the surface interactions by field-theoretic simulations

and self-consistent field theory on chemical epitaxy DSA process

The chemoepitaxy process has been modeled by using a soft coarse grained model, as
described previously in section 2.3. Single-Chain-in-Mean-Field (SCFM) simulations of the
soft, coarse-grained model have been carried out to study the BCP structure formation on
chemical patterned substrates. Additionally, self-consistent calculations have been used to
compute the free-energy and the thermodynamic forces that drive the structure formation.
This work has been performed in collaboration with Marcus Miiller group (Computational

Soft Condensed Matter) at the Georg-August-Universitdt of Gottingen.

The achievement of high density multiplication factors on DSA chemical epitaxy processes,
requires considering multiple parameters. The most relevant ones are of dimensional nature,
material and process related, all of them depicted in Table 3.9. While most of these
parameters are known either because they are unequivocally experimentally determined,
from the literature or from modelling/simulation, the surface free-energies are sensitively
dependent on the experimental conditions, and the accurate quantitative estimation of their
values has almost not been addressed up to now. Furthermore, it has been reported that
the main driving force of the chemical epitaxy process is the difference on the surface-free

energy of BCP domains with the confining boundaries, and therefore it is very important to
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determine them. In order to run simulations and model the chemical epitaxy DSA process,
surface free energy experimental data reported in the previous section, has been introduced
into the DSA model.

Table 3.9. Description of the pattern dimensions and invariant parameters of the coarse-grained

model
Ls Width of guiding stripe
Ly Width of background stripe
Lo Bulk lamellae period
d BCP film thickness

Material parameters

N Flory Huggins parameter - degree of polymerization
Reo Mean square end-to-end BCP chains distance
kN Inverse isothermal compressibility of the liquids - degree of polymerization
D Self-diffusion coefficient
Ysa, YsB Surface free-energies of the segments species with the confining boundaries

The molecular connectivity of the chain molecules is described by discretized Edwards
Hamiltonian, and the non-bonded interactions are modeled by a local free-energy function
that depends on the local density of A and B beads. The confining surfaces at the top and
bottom of the film are represented by impenetrable walls where the top wall is neutral and
the bottom wall has a chemical stripe pattern that symmetrically attracts one segment
species and repels the other. An incompressible melt of symmetric AB diblock copolymers
confined between a neutral surface and a bottom surface with a chemical guiding pattern is

studied in the simulations.

In the soft, coarse-grained model, the strength of the affinity for wetting is characterized by
the parameter AN. Assuming a trivial density profile at the confining surface, Young’s
equation yields the following prediction in SSL:

Sy frmog_amnyT o
cos(@ap) = = |22 (1 - ) AN = c- AN, (3.4)

Y.

By this way, the interactions between the blocks and the surface are determined by two
parameters, AN and ApN, quantifying the preference of the guiding and background
stripes, respectively. By knowing these values, it can be easily determined which will be the
BCP domains behavior with respect to the modified and un-modified regions. To validate
the linear relation between the cosine of the contact angle and the surface preference, and
thus accurately determine the constant of proportionality, ¢, as a function of
incompatibility and chain length, simulations have been performed. Then, the relation
between the contact angle and the strength of the surface affinity for a symmetric

homopolymer blend can be mapped.
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The simulated system is defined by the parameters depicted in Table 3.10 with linear
assignment between particle positions and grid points, hard walls on top and bottom, and
antisymmetric surface fields of strength AN, i.e. AsN = - ApN. The antisymmetric set-up
gives rise to a nearly straight AB interface that runs from the bottom to the top surface.
The minimization of interface curvature allows to accurately measuring the contact angle
between the AB interface and the surface. In contrast to a macroscopic droplet set-up, the

line tension does not influence the contact angle and the AB interface is not curved.

Table 3.10. Simulation system parameters

Parameter Value

N 32
N 16, 20 and 30
3
JN = % 90 and 128
v 2.56x10x2 R3,

Figure 3.20 presents the cos (¢ap) as a function of the strength of the surface interaction
AN, as obtained from the simulation data compared with the analytical prediction (dashed
lines). Simple linear fits (solid lines) yield cos (¢ap) = ¢ AN with ¢ = 1.58 (green), 1.4
(red) and 1.15 (black). Deviations from the analytical prediction arise from discretization
effects of the chain contour and space, and from the fact that the analytical formula is
obtained in the SSL. Figure 3.21 shows an example of the simulation results for obtaining

the relation between the contact angle and surface strength.
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cos (¢)
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AN
Figure 3.20. Relationship between contact angle and surface strength from the analytical
prediction (dashed lines) and from simulations. Green, red and black colors represent the values of
N 16 (¢ = 1.58), 20 (¢ = 1.4) and 30 (¢ = 1.15), respectively.

AN =0 AN =0.2 AN=0.4 AN =0.6 AN=0.8

Figure 3.21. Examples of simulation of symmetric homopolymer blends for two values of yN as a

function of the surface strength.
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The comparison of the experimental DSA process and simulations has been performed for
PS-0-PMMA 22 nm when using wide guiding stripes (Ls=1.5L; and L,=1.5L,) and soft
oxygen plasma conditions. The experimental DSA result is shown in Figure 3.22, and the

values of difference in surface free energy used are summarized in system C of Table 3.7.

500nm

Figure 3.22. PS-b-PMMA (Lo = 22 nm) DSA for L. and L, = 1.5Lo. Red and blue stripes denote

guiding and background stripes, respectively

To carry out the simulations, it has to be established a process window where the guiding
pattern is strong enough to direct the structure but weak enough to not result in parallel
lamellae. However, first simulation results showed that by using the experimental strength
values, the guiding pattern was too strong and it gave rise to lying lamellae. This was
attributed to the fact that the brush layer is not only characterized by the contact angle,
but also for its responsiveness. That is, that there is an interdigitation between the brush

and BCP before the structure formation.

Figure 3.23 shows a graph representing the relation between the contact angle and the
brush composition (%PMMA) for different brush grafting densities. Black, blue and red
color lines represent a high (h=0.7R.,), intermediate (h=0.5R.,) and low (h=0.35R.)
grafting density, whereas the dashed and solid blue lines limit the process window with the
contact angle values of guiding and background regions, respectively. The simulations have
been carried out for a system with Ly=1.67R.,, yN=17 and D=%L,. From the graph, it can

be observed that intermediate grafting density is closer to experimental results.
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Figure 3.23. Relation between contact angle and brush composition for different brush grafting
densities (black, blue and red colors refer to high, intermediate and low grafting density,
respectively, and dashed and solid blue lines represent the cos (¢as) of background and guiding
stripes)
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Figure 3.24 show the SCMF simulation results as a function of the brush grafting density.
As discussed previously, standing lamellae are favored when the brush thickness is

decreased.

(a)

Figure 3.24. SCMF simulation results for a thin BCP film and using (a) high, (b) intermediate
and (c) low grafting density

In conclusion, a model has been introduced which validates the DSA chemical epitaxy
process when wide guiding stripes are used. Experimental values of surface free energies,
determined by using a novel approach, are introduced on the DSA model to run the
simulations. From the results obtained, it has been observed that the role of the interfacial
free energy is not only the key parameter for the simulation, but also the brush

T esponsiveness .

3.4. Manufacturability of chemical epitaxy by substrate

functionalization

As a further step towards, the industrialization chemical epitaxy process developed at IMB-
CNM (CSIC) for PS-b-PMMA systems has been transferred to CEA-Leti (Grenoble,

France).

CEA-Leti is a Laboratory for Electronics and Information Technology which is operated by
the Direction de la Recherce Technologique at CEA. It mainly aims at helping companies
to increase their competiveness through technological innovation and transfer of its
technical know-how to industry. CEA-Leti benefits from 8000 m? cleanrooms in which are
working not only people employed by CEA but also co-workers from different industrial
companies within the framework of bilateral collaborations. These straight collaborations
with industry partners together with the extensive experience on the DSA lithography,
makes CEA-Leti a suitable place to study the implementation and manufacturability of the
chemical epitaxy process developed at IMB-CNM to a CMOS compatible 300 mm process

line.
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3.4.1. Materials and methods

3.4.1.1. Description of the chemical epitaxry process

The overall chemical epitaxy process described in Figure 3.2 has been transferred to CEA-
Leti’s pilot line with slight modifications in order to make the process CMOS compatible.
Figure 3.25 shows the overall process implemented at Leti’s Pilot line in a SOKUDO DUO
lithography track. It consists of 6 steps and except from the EBL and functionalization
steps, all the rest have been performed in the same lithography track (SIARC-SOC layers
spin-coating, brush grafting, resist development and stripping, and BCP spin-coating and

annealing).

It can be noted that the main differences between this process and the one implemented at
IMB-CNM, are the use of CMOS compatible materials, CMOS compatible e-beam positive
resist and standard stack for lithography (SiARC-30 nm/SOC-95 nm).

3. Development
and O, functionalization

1. Brush spin-coating 2. E-beam lithography 4. Resist stripping 5. BCP spin-coating

@ si @ Brush P PMMAresist P Modified brush @ Ps @ PMMA
Figure 3.25. Schematic of the chemical epitaxy process based on using EBL and oxygen plasma

functionalization implemented at Leti’s pilot line

3.4.1.2. Brush and block copolymer materials

To study the DSA process and make it to be as similar as possible to the already
implemented at IMB-CNM, the same brush and BCP materials have been used (Table 3.1
and Table 3.2). Nevertheless, the PS-OH brush layer was not available at CEA-Leti, and
therefore another hPS (homopolymer polystyrene) brush with different specifications had to
be used (molecular weight of 12 kg/mol and PDI of 1.2). As a consequence of having higher
molecular weight, the film thickness after removing the non-grafted material results in 5.6

nm.

Regarding BCP materials, PS-0-PMMA of 38 nm and 22 nm pitch BCPs with the same
specifications as the ones at IMB-CNM (Table 3.2) have been used. Since PS-0-PMMA of
28 nm pitch was not available, there has been used a BCP blend (40:60) of 38 nm and 22
nm pitch BCPs.

On the other hand, because the different processing steps involve the use of different
solvents, equipment and processing conditions, all the surface free energies have been

characterized for different brush layer materials to accurately transfer the DSA process.
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3.4.1.3.Substrate preparation and creation of the chemical guiding patterns

The starting substrates are 300 mm silicon wafers ({100}, p-type). Previously to the
grafting process, 30 nm silicon-containing antireflection coating (SiIARC) and 95 nm spin-on
carbon (SOC) layers are spin-coated onto the silicon. The coatings are from JSRmicro

under the trademark of ISX and HM series, respectively.

The use of these layers has been widely used for advanced semiconductor manufacturing
since the 45 nm node.? SIARC and SOC layers work as bottom anti-reflection layers for
the photoresist during exposure and the combination of both of them offers a higher
reflection control and etch selectivity.® The total reflectivity at the interface must be
controlled to be as small as possible in order to have a good critical dimension (CD)
control. On the other hand, the thickness of the layers is determined depending on the
desired optical and etch requirements. Regarding the etching, fluorine plasma is used to
transfer the resist pattern into the SIARC, and then transferred to SOC by oxygen plasma
etching.

After the preparation of the substrates, a 2% PGMEA solution of brush is spin-coated at
1500 rpm, annealed at 230°C for 10 min and rinsed away by PGMEA in the same step-
process in the track. After rinsing the brush with PGMEA, 50 nm of a compatible CMOS
resist (EP555), is deposited on the top of SiArc/SOC substrates and annealed at 130°C. It
is important to highlight, that this is a chemically amplified resist (CAR) which enhances
the efficiency of e-beam exposure, and thus reduce the effective dose. Then the guiding
patterns are defined by using a Vistec SB3054DW EBL tool with an energy of 5 keV and e-
beam dose of 156 uC/cm?. After the e-beam exposure, a resist post-bake is performed at
110°C. The guiding patterns have been designed in order to study different multiplication
factors and by using wide guiding stripes for the different BCP dimensions. Figure 3.26
shows a schematic representation of the designed guiding patterns, consisting of arrays of
thirty lines by varying the L and L, from 20 to 125 nm with steps of 5 nm, in column and

row, respectively.
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Figure 3.26. Schematic representation of the guiding patterns by varying Ls and Ly
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3.4.1.4. Functionalization of the surface and PS-b-PMMA spin-coating

The functionalization conditions used at IMB-CNM have not been possible to implement,
because the 300 mm RIE tool available at Leti does not allow the use of very low oxygen
flows. Therefore, two of the lowest conditions available for the 300 mm tool have been
studied in an inductive (ICP) LAM VERSYS tool (Table 3.11).

Table 3.11. Oxygen plasma conditions for brush functionalization used at CEA-Leti

Conditions A Conditions B

[O2] (sccm) 100 50
Power Source (W) 200 200
Time (s) 5 5
Pressure (Pa) 1.33 1.33
Temperature (°C) 20 20

To determine the interactions of the chemical guiding pattern, a surface characterization
has been performed on different modified and non-modified brush materials by analyzing
their surface free energy. This characterization has been experimentally carried out by
contact angle measurements with the sessile drop method. The Young’s equation (3.1)

describes the balance of the three phase contact of a solid-liquid and gas as:

The surface tension of the liquid and the solid, ys and y1, can be easily measured, but the
value of ys; cannot be measured directly and there has to make more assumptions of the
relationship between y., 75 and ys;. Figure 3.27 shows a schematic representation of the

liquid and solid surface tensions and the solid-liquid boundary tension.

T

Figure 3.27. Schematic of a droplet showing the three phase contact if a solid, liquid and gas

In order to determine the surface free energy from the contact angle, there are multiple
models developed by various researchers. The Owens, Wendt, Rabel and Kaelble theory
(OWRK) shows a standard method for calculating the surface free energy of a solid from
the contact angle with several liquids.?'*? This theory assumes that surface free energy is a
sum of independent components, associated with the different interactions (dispersion and

polar) that take place:

Yo = Vs +v.— 2P - vP) =2/ - v, (3.5)

where y.”, 757, 7" and y" are the dispersive and polar components of the surface tensions

of the liquid and solid, respectively.
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The result equation of combining equation (3.1) and (3.5) is:

yu-(cos6+1) _ \/)/_,f’ .E + VSD, (3.6)
Because ys” and ys” are unknown, at least two liquids with known disperse and polar parts
of the surface tension are required to determine the surface free energy of the solid wherein
at least one of the liquids must have a polar part higher than 0. Normally, water, glycerol
and formamide can be used as polar liquids and diiodomethane and o-bromonapthalene as
dispersive. Table 3.12 shows the surface tension values for the three experimental liquids

used.

Table 3.12. Surface tension values for water, diilodomethane and ethylene glycol***

¥? [mN /m] y? [mN/m)] Y, [mN/m]

Water (H-0) 22.1 50.7 72.8
Diiodomethane (CH-I>) 49.0 1.8 50.8
Ethylene glycol (C:Hy;0:) 23.6 5.0 28.6

The surface free energy of the two modified and un-modified brush layer materials (hPS
and PSrou-~PMMA) has been determined by the sessile drop method using the liquids
described above. The values are depicted in Table 3.13. It can be observed that after
oxygen plasma functionalization the substrate becomes more attractive to PMMA domains
since the polar component of the free energy is larger. Moreover, for the strongest oxygen
plasma conditions, it has not been possible to measure the value for the hPS brush
probably because the film thickness was thinner (5.6 nm) than for PSzy--PMMA (8.6 nm)

and almost all brush was removed after the functionalization step.

On the other hand, the substrate was again characterized after the resist stripping with
PGMEA in order to see if it induced some hydrophobicity to the surface. Nevertheless, the
values of surface free energy in Table 3.14 show that there is almost no change on the

surface after rinsing.

Table 3.13. Surface free energy of modified and non-modified hPS and PS-~~-PMMA brush layers.

Non-modified 38.5£0.22 1.3£0.05 39.8+£0.27
hPS Modified (Conditions A) 31.3+0.14 20.440.12 51.74+0.26
Modified (Conditions B) - - -
Non-modified 35.6£0.27 5.240.1 40.7+0.37
PS-~PMMA — —
(70% PS) Modified (Conditions A) 34.54+0.27 14.6+0.14 49.1+0.41
° Modified (Conditions B) 28.940.53 42.6+0.55 71.5+1.09
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Table 3.14. Surface free energy of modified hPS and PS-~-PMMA brush layers after PGMEA
rinsing
)

D dale
hPS Modified (Conditions A) 30.2£0.12 20.1£0.11 50.3£0.23
Modified (Conditions B) - - -
PS-r-PMMA Modified (Conditions A) 33.3£0.14 17.4+0.11 50.7£0.24
(70% PS) Modified (Conditions B) | 28.84+0.07 40.60.15 69.3+0.21

The chemistry of the surface has been analyzed with X-Ray Photoelectron Spectroscopy
(XPS) on both modified and un-modified surfaces to demonstrate the chemical affinity
change on the polymer after the functionalization step. As shown in Figure 3.28.b, after
oxygen plasma functionalization there is an increase in intensity towards higher binding
energies in the ca. 286-291 eV region, which corresponds to contributions from different
carbon-oxygen configurations, characteristic from the brush oxidation (blue, green and pink

features corresponding to hydroxyl, carbonyl and carboxyl contributions, respectively).

(&) (b)

XPS intensity (a.u.)
XPS intensity (a.u.)

204 25‘)2 ’26(} 25‘&8 Zéﬁ 2% 1 28!2 280 2!; 1 25‘72 ’250 ??‘38 2516 Qé 1 28!2

Binding encrgy (¢V) Binding energy (V)
Figure 3.28. XPS spectra corresponding to Cls region of (a) hPS and (b) modified hPS using
conditions A, by using a PHOIBOS150 analyser and monochromatic 1486.6 eV photons

On the other hand, the surface has been also characterized by studying the BCP behavior
on top of un-modified and modified brush layers. It is known that the neutral brush layer
for lamellar PS-6-PMMA is PSgy-~-PMMA, denoting that it takes the fingerprint
morphology on free-free-surfacesurface. Therefore, when using PSry-~PMMA the surface is
affine to PS, and when it is modified, it changes its affinity to neutral or more PMMA

affine due to the oxidation of the substrate.

To carry out the experiment, PS-b-PMMA 22 nm pitch BCP is spin-coated on the top of
PSr%-~PMMA brush from a 1.5% PGMEA solution and spin-coated at 1500 rpm. Then it
is annealed at 230°C for 5 min. Figure 3.29 shows the BCP morphology on top of modified
and non-modified PSry-r~-PMMA. From Figure 3.29.a it is observed that, as previously
predicted by the surface free energy characterization, before the treatment the surface is
slightly affine to PS and it changes its affinity to strongly attract PMMA when it is
oxidized by the oxygen treatment (Figure 3.29.b and c). Despite having modified the
affinity of the surface by chemically oxidizing it, in order to guide the BCP by using wide
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guiding stripes, softer oxygen plasma conditions which creates a surface not strong but
slight affine to PMMA are needed.

200 nm 200 nm

Figure 3.29. PS-0-PMMA (Lo = 22 nm) self-assembly on PSwy-m-PMMA un-modified (a) and
modified with conditions A and B (b and c, respectively)

3.4.2. Directed self-assembly by chemical epitaxy of PS-b-PMMA

results

Nevertheless, the DSA process was anyway tested with “conditions A” depicted in Table
3.11 since these were the softest conditions available. As Figure 3.30 shows, the DSA
process did not work because the resist is somehow modified during the functionalization
process and conventional strippers are not efficient enough to remove the whole resist.
Therefore, in the SEM images it is observed that BCP is blended with the rests of e-beam
resist not allowing thus, the precise BCP DSA.

200 nm

Figure 3.30. PS-0-PMMA (Lo = 22 nm) DSA on hPS chemical guiding patterns created when
using oxygen plasma conditions A.

In order to demonstrate that the process is easily implementable at larger scales and that
the problem is coming from the oxygen plasma equipment availability, the functionalization
process has been performed at IMB-CNM in small samples from guiding patterns created at
300 mm. Thus, samples which had been previously patterned in a 300 mm e-beam tool

have been functionalized at IMB-CNM by using the soft conditions depicted in Table 3.4.

The BCPs (38 nm, 28 nm and 22 nm pitch) and processing conditions have been the same
as the ones used at CEA-Leti. Figure 3.31 shows the DSA results of the three BCPs aligned
with CEA-Leti’s guiding patterns (Ls = 1.5Ly and L, = 0.5Lg). That proves, therefore, that
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the process can be easily scaled to 300 mm almost without defects, although an accurate
oxygen plasma condition has to be found. Moreover, as Figure 3.32 demonstrates, high
density multiplication factors when using chemical epitaxy can be obtained (in all cases L
is constant to 1.5Lo, and Ly, is varied). The DSA results shown are for BCP length chains of
38 nm and 28 nm and density multiplication factors, up to 5Lo. As compared to the results
obtained at IMB-CNM for PS-6-PMMA of 38 nm pitch, there have been obtained high
density multiplication factors when using wide stripes. This is attributed to the different
specifications of the brush layer used (hPS) which had a higher molecular weight, and a
thus a thicker film.

500nm { i 500nm 500nm

B f [ s

Figure 3.31. PS-b-PMMA DSA on chemical guiding patterns created at CEA-Leti and
functionalized at IMB-CNM (a) Lo = 38 nm, (b) Lo = 28 nm and (c) Lo = 22 nm

300nm 300nm 300nm 300nm

200nm 200nm 200nm 200nm

Figure 3.32. PS--PMMA DSA with density multiplication factors between 2 and 5Lo for (a-d) 38
nm and (e-h) 28 nm pitch BCP
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3.5. Development and implementation of chemical epitaxy by

UV substrate functionalization

In this section, a novel approach of creating chemical guiding patterns by means of
exposing the desired areas of the pattern to UV, is presented. It has been previously
demonstrated that there is the need to tune the surface energies, to precisely control the
orientation of the BCP morphology.?>* When creating chemical guiding patterns, there is
the need to chemically change the affinity of the guiding stripes. This can be performed by
exposing the surface to a controlled oxygen plasma exposure®, as demonstrated in the
previous section, or by using two brush layer materials with different chemical affinities.'®
However, this last approach presents the drawback of involving a large number of
processing steps. On the other hand, when using oxygen plasma to functionalize the

substrate, the process window is very tight.

Therefore, a new strategy to chemically modify the brush is presented. It consists on
exposing the polymer surface to UV light, which undergoes to a photochemical reaction. It
is known that UV photons interact with PS, leading to carbon-carbon scissions and
generating C-O bonds (C-O, C=0, COOH...) at the polymer surface.’”*

From surface characterization techniques, it has been demonstrated that the surface
reactions which take place during the UV irradiation, result in a loss of aromacity,
produced by the formation of radicals, PS cross-linking and oxidative degradation (Figure
3.33).39%40 Furthermore, it has been published that the level of oxidation during a UV

exposure is less than during an oxygen plasma.®
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Figure 3.33. Photochemical reactions of PS due to UV exposure: (a) formation of radicals,

cross-linking and (c) oxidative degradation™
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Figure 3.34 shows XPS spectra of polystyrene, plasma-treated and UV-irradiated
polystyrene from Zhang et al. work. It is observed that the main changes are due to the

oxidation of the surface, more intense when the sample is exposed to oxygen plasma.
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Figure 3.34. XPS spectra of (a) polystyrene and (b) plasma-treated polystyrene and (c¢) UV-
irradiated polystyrene, presented by Zhang et al.*

This means that, UV surface modification results in an easy a rapid approach to control the
interfacial interactions providing a wider process window, as compared with conventional
oxygen plasma treatments. Moreover, although the number of processing steps is higher
than in the direct writing approaches because there is the need to use a resist, this method
results very suitable to be implemented on a single track, thus making easier its industrial

application.

3.5.1. Chemical surface characterization of UV exposed surfaces

3.5.1.1. UV exposure by using a lamp

In order to implement this approach to create chemical guiding patterns and align BCPs,
the technique is first tried and characterized on free-surface. This work has been performed
at CEA-Leti’s pilot line by using an UV lamp of the SOKUDO DUO lithography track.
The overall process is depicted in Figure 3.35. The starting substrates are 300 mm silicon
wafers ({100}, p-type), in which 30 nm SiARC and 95 nm SOC layers have been deposited.

Then, PS7u-r-PMMA and hPS brush layers have been used to perform the UV tests on 300
mm. Their specifications are depicted in Table 3.1. The brush layers have been spin-coated
from a 2% PGMEA solution at 1500 rpm, and annealed at 230°C for 10 min. Consequently,
in the same process step, the non-grafted brush is rinsed away with PGMEA, and the

sample is exposed with a certain UV dose.

Finally, PS-0-PMMA of two molecular weights (depicted in Table 3.2), are deposited on

top of the modified brush, and annealed in the same track at 230°C for 5 min.
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1. Substrate preparation 2. UV exposure
(SIARC/SOC) + brush modification

3. BCP sspin-coating

@ si @ soc @ SARC @ Brush P UV-Brush €@PPS @PPMMA

Figure 3.35. Schematic of the PS-b-PMMA self-assembly process un UV modified brush polymers

Figure 3.36 and Figure 3.37 show SEM images of PS-6-PMMA self-assembly, on top of
different UV exposed hPS and PS--PMMA surfaces, respectively. When hPS brush is used
(Figure 3.36), it can be observed that the surface without UV exposure is, as expected, PS
affine. Nevertheless, the surface becomes neutral when it is briefly exposed to UV dose, as
fingerprint morphology SEM images reveal (from 10 to 80 mJ/cm? dose of process window).
At doses higher than 80 mJ/cm?, the brush is overexposed and it becomes more PMMA
affine. It can be also drawn, that when higher molecular weight BCPs are used, the process
window becomes narrower (at doses higher than 20 mJ/cm? the surface starts being
PMMA affine).

On the other hand, these results have been compared with PSzy-~PMMA brush. Figure
3.37 shows the self-assembly results when using PS7yy--PMMA. As the brush is PS affine,
when there is no exposure, the surface is more attractive to PS. Nevertheless, when it is
briefly UV exposed it becomes rapidly PMMA attractive, without going through a neutral
affine state. Since UV tends to react with PS inducing its cross-linking and oxidation,
making it little by little more PMMA affine, the process window when using PSroy-r-

PMMA, is narrower due to its lower PS content.

0 mJ/cm’ 10 mJ /em’ 20 mJ/cm® 80 mJ/cm’ 100 mJ/cm’

158

500 nm

500 nm 500 ni 50001, 500 nm

PS affine Neutral Neutral Neutral PMMA affine

500 nm 500 nm 500 nm 500 nm 500 nm

PS affine Neutral Neutral PMMA affine PMMA affine
Figure 3.36. PS-0-PMMA self-assembly as a function of UV dose on hPS brush
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0 mJ/cm’ 10 mJ/cm’ 20 mJ/em’ 100 mJ/cm’

500 nm 500 nm 500 nimn 500 nm 500 nmt

PS affine PMMA affine PMMA affine PMMA affine PMMA affine

500 fim

500 : 500 nm 500 nm 500 nm

PS affine PMMA affine PMMA affine PMMA affine PMMA affine
Figure 3.37. PS-b-PMMA self-assembly as a function of UV dose on PS-~PMMA brush

3.5.1.2. UV exposure by using a laser

In order to test the impact of the UV exposure on the surface interactions, another UV
source has been used. The experiments have been performed in a DUV tool, Nikon 5307E,

which operates at a wavelength of 193 nm.

Both, the starting substrates and processing conditions have been the same as the ones
described in the last experiments. Figure 3.38 and Figure 3.39 show the results of PS-b-
PMMA of 22 nm and 38 nm, respectively. As observed for both BCPs, the process window
is wider than when using the UV lamp. On the other hand, the exposure doses are a little

bit higher due to the difference on the light wavelength.

0 mJ/cm? 80 mJ/cm? 100 mJ/cm? 120 mJ/em? 140 mJ/em?

160 mJ/cm? | 180 mJ/cm? | 200 mJ/em? 220 mJ/em? | 240 mJ/cm?

260 mJ/cm? 280 mJ/cm# | | 320 mJ/em? | 360 mJ/cm?

—

Figure 3.38. PS-0-PMMA (Lo = 22 nm) self-assembly as a function of UV dose (A = 193 nm) on
hPS brush (Scale bar corresponds to 500 nm)
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| 240 mJ/cm?

Figure 3.39. PS-0-PMMA self-assembly (Lo = 38 nm) as a function of UV dose (A = 193 nm)
on hPS brush (Scale bar corresponds to 500 nm)

Furthermore, as the process window becomes wider when varying the light wavelength, the
experiments have been also tried when using PS-~-PMMA brush. Figure 3.40 shows the PS-
b-PMMA self-assembly when modifying PSzy--PMMA brush with a UV light source of
(A = 193 nm).

As observed in the images, and in agreement with the results for hPS brush, the process
window in which the surface is neutral, is wider than when modifying the surface with the
UV lamp. Moreover, as also already observed in the last experiments, when comparing both

BCPs, the process window is wider when using the lowest molecular weight material.

0 mJ/cm’ 40 mJ/em’ 60 mJ/cm’ 80 mJ/cm” 100 mJ/em’ 120 m.J/cm’

200 nm 200 nm 200 nm 200 nm

PS affine Neutral Neutral Neutral Neutral Neutral

l“l) — ‘ “N, — n!!

PS affine Neutral Neutral Neutral Neutral PMMA affine
Figure 3.40. PS-b-PMMA self-assembly as a function of UV dose (A = 193 nm) on PS-r-PMMA
brush

On the other hand, in order to study the effect of the antireflective layer on the PS
modification, there has been performed a test on a silicon substrate. This test has been
done with PS-6-PMMA of 22 nm and 38 nm on hPS brush surfaces. The obtained results
are shown in Figure 3.41, for 38 nm BCP pitch.

It is interesting to observe from the results, that the process window has been considerably
reduced, and shifted to lower doses. This effect is explained due to the absence of the
antireflective layer. It is known that a high reflective substrate like silicon, can cause light
from the exposure to bounce back into the brush. This effect is however, mitigated when
using an antireflective coating, since it absorbs part of the UV light.*! Therefore, during the

UV exposure, the energy is partially absorbed by the ARC, and then the effect on the
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brush layer is reduced. Table 3.15 summarizes the process window in terms of UV dose, for

each BCP as a function of the UV source, brush layer and substrate.

0 mJ/em’ 20 mJ/cm’ 40 mJ/em® B Zem

T Feam

166 11’1.i,’c111! 5| 180 mJ/em’ § 200 mJ/cm’ 220 mJ /em’

Figure 3.41. PS-b-PMMA self-assembly (Lo = 38 nm) as a function of UV dose (A = 193 nm) on
hPS brush when using a silicon substrate (Scale bar corresponds to 500 nm)

Table 3.15. UV dose range for neutral surface as a function of BCP, brush, substrate and UV

source
AR 0 : AR 0 z
hPS PSroy-r-PMMA hPS PSrou-r-PMMA hPS
22nm | 10 - 80 mJ/cm® - 200 - 320 mJ/cm? 40 - 120 mJ/cm® 180-240 mJ/cm?*
38mm | 10 - 20 mJ/cm’ ; 100 - 220 mJ/cm® | 40 - 100 mJ/cm® | 80-140 mJ/cm?

3.5.2. Surface free energy characterization

In order to further characterize the surface exposed to UV light and have a more
quantitative result, the surface free energy has been analyzed. The surface characterization
has been performed by using the sessile drop method, described previously in section
3.4.1.4. The UV exposure method to carry out the characterization has been performed

with the lamp due to the easiest accessibility to the tool.

The analysis of the UV exposure has been performed on different treated hPS and PSry-7-
PMMA samples. Figure 3.42 represents the total surface free energy, vy, as a function of the
UV dose for both brush materials. As observed, for both materials, the increase of surface
free energy with the UV exposure dose is exponential, but much more slower for hPS. This
allows determining a process window for hPS (dashed line), whereas it is not possible for
PSnu-r-PMMA. In Figure 3.43, there is a further characterization of the hPS brush layer,
representing the two components (polar and dispersive) of the surface free energy. As
clearly observed from the graph, the major change on the surface free energy is due to the

polar component, owing to the oxidation reaction taking place at the surface.

On the other hand, the surface free energy value in which the surface is neutral to both

homopolymers, has been considered to be the corresponding for the lamellae neutral brush
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layer, PSgou--PMMA, which corresponds to a polar surface free energy, yp, of 5.2 mN/m.
The horizontal dashed line on the graph represents the value of the polar surface free
energy of PSgyu-~PMMA. As observed it fits inside the process window in which the hPS

presents a neutral behavior.
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Figure 3.42. Surface free energy - UV dose curve plot performed on hPS and PSrny-~-PMMA
samples exposed to UV lamp (dashed line represents the process window for hPS brush)
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Figure 3.43. Polar and dispersive components of the surface free energy - UV dose curve plot
performed on hPS samples exposed to UV lamp (vertical dashed lines represent the process
window and horizontal dashed line represents the polar component of the surface free energy of
PSeoy-r-PMMA)

In addition, the surface has been also characterized by XPS. There have been studied three

UV-exposed samples, and the chemical changes have been compared with bare PS. As
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shown in Figure 3.44, after the UV functionalization, there is an increase in intensity
towards higher binding energies, which corresponds to the contributions of carbon-oxygen
bonding. Nevertheless, the oxidation level present on the surface is much more lower than
the one observed when the sample was oxidized by oxygen plasma (Figure 3.28.b). This is
in agreement with the statement, that UV modification allows getting a wider processing

window than the one provided by other functionalization methods.
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Figure 3.44. XPS spectra corresponding to Cls region of different UV exposed hPS surfaces,
using a PHOIBLOS150 analyser and monochromatic 1486.6 eV photons

3.5.3. Directed self-assembly of chemical epitaxy by UV surface

functionalization

3.5.3.1. Description of the chemical epitaxy process

In order to find the final DSA application with this novel approach, the surface and the
BCP self-assembly behavior, have had first to be characterized. The overall implemented
DSA chemical epitaxy process is the one depicted in Figure 3.45. It consists of 6 steps: (i)
brush spin-coating, (ii) DUV lithography on negative tone resist (NTR), (iii) resist
development, (iv) UV exposure, (v) resist stripping and (vi) BCP spin-coating.

3. Resist devel t
1. Brush spin-coating 2. DUV lithography esls. developmen 4. Resist stripping 5. BCP spin-coating
and UV functionalization

@ si @ Brush Q¥ NTR resist QP Modified brush@P PS @ PMMA
Figure 3.45. Schematic of the chemical epitaxy process based on DUV and UV functionalization

implemented at Leti’s pilot line

92



3. Directed self-assembly of PS-0-PMMA block copolymers by chemical epitaxy

3.5.3.2. Substrate preparation and creation of the chemical guiding patterns

The DSA process has been performed with the same substrates and materials, as the ones
used for the surface characterization. First, in order to optimize the lithography step, a

Focus/Energy matrix (FEM) is performed.

Then, the substrate is prepared, and an hPS brush layer is deposited on the top of the
surface in order to define the chemical guiding patterns on it. The 193nm deep UV
lithography is performed by using a NTR, JSR AIM8630JN, which is pre-baked at 85°C for
1 min. Consequently, the 193nm deep UV lithography is performed in a Nikon 5307E tool,
with a dose of 51 mJ/cm? Subsequently, the resist is post-baked at 85°C for one further

minute, and developed with butyl acetate.

Once the lithography is performed, the substrate is chemically modified by exposing the
sample to the UV lamp at 20 mJ/cm?, since it is the value in which the surface presented a
neutral surface. Finally, the resist is stripped with IPA, and PS-6-PMMA of 22 nm pitch is

deposited and annealed.

Nevertheless, when the wafer was inspected, there was no evidence of chemical pattern and
the entire surface seemed to be PS affine. Therefore, the effect of the resist stripping on the
UV modified surface was inspected by characterizing its surface free energy. Table 3.16,
shows the values of the surface free energy of different treated hPS surfaces. As commented
previously, the surface free energy increases after UV exposure, but it turns back to the
reference value after dipping the sample in BA or IPA. This is attributed mainly to a
change on the polar component of the surface free energy which decreases considerably.
This is explained because the solvents used to strip the resist, affect the chemical changes
performed on the surface by stripping the polar groups created on the brush layer. Looking
at the surface free-energy values, it is clarified therefore, the fact that there is no chemical

contrast on the guiding patterns when using 20 mJ/cm?.

Table 3.16. Surface free energies of different hPS treated surfaces

hPS + UV

(20 mijem?) | PPS + UV +BA KPS + UV +1PA
2| 398mN/m | 485 mN/m 38.8 mN/m 38.8 mN/m
0 385mN/m | 33.3 mN/m 37.9 mN/m 37.9 mN/m
e ‘ 1.3 mN/m 9.2 mN/m 0.9 mN/m 0.8 mN/m

The solvent effect on different UV doses, has been widely studied by characterizing the
surface free energy, in order to force the contrast on the chemical guiding patterns. The
optimal value found, which is within the hPS process window and which does not damage
the brush layer (the brush thickness remains the same) has been to 50 mJ/cm? When using
this dose, the surface free energy after stripping the resist with IPA is 43.8 mN/m, which is
within the hPS process window (see Figure 3.42). The DSA results are shown in Figure
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3.46, where the darker areas are the ones covered by the NTR (non-modified and PS-

affine).
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Figure 3.46. Schematic of the chemical epitaxy process based on DUV and UV functionalization
implemented at Leti’s pilot line

In summary, it has been demonstrated a viable process to create chemical guiding patterns,
which allows using a wider process window. This method allows controlling with precise
accuracy the interactions between the guiding pattern and the BCP blocks by properly
tuning the UV exposure dose. Therefore, it permits avoiding non-desired morphologies as
may appear with the oxygen modification approach. However, as it has been demonstrated
by the surface free energy characterization, the effect of the solvents during the processing

has to be taken into account.

3.6. Chemical epitaxy based resistless direct writing methods

3.6.1. Introduction

Direct writing methods involve the preparation of the desired patterns avoiding any issues
related with resists. In these methods, the radiation that is used to expose the surface is not
transmitted through a resist but directly to the substrate. Direct writing techniques can
achieve resolutions below 6 nm, high precision for pattern placement and a reduction in the

number of process steps because the use of a resist is not needed.

Two novel methodologies based on direct writing lithography have been developed and
optimized. The guiding patterns are directly created on the top of the brush layer inducing
its chemical modification by means of EBL and AFM.

3.6.2. E-beam lithography direct writing

EBL is normally used in surfaces covered with electron-sensitive films, since the electron
beam changes the chemistry of the resist, enabling the selective removal of the exposed or
non-exposed regions. Despite being a limiting technique for high-volume production due to

its low throughput, the major advantage of EBL is that patterns below 10 nm resolution
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can be exposed. Therefore, this makes it a very suitable technique for research and

development.

3.6.2.1. Materials and methods

Description of the chemical epitazy process

In a conventional EBL, the step sequence of depositing, developing and removing the resist
makes the process larger and may induce some chemical changes on the substrate and its
functionalization. In direct e-beam writing, the creation of the guiding patterns is
performed by directly exposing the polymer brush layer to electrons in order to induce its
chemical modification, without the use of a resist. Indeed, by accurately tuning the e-beam
parameters, highly precise and resolution patterns can be created, which is one of the
critical factors in the microelectronics industry. Besides this, the developed process of e-
beam direct exposure becomes simpler since the sequence of resist deposition, exposure,

development, substrate functionalization and resist strip is substituted by a single step.

Figure 3.47 shows the overall fabrication process for PS-0-PMMA DSA using guiding
patterns created by direct e-beam exposure on top of the brush layers made of PS-OH. It
consists of a three-step process: (i) PS-OH brush grafting on top of silicon substrate, (ii)

creation of guiding patterns by e-beam exposure and (iii) BCP self-assembly.

1. Silicon substrate 2. Brush spin-coating 3. E-beam direct writing 4. BCP spin-coating

A A A o

@ si @FBiush @PModified brush @PPS @@ PMMA

Figure 3.47. Overall fabrication process for DSA by e-beam direct writing

Brush and block copolymer materials

The starting substrates are 0.9 x 0.9 c¢cm chips bearing a native silicon oxide layer (p-type
silicon wafers of 4-40 Q - cm resistivity). The brush layer used is PS-OH with a M, = 4.5
kg - molt and PDI = 1.09, purchased from Polymer Source, Inc and the BCP material is
PS-0-PMMA of 28 nm pitch. The specifications of both the brush and the BCP are
depicted in Table 3.17.

Table 3.17. Specifications of brush layer and BCP materials used for direct writing chemical
epitaxy DSA

Molecular weight

PS-OH 4.5 kg/mol 1.34
Lamellar PS-b-PMMA 45 kg/mol 1.12
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Substrate preparation and creation of chemical quiding patterns

In a first step, a 40 nm thick PS-OH layer from a 1.5% toluene solution is spin-coated at
5000 rpm for 1 min on the top of a silicon substrate which has been previously activated by
using oxygen plasma at 500W for 10 min in order to enable the reaction between the
hydroxyl PS-OH groups and the native oxide of the surface. In order to accelerate the
reaction, an annealing step at 260°C for 5 min in a continuous N gas flow. It is important
to avoid oxygen during the annealing step, since it could react with the brush layer
producing its oxidation and thus, inducing a chemical modification that could affect after to

the DSA process.

After, the non-reacted PS-OH brush is rinsed away with toluene by ultrasounds bath at
40°C for 5 min, leaving a grafted 4.7 nm PS-OH film. Then, the chemical guiding patterns
are created on the grafted PS-OH by direct e-beam exposure in a RAITH150Two tool
without using any kind of resists. The e-beam process is performed by exposing the desired
patterns at 20 kV and 330 pA of beam current with a nominal beam diameter of 2 nm. On
the other hand, a wide range of e-beam factors, between 4 mC/cm? and 4 C/cm?, has been
studied in order to find the optimal width of the guiding stripes that guide the assembly of
the BCP. This means that the line writing speed is varied between 0.825 and 0.0001 mm/s
by using a line step of 10 nm. The exposure is defined as a set of single line exposures. The
pattern pitch employed is 41, (where Lg is the BCP pitch), and the widths of the guiding
and background stripes are determined by the dose factor applied in each case. Figure 3.48
shows the chemical guiding patterns specifications for a 4L, pattern pitch, in which Ls and
Ly, represent the guiding and background stripe widths, respectively. In all the tests, the
pattern pitch has been set at 4Ly, and the guiding stripe width is defined by the dose

factor.

Figure 3.48. Chemical guiding patterns specifications created by direct e-beam writing. Schemes
represent (a) wide and (b) narrow guiding stripes exposed. The guiding stripes are colored in
magenta and the pristine PS-OH surface in brown. Lo refers to the pitch of the BCP and Ly to the
separation between guiding stripes

In order to see how the guiding patterns look like after e-beam exposure, an array of 112
nm pitch lines (4Ly) with a line width of 42 nm (1.5Lo) which corresponds to an e-beam
dose of 184,000 uC/cm?, has been characterized by AFM, as it is shown in Figure 3.49. Tt
is important to highlight that the contrast in the phase image (Figure 3.49.c) is larger than
in the topographic image (Figure 3.49.a), indicating that the guiding pattern creation

mainly involves a brush chemical change. On the other hand, the observed topographic
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change may be an artifact due to the effect of the chemical change on the interaction forces

between the tip and surface that determine how the amplitude of the tip oscillation is

reduced.
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Figure 3.49. AFM images and profiles of guiding patterns created by e-beam direct exposure (20
kV, 30 um, 184,000 uC/cm?) (a) Topographic AFM image of an array of 112 nm pitch (Az = 2 nm)
and (b) extracted average profile (¢) Phase AFM image acquired simultaneously to image (a) (A®
= 4 Deg) and (d) extracted average profile

In order to characterize the chemical affinity between the different areas of the guiding
pattern and each domain of the BCP, the contact angle between hompolymers, polystyrene
(PS) and poly(methyl methacrylate) (PMMA), with the brush has been experimentally

determined.

Figure 3.50 shows the procedure to determine the chemical interaction characterization
between different species and it consists of depositing a thin homopolymer layer on top of
both unmodified and modified brush.*? The samples are annealed at 190°C for 24h in a
vacuum environment in order to accelerate the dewetting of the polymer. Droplets of the
homopolymer are formed on top of brush layer, and then the contact angle of these droplets
is determined by AFM as depicted in Figure 3.51. As it is revealed in the figure, e-beam
exposed areas present larger affinity to PS domains. This is explained by the cross-linking
of PS due to e-beam exposure, as reported in the literature.*** PS is found to be resistant
to electron beams, but beyond a certain e-beam dose, it undergoes cross-linking with the

possible scission of the phenyl groups.

1. E-beam DW based

guiding patterns

2. Homopolymer spin-coating 3. Homopolymer dewetting

. Si ’ Brush Ol\ludiﬁcd brush «» Homopolymer

Figure 3.50. Overall fabrication process to determine the contact angle between homooplymers and

brush
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Figure 3.51. Procedure to determine the contact angle between homopolymers and the brush layer
(e-beam modified and un-modified) (a) Topographic AFM image of PS droplets on top of patterned
and unpatterned areas (b) Profile of a PS droplet on PS-OH

PS-b-PMMA spin-coating

After e-beam parameters were optimized to achieve the precise guiding pattern dimensions
(Ly = 1.5Ly and Ly, = 2.5Ly), a lamellar PS--PMMA BCP of 28 nm pitch from a 1.15%
toluene solution is spin-coated at 2750 rpm for 1 min. Afterwards, in order to promote the

self-assembly, the sample is annealed at 200°C for 20 min in hot-plate.

3.6.2.2. Directed self-assembly by chemical epitaxy of PS-b-PMMA results

Figure 3.52 shows the DSA results for a 28 nm BCP when different e-beam doses were
applied to create the chemical guiding patterns. It can be seen that the best alignment of
the BCP is achieved when a dose factor of 184,000 um/cm? is used Figure 3.52.c), which

corresponds to a guiding stripe width of 1.5Ly and a density multiplication factor of 4Ly.

400 nm

Figure 3.52. DSA of PS-0-PMMA of 28 nm pitch for different e-beam doses. (a) dose = 256,000
puC/em? (b) dose = 196,000 unC/cm? (¢) dose = 184,000 uC/cm?; (d) dose = 40,000 pC/cm?
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As discussed previously, in accordance with contact angle results it can be better observed
in the zoomed image (Figure 3.53) that on the top of exposed areas (red stripes) there are
two PS domains and one PMMA domain in the middle, indicating that the e-beam
modified surface has become slightly more affine to PS. This behavior is better described in
the scheme where one block of PMMA (blue colored) is at the center of the guiding stripe,
while two PS domains (red colored) also stand on the top of the guiding stripe, thus
demonstrating the slightly affinity of the guiding stripes to PS. In chapter 6 the chemical
interactions taking place between the domains and the chemical guiding pattern are

discussed in more detailed from HAXPES experiments characterization.

100 nm

Figure 3.53. Zoom SEM image of PS-6-PMMA DSA (Lo = 28 nm) for an e-beam dose of 184,000
puC/cem?. Guiding stripes are colored in red (1.5Lo) and the pristine PS-OH surface in blue (2.5 Lo)

3.6.3. Local Anodic Oxidation based AFM nanolithography

Aside from e-beam lithography, AFM-based local anodic oxidation (LAO) can be used as a
direct lithography approach. In contrast with e-beam direct writing, in which the high e-
beam doses employed prevent from high resolution guiding patterns and involve large e-
beam writing times, the unique capabilities of AFM, in terms of resolution and position
accuracy, makes it very suitable for the investigation of the guiding behavior of novel

polymer materials, in view of obtaining a half-pitch resolution around 10 nm or below.

Few efforts of creating guiding patterns by means of AFM lithography for DSA
applications have been previously reported.*#6 In these works, a self-assembled layer of
octadecyltrichlorosilane (OTS) was chemically modified by contact-mode AFM while
applying a voltage and then cylindrical BCP were directly self-assembled on top of it.

LAO is a modality of AFM lithography in which a voltage is applied between the tip and
the surface that leads to an electrochemical reaction. As depicted in Figure 3.54, for a
silicon substrate and under certain environment conditions, between the tip and the surface
there is always a water absorption layer which covers both the tip and the substrate. When
the tip is approached some nanometers to the surface a water meniscus is formed, and then
by applying a voltage an electrochemical cell, in which the tip acts as a cathode and the

water as the electrolyte, is generated.’
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The chemical reactions that take place in the cell are water hydrolysis and the subsequent

oxidation of the silicon. The overall reaction is depicted in (3.7).
Si + 20H - SiO, + 2H* + 4e, (3.7)

LAO is performed by operating AFM in noncontact mode, increasing thus the tip
throughput and lifetime.*®

Step I Step 11 Step 111 Step IV

SO

Figure 3.54. Local anodic oxidation steps in noncontact mode

The application of LAO AFM method can be used as a technique to create chemical
guiding patterns on top of a brush layer by increasing the tip throughput and lifetime.*4
Furthermore, patterns with density multiplication factors up to 7 can be created in a very
efficient, precise and routinely way by using commercial equipment. On the other hand,
because of the achievable resolution of oxidation scanning probe lithography, this approach

has great potential to become very useful to study next generation DSA of BCP.

3.6.3.1. Materials and methods

Description of the chemical epitaxy process

Figure 3.55 shows the overall process for the fabrication of chemical guiding patterns on top
of PS-OH brush layers by LAO. It consists in a three-step process: (i) PS-OH brush
grafting on top of silicon substrate, (ii) creation of guiding patterns by AFM-based LAO
and (iii) BCP self-assembly.

As in the case of e-beam direct writing, the whole process contains fewer single processes
than the normal methods used to create guiding patterns, since the sequence of resist,
exposure, development and resist removal is discarded/eliminated by the single process of
o-SPL patterning.

3. Local anodic oxidation

1. Silicon substrate 2. Brush spin-coating 4. BCP spin-coating
based AFM

oo P

’ Si 0 Brush ‘Modiﬁcd brush ’PS .PMMA

Figure 3.55. Overall fabrication process for DSA by o-SPL
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Brush and block copolymer materials

To directly compare both direct writing techniques, the same materials (brush and BCP)

and processing conditions are used in the fabrication process.

When using the LAO-AFM based approach, the chemical guiding patterns are created
directly on top of PS-OH after being removed the non-reacted brush with toluene.

Substrate preparation and creation of the chemical gquiding patterns

The AFM instrument (Dimension Icon, Bruker) is operated under noncontact mode using
standard tapping cantilevers (OTESPA with nominal tip radius of 7 nm), with a close loop
control of x, y and z displacement which avoids piezo-induced dimensional distortions. A
homemade humidity control system is used in order to control the humidity during the
oxidation process. As depicted in Figure 3.56, it maintains the humidity constant in the

range of 20-60% by introducing inside the chamber a constant N, flow.

AFM chamber

Figure 3.56. Humidity control system installed next to the AFM chamber

In order to create the chemical guiding patterns the AFM is operated in soft-tapping mode,
at an oscillation amplitude around 15 nm and then moved to the desired position to start
the creation of a line. After, the feedback loop is disconnected and a positive voltage is
applied to the sample through the AFM chuck. When the voltage pulse is applied, the
electric field induces the formation of a liquid meniscus between the sample and the tip in

which a redox reaction takes place.

During the oxidation process, the tip is moved along the line at a selected speed, and when
it reaches the end of the line the bias voltage is switched to zero and the feedback loop is
connected (the feedback is off during writing). When the voltage is off, the liquid meniscus
is broken and the tip recovers its original amplitude and it is moved to the new position to

fabricate a new line.

101



3. Directed self-assembly of PS-0-PMMA block copolymers by chemical epitaxy

It is important to highlight that in order to maintain constant the separation between the
tip and the surface, the lines are fabricated following the direction where the lateral

movement of the tip is parallel to the surface.

Figure 3.57 shows a scheme in which the local oxidation process is used when a polymer
brush layer is grafted on top of a silicon substrate. Under the application of a voltage to the
sample with respect to the tip, the water molecules are ionized (2H,O - 2 OH- + 2H") and
the OH" ions are accelerated through the surface where the electrochemical reaction takes

place oxidizing the underneath silicon.

Figure 3.57. Local anodic oxidation process on polymer brush layer

Figure 3.58 shows an example of a large 15 x 15 um? guiding pattern made up of an array
of lines of 400 nm pitch. The magnified image reveals that the pattern consists of 15 nm

width lines and roughly 1 nm height. The fact that the modified areas appear raised from

the background indicates that the underneath silicon has been oxidized.
1.0 |
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|
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Figure 3.58. AFM images and profile of high resolution guiding patterns created by o-SPL (a)

Array of lines covering an area of 15 x 15 pm?

The resolution of the guiding patterns is determined by the AFM radius, the water
meniscus size and the relative velocity of the tip with respect to the surface. By keeping
constant the humidity, the tip-speed and the gap between the tip and the surface, it can be
observed in Figure 3.59 that the higher the bias voltage applied, the wider the oxidized
lines are. Therefore, the bias voltage has to be precise in order to control the accurate and
desired line width. On the other hand, the line width can be also tuned by varying the
humidity and keeping constant all other parameters, as it is seen in Figure 3.60, where the

relative humidity used is 20% and 40%, respectively.
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Figure 3.59. AFM images of guiding patterns created by o-SPL at bias voltages of (a) 39.6 V, (b)

43.2 V, (c) 46.8 V and (d) 50.4 V, by keeping a constant humidity of 17%, a tip-speed of 2 um/s
and a tip-surface distance of -6 nm
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Figure 3.60. AFM images of guiding patterns created by o-SPL at (a) 40% and (b) 20% humidity,
by keeping a constant bias voltage of 32.4 V| a tip-speed of 5 um/s and a tip-surface distance of -8
nm. Red and black profiles in (¢) correspond to low and high humidity, respectively, in order to
highlight the effect of relative humidity on the guiding pattern creation

High resolution guiding patterns are achieved when high tip velocity and low humidity are
used. Figure 3.61 shows an example of high resolution guiding patterns consisting of an
array of lines of 20 nm pitch with a line width resolution below 10 nm. It is remarkable
that the contrast in the phase image is larger than in the topographic image, showing that
the patterning involves changes in the surface chemical properties. The origin of
compositional contrast in phase imaging AFM is related to changes in energy dissipation,
meaning that in the oxidized regions of the pattern the tip dissipates more energy. This is
also indicative of differences in the chemical and/or physical properties between the
oxidized and non-oxidized regions.”® A closer inspection of the patterns reveals that its
roughness is basically due by the surface roughness of the brush layer, which is the limiting

factor for the present pattern resolution.
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Figure 3.61. Topographic and phase AFM images of an array of lines of 20 nm pitch (Az = 4 nm)
and the respective profiles.

The guiding patterns created by o-SPL on the brush layer can be of diverse
chemical /physical nature depending on the oxidation conditions used: (i) chemical surface
modification of the top brush polymer chemical groups (similar to what it has been
reported on tip-induced electro-oxidation for constructive nanolithography™), (ii) chemical
modification of the brush and oxidation of the underlying silicon and (iii) oxidation of the

underlying silicon together with the brush polymer degradation.

When the first situation occurs, there is only a slight change not in topography but in
phase AFM images, which means that there is no underneath oxide grown. In order to
prove that there is only a chemical change on the surface, an additional experiment has
been performed. Specifically, square type guiding patterns are formed at low oxidation
conditions on top of PS-OH brush layers and then they are characterized using the peak-
force tapping mode of the AFM. Figure 3.62 shows AFM topography (a) and adhesion (b)
images with two squares patterns oxidized at 8V and 5V, respectively, by keeping constant
all other parameters. Whilst enough contrast for the square oxidized at highest voltage is
observed in both topography and adhesion images, the bottom AFM topography image
(Figure 3.62.a) reveals that there is not enough contrast for the square oxidized at the
lowest voltage. On the other hand, the bottom AFM adhesion image (Figure 3.62.b) shows
a slightly contrast, indicating the presence of a chemically modified surface. Friction AFM
images were not used since it has been observed that scanning in contact mode induces

some chemical and topographical changes on the brush layer.
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6 nm 90 mV

500 nm 500 nm

Figure 3.62. Peak-Force tapping AFM images corresponding to squared patterns created by o-SPL
at bias voltages of 8 V (top square) and 5 V (bottom square)

In order to prove when the second and third situations take place, the PS-OH stability to
hydrofluoric acid (HF) has been tested. It is known that at 5% concentration and at 20°C,
PS-OH is not altered under HF attack®, thus it protects the silicon oxide grown by o-SPL
to be etched. However, when the PS-OH becomes degraded because of the effect of applying
high voltages, it loses its resistivity to HF and the underlying oxide reacts to HF.

To test the PS-OH resistance to HF, o-SPL has been performed on a PS-OH sample by
using different bias voltages. Figure 3.63.a and b show the topographic and friction AFM
images before HF dipping for 10 seconds, and it can be observed that for medium voltages,
the patterns show a good chemical contrast. However, in Figure 3.63.b it is observed that
for bias voltages higher than 34 V, the chemical contrast is large but the pattern does not
sustain the HF etching. In that case, the patterns appear to be as a depressed area after HF
etching, and the depth of the depression is consistent with the thickness of the brush layer
(4.7 nm) and the native silicon oxide (1-2 nm). In consequence, it can be concluded that

the use of high voltages damages the polymer layer inducing its degradation.

5 nm 70 Deg 50 nm

2 mm

.
- 39.8V
38
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Figure 3.63. AFM images of chemical patterns performed on a PS-OH by o-SPL at different bias
voltages. Images (a) and (b) show the topography and phase images of the sample before HF etching,
and (c) shows the topography image after immersing the sample in an HF solution for 10 seconds
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PS-0-PMMA self-assembly

After optimizing the AFM lithography to achieve the precise guiding pattern specifications,
a lamellar PS-0-PMMA BCP of 28 nm pitch from a 1.15% toluene solution is spin-coated at
2750 rpm for 1 min.

Afterwards, in order to promote the self-assembly, the sample is annealed at 200°C for 20

min in hot-plate.

3.6.3.2. Directed self-assembly by chemical epitary of PS-b-PMMA results

Figure 3.64 shows the results of PS-0-PMMA (Lo = 28 nm) DSA when using o-SPL for the
fabrication of guiding patterns. Figure 3.64.a shows a comparison between the guiding
pattern (top, AFM topography image) and the BCP DSA (bottom, SEM image) for

different multiplication factors.

The guiding pattern consists of an array of lines with variable pitch in order to demonstrate
the different multiplication factors achievable for this BCP. The line width has been set to
14 nm which is the half-pitch of the BCP used, and density multiplication factors between
3Ly and 5Ly have been tested. On the other hand, Figure 3.64.b demonstrates the
effectiveness of the o-SPL for BCP DSA, in which the boundary between the fingerprint
and the aligned area is perfectly differentiated.

Figure 3.64. Different density multiplication factors for PS-6-PMMA BCP (Lo = 28 nm) with
chemical guiding patterns created by o-SPL (V = 36 V, tip-speed = 3 pm/s and RH = 23%) (a)
Comparison between the guiding pattern (top, AFM topography image) and the aligned BCP
(bottom, SEM image) SEM images have been taken after removing PMMA domains by oxygen
plasma etching (b) SEM image showing the aligned BCP on top of the guiding pattern and the non-
aligned BCP on top of unpatterned area

In order to obtain higher density multiplication factors, the oxidation strength has to be
increased since the conditions used to align the BCP in Figure 3.64 do not have the

oxidation strength needed to enforce the BCP DSA with a density multiplication factor of
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7Lo. However, when the oxidation strength is increased (by increasing the humidity or the
bias voltage), the line width becomes wider and larger than the half BCP pitch, and thus
1.5Lg lines width have to be created in order to not promote the alignment of only one BCP
stripe, but three. Figure 3.65.a shows an example of a chemical guiding pattern created to
achieve a 7Ly density multiplication factor for PS-6-PMMA of 28 nm pitch. The pattern
consists of an array of 196 nm pitch lines. As it can be better observed in the zoomed image
(Figure 3.65.c), the oxidized lines appear wider than in previous showed DSA results in

order to promote the alignment with high density multiplication factor.

On the other hand, the experiments point out that the simple chemical modification of the
brush layer (oxidation conditions (i)) is not enough to induce the BCP alignment, while
patterns showing at least 0.5 nm of topographic height contrast, efficiently allows its
alignment. The influence of topography-induced alignment on chemical patterns has been

previously reported?.

A closer inspection of the aligned patterns discloses that there are three aligned stripes on
the top of the oxidized line (one PMMA stripe surrounded by two PS stripes) indicating
that the oxidized lines become not strongly but slightly affine to PS domains. This behavior
is better depicted in the scheme of Figure 3.65.d and later on, explained and demonstrated
by surface characterization techniques. This situation is different from the one reported in
other works of BCP DSA by using AFM lithography®*®, where the oxidized areas become
more PMMA affine. In these works, an octadecylthriclorosilane (OTS) self-assembled
monolayer is used, instead of PS-OH, and the methyl layer is transformed to a carboxylic

terminated layer, which is more affine to PMMA.

10 nm

200 nm

@ sush P Mod. Brush @ PS @ PMMA

Figure 3.65. (a) AFM image of chemical guiding pattern created by o-SPL (V = 34.2 V, tip-speed
= 2 ym/s and RH = 38%). (b) SEM image of PS-6-PMMA DSA with 7L density multiplication
factor. (¢) Comparison between the guiding pattern (top, AFM topography image) and the aligned
BCP (bottom, SEM image). (d) Scheme of the DSA process by o-SPL for high density
multiplication factors. SEM images have been taken after removing PMMA domains by oxygen
plasma etching
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3.6.4. Summary and comparison

In summary, two methods based on the creation of a chemical guiding pattern directly on
the brush layer without using a resist have been presented. Both methods have the
advantage of simplifying the processing sequence by reducing the number of single

processing steps.

On the one hand, by e-beam direct writing it has been demonstrated that the dimensions of
the guiding patterns can be controlled with accuracy by varying the e-beam dose and with
a much more simpler processing than other methods reported in the literature. However,
the major drawback is the low throughput coming from the high e-beam doses employed to

chemically modify and cross-link the structure of PS.

On the other hand, DSA by AFM-based nanolithography process relies on the unique
resolution performance of AFM, although it has low throughput arising from the limited
scan size and speed, which at present, limits its industrial application. However, diverse
actions are taken in order to improve it, such as parallelization of AFM lithography by the
use of multiple probes®® or the use of local oxidation of high-resolution stamps.’”?
Moreover, it is a very promising technique to study the behavior of high-y BCP which have
half-pitches below 10 nm, since line widths of 7 nm can be obtained under controlled

environmental and processing conditions.

In any case, the creation of guiding patterns either by o-SPL or direct writing EBL are a

rather simple and affordable methods to study the alignment behavior of BCPs.
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3.7. Summary and conclusions

Three different approaches based on chemical epitaxy processes have been designed and
implemented at IMB-CNM to direct self-assemble PS-5-PMMA systems of different

molecular weights.

In the first approach, the process is based on the definition of the guiding patterns by
means of EBL and subsequent functionalization by oxygen plasma, thus creating a chemical
contrast on the surface strong enough to guide the BCP self-assembly. This process has
been successfully implemented to three PS-0-PMMA systems with different polymer chain
lengths. First, the process has been demonstrated for guiding stripes of half Ly widths, and
then for wider guiding stripes with (n + 1/2) - Lo widths. This has allowed to relax the
lithography requirements in terms of resolution, enabling the process integration to smaller
PS-0-PMMA and high-y materials.

Furthermore, an extensive characterization of the chemical guiding pattern has been
performed in order to define the role of the interface energies between the substrate and the
BCP domains. To do so, a novel experimental method by using homopolymer blends has
been designed to determine the contact angle between the homopolymers in the blend, and
thus calculate the difference on surface free energies by using Young’s equation. This
characterization has led to the conclusion that the main driving force in a chemical epitaxy
process comes from the chemical interactions taking place at the surface. Moreover, it has
been demonstrated that depending on the BCP system there is the need of a specific set of

interface energies which are given by the brush layer and BCP annealing conditions.

On the other hand, the definition of the contact angles has been used to implement the
experimental data on a DSA model and simulate a specific chemical epitaxy process. From
the simulation results, it can be concluded that a good correlation between the
experimental DSA process and the one predicted by the theory has been demonstrated. On
the other hand, it has been found out that the responsiveness of the brush layer plays a
very important role on the self-assembly process, favoring the standing lamellae when using
an intermediate or low brush density, due to the interdigitation between it and the BCP

domains.

In the two last chemical epitaxy approaches, the chemical guiding patterns have been
defined directly on the brush thus avoiding the use of resists. These novel methods present
the advantage of simplifying the processing sequence by reducing the number of single

processing steps.

On the first direct writing method, the guiding patterns are created by means of EBL, and
it has been demonstrated that the feature dimensions can be accurately controlled by
varying the e-beam dose using a much simpler processing as compared to other methods

reported in the literature. On the second approach, the guiding patterns are created by
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locally oxidation of the surface with AFM nanolithography. This method, as compared with

EBL direct writing, presents the advantage of the unique resolution performance of AFM.

Nevertheless, the major drawback of both methods is the low throughput arising from the
limited writing speed which at present limits their industrial application. In any case, the
creation of guiding patterns either by AFM or direct writing EBL can be considered as
simple and affordable methods to study the alignment behavior of BCPs.

Further characterization by X-ray techniques of the different chemical guiding patterns is

presented in chapter 6.
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Chapter 4

Directed self-assembly of PS-0-PMMA
block copolymers by graphoepitaxy

Graphoepitaxy generates topographical structures that guide the self-assembly of BCPs. It
is well known that in order to obtain an optimal BCP alignment, not only the
topographical guiding pattern specifications have to be taken into account, but also the
chemical interactions between the block copolymer domains and the topographical pattern
(bottom and walls).

In this chapter, the implementation, optimization and characterization of a graphoepitazy
process for PS-b-PMMA is presented. The definition of the guiding patterns is introduced
first, using e-beam lithography, and then by photolithography to demonstrate a simpler
and less time-consuming process.

On the other hand, an experimental demonstration to control the orientation of the block

copolymer depending on the surface affinities is presented.
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4.1. Introduction to directed self-assembly of block copolymers

by graphoepitaxy

Self-assembly of BCPs exhibits random domain orientation, as already shown in previous
sections. It limits their applicability, and therefore, topographical or chemical guiding
patterns are used to guide the nanostructures and overcome such random distribution.!
While chapter & is focused on the description and characterization of the different
implemented chemical epitaxy processes, the present chapter aims to briefly discuss about
the graphoepitaxy approach to guide BCPs, including the influence of topographical

surfaces on DSA and the different ways to control the BCP orientation.

Graphoepitaxy consists in creating topographical features on the substrate to enforce the
self-assembly of BCPs, thus enhancing the lateral order on the BCP microdomains.*®
However, not only the commensurability has to be taken into account, but also the
interfacial interactions between the substrate and the polymer, as well as substrate
roughness. The first graphoepitaxy DSA process was introduced by Kramer et al. in 2001,

and it is schematized below in Figure 4.1.°

Graphoepitaxy with deep Topographical pattern filled

topographical features with block copolymer

=

Figure 4.1. Scheme of the overall graphoepitaxy process developed by Kramer et al. using
topographical guiding patterns to direct BCP self-assembly?

After the creation of the topographical pre-pattern, the brush is deposited to control the
BCP affinity, and then the BCP fills the topographical regions confining the BCP.
Normally, the distances filled by the BCP are larger than Ly, thus achieving high density
multiplication factors. This means that the effective pitch of the patterning is considerably

reduced, thus relaxing the lithography step in terms of resolution.

There are different methodologies to create the guiding patterns, all of them based on the
use of a top-down approach. The most commonly used technique is photolithography*%%19,
but also IL* 13 or EBLM 16 are used. An alternative method to create the guiding patterns is

by using a NIL template into a resist rather than on the substrate.'”

As discussed in chapter 1, in photolithography, the guiding pattern size is limited by the
wavelength and the lens numerical aperture (when using 193 nm wavelength, the minimum

pattern size is limited to 37 nm)', whereas in IL shorter wavelengths can be used, thus
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increasing the photolithography resolution. It has been demonstrated that resolutions below
10 nm when using EUV light of wavelength 13.5 nm, have been obtained.!¥* Nevertheless,
compared with the high equipment cost and process complexity of IL, photolithography
presents the added benefit of being a rapid and easy lithography process.

On the other hand, EBL offers resolutions below 10 nm, determined by the voltage, beam
spot size, resist and e-beam dose.?! Despite having lower throughput as compared to the
other two lithographic techniques, EBL does not require the use of a photomask. On the
other hand, as compared with the last two discussed methods, it presents the advantage of
fabricating less LER trenches, thus enabling the applicability of the process for smaller
BCPs.

As it has been previously discussed, graphoepitaxy DSA is rather simple and cost-effective
approach. However, it has the limitation of requiring a minimum trench width to have
order in the self-assembly process. This implies a compromise in the storage space for being
used in bit patterned media fabrication.???® To solve this problem, the use of shallow

features to control BCP ordering has been demonstrated, and first introduced by Park et

al 24

In the mentioned work, described in Figure 4.2, single crystalline wafers of silicon with a
given miscut orientation are used. Upon thermal annealing an atomic-scale periodic
topography over the substrate is generated. Then the BCP is guided by the confinement
effect of the planes. Nevertheless, the precise alignment of the BCP does not occur since the

BCP period is normally not commensurate with the underlying guiding pattern period.

(a) (b)
.,.:-

Mis-cut Single Crystal Annealing
(d)

Guided BCP Amray Mmdng Spin-coated BCP Film
Figure 4.2. Schematic representation of graphoepitaxy process using the strategy developed by

Parker et al. of creating patterns based on highly oriented crystalline facets on a single crystal
surface®

Normally topographical guiding patterns are created on hard-substrates which present the
inconvenient of remaining after pattern transfer, being undesirable for device fabrication.
Recently, there have been presented other graphoepitaxy approaches where organic pre-
patterns are used.? *” This novel approach was introduced in 2009 by Jeong et al. in which

they used an organic negative-tone photoresist to create the guiding patterns.?
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4.2. Development and implementation of graphoepitaxy on

PS-b-PMMA by means of e-beam lithography

In graphoepitaxy DSA, the geometry of the guiding pattern plays a key role during the
process. Nevertheless, as in chemical epitaxy, there is also need to control the interfacial
interactions of the substrate (bottom and walls) with the BCP. This interaction is normally
controlled with the use of random copolymers to generate a neutral surface, and with the

BCP processing conditions.

On the other hand, it is also important to consider the defectivity of the process with
respect to the guiding pattern dimensions. It has been demonstrated that, as the separation
between trenches grow larger, defect density increases®®. Furthermore, the lateral order on
edges presents less defectivity compared to the middle of the trench, when trench widths

are larger.+2%

4.2.1. Materials and methods

4.2.1.1. Description of the graphoepitary process

The technique implemented at IMB-CNM to direct self-assemble PS-0-PMMA and high-y
BCPs, is depicted in Figure 4.3. It consists of 6-steps: (i) e-beam writing on PMMA resist,
(i) PMMA development, (iii) silicon etching, (iv) resist removal, (v) polymer brush
grafting on silicon, and (vi) BCP spin-coating.

2. PMMA development 3. Resist stripping

1. E-beam lithography 4. BCP spin-coatin
by + Si etching + Brush spin-coating E §

OSSP

@ si @ Brush U PMMA resist G@QPPS  @PPMMA
Figure 4.3. Schematic of the graphoepitaxy process for PS-5-PMMA by means of e-beam
lithography

4.2.1.2. Brush and block copolymer materials

Lamellae PS-0-PMMA of 22 nm pitch has been used for the DSA process, with a PSeoy-7-
PMMA brush, processed under different conditions depending on the final desired
structure. The specifications of brush and BCP material are depicted in Table 4.1.

Table 4.1. Specifications of brush and BCP used for graphoepitaxy DSA

Material | Molecular weight PDI Pitch (SEM)
PSay-r-PMMA 7.9 kg/mol 1.85 -
PS-b-PMMA 42.3 kg/mol 1.10 22.5 nm
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4.2.1.3. Creation of the topographical guiding patterns

The aim of using graphoepitaxy is to, later on, obtain a novel class of nanowires based
mechanical resonators (chapter 7). It is depicted in Figure 4.4. The fabrication process of
the mechanical resonators will be based on the use of graphoepitaxy DSA and therefore,

there is a need to study first the DSA process.

The guiding patterns designed to study the DSA graphoepitaxy process are those which will
be used at a later stage to fabricate the mechanical resonators. These are first defined by
EBL in order to demonstrate the applicability of the process, and then by photolithography

in order to validate a possible industrial scalability.

Suspended nanobeams

Figure 4.4. Schematic representation of a device based on an array of identical nanobeams made

by directed self-assembly of block copolymers

The starting substrates are 0.9 x 0.9 ¢cm? chips bearing a native silicon oxide layer ({100},
p-type silicon wafers of 4-40 Q - cm resistivity). Previously to the lithography process, the
sample surface is cleaned and activated by an oxygen plasma for 10 min at 500 W and 50

sccem of oxygen flow.

Figure 4.5 shows the pattern designs used to create the guiding patterns with a negative-
tone resist. It consists of two 10 x 10 um? pads separated from each other a w distance. In
the different designs, the length of the guiding patterns has been kept constant, and then
the w has been varied from 60 nm to 1 um. This wide range has been selected in order to,
later on, reproduce the results by using photolithography in which the minimum resolution

is 350 nm.

W, 10 pm W,
> R >
A
EX 3
=1 =1
= =
v
B — >
10 pm 10 pm
=
E
Wy W
> <>
A
3 3
= (=]
= =
B — R —
10 pm 10 pm

Figure 4.5. Schematic representation of the design used to study the PS-6-PMMA DSA by
graphoepitaxy
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After the substrate cleaning process, a negative-tone resist, AR-N7500-08, is spin-coated on
the top of the silicon at 4000 rpm for 1 min, and annealed at 85°C for one further min, to
get a 150 nm thick film. Then, the guiding patterns are defined by EBL in a RAITH
150Two equipment. The exposure has been performed at 20 kV and 110 pA beam current,
with a nominal beam diameter of 2 nm. The exposure has been defined with the designs
depicted in Figure 4.5 with an e-beam dose of 150 pC/cm? The writing speed has been,
therefore 7.33 m/s by using a line step of 10 nm.

Once the exposure has been completed, the samples have been developed by using the resist
developer AR-300-47. The samples are dipped into the developer for 2 min, and then into

water for two further minutes. Finally, the samples are annealed at 135°C for 5 min.

To finally define the topographic guiding patterns, a silicon etching of 120 nm is performed
on the surface by using the negative-tone resist as a mask. The silicon etching conditions
are depicted in Table 4.2.

Table 4.2. RIE conditions for silicon etching
[SF¢] (sccm) 35
[C4Fs] (scem) 45
Power Source (W) 100
Chuck Power (W) 20
Time (s) 40
Pressure (Pa) 2
Temperature (°C) 20
Silicon etched 120 nm

Figure 4.6 shows a SEM image of the guiding patterns after having etched 120 nm of
silicon. In the image, 100 nm of resist are still present. It is removed by exposing the
sample to oxygen plasma at 500 W for 10 min with an oxygen flow of 50 sccm, prior to

BCP spin-coating.

Resist

10 pm

Figure 4.6. SEM cross-section image of the graphoepitaxy guiding pattern created by e-beam
lithography after silicon etching
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4.2.1.4.Deposition of the brush layer

As previously discussed, for the fabrication of the mechanical resonators, a perpendicular
oriented BCP morphology is required. Therefore, in order to avoid the parallel oriented
morphology, both the bottom and the walls of the guiding pattern need to have neutral
affinity for the BCP.

Depending on the brush solution concentration and spin-coating speed, the brush grafting
can be controlled (Figure 4.7). If the brush solution is diluted and it is spin-coated at very
high spin speeds, its grafting occurs only at the bottom of the guiding patterns (Figure
4.7.a). This means that the bottom of the guiding pattern presents a neutral affinity for
both BCP domains, whereas the walls (silicon is not grafted) are more PMMA affine. On
the other hand, if the brush concentration is increased, it is grafted in the whole silicon
surface, thus presenting neutrality in both surfaces (Figure 4.7.b).

(a) (b)

Neutral affinity

PMMA affine
Figure 4.7. Schematics of graphoepitaxy patterns with brush (a) only at the bottom and (b) at the

bottom and walls

As discussed above, the desired situation is the one depicted in Figure 4.7.b. Therefore, a
2% PSeou--PMMA at 1500 rpm is spin-coated on the top of the guiding patterns and
consequently annealed at 230°C for 5 min in a nitrogen environment. Then, the non-grafted
brush is removed by dipping the sample in PGMEA for 5 min at 40°C in an ultrasonic
bath. Finally, a 0.5% PS-0-PMMA solution is spin-coated at 2500 rpm and annealed at
230°C for 10 min under a nitrogen flow to promote the BCP self-assembly.

4.2.2. Directed self-assembly by graphoepitaxy of PS-b-PMMA results

The DSA experiments have been performed for PS-0-PMMA of 22 nm pitch on
topographical guiding patterns by varying their separation width. The separation range
width has been studied between 60 nm and 1 pm. It has to be pointed out, that after the
BCP deposition, the solution tends to go inside the trenches due to the topographical
confinement effect. Therefore, the defectivity on edges is strongly reduced, as compared

with the middle of the trench when its width is larger, or with the rest of the sample.*2%30

Figure 4.8 shows the SEM images of the corresponding DSA process when using different

separation widths. It can be observed that the maximum separation width at which the
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BCP shows a perpendicular orientation with respect to the guiding patterns is between 500

nm and 600 nm.

() ;

@

Figure 4.8. PS-6-PMMA (Lo = 22 nm) DSA by graphoepitaxy by using separation widths of (a)
100 nm, (b) 160 nm, (c¢) 250 nm, (d) 400 nm, (e) 500 nm and (f) 600 nm

Above 600 nm separation width, the orientation is no longer maintained, and areas without

BCP start to appear. Figure 4.9 shows the DSA defects which appear in guiding patterns

il.‘
:

Figure 4.9. PS-0-PMMA (Lo = 22 nm) DSA by graphoepitaxy by using separation widths of (
700 nm, (b) 900 nm and (¢) 1 pm

above 700 nm separation width.
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As previously discussed, the BCP tends to go inside the trenches due to the topographical
confinement effect. It is observed in the SEM image of Figure 4.10. In the zoom-in image, it
is observed that the BCP dewetts outside the guiding pattern, whereas inside the guiding
pattern presents a well-ordered thick structure. This is in agreement with some works,
which demonstrate that the wider the trench separation, the highest the defectivity on the
middle of the confinement or outside the guiding pattern, as compared to the lateral order

on the trench edges. >3

123



4. Directed self-assembly of PS-0-PMMA block copolymers by graphoepitaxy

500 nm

Figure 4.10. PS-b-PMMA (Lo = 22 nm) DSA by graphoepitaxy by using separation 400 nm
separation width

4.3. Development and implementation of graphoepitaxy on

PS--PMMA by means of photolithography

The graphoepitaxy process has been successfully implemented at IMB-CNM for guiding
trench widths up to 600 nm. Therefore, the guiding patterns can be easily defined by means
of photolithography since its critical dimension is 350 nm. Hence, the graphoepitaxy process
gains more interest, since it presents the added advantages of being a low-cost and time-

saving approach.

To define the guiding patterns by means of photolithography, it is necessary first to design
and fabricate a photomask. The desired designs for the mask are computerized in a data
file. Then, this data is converted to a series of features, and written onto a quartz substrate
covered with a layer of chromium. The features are normally written by an e-beam writer
on the mask surface. Finally, after the e-beam lithography, the exposed chromium is etched
away, leaving the exposed features free in order to let the illumination light system go

through.

4.3.1. Materials and methods

4.83.1.1. Description of the graphoepitaxy process

The graphoepitaxy process using photolithography is depicted in Figure 4.11. As observed,
the processing steps are the same, being the only differences the materials used to perform

the photolithography, and the starting substrates.
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2. PMMA development 3. Resist stripping
1. Photolithography . . ! . Pl > 4. BCP spin-coating
+ Si etching + Brush spin-coating

C oo

@ si @Bush @FResist QPPS @PPMMA

Figure 4.11. Schematic of the graphoepitaxy process for PS-6-PMMA by means of

photolithography
4.3.1.2. Creation of the topographical guiding patterns

In order to define the topographical patterns into the substrate, the first step consists in
the fabrication of the photomask. The software that has been used to define the mask

designs is Cadence.

The projected reticle presents four quarters (Ql to Q4) defined with different device
designs, in order to use it, not only for DSA, but for other applications. The first area Q1 is

depicted in Figure 4.12.

As observed, it consists of an array of features grouped in four identical devices. Then, the
length of the trenches and the separation width are varied in columns and rows,
respectively. Trench lengths up to 40 pum, and separation widths up to 1 pm have been
designed. The dimensions of the guiding patterns for this first quarter are defined in Table

4.3.

50 .Llll

e-beam alignment marks

w

P

Figure 4.12. Schematic representation of the Q1 area of the reticle used for the photolithography
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Table 4.3. Specifications of the geometrical dimensions of Q1 designs as a function of the trench
length and separation width

(nm) 350 400 450 500 550 600 650 700 750 800 850 900 950

2 A2 | A3 | A4 | A5 | A6 | AT | A8 | A9 | A10 | Al11 | A12 | A13 | A15 | Al5
5 Bl | B2 B3 | B4 B5 B6 B7 | B8 B9 | B10 | B11 | B12 | B13 | B14 | BI15
10 Cl | C2 C3 | C4 C5 C6 Cc7 | C8 Cc9 | C10 | C11 | C12 | C13 | C14 | C15
20 DI | D2 | D3 | D4 | D5 | D6 | D7 | D8 | D9 | D10 | D11 | D12 | D13 | D14 | D15
40 El | E2 E3 E4 E5 E6 E7 E8 E9 | E10 | E11 | E12 | E13 | E14 | E15

For further applications on the field, other designs have been defined (Q2 and Q3 depicted
in Figure 4.13 and Figure 4.14, respectively).

Designs Q2 are formed of groups of two identical devices defined in three columns by

varying L = 2, 5 and 10 um, and in 15 rows by varying w up to 1 um.

150 pm
ST N

10 glmf *

Figure 4.13. Schematic representation of the Q2 area of the reticle used for the photolithography

Areas Q3 (Figure 4.14), represent more complex designs. On the one hand, in the first two
columns (Figure 4.14.a) there are two identical devices with different trench lengths each
one (L = 5, 10, 20 and pm) repeated in row by varying the separation width, w, up to 1
pm. On the other hand, in the third column (Figure 4.14.b) devices in which each one
presents different trench lengths (L = 5, 10, 20 and pm) with three and four gaps in each
side, separated a w distance, are represented. As for the previous designs, the separation

width is varied in row, up to 1 um.
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(a) L=5 pm L=10 pm | L=20 pm L=40 pin

L=20 pm L=40 pm
200 pm x

200 pm

L=5 pm L=10 ym | L=20um  L=40 pym

L=5fum L=10 pm

Figure 4.14. Schematic representation of the Q3 area of the reticle used for the photolithography

In the last quarter, Q4, squares, arrays of trenches or circles are defined (Figure 4.15).

Figure 4.15. Schematic representation of the Q4 area of the reticle used for the photolithography

The starting substrates are 4 inch silicon wafers bearing a native silicon oxide layer ({100},
p-type silicon wafers of 4-40 Q - cm resistivity). Previously to the photolithography process,
600 nm of a positive-tone resist, OIR 620-09, are deposited and annealed at 100°C for 30 s

on an automatic coater-developer system, GAMMAS&O Stis.

The photolithography is performed on a stepper i-line, NSR 2205i12D equipment, which
has a critical dimension of 350 nm and a maximum exposure area of 22 x 22 mm? The
exposure time is 535 ms with a focus of -0.5 pm. Then, the wafer is developed by TMAH
for 28 s, and annealed at 115°C for 30 s in a hot-plate.

Once the wafers have been exposed and developed, the topographical patterns are finally

defined by performing a silicon etching in DRIE ALCATEL 601F equipment by using the
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same conditions of Table 4.2. Figure 4.16 shows a SEM images of how the guiding patterns

look like after silicon etching.

resist (250 nm)

silicon (120 nm)

10 pm

Figure 4.16. SEM cross-section image of the graphoepitaxy guiding pattern created by
photolithography after silicon etching

Afterwards, the wafer is cut into small samples (1 x 1 c¢m?), and the brush layer is

deposited and annealed as performed in section 4.2.1.4.

4.3.2. Directed self-assembly by graphoepitaxy results

The DSA experiments have been performed by using the same PS-6-PMMA of 22 nm pitch
and processing conditions that had been used for the later approach. Figure 4.17 shows the
results of the DSA graphoepitaxy process, when the guiding patterns have been defined by
photolithography. As observed in the images, the BCP self-assembly behavior is the same
as the one shown in Figure 4.8, where the guiding patterns were created by EBL. The
maximum trench separation width in which no defects are observed is 750 nm (Figure

4.17.e).
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Figure 4.17. PS-6-PMMA (Lo = 22 nm) DSA by graphoepitaxy by using separation widths of (a)
450 nm, (b) 500 nm, (¢) 650 nm, (d) 700 nm, (e) 750 nm and (f) 850 nm

(d)
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It is therefore demonstrated, that the presented graphoepitaxy approach can be easily
simplified in terms of cost and time, by using a photolithography step instead of EBL.
Furthermore, the DSA has been demonstrated, and will be the basis for the design and

fabrication of the nanomechanical resonators in chapter 7.

4.4. Surface affinity control on topographical guiding patterns

The DSA process by graphoepitaxy is not only governed by the topographical guiding
patterns, but also by the affinities toward the underlying substrate.®® In order to
demonstrate the control on the BCP orientation depending on the substrate conditions, two
DSA experiments have been performed by varying the substrate conditions in order to force

the BCP to be aligned perpendicular and parallel to the substrate, respectively.

The guiding patterns have been created by IL in collaboration with the Molecular Foundry.
The starting substrates have been bare silicon and silicon with an 80 nm thick antireflective
layer on top. Figure 4.18 shows a schematic representation of both guiding patterns. The
dimensions of the trenches are 200 nm width and 80 nm height, they are separated 500 nm

from each other.

(a) (b) ARC

N

o o
o 0

Figure 4.18. Graphoepitaxy guiding patterns made of (a) silicon and (b) silicon + ARC

Prior to brush deposition, both guiding patterns are cleaned, and the resist is removed by
dipping the sample into hot acetone (40°C) for 5 min in an ultrasonic bath and into IPA
for 5 more minutes. Then, a 2% PSgyu-~PMMA brush solution is deposited on the top of
the guiding patterns at the same spin-speed (2000 rpm), in order to coat the whole sample

surface as depicted in Figure 4.7.

After removing the non-grafted brush by rinsing the samples with PGMEA for 5 minutes in
an ultrasonic bath at 40°C, a 1.5% PS-0-PMMA of 22 nm pitch is spin-coated on the top of
the guiding patterns at 2000 rpm, and annealed at 230°C for 10 min.

Figure 4.19 shows the results of the DSA graphoepitaxy process on silicon (Figure 4.19.a)
and on silicon + ARC (Figure 4.19.b) guiding patterns. As observed in the images, despite
using the same processing conditions and materials, the orientation of the BCP is different

depending on the substrate the guiding patterns are made of.
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0 nm 100 nm

Figure 4.19. PS-0-PMMA (Lo = 22 nm) DSA by graphoepitaxy on (a) silicon and (b) silicon +
ARC guiding patterns.

The difference on the BCP orientation occurs because the brush layer does not graft onto
the ARC layer walls, since it is a carbon-based material. Therefore, in the case where the
patterns are created on silicon + ARC, the brush is only present at the bottom, and thus
the walls do not present a neutral affinity as they do in the samples where the guiding

patterns are made of silicon.

Figure 4.20 illustrates the DSA process in each situation. When the guiding patterns are
made of silicon (Figure 4.20.a), the brush is grafted on the whole silicon surface, promoting
a neutral affinity for both BCP domains at the walls and at the bottom of the trenches.
Therefore, the BCP is oriented perpendicular to the trench orientation. On the other hand,
when the guiding patterns are made of silicon + ARC (Figure 4.20.b), the brush is only
grafted at the bottom of the patterns, promoting there a neutral affinity, whereas the walls
are PMMA attractive. In consequence, the BCP tends to be orientated parallel to the

trenches.

Figure 4.20. Schematic representation of the DSA by graphoepitaxy process when using (a) silicon
and (b) silicon + ARC guiding patterns

As observed in Figure 4.19.b, the density multiplication factor achieved is 11Ly, which is
much more than the one demonstrated for lamellar PS-6-PMMA system.** For this system,
in order to demonstrate that the BCP domains have the perpendicular morphology through

the film thickness down to the substrate, the cross-section of the guiding patterns has been
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characterized. To carry out the inspection, the PMMA has been first removed by using soft

oxygen plasma at 260W with an oxygen flow of 50 sccm for 18 s.

Figure 4.21 shows the SEM cross-section of the guiding pattern, after removal of the
PMMA domain. The cross-section has been obtained by the cleavage of the sample. As it is
observed, the brush presents a neutral affinity to both domains of the BCP since the

perpendicular morphology is maintained through the film.

L
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Figure 4.21. SEM cross-section of PS-6-PMMA (Lo = 22 nm) DSA by graphoepitaxy on silicon +
ARC guiding patterns.
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4.5. Summary and conclusions

A graphoepitaxy approach to guide the self-assembly of PS-6-PMMA BCPs has been
presented. Such approach has been designed in order to implement the fabrication of

nanowires based on nanomechanical resonators (chapter 7).

The guiding patterns have been defined first by e-beam writing in order to demonstrate the
viability of the process. Once it has been proved and optimized, the samples have been
created at 4 inch wafer scale, and the guiding patterns have been designed by means of
photolithography with a critical dimension of 350 nm. From the DSA results, it has been
observed, that the BCP shows a good alignment behavior with trench separation widths up
to 600 nm, but such alignment is lost at larger widths. Moreover, as reported in the
literature, it has been seen that the larger the width of the trenches, the higher the BCP

defectivity, being it significantly increased in the center of the trenches.

On the other hand, a way to control the BCP orientation as a function of the substrate
used has been demonstrated. Depending on the chemical affinities between the substrate
(both walls and bottom) and the BCP domains, the orientation can be parallel or

perpendicular to the trench direction.

This graphoepitaxy approach will be later on implemented on high-y BCP systems (chapter

5), by adding an alternative step to enhance the process and adapt it to other chemistries.
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Chapter 5

Directed self-assembly of high-y

block copolymers

The increasing demand on the fabrication of ever-smaller structures requires a
continuous decrease in the feature size of device components. PS-b-PMMA has a limit in
its feature size around 12 nm due to its low y walue. Therefore, BCPs with larger y
values which provide sub-10 nm resolution have to be explored, demonstrating a
controlled synthesis and good etching selectivity.

In this chapter, the self-assembly of two high-y systems is studied and characterized.
Then, its implementation to the developed directed self-assembly processes for PS-b-
PMMA is also described. Moreover, a novel approach based on a combination technique
between chemical and graphoepitary is presented, achieving high density multiplication

factors.
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5.1. Introduction to high-y block copolymers

DSA based high-y BCPs offer a complementary solution to conventional DUV or EUV
lithography, allowing getting resolutions below 10 nm at a more affordable cost. In general,
low-y, BCPs tend to be easier to anneal since the movement of polymer domains encounters
lower activation barriers. However, high-y BCPs are more difficult to direct and orientate
by thermal annealing due to the different properties between blocks. Normally, they need
an extra top-coat layer or the use of solvent annealing to obtain the perpendicular
morphology, which increases processing costs and further complicate an already complex

process.

In this chapter, the implementation of chemical epitaxy process based on EBL and
subsequent substrate functionalization has been implemented for two different lamellar
systems which exhibit a moderate Flory-Huggins parameter, yet higher, than PS-0-PMMA:
PS-0-PLA'" and poly(dimethylsiloxane)-b-poly(lactic acid) (PLA-b-PDMS--PLA).* ! In
particular for these two BCP systems, the synthesis of random copolymers is not trivial and
has not been reported in the literature. In addition, neutral layers containing silicon
complicate the step of transferring the features to the substrate. Therefore, in order to tune
the surface energy between the high-y system and the substrate, the influence of different

random PS-r-PMMA copolymers with different compositions has been investigated.

5.2. PS-b-PLA systems

5.2.1. PS-b-PLA synthesis

PS-b-PLA is based on the modification of the common PS-b-PMMA system in which the
PMMA domains are replaced by another block which allows tuning the Flory-Huggins
parameter between the two blocks. It exhibits a moderate but higher Flory-Huggins
parameter, as compared with PS-6-PMMA (y = 0.23 at 298K).!? Moreover, this BCP
system has shown the availability to self-assemble under thermal treatments!®, avoiding

thus the use of complex solvent annealing treatments which increment the processing costs.

The BCP synthesis was performed at the Laboratorie de Chimie des Polymeres Organiques
(LCPO) and Arkema. Targeted structures were designed in order to obtain BCPs with
overall molecular weight in number, M,, and dispersity index, PDI, lower than 15 kg/mol
and 1.25, respectively, which lead to sub-10 nm lithographic structures. Figure 5.1 shows
the two-step synthetic pathway for the synthesis of PS-b-PLA. The synthesis of mono-
functionalized precursor blocks with predefined molecular weights was performed leading to

hydroxyl terminated PS. The controlled growing of the PLA block was then achieved by
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using these PS blocks as macroinitiators and by using triazabicyclodecene (TBD) as
catalyst for the reaction, thus avoiding the use of non-organic catalysts during synthesis,
which simplifies the metallic purification step. The control of the conversion of the PLA

growing chains allows the formation of PS-6-PLA BCPs with various compositions.

In order to determine the molecular weight of PS domains, Size Exclusion Chromatography
(SEC) as well as 'H Nuclear Magnetic Resonance spectroscopy (NMR) have been used. The
obtained results are summarized in Table 5.1. On the other hand, the BCP morphology was

determined by small angle X-ray scattering (SAXS).
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Figure 5.1. Synthetic pathway used for the synthesis of PS-0-PLA

Table 5.1. Macromolecular specifications of PS-6-PLA BCP. Macroinitiator M, was determined by
SEC using PS standards, BCP M, and volume fraction by 'H-NMR, PDI by SEC in THF and the
morphology by SAXS

Vol fracti
M., Macroin. M. BCP PDI - um(? e Morphology
(Macroin./PLA)

4.6 kg/mol 10.8 kg/mol 1.10 0.48/0.52 Lamellae

5.2.2. PS-b-PLA self-assembly

In order to control the self-assembly in thin film configuration, the use of random
copolymers grafted onto the substrate is also used since it allows controlling the surface
energy between the BCP domains and the substrate. Nevertheless, the synthesis of random
copolymers different from PS-~PMMA is not well-established, and it has not been reported

in the literature yet.

Therefore, different processing parameters have been studied in order to get the
perpendicular lamellae with fingerprint morphology on free-surface, including annealing
processing conditions, BCP film thickness and brush layer material. In particular, four
brush polymers based on PS-~PMMA have been used by varying the composition of PS.

The specifications of these materials are summarized in Table 5.2.

Table 5.2. PS-~PMMA brush layer specifications

Brush material M., PDI PS Volume fraction

PS-OH 14.5 kg/mol 1.4 1
PSeon-r-PMMA 7.9 kg/mol 1.85 0.59
PSrn%-r-PMMA | 9.9 kg/mol 1.34 0.70
PSusy-r-PMMA | 18.8 kg/mol 1.46 0.48
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For each of these brush materials, an annealing temperature range between 100 and 230°C
has been used, with annealing times from 10 min to 24 h under a free-oxygen environment.
On the other hand, for each situation, a broad study of the BCP self-assembly behavior

depending on film thickness has been also conducted.

Figure 5.2 shows a SEM image of PS-b-PLA self-assembly with the optimal processing
conditions found. The perpendicular morphology has been obtained when using PS-7-
PMMA with 48% PS content annealed at 230°C for 5 min and with a BCP film thickness
of 23.5 nm (1.2L;) annealed at 100°C for 24 h under vacuum conditions. Due to the y
variations with temperature, it is necessary to work at a temperature near to 100°C, which

is very close to PS glass transition temperature.

Figure 5.2. SEM image of lamellar PS-b-PLA self-assembly for a film thickness of 23.5 nm
annealed at 100°C for 24 h under vacuum on top of PSusz-r-PMMA

Figure 5.3 shows PS-b-PLA self-assembly behavior depending on the content of PS brush
layer (the annealing conditions and BCP film thickness are the ones described in Figure
5.2). It is observed that as the PS brush content decreases, the interfacial energies between
PS and PLA with the surface become more similar since perpendicular lamellae appear on
the surface. When PSssy--PMMA is used, both interface energies are balanced and thus
induce the fingerprint BCP morphology along the sample. As observed, the BCP

morphology strongly depends on the brush material composition.

PS-OH PS.-r-PMMA PS-r-PMMA

200 nm 200 nm 200 nn
ks _—_ )

Figure 5.3. SEM images of lamellar PS-b-PLA self-assembly for a film thickness of 23.5 nm
annealed at 100°C for 24 h under vacuum on top of different PS-~PMMA

On the other hand, Figure 5.4 shows the morphology the BCP takes depending on its film
thickness when using PSis-~PMMA as a brush (the annealing conditions are described in
Figure 5.2). It is clearly observed that the morphology is very sensitive to film thickness
variations, and thus an accurate film thickness control has to be taken into account for

DSA chemical epitaxy processes.
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Figure 5.4. SEM images of lamellaf PS-b-PLA self-assembly annealed at 100°C for 24 h under
vacuum on top of PSisy-~PMMA by varying the BCP film thickness

The BCP pitch has been also analyzed by AFM characterization (Figure 5.5). From the
Fast Fourier Transform (FFT) image characterization it is observed that the pitch is 21

nm.

10 nm

Figure 5.5. AFM characterization of PS-b-PLA self-assembled structures under the optimal self-
assembly conditions found. The obtained pitch is 21 nm

From the study performed on the PS-6-PLA self-assembly on free-surface, it can be
concluded that a surface which balances the interface free energies between the domains
and the surface has been found, thus allowing to obtain the perpendicular morphology in
large areas when using a thermal treatment. Figure 5.2 suggests that PSisy--PMMA is
neutral to both domains of the BCP, thus balancing the free energies between the substrate
and the blocks. In contrast, the perpendicular morphology is lost when other brush layers

or non-commensurate film thickness are used.

On the other hand, since the BCP annealing time is too long for industrial applications,
shorter annealing times have been tried by using a range temperature between 100 and
130°C in a Ny environment, instead of in vacuum. The shorter annealing time leading to
useful results, has been found for an annealing temperature and time of 100°C and 10
minutes, respectively. Figure 5.6 shows a comparison between PS-0-PLA self-assembly
when it is annealed at the same temperature for 24h under vacuum and for 10 min with
continuous nitrogen flow. Although it has been reported that PS-0-PLA requires large

thermal annealing times to self-assemble!) the obtained results demonstrate that is possible
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to dramatically reduce the thermal annealing times enabling the process to be suitable for

an industrial application.

200 nm 200 nm

Figure 5.6. SEM images of lamellar PS-b-PLA self-assembly annealed at (a) 100°C under vacuum
and (b) 100°C for 10 min in a Nz environment

From the SEM images shown above, it can be observed that PS domains (brighter lines)
are immersed in a PLA matrix (darker parts) which seem to be a little bit wider and with
an irregular shape. Therefore, the BCP morphology of the film has been further
investigated by adding a small amount of PS homopolymer to the PS-6-PLA solution.
Figure 5.7 shows two PS--PLA SEM images before and after adding 5% of PS
homopolymer. It is seen that after adding the small amount of PS, the brighter domains
(PS blocks) become wider, and in consequence a more uniform line/space distribution is

obtained. The solvent the BCP is dissolved in, presents higher selectivity to PLA domains.

200 nm 200 nm

Figure 5.7. PS-b-PLA SEM images (a) before and (b) after adding 5% PS homopolymer

In order to explore the influence of the solvent, the PS-6-PLA self-assembly behavior has
been also characterized as a function of the solvent. Apart from PGMEA, which is the
solvent used for the later experiments, 1.5% toluene solution has also been tested. The
study has been performed by using the same conditions which PS-6-PLA in PGMEA has
shown the best self-assembly (PSuisy--PMMA brush, and 100°C for 24h in vacuum for the
BCP annealing). Then, experiments as a function of the film thickness have been
undertaken. From the characterization of SEM images of Figure 5.8, it can be noticed that
the BCP pitch changes depending on which solvent it is dissolved in. It is also confirmed
from the FFT AFM image characterization (Figure 5.9) which gives a pitch of 19.5 nm.
This characterization has been also corroborated by GISAXS measurements, introduced in

chapter 6.
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This difference in the BCP pitch can be explained by the different solubility of the BCP
with PGMEA and toluene. The selectivity of the solvents has been estimated using a
solubility parameter study. The closer the solubility parameters of the solute and the
solvent are, the larger the solubility will be. Hansen solubility parameters (HSP) developed
by Charles M. Hansen in 1967%, represent the total cohesive energy of a solvent or polymer
separated in three terms: (i) dispersion, &y, (ii) polar, 8, and (iii) hydrogen bonding forces,
On:

8¢ =65+ 6% + 6%, (5.1)

To measure the similarity of the HSP of PLA and PS with the HSP of the solvent, the
parameter R, is introduced and defined as the distance between two molecules, representing
a measure of how alike the polymer and the solvent are. Then, the smaller R, the more

likely they are to be compatible and the higher the swelling of the polymer:
2
RZ =4(841 — 6a2)* + (5p1 - 5p2) + (6p1 — On2)?, (5.2)

The distance R, can be compared to the solubility radius of the polymer, Ry. The ratio
between R, and Ry is the relative energy difference (RED), of the system. If RED>1, then
there is a low affinity between the polymer and solvent. If it is close or equal to one, the
compound will partially dissolve. Table 5.3 shows the solubility parameters for the solvents
and polymers involved in the process. From these values, the HSP distance between two
molecules can be calculated and then the RED of the system which gives an idea of how
suitable the solvent is for the system. Table 5.4 shows the RED calculated for toluene and
PGMEA with respect to PS and PLA. From these values it can be concluded that PGMEA
is more PLA selective, whereas toluene is nearly neutral with a slight selectivity to PS.
Therefore, the different polymer-solvent solubility explains the variance on the BCP pitch.
When the polymer is dissolved in PGMEA, it swells more PLA domains making them
wider, whereas in toluene there is no swelling, and thus the copolymer pitch is reduced

since it is almost neutral for both polymers.

toluene solutions
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‘d»;r = St -
Figure 5.9. AFM characterization of PS-b-PLA self-assembled structures when using a toluene

solution. The obtained pitch is 19.5 nm

Table 5.3. Average solubility parameters for toluene, PGMEA, PLA and PS'

Compound  8;[MPa'’?] §,[MPa?] &, [MPa"?|
Toluene 18.0 14 2.0
PGMEA 15.6 5.6 9.8

PLA 18.6 9.9 6.0
PS 18.5 4.5 2.9

Table 5.4. Relative energy difference calculated for toluene and PGMEA with respect to PS and
PLA. PLA and PS radius are 10.7 and 8, respectively'”

Compound REDpra RED»s
Toluene 0.849 0.422
PGMEA 0.621 1.135

5.2.3. PS-b-PLA directed self-assembly by chemical epitaxy

Once the self-assembly behavior on free-surface has been optimized, the chemical epitaxy
process for PS-6-PMMA, presented in chapter 3, has been implemented to PS-6-PLA. The
overall process is the same as the one depicted in Figure 3.2 from chapter 3, and the brush
used is PSss-r-PMMA. The guiding patterns have been designed for PS-6-PLA dimensions,
and the oxygen plasma functionalization has been performed with the softer conditions
available to not remove the brush but only slightly modify it, which makes the surface
more attractive to PLA domains. A 1.5% BCP solution in PGMEA has been spin-coated at
4500 rpm (d = 23.5 nm) on top of the chemical guiding patterns and the sample has been

annealed at 100°C for 24h under vacuum conditions.

Figure 5.10 shows a SEM image after PS-6-PLA DSA process when using a chemical
guiding pattern of guiding stripes width equal to the BCP period and 4L pitch. A chemical
contrast between guiding and background regions is observed, although the BCP has not
been parallel oriented with respect to the guiding pattern but perpendicularly. On the other
hand, and in contrast with PS-b-PMMA behavior, darker regions which correspond to
modified areas have a strong affinity to the PLA blocks inducing the parallel morphology of
the BCP.
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Despite having tried several experiments in which the BCP film thickness, the annealing
conditions and the BCP composition to change the orientation of the BCP domains with
respect to the guiding pattern have been varied, no vertical orientation has been observed.
Nevertheless, the DSA results show a considerable progress on high-y BCPs, since it has
been demonstrated a chemical epitaxy DSA in which the BCP has been treated with a

thermal annealing instead of using the solvent annealing technique.!®?
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5.2.4. Experimental determination of surface free energy for PS-b-

PLA directed self-assembly

In order to chemically characterize the chemical interactions taking place in the DSA
chemical epitaxy process of PS-b-PLA, the same experimental methodology described in

chapter 3 (Figure 3.14) to determine the surface free energies has been performed.

In the case of PS-0-PLA, the chemical guiding patterns are performed on a PSusy-r-PMMA
brush. Therefore, the contact angle of a PS/PLA 50:50 blend, has been determined on both
modified and un-modified brush surfaces. Then, the difference of the surface free energy
(AYPS Brush - Aypra-Brasn) has been determined by using the Young’s equation (equation (3.1)).
The interfacial tension between PS and PLA (yps.pLa = 5.4 mN/m) has been taken from the

literature.?

Figure 5.11 shows the SEM cross-section images for both un-modified and modified PSisy%-7-
PMMA with the homopolymer blend on top. Table 5.5 depicts the contact angle values, as
well as the corresponding interface energies. These values suggest that the surface becomes
more PLA attractive when it is chemically modified by oxygen plasma and thus, they

corroborate the good chemical contrast observed on the guiding patterns.
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200.nm

(b)

Figure 5.11. SEM images of PS/PLA polymer blend droplets on top of (a) un-modified and (b)
modified PSusy-~PMMA brush

Table 5.5. Contact angle and interface energy values for PS/PLA blends on PSis%-m~-PMMA brush

Surface Prspra YPS-Brush - YPLA-Brush ‘
Un-modified PSy--PMMA 51.4° 3.37 mN/m
Modified PSug--PMMA 147.9° -4.57 mN/m

5.3. PLA-b-PDMS-b-PLA systems

5.3.1. PLA-b-PDMS-b-PLA synthesis

PLA-b-PDMS-b-PLA is based on the design of BCPs containing siloxane units with a very
strong segregation between components (y = 1.4 at 298K)°. This BCP has been synthetized
by LCPO and Arkema, and the targeted structures are the same as for PS-6-PLA. Figure
5.12 describes the synthetic pathway used to synthetize PLA--PDMS-b-PLA. Low
molecular weight o,0-bi-functionalized PDMS with hydroxyl groups were used as
macroinitiators for the controlled growth of PLA blocks. This synthesis was performed
using triflic acid as catalyst for the reaction to obtain well defined ABA triblock
copolymers. On the other hand, the macromolecular specifications of the lamellar BCP are

summarized in Table 5.6.

[]c ic‘ H.U

HC nc\!I

e | e .
/Hﬁ% \/ \/\\/ ™~ f 3/ W \/\u j\n
Figure 5.12. Synthetic pathway used for the synthesis of PLA-b-PDMS-b-PLA
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Table 5.6. Macromolecular specifications of PLA-b-PDMS-b-PLA BCP. Macroinitiator M, was
determined by SEC using PS standards, BCP M, and volume fraction by 'H-NMR, PDI by SEC in
THF and the morphology by SAXS

Volume fraction
(Macroin./PLA)
5 kg/mol 12.5 kg/mol 1.2 0.47/0.52 Lamellae

Morphology

M., Macroin. M, BCP PDI

5.3.2. PLA-b-PDMS-b-PLA self-assembly

In order to guide PLA--PDMS-b-PLA on chemical guiding patterns, a neutral surface has
to be found as it has been done for PS-b-PLA. The process is challenging due to the fact

that PDMS tends to dewet, leading to a non-uniform layer on the substrate.

PLA-b»-PDMS-b-PLA solutions were prepared in a butyl acetate (BA) solution since it
shows neutral selectivity to PLA and PDMS. Table 5.7 depicts the calculated relative
energy differences for PLA and PDMS in BA compared with toluene and PGMEA. The
average solubility parameters for PDMS are 84 = 14.6, §, = 4.9 and &, = 0%.

Table 5.7. Relative energy difference calculated for toluene, PGMEA and BA with respect to PLA
and PDMS. PLA and PDMS radius are 10.7 and 8.9, respectively'™*

Compound REDp1ra RED¢rpus
Toluene 0.849 0.886
PGMEA 0.621 1.126
Butyl acetate 0.629 0.769

As for PS-6-PLA, four different brush layer materials based on PS-~PMMA chemistry have
been investigated (Table 5.2) by varying the BCP film thickness and annealing conditions.
Figure 5.13 shows the self-assembly behavior of PLA-6-PDMS-b-PLA on different PS-7-
PMMA brush materials. The film thickness used is the same for all samples (34 nm) and
the BCP has been annealed at 100°C for 24h under vacuum which were the optimal
conditions found for PS-b6-PLA.

As it can be observed from the SEM images, a parallel oriented morphology is observed
when PSisy--PMMA is used as a brush layer due to the fact that there is a very strong
affinity between the substrate and one of the domains. For brush layers of 60% and 70% of
PS content, some perpendicular lamellae are observed on the surface, but it is not enough
to create a total or almost neutral flavor necessary for chemical epitaxy processes. On the
other hand, the BCP self-assembly behavior has been also tested directly on 20 nm silicon

dioxide layer on silicon, getting some parallel and perpendicular oriented lamellae areas.
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PS,..--PMMA 90 nm'S10, 72N

2004 C\ i Q&‘url‘n 1 200 1
Figure 5.13. SEM images of lamellar PLA-b-PDMS-b-PLA self-assembly for a film thickness of 34
nm annealed at 100°C for 24 h under vacuum on top of different brush layer materials and 20 nm
Si0.

The BCP self-assembly behavior has shown more perpendicular oriented lamellae regions
when PSgoy-~-PMMA has been used. Therefore, in order to further explore the wetting

behavior, a study as a function of BCP film thickness has been performed.

From SEM results shown in Figure 5.14, it is observed that the BCP morphology is, as for
PS-b-PLA, very sensitive to its film thickness. Nevertheless, despite having studied a broad
range of film thicknesses, a large area with perpendicular morphology has not been found.
That is, that no neutral layer which enables the balance of surface free energies has been
found for this BCP.

d = 42.6 nm

200 nimn

200.am 200 nm 4y ! pe i 200 nm
i, — phedinaeion { pivite

Figure 5.14. SEM images of lamellar PLA-b-PDMS-b-PLA self-assembly annealed at 100°C for 24
h under vacuum on top of PSey--PMMA by varying the BCP film thickness

Since no neutral layer has been found, and in order to change the brush wetting properties,
another approach has been tested. PDMS-OH brush (see polymer specifications depicted in
Table 5.8) has been spin-coated on PSgy--PMMA which is the brush that has shown a
larger area with fingerprint morphology, and annealed under the same conditions as PSeoy-
~-PMMA was (230°C for 5 min in a N flow). Then the BCP has been spin-coated at 2000
rpm on the top of the brush from a 1.5% solution in BA and annealed at 100°C for 24h in a

vacuum overl.
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Table 5.8. PDMS-OH brush layer specifications

Brush material M., PDI PDMS Volume fraction

PDMS-OH 3 kg/mol 2.23 1

Figure 5.15 shows a SEM image of a large area in which the BCP has been oriented
perpendicularly to the substrate when PDMS-OH brush has been spin-coated on 8.6 nm of
PSeo--PMMA. Therefore, it can be concluded that it has been found a neutral layer to
guide the BCP by using a bi-layer brush approach.

200 nm

Figure 5.15. SEM image of lamellar PLA-b-PDMS-0-PLA self-assembly for a film thickness of 34
nm annealed at 100°C for 24 h under vacuum on top of PDMS-OH / PSeu--PMMA by-layer
brush

5.3.3. PLA-b-PDMS-b-PLA  directed self-assembly by chemical
epitaxy

The alignment of PLA-b-PDMS-b-PLA has been investigated on chemical guiding patterns
using PSeu--PMMA brush layer and soft oxygen plasma conditions, although a proper
neutral surface has not been found. The BCP has been spin-coated and processed with the
optimal conditions found in free-surface (2000 rpm and 100°C for 24h under vacuum).
Figure 5.16 shows a SEM image of a DSA pattern. Some degree of dewetting along with
some degree of alignment can be observed. This means that, as it has been previously
discussed, there exists some chemical contrast on the surface to guide the BCP but not
enough to induce the BCP perpendicular morphology in the whole sample, since the surface

is not neutral.

200 wm

Figure 5.16. SEM images of PLA--PDMS-b-PLA DSA for L. = Lo and 100 nm pitch
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5.3.4. PLA-b-PDMS-b-PLA directed self-assembly by chemo/grapho
epitaxy

As the DSA process based on chemical epitaxy did not work to align PS-0-PDMS-b-PLA, a
graphoepitaxy approach has been implemented in order to study the alignment of the BCP
when it is confined. This process, represented in Figure 5.17, is the same as the one
described in chapter 4. It consists of 6-steps: (i) e-beam writing on PMMA resist, (ii)
PMMA development, (iii) silicon etching, (iv) resist removal, (v) polymer brush grafting on
silicon, and (vi) BCP spin-coating.

2. PMMA development 3. Resist stripping

1. E-beam lithography 4. BCP spin-coating
Sraph] + Si etching + Brush spin-coating ! °

CIOS®

@ si @ Brush > PMMA resist @ PLA @ PDMS
Figure 5.17. Schematic representation of the graphoepitaxy process for PLA-b-PDMS-b-PLA by
means of e-beam lithography

For this BCP, the PSe¢%--PMMA brush layer has been used, since it is the one which has
shown more neutral affinity with the BCP. After the creation of the topographical guiding
patterns, the brush is spin-coated from a 2% PGMEA solution at 5000 rpm in order to
graft only the bottom of the trenches. By this way, the bottom will be a neutral surface for

both domains, and the silicon walls will be more attractive to PDMS blocks.

Then, the non-grafted brush is removed and a 1.5% BA PLA-b-PDMS-b-PLA solution is
spin-coated at 2500 rpm and annealed at 100°C for 24h in vacuum. Figure 5.18 shows a
schematic representation of a silicon trench, in which the brush has been only grafted at
the bottom, thus presenting a strong PDMS affinity at the walls. PLA-6-PDMS-6-PLA
DSA by graphoepitaxy results are shown in Figure 5.19 for two different trench widths. As
seen from top-view SEM images, a good degree of alignment is achieved, even for trench
width of 6L.

PDMS affine walls

AN

Neutral bottom

Figure 5.18. Schematic representation of the graphoepitaxy process for PLA-6-PDMS-b-PLA
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200 nm

Figure 5.19. SEM images of PLA-0-PDMS-6-PLA DSA by graphoepitaxy for a guiding pattern of
(a) 200 nm pitch and 50 nm trench width and (b) 300 nm pitch and 150 nm trench width, annealed
at 100°C for 24h

As previously discussed for PS-6-PLA, the annealing times used for BCP were too long for
application in industry. Therefore, a wide range of annealing temperatures (100°C to
180°C) and times (10 min to 30 min) have been tested in order to know if there were more

suitable conditions with the same alignment results.

Figure 5.20 shows a SEM image with the PLA-b-PDMS-6-PLA DSA results which present
optimal alignment conditions at higher temperatures and lower times. It has been found
that by increasing 50°C the annealing temperatures, the time can be reduced to 15 min,

which means that the process has potential industrial application.

During the annealing tests, it has been observed that the polymer degrades at temperatures
above 150°C. On the other hand, the BCP self-assembly presents a high density of defects

when working at 150°C with annealing times below 15 min.

1
[
Figure 5.20. SEM images of PLA-b-P
200 nm pitch and 50 nm trench, annealed at 150°C for 15 min

Nevertheless, despite having shown a good DSA when graphoepitaxy approach is used,
there has been observed that the DSA pattern presents some areas in which the BCP shows

a parallel orientation due to non-neutrality of the surface (see Figure 5.21).
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£

200 nm.

Figure 5.21. SEM images of PLA-b-PDMS-0-PLA DSA by graphoepitaxy for a guiding pattern of
200 nm pitch and 50 nm trench, annealed at (a) 100°C for 24h and (b) 150°C for 15 min, showing
some parallel oriented regions

Therefore, the surface wetting behavior has been further investigated, and in order to
slightly change the affinity of the brush at the bottom of the trench an alternative step has
been introduced in the overall graphoepitaxy process depicted in Figure 5.17. As observed
in the new representation of the process in Figure 5.22, this new step consists in changing
the brush affinity before BCP spin-coating, by exposing the sample to a brief dose of
oxygen plasma (10 sccm Oz, 150W for 5 s). When doing so, the brush surface is slightly

oxidized and therefore there is a change in its chemical affinity.

2. PMMA development 3. Resist stripping
' + Si etching + Brush spin-coating

S A A 4

’ Si ’ Brush <~ Modified brush < PMMA resist .PLA ‘PDMS
Figure 5.22. Chemo/grapho epitaxy overall process for PLA-5-PDMS-6-PLA

1. E-beam lithography 4. Brush functionalization 5. BCP spin-coating

To directly study the industrial applicability of this process, the experiments have been
performed on silicon graphoepitaxy guiding patterns, and then on guiding patterns created
at CEA-Leti by using DUV lithography on 30 nm SiARC substrates (see Figure 5.23).
Then, the brush grafting, functionalization and BCP spin-coating steps have been
performed at IMB-CNM.

30 nm SiARC trenches

™~

Si substrate

Figure 5.23. Schematics of graphoepitaxy guiding patterns created at CEA-Leti
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SEM images of the chemo/grapho epitaxy DSA process are shown in Figure 5.24 for
different guiding pattern dimensions resulting in density multiplication factors up to 16L.
It can be observed that the BCP shows a good alignment when using this new approach,
with very low defectivity. Moreover, it is observed that, in contrast with conventional
graphoepitaxy approach, all the patterned area shows a perpendicular morphology,

demonstrating thus that the surface is more suitable for the DSA process.

On the other hand, it is seen that the BCP pitch is different depending on the guiding
pattern dimensions. As it has been experimentally and theoretically corroborated, BCP
tends to adjust its morphology depending on the separation between trenches.?>? Table 5.9
shows the pitch the BCP adapts as a function of the guiding pattern dimensions. As
observed, BCP pitch down to 20.9 nm can be obtained.

200 nm . : { 200 nm
[ S 3 { H —_—

Figure 5.24. SEM images of PLA-b-PDMS-b-PLA DSA by chemo/grapho epitaxy for guiding
pattern trench widths of 230 nm and (a) 135 nm, (b) 235 nm and (c) 335 nm pitch, and annealed

at 150°C for 15 min

Table 5.9. PLA-b-PDMS-b-PLA pitch characterization as a function of guiding pattern dimensions
Guiding width Trench width Density mult. factor @ BCP pitch

365 nm 6Lo 22.5 nm
465 nm 230 nm 11Lo 21.4 nm
565 nm 16Lo 20.9 nm

In order to study how the BCP behaves at the bottom of the guiding pattern, SEM cross-
section characterization has been performed. Despite not having enough resolution, from
Figure 5.25, it can be observed that the BCP domains present the perpendicular orientation
through the whole film down to the bottom of the guiding pattern. This indicates that
there is no wetting layer at the bottom, demonstrating thus the neutrality of the brush for

the two BCP domains.
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30 nm SiARC

Silicon

200 nm

Figure 5.25. SEM cross-section image of PLA-b-PDMS-b-PLA DSA by chemo/grapho epitaxy for
a guiding pattern trench width of 230 nm and 135 nm pitch, annealed at 150°C for 15 min

In order to evaluate the BCP film thickness behavior on the final DSA pattern, two
different BCP fillings have been tried. Figure 5.26 shows SEM images, and a schematic
representation of three different BCP fillings. As observed from the images, in the three
situations there is some BCP alignment, although when the pattern is overfilled (Figure

5.26.c) there are some regions in which the BCP is oriented parallel to the substrate.

Figure 5.26. Schematic representation of (a) half filled, (b) filled, and (c) overfilled BCP on
graphoepitaxy guiding patterns

To determine the BCP filling of the two first samples, they have been characterized by
AFM. As observed in Figure 5.27, for the first situation (Figure 5.26.a), there is not enough
contrast on the topography image due to the small BCP filling (15 nm). However, when the
BCP fills the 30 nm SiARC guiding patterns, there is enough contrast in both topography
and phase AFM images.

On the other hand, the high contrast of the phase AFM images reveal that there is no
PDMS wetting layer on the top of the guiding patterns, thus allowing the pattern transfer

into the substrate.
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15 nm]

200 nm

Figure 5.27. Topography and phase AFM images of (a, b)
graphoepitaxy guiding patterns

The results presented for PLA-6-PDMS-b-PLA are very promising for various reasons.
First, there has been found a way to get the same BCP orientation on the whole guiding
pattern with very high density multiplication factors and with very low defectivity. On the
other hand, both the substrates and the processing conditions used, demonstrate that the

process is feasible for industrial integration.
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5.4. Summary and conclusions

Two different high-y BCP systems have been designed by macromolecular engineering in
order to produce sub-10 nm lithographic structures for line/space patterning. These two
BCP systems have been chosen since their segregation strength was expected to be higher
than the one corresponding to PS-6-PMMA system. This has been confirmed by the study
of their self-assembly behavior in thin film configuration. Moreover, for both of them, their
self-assembling capabilities have been investigated in order to implement several DSA

processes and achieve aligned patterns.

With respect to PS-6-PLA, a proper brush layer which balances the interactions between
the surface and both BCP domains has been found, thus leading to the perpendicular BCP
orientation. Despite working with annealing temperatures very close to the PS glass
transition temperature, successful results have been found, which demonstrate that it is
possible to reduce the thermal annealing times enabling the process to be suitable for an
industrial application. On the other hand, the formation of aligned lines by means of
chemical epitaxy has been partially achieved since a chemical guiding pattern contrast has
been found, but not strong enough to guide the BCP domains parallel to the guiding

stripes.

For PLA-b-PDMS-b-PLA system, a novel approach has been designed, based on the
combination of both chemical and graphoepitaxy methods which has provided large guided
areas with density multiplication factors up to 16Ly. Furthermore, this BCP has shown
very remarkable DSA results with respect to integration capability. Indeed, the integration
of this system has shown its ability to define sub-20 nm structures with processing

conditions compatible with the industry requirements.
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Chapter 6

Characterization of block copolymer
and chemical guiding patterns using

synchrotron radiation

In chemical epitaxy DSA it is very important to accurately determine the interactions
that take place between the block copolymer domains and the boundaries of the guiding
patterns, in order to ascertain the optimal alignment conditions for each chemical epitaxy
case. On the other hand, it is also important to determine the BCP morphology and
specifications depending on the processing conditions.

In this chapter, the chemical configuration and morphology of different BCPs systems are
studied by means of the synchrotron radiation-based X-ray characterization techniques
HAXPES (Hard X-ray Photoelectron Spectroscopy) and GISAXS.
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6.1. Chemical guiding pattern characterization by X-Ray

photoemission techniques

In chemical epitaxy DSA, as demonstrated in chapter 3, the interfacial energies between
each domain of the copolymer and the chemically patterned surfaces strongly influence the
final morphology and microdomain ordering. Therefore, an accurate control of the surface
chemistry is needed. Ideally, the background surface should be slightly attractive to one of
the BCP domains, and the chemically modified areas should be slightly affine to the other
one. Within this framework, to chemically identify the nature of the different surfaces and
interfaces, a high-sensitivity characterization method based on photoemission technique has

been used.

One technique especially suited for the characterization of buried interfaces is HAXPES.!
Photoemission is a well-known technique which provides information on the electronic
structure of surfaces (identification of elements and their chemical state). Its high
sensitivity arises from the small mean free path of the out-coming photoelectrons in solid
matter. Using conventional excitation sources with discrete photon energies, kinetic energies
below 1500 eV can be achieved, which correspond approximately to 2 nm in probing depth

for inorganic materials.

The possibility of acquiring photoemission spectra at higher kinetic energies, as high as 10
keV, has permitted the exploration of the chemical environment of sub-surface regions

down to more than 20 nm for polymeric materials (Figure 6.1).2

Working with larger probing depths implies that surface contamination due to exposure to
atmosphere is not as critical as compared to measurements performed with conventional
XPS equipment. HAXPES reaches its full potential when using synchrotron radiation as
excitation source since, in this case, photon energy and thus kinetic energy can be tuned, so
that the probing depth can be also varied in a controlled and continuous manner.
Nevertheless, the impinging beam can cause an irreversible damage on the surface and
therefore, this is a drawback that has to be carefully addressed in any measurement, even

for inorganic materials.>4
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Hard X-Ray Soft X-Ray
(3-10keV) <3 keV

X

g ¢

——

(wuz)
yidap ajqeaiaq

(wust<)
yidap ajqearaq

Figure 6.1. Schematic of XPS and HAXPES technique, showing the ability of HAXPES to
measure deeper layers

In order to determine the main differences between the different methods developed to
create chemical guiding patterns, the resulting surfaces have been characterized by using
XPS and HAXPES. In this way, the interactions taking place between the surface and the
BCP domains can be determined. Figure 6.2 shows a schematized description of the three
approaches to create chemical guiding patterns developed at IMB-CNM, and previously
described in chapter 8. The DSA processes that have been characterized are sustained on
PS-OH brush layers.

E-beam lithography on 0, plasma
PMMA resist functionalization

i
E-beam lithography

on Brush guiding pattern

-G
Parallel Oxidation
Silicon wafer Silicon + Brush Nanolithography

Chemical

Figure 6.2. Schematized description of the three developed chemical epitaxy methods to DSA
BCP. The method on top is the one based on using EBL on a resist and oxygen plasma to
chemically functionalize the substrate, while in the other two nanolithography methods (middle
and bottom) the guiding patterns are defined without using a resist (direct writing methods)

The HAXPES experiments have been performed at the HIKE end-station located at the
KMC-1 beamline at the BESSY II synchrotron of the Helmholtz Zentrum DBerlin fiir
Materialien und Energie in Berlin (Germany).> Monochromatic radiation in the 2020-6000
eV photon energy range has been used for the experiments, impinging the sample surface at
grazing incidence. Photoemitted electrons were collected with a SCIENTA R4000 high-
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resolution hemispherical analyzer at near normal emission, with an upper limit in kinetic
energy of 10,000 eV. Experiments were performed in an ultrahigh vacuum chamber with a
base pressure in the high 10° mbar range. To prevent beam damage, measurements were
taken at different locations on the sample. In addition, the radiation was stopped when
spectra were not acquired. On the other hand, ex-situ XPS experiments have been
performed with a SPECS PHOIBOS 150 hemispherical analyzer located at ICN2 using
monochromatic AlKa radiation (1486.6 e€V) as excitation source at a base pressure of 107

mbar.

As compared to the XPS system used, the HAXPES experiments have allowed getting
higher energy resolution. Figure 6.3 shows the photoemission spectra of the Si2p line of the
underlying silicon wafer taken with 2020 eV photons (lowest photon energy available). Both
the signals arising from bulk Si (at 99.3 eV binding energy) and from SiO, (at around 104
eV binding energy) are displayed in the spectra. A least-square fit of the Si2p line after a
Shirley-type background subtraction gives a spin-orbit splitting of 0.59 eV, the expected
2:1 branching ratio [2ps2:2pi2 with a nominal value of (2x3/2+1)/(2x1/2+1)] and a
FWHM of 0.34 eV, highlighting the actual high resolution at use. Identical results are
obtained for SiO,/Si substrates, indicating the negligible effect of the brush on scattering of

photoelectrons.
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Figure 6.3. Photoemission spectra of the Si2p line taken with 2020 eV photons of a
brush/Si0O./Si sample. The discontinuous line stands for the experimental data while the
continuous blue and red lines correspond to a least-square fit and to the chosen background,

respectively
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6.1.1. Characterization of chemical guiding patterns created by

electron beam lithography and oxygen plasma functionalization

The approach based on using EBL and a subsequent oxygen plasma functionalization is the
one depicted in section 3.2, and briefly described on the top of Figure 6.2. All the brush
annealing processes have been performed within an oxygen free environment, since at the
beginning of the research it was observed that the DSA processes did not work when the
brush had been annealed in presence of oxygen. Therefore, in order to understand which is
the origin of the DSA process efficiency, HAXPES experiments have been performed on un-
modified PS-OH brush layers annealed under different conditions (cooled down in oxygen

and nitrogen environment, respectively) and on the other hand, on functionalized surfaces.

Figure 6.4.a shows the experimental HAXPES Cls line (continuous black line) of the
sample cooled down in nitrogen together with a least-square fit after background
subtraction. The most prominent line (continuous red line), with a binding energy of 285.2
eV, corresponds to C-C and C-H sp®like bonding. The continuous blue line in Figure 6.4.a,
with a binding energy of 286.5 eV, corresponds to the hydroxyl bonding of the PS-OH. The

*

n-1* shake-up feature at 291.8 eV, characteristic of a pure PS spectrum (continuous

7, is also observed. Figure 6.4.b compares the zoomed in spectra of the Cls

magenta line)
lines corresponding to the sample cooled in air (orange) and that cooled in nitrogen (black),
respectively. The figure evidences a small but clear increase in intensity of the region
corresponding to hydroxyl bonding for the sample cooled in air. We point out that this
minor effect in the Cls line can only be observed because of the high-energy resolution used
in the HAXPES experiments and that parallel XPS measurements of samples prepared
under the same conditions did not show any significant difference. The higher density of
hydroxyl bonding induces higher attraction to PMMA blocks due to the affinity with
carbonyl PMMA groups. In this case, the chemical guiding patterns created afterwards on
the sample cooled in air will not be effective since the brush is already slightly PMMA
affine before the oxygen plasma functionalization. On the other hand, when the sample is
cooled down in nitrogen, PS does not undergo oxidation. As a consequence, such sample is
slightly affine to PS before functionalization. When chemical guiding stripes are defined on
this substrate by oxygen plasma exposure (see Figure 6.5), there is enough chemical
contrast to guide the alignment of the BCP. Therefore, it can be concluded that such a
small increase in hydroxyl bonding is sufficient to disable the alignment capabilities of the
PS-OH brush layer.

On the other hand, Figure 6.4.c shows the Cls HAXPES spectrum taken with 2020 eV
photons of the sample cooled in nitrogen after the oxygen plasma treatment. The
comparison with Figure 6.4.a evidences an increase in intensity towards higher binding
energies in the ca. 286-291 eV region, which corresponds to contributions from different

carbon-oxygen bonding configurations, as a result of the effect of the oxygen plasma
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exposure on the PS-OH brush layer. The continuous blue line, corresponding to hydroxyl
bonding, becomes more intense as compared to Figure 6.4.a Two new features are observed
at 287.9 and 290 eV binding energies, which are assigned to the carbonyl (C-O, continuous
green line) and carboxyl (O-C=O0, continuous pink line) contributions, respectively. Thus,
oxygen plasma activates the brush layer surface by creating a distribution of C-O bonding,

while annealing and cooling in air induces essentially hydroxylation of the surface.

The combination between optimal processing conditions for grafting the polymer brush
layer and an adequate chemical functionalization by oxygen plasma exposure leads to the

possibility to generate efficient chemical patterns for guiding the self-assembly of the BCP.
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Figure 6.4. HAXPES spectra corresponding to the Cls region of grafted PS-OH samples (a)
cooled in nitrogen, (b) cooled in air (orange) and in nitrogen (black) and (c) cooled in nitrogen and
exposed to oxygen plasma taken with 2020 eV photon energy

200 nm 200 nm

Figure 6.5. SEM images of PS-0-PMMA (Ly = 28 nm) DSA for 4L, density multiplication factor
when using PS-OH brush layer annealed at (a) 230°C and cooled down in nitrogen and (b) 260°C

and cooled down in air
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Finally, the interfacial affinity between the PMMA block and both modified and un-
modified brush layers has been studied by analyzing samples in which 20 nm PMMA films

have been grown in top of modified and un-modified PS-OH.

Figure 6.6.a and b show the Cls HAXPES spectra acquired with 3000 eV photons together
with de-convolutions using least-square fits. Both spectra show the characteristic 287.5
(continuous green line) and 290 eV (continuous magenta line) peaks of PMMA,
corresponding to O-CHj3 and O-C=O0 configurations, respectively, with a 1:1 stoichiometric
relationship.® The continuous red and blue lines correspond to C-C/C-H bonding and to
hydroxyl bonding, respectively, as described in Figure 6.4. The intensity ratio between the
C-C, C-H and C-OH contributions (red and blue lines) and the O-C=O contribution
(magenta line) increases for the sample exposed to oxygen plasma as compared to un-
exposed sample, indicating that for the latter the un-modified brush layer is not uniformly
covered by relatively thick PMMA film, as a result of lower affinity between both materials
(dewetting effect). However, in the case of the sample exposed to oxygen plasma the

modified character of the brush layer triggers a higher affinity to PMMA (wetting).

This is further confirmed when the Cls HAXPES spectra are taken at different photon
energies, as shown in Figure 6.6.c and d, where spectra have been acquired at 2700 and
3000 eV, respectively. In the case of the un-exposed sample the mentioned ratio increases
strongly between both photon energies, as a result of the increasing contribution of the PS-
OH substrate for increasing photon energy and thus of the probing depth, while for the

exposed sample the ratio is almost constant indicating a uniformly covered substrate.
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Figure 6.6. HAXPES spectra corresponding to Cls region of PMMA samples on (a) non-modified
and (b) modified PS-OH taken with 3000 eV photons. (c¢) and (d) show a comparison with a lower
photon energy (2700 eV)
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6.1.2. Characterization of chemical guiding patterns created by direct

writing techniques

These two chemical epitaxy approaches correspond to the two direct writing methods
described in section 3.6, and schematized on the middle and bottom of Figure 6.2. The first
method is based on using EBL to directly expose the sample to an electron beam which
modifies the chemical affinity of the brush.® Rather, in the other approach the surface is

locally oxidized by means of AFM.!

Due to the fact that the sample size needed for HAXPES characterization is larger than 0,5
pm, and taking into account that these are low speed writing techniques, both samples
have been characterized in a Laboratory-Scale XPS Instrument where the modified areas on
the sample are easier to locate. Nevertheless, in order to characterize the different interfaces
on samples submitted to oxidation by SPL, the same process has been tried by Parallel
Oxidation Nanolithography (PON)! which allows the oxidation of larger areas. This
procedure has been performed in collaboration with the Instituto de Ciencia de Materiales
de Madrid (ICMM), and it has been performed by contacting a conductive mold with the
PS-OH surface while applying a voltage under conditions of high humidity (above 70%).
The stamp consists of a 1 cm? piece of a DVD replica made with PDMS and coated with
100 nm thick gold film evaporated in high vacuum. The stamp’s surface presents parallel
hillocks 320 nm wide and spaced 740 nm. The height of the protrusions is 40 nm. To
transfer the patterns from the stamp to the substrate, a 35 — 40 V bias voltage for a time
ranging between 40 and 180 s has been applied while the stamps has been gently (50 kPa)

pressed upon the substrate.

Figure 6.7.a shows a comparison between Cls XPS spectra of four PS-OH surfaces after
annealing at 230°C and cooling down in nitrogen (continuous red line), after EBL and PON
modification (continuous grey and blue line, respectively) and a freshly cleaved highly-
oriented pyrolytic graphite (HOPG) surface (discontinuous black line). The surface
modified by EBL shows a relatively large broadening and a strong shift towards lower
binding energies, as compared to the sample modified by EBL and oxygen plasma (Figure
6.4.c). Charging effects can be excluded, since in all cases the energies have been referenced
to the Si2p;/, peak (99.3 V) from the buried silicon substrate. The mentioned shift towards
lower binding energies denotes the increasing presence of sp? bonding based on the
comparison with the results from a freshly cleaved HOPG sample (discontinuous black
line), which shows a narrow peak centered at 284.4 eV characteristic of sp? bonding. Such
increase in sp? bonding is in line, although not a direct proof, with the cross-linking of PS

12-14

due to e-beam exposure, as has been reported in the literature'> 4, and which contributes to

the alignment of the BCP, demonstrated in Figure 6.7.b.
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XPS intensity (a. u.)

Binding energy (eV)

Figure 6.7. (a) Cls XPS spectra region of PS-OH (continuous red line), EBL and PON modified
PS-OH (continuous grey and blue lines, respectively) and HOPG (discontinuous black line) using
monochromatic 1486.6 eV photons and (b) SEM image of PS-6-PMMA DSA (Lo = 22 nm) by EBL

direct writing

On the other hand, Figure 6.8.a shows an AFM image of a chemical guiding pattern
created by PON. The effect of the brush modification is an effective replication of the DVD
pattern with modified regions (brighter in the AFM topography) slightly elevated (1.1 nm).
Figure 6.8.b shows the Sils spectra taken at different photon energies in the 2020-3000 eV
range. At 2020 eV (black continuous line) only one feature is observed at about 1844 eV. At
higher photon energies two more lines are identified at about 1841 and 1846 eV binding
energies, respectively, that become increasingly dominant for increasing photon energies.
The 1841 and 1846 eV features correspond to the buried Si/SiO, interface. Previous
photoemission measurements performed at lower energy resolution using the Si2p line
conclude that most of the oxide grown using PON is purely stoichiometric, although
contribution from silicon lower oxidation states may be present.'* In references'''*! the
Si2p spin-orbit splitting is not resolved (compare to Figure 6.3), which can preclude the

observation of additional features in the region corresponding to the oxide.

In these experiments, Sils line has been selected instead because of the higher interfacial
sensitivity with photons above 2020 eV as compared to the Si2p line. At 2020 eV the
corresponding kinetic energies are about 180 eV and 1920 eV for Sils and Si2p, respectively,
and the minimum mean free path for electrons in matter is at about 100 eV. Thus, we can
continuously follow the emergence of the three features as a function of the increasing
probing depth from the surface with the Sils lines. In the case of the Si2p line photon
energies above 200 eV should be used, which could not be achieved at the KMC-1 beamline.
It can be concluded that the 1844 eV line emerges from a region located on top of the
Si/Si0O; interface, as schematized in Figure 6.8.a. In addition, since the feature at 1844 eV
exhibits lower binding energy as compared to the 1846 €V counterpart, it is concluded that
the 1844 eV line corresponds to a sub-stoichiometric oxide layer (SiOy), with partially
oxidized silicon. No changes are observed in the Cls spectra taken at the same photon
energies, although they do not correspond to the same probing depths, since the associated

kinetic energies are above 1735 eV for Cls.
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Figure 6.8. (a) AFM topography image and profile of the PS-OH brush surface after PON. A
scheme is included showing the different regions and (b) HAXPES spectra of the Si 1s region at

different incident energies

After characterizing these guiding patterns, it can be concluded that HAXPES using
synchrotron radiation is a powerful spectroscopic tool to explore the chemical properties of
surface and buried interfaces of brush layers for BCP DSA, since valuable information as a

function of probing depth can be obtained.

Furthermore, it has been found that the choice of the accurate cooling down process after
brush annealing is of paramount importance in order to obtain an optimal DSA result.
HAXPES characterization shows an increase in intensity on the energy range corresponding
to hydroxyl bonds when the brush is cooled down in the presence of oxygen. This is
consistent with the change in the chemical affinity of the brush layer with the BCP

experimentally observed in DSA.

With regard to the functionalization of the PS-OH brush layers, it has been proven that
oxygen plasma exposure activates the brush layers by generating diverse carbon-oxygen
bonding which promotes higher affinity to PMMA blocks while electron-beam exposure
increases sp? bonding promoting higher affinity to PS blocks that might be explained by
cross-linking of PS. In the case of parallel oxidation nanolithography, HAXPES provides
experimental evidence of the existence of a sub-stoichiometric oxide between the brush

layer and the SiO,/Si substrate.
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6.2. Block copolymer morphology and self-assembly
characterization by GISAXS

GISAXS is a surface and sub-surface sensitive scattering technique which provides an
accurate average structural information of as-received samples, with no need of sample
manipulation.!® In this method, the incident beam is almost totally reflected from the
substrate followed by small-angle scattering of the refracted beam by the sample

substrate.'”

This technique allows the investigation of surfaces with thicknesses down to the sub-
monomolecular range, providing information about the size and shape of nanostructures, as
well as about their distribution. On the other hand, GISAXS experiments of polymeric thin
films are limited to the use of synchrotron radiation since the scattering cross section is
weak in the X-ray regime as compared with metals, because of the low atomic mass

involved.1®1?

The first examples in which GISAXS was used to characterize nanostructured films date
from 1999, in which Walter et al. investigated the lateral structures of an ampholytic BCP,
finding a good agreement with SPM measurements.?’ Since then, a large number of works
analyzing the microphase separation in BCP have been reported?' 2, including those related
with their use in microelectronics industry.? In this last example, Ferrarese Lupi et al.

presented a work on high-aspect ratio PS-6-PMMA masks for lithographic applications.

The main advantages of GISAXS are that it is a non-destructive technique, and that the
measurement is averaged on a large area. On the other hand, it can be used in different
environment conditions (vacuum, air, gas atmospheres..). In addition, together with other
parallel characterization techniques, it allows corroborating thin films structural

information.

This is a technique which has to be used with synchrotron radiation and the obtained
information has to be translated from the reciprocal to the real space. Furthermore, it is
important to be aware of the radiation damage the sample can suffer, in order to avoid
data which is contaminated by damage artifacts. On the other hand, due to the beam size,

areas at the nanoscale are sometimes difficult to characterize.

6.2.1. Basis of grazing incidence X-ray technique

X-ray scattering of nanostructures shares the same principle as X-ray diffraction. In
GISAXS, the incident X-ray vector is kept at a grazing angle. Due to the small angles used,
scattering comes from variations of the mean electronic density, which is simplified by

basically considering variations in refractive index.
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The geometry employed on the technique gathers the main particularity of GISAXS. Figure
6.9 shows a schematic representation of the GISAXS geometry. The incident X-ray beam of
wave vector E, impinges the surface with a very small incident angle, a;, (close to the angle
of total reflection, o) with respect to the sample surface. Then, the scattered intensity of
wave vector E;, which makes a scattering angle of ¥ with respect to _k—{ and o with respect
to the sample surface, is recorded with a two-dimensional (2D) detector. The sample-to-
detector distances are normally between 2 and 5 m, and the values of the scattering vector,
¢, are in the range of 1 to 0.01 nm' (features from 1 to hundreds of nanometers can be

evaluated by GISAXS).

2D detector

Sample
Figure 6.9. Schematic representation of GISAXS scattering geometry

The wave vector transfer, ¢, is defined by the X-ray wavelength, A, and related with the

angular coordinates as described in equation (6.1):

cos(af) cos(y) — cos(a;)
i=G-T=2  cos(@)sn) | 6.
sin(a;) sin(ay)

On the other hand, as previously mentioned, it is necessary to consider the effects of
refraction at the surface since the incident angle, o, is very small.?>? Scattering originates

from variation on the refractive index, which for X-ray is defined by equation (6.2).
n=1-6—ip, (6.2)

where & and [ represent the dispersion and absorption contributions, respectively.
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Arising at the critical angle, a., of the polymer there is a characteristic peak called Yoneda
Peak?, in which the diffuse scattering depends on the material and it is observed at the

position o + o, relative to the direct beam on the detector.
a. = V26, (6.3)

There is another important peak called specular peak which satisfies the condition o; = a.
This peak can become very intense and therefore, in order to protect the detector against

such high intensity, the detector has to be shielded with a beam stopper.

The X-ray penetration depth, A, is defined as the depth at which X-ray intensity is
attenuated by 1/e. Therefore, by varying the incident angle, different structures through

the film can be characterized. For i, a.<1 and a;=ay, the equation results in (6.4):

A 2
r=2 : : (6.4)
(af-a?) +4p7~(af-a?)

Once the data has been collected, the data has to be reduced by translating the detector

pixels into reciprocal ¢ space. Regarding the data reduction, there are different developed

tools which mainly convert to ¢ space and allow line cuts.

Concerning data analysis, as observed in equation (6.1), the intensity distribution in
reciprocal space is built as a function of ai, af, and 20. Therefore, the analysis of the
reciprocal space is typically analyzed within the framework of kinematical approximations,
such as the distorted-wave Born approximation (DWBA).?** An analysis using DWBA
results much more complex than the analysis of transmission data, but the basic concepts,

form factor, F(q), and structure factor, S(q), are used as well.

6.2.2. Block copolymer self-assembly GISAXS characterization

The morphology of different BCP systems has been analyzed by GISAXS in order to get

statistical information about the BCP size and spatial distribution.?" 32

The experiments have been performed on the Austrian SAXS beamline at the Flettra
Sincrotrone Trieste in Italy using a photon energy of 8.05 keV (A=0.154 nm). The beam
size at the sample position was 200 um high and 1000 um wide. Wide strips were used in
front of the detector in order to stop the specular beam. All the GISAXS experiments have
been performed at incident angles between 0.15° and 0.4° in order to have a wide

exploratory analysis angle range.

On the other hand, the 0.15° angle was chosen because it is between the critical angle of

the polymer film (0.12°) and that of silicon (0.163°). The scattered intensities have been
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recorded with a Pilatus 1M detector (981 - 1043 pixels of 172 pum? size per pixel) mounted
on the SAXS bench at a distance of 1877.824 mm from the sample.

6.2.3. Static GISAXS studies on block copolymer films

The analyzed samples are depicted in Table 6.1. PS-0-PMMA samples with different
morphologies and molecular weights, as well as the high-y systems studied in chapter 5
have been characterized by GISAXS. All the samples have been prepared on 1 x 1 cm?
chips bearing a native silicon oxide layer (p-type silicon wafers of 4-40 Q - cm resistivity).
Then, in order to obtain the BCP perpendicular morphology, the corresponding brush is
spin-coated on the top of the substrate (see Table 6.1).

After having removed the non-reacted brush, the BCP is deposited and annealed to
promote its self-assembly. SEM images showing the morphology of the different analyzed

BCP samples, taken before GISAXS measurements, are shown in Figure 6.10.

Table 6.1. BCP samples characterized by GISAXS

Sample Brush Specifications
Lamellar
PS-b-PMMA PSeo-r-PMMA Lamellar
Lamellar
PSrow-r-PMMA Cylindrical
PS-b-PLA PSusy-r-PMMA Lamellar
PLA-b-PDMS-b-PLA PSeo--PMMA + PDMS-OH Lamellar

200 mn 200 nm 200 nm

900 1ini- 200 nm 200 nm

Figure 6.10. SEM images of lamellar PS-0-PMMA with (a) Ly=38 nm, (b) Lo=28 nm, (c¢) Li=22
nm, (d) cylindrical PS-0-PMMA with L¢=35 nm, (e) lamellar PS-0-PLA, and (f) lamellar PLA-b-
PDMS-b-PLA

GISAXS patterns are obtained by following the procedure depicted in Figure 6.11. The
image represents the GISAXS detector pixels x and y, in the corresponding axis. Then, the
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intensity patterns are obtained by making an horizontal cut of 30 pixels thick in 267 pixel,
and translating it into the ¢ space. This pixel corresponds to an angle oy = 0.193° and ¢, =
0.03 nm.
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Figure 6.11. Scheme of a GISAXS pattern showing all GISAXS detector sectors. The cuts are
performed in the sector in which the center of the reflected beam is located

Figure 6.12 shows the SEM images of the lamellar (Lo = 38 nm) and cylindrical PS-b-
PMMA, and the corresponding GISAXS patterns. Since GISAXS transforms structural
parameters in real space into the reciprocal space, the vertical rods are directly related with
the d-spacing of the BCP.

For a lamellar and cylindrical BCP, it is related by equations (6.5) and (6.6), respectively.

2

Ly = 7” (6.5)
4T

LO _— \/TC]’ (66)

For lamellar (Lo = 38 nm) and cylindrical BCPs, vertical rods (10 Brag rod) are equally
spaced at an interval of Aq = 0166 and 0.203 nm™, respectively. The corresponding real-
space period is thus, 38.27 and 36.01 nm, respectively, which is in agreement with previous

SEM measurements.

The Lo measurements for the other BCP systems, as well as a comparison with the pitch
measurement extracted from SEM, are depicted in Table 6.2. The difference between the
SEM and GISAXS measurements for the cylindrical BCP is attributed to the change of the

PS matrix under the high electron beam inducing its cross-linking.*
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Figure 6.12. GISAXS patterns and SEM images of (a) lamellar and (b) cylindrical PS--PMMA
samples before removing PMMA

Table 6.2. BCP samples characterized by GISAXS
GISAXS Pitch after

Sample SEM pitch GISAXS Pitch .
PMMA etching
38 nm 38.27 nm 38.70 nm
28 nm 28.06 nm 28.06 nm
PS-b-PMMA
22.5 nm 23.07 nm 23.06 nm
35 nm 36.01 nm 36.01 nm
PS-b-PLA 19.5 nm 19.09 nm -
PLA-b-PDMS-b-PLA 30 nm 29.52 nm -

On the other hand, in order to have more contrast and get information in the film volume,
these samples have been compared with those in which the PMMA domains have been
previously removed by exposing the samples to a brief dose of oxygen plasma. Figure 6.13
and Figure 6.14 show the GISAXS patterns and their intensity profiles along the 10 Bragg
rod, for the lamellar and cylindrical PS-6-PMMA. From the GISAXS patterns of Figure
6.13 it can be seen that there is higher electronic density contrast between PS and PMMA,
as compared with the ones in Figure 6.12, due to the PMMA removal. This allows not only
the measurement of the 10 Bragg rod, but also of higher order rods.

On the one hand, it is observed that the 10 Bragg position stays unchanged after the
PMMA removal (see Table 6.2). On the other, in contrast with Figure 6.14.a, Figure 6.14.b
shows the characteristic positions of the 2D hexagonal arrays, representative from the
perpendicular oriented cylindrical phase. These peaks are indexed as the (h,k) reflections of
a two-dimensional hexagonal lattice (equation (6.7)), and the results obtained are in well

agreement with the ones reported in the literature.?*3

__ 4nvh?+hk+k?

1=, (6.7)
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Figure 6.13. GISAXS patterns of (a) lamellar and (b) cylindrical PS-0-PMMA samples after
removing PMMA by oxygen plasma exposure
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Figure 6.14. GISAXS intensity profile along the 10 Bragg rod for (a) lamellar (Lo = 38 nm) and
(b) cylindrical PS-6-PMMA

Regarding the high-y samples, the same analysis procedure described above has been
followed. Figure 6.15 shows the GISAXS intensity profiles for PS-6-PLA and PLA-»-PDMS-
b-PLA samples. As it is observed, there is enough contrast between the domains to see a
sharp primary peak in both cases. Furthermore, for the PLA-b-PDMS-5-PLA sample the
appearance of a higher order rod is observed (Figure 6.15.b).

10000 ] (8) (b)
10000
1000 4
1000 4
CR z "™ o
= Ay =
an 0 100 4 qu,=2q,,
3 104 3 B —
POV
14 10 4
0.1 . 1 -
0.5 10 0.5 1.0
q (1/nm) q (1/um)

Figure 6.15. GISAXS intensity profile along the 10 Bragg rod for lamellar high-y (a) PS-6-PLA
and (b) PLA-b-PDMS-b-PLA
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6.3. Summary and conclusions

In summary, two different techniques to further characterize BCP films and their

interactions with the substrate have been presented.

With regard to guiding pattern characterization, it has been demonstrated that HAXPES
using synchrotron radiation is a powerful technique to explore the chemical properties of

surface and buried interfaces in the DSA process.

The different interactions which take place on the chemically modified guided patterns have
been characterized. On the one hand, when the brush is functionalized by using exposure
under oxygen, the plasma activates the brush by generating diverse C-O bonding
promoting higher affinity to PMMA blocks. On the other hand, when the polymer surface
is exposed to direct electron beam exposure, it cross-links as reflected in the increase of sp?
bonding. In the case of parallel oxidation nanolithography, HAXPES provides experimental
evidence of the existence of a sub-stoichiometric oxide between the brush layer and the
Si0,/Si substrate.

Concerning the analysis of BCP films, GISAXS measurements have allowed a well-defined
structure characterization of lamellar and cylindrical BCPs. Furthermore, it has been
demonstrated the different profiles between lamellar and cylindrical perpendicular oriented

BCPs, by selectively removing one of the domains.
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Chapter 7

Pattern transfer of block

copolymers and application in

device fabrication

The nanoscale BCP mask features formed on the substrate after self-assembly present
very poor contrast etching and are easily damaged after plasma processing. Therefore, an
accurate pattern transfer method is required.

This chapter introduces a method based on the use of atomic layer deposition (ALD) to
enhance the etching contrast between PS and PMMA, and thus perform the pattern
transfer of the features into the substrate. It has been characterized by Peak Force
tapping AFM which has made possible to access the local mechanical properties of single
BCP domains.

On the other hand, the application of BCP DSA in microelectronics is presented, with
the fabrication of a mnovel manomechanical resonator made by graphoepitary and

infiltrated material by ALD.
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7.1. Conventional atomic layer deposition

7.1.1. Introduction

Atomic layer deposition (ALD) is a vapor phase deposition technique which can produce
thin, highly uniform and conformal films of a variety of materials. It is based on sequential,
self-limiting and surface controlled vapor phase reactions capable of achieving a control on
the film growth at the nanometer or sub-nanometer scale.!? The film formation mechanism

consists of consecutive atomic layers grown from the surface at relatively low temperatures.

The number of ALD applications has been significantly increased over the past few years,
especially due to the constantly decrease of the IC device size. ALD is a very suitable
method for the fabrication of nanostructures with high aspect ratio, because it offers
functional material layers with high quality, uniformity and conformality.® On the other
hand, ALD has been also used for biomedical applications, for the creation of biomedical

coatings, and for optical sensors.*

In contrast to chemical vapor deposition (CVD), the precursors are not injected
simultaneously in the reactor; they are instead inserted as a series of sequential pulses. In
each pulse, the precursor reacts with the surface until the reaction is completed. Therefore,
the amount of material deposited on a surface depends on the interactions between the

precursor and the surface.’

The ALD surface reaction mechanisms are depicted in Figure 7.1, and as observed, it
consists on the sequential use of self-terminating gas-solid reactions. The following 4-steps
are involved: (i) the first precursor (A, red) is introduced in the chamber, and it reacts with
the reactive sites of the surface until they are consumed, (ii) the remaining reactant
molecules and the secondary reaction products are evacuated, (iii) the second precursor (B,
green) is inserted into the reactor, and after the reaction (iv) the chamber is purged. This
mechanism represents one ALD cycle, and in each reaction cycle a certain amount of
material to the surface is added, until the desired thickness is achieved.

1. Addition of precursor A 2. Evacuation of the non- 3. Addition of precursor B ini;(t(Ilt;O(lllefj:iutlltllll()ijni(::l:

into the chamber reacted precursor A into the chamber + purge )
achieved

o Uy

Figure 7.1. ALD surface reaction mechanism
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ALD processes have been developed for a wide range of inorganic materials, like oxides,
nitrides, sulphides, selenides and others.” However, among all the processes published in the
literature, the synthesis of Al,Os from trimethylaluminum (TMA) and water is the mostly
known. The reactants are very reactive and thermally stable, which means that the self-

limited growth of alumina can be achieved in a wide range of temperatures.’

The reaction mechanism sequence is described in Figure 7.2. First the TMA precursor
chemisorbs on the substrate reacting with the adsorbed hydroxyl groups, until the surface
is passivated (TMA does not react with itself, thus the reaction leads to one layer). Next,
the non-reacted precursor and the secondary products (CH) are pumped out of the
chamber, normally by using argon or nitrogen as purge gases, leaving a surface covered
with AICH;3 groups (reaction (7.2)). Afterwards, the water vapor is pulsed into the
chamber and reacts with the methyl groups of the surface forming Al-O bridges and
hydroxyl surface groups. Finally, the chamber is purged with argon or nitrogen, and the
secondary products are pumped away (reaction (7.3)). The overall stoichiometry reaction is

(7.1), and it is often described by two half-reactions (7.2) and (7.3).

A1(CHz)s + 3/2 HiO( — 1/2 AlOs) + 3CHy), (7.1)
|-OH + AI(CHy)y) — |-O-Al(CHy)s + CHy), (7.2)
|-O-Al(CH3), + 2H;0() — |-O-A1(OH)s () + 2CHy), (7.3)
1. Addition of TMA into 2. Reaction between TMA 3. Surface passivation and

the chamber and adsorbed -OH groups single layer formation + CH,

A th- $ ‘ CH,

5. Water reaction with
methyl groups forming Al-O 6. ALO, layer after 1 cycle

bridges

P

4. Addition of water into the

chamber

Figure 7.2. AlOs; reaction mechanism sequence
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When ALD is used with polymer surfaces, it has been demonstrated that precursors can
infiltrate and react to modify significantly their mechanical properties.’ In particular,
PMMA presents a characteristic bonding structure (hydroxyl and carbonyl) which allows
the ALD film nucleation and growth. A possible mechanism for the reaction between TMA
and PMMA is presented in Figure 7.3. The PMMA carbonyl groups react with the TMA
molecules forming an acetal group by transferring the methyl to the carbon. Then, the

water, reforms the carbonyl not in the ester form but in the ketone form.

Figure 7.3. Possible mechanism for the reaction between TMA (Lewis acid) and PMMA carbonyl
groups (Lewis base), followed by the reaction with water (R denotes PMMA)°

The ability of controlling the reactions between the precursors and polymers, is being used
on the field of BCP DSA, to enhance the etching BCP properties, by selectively depositing

the material in only one of the domains.%”

7.1.2. Use of atomic layer deposition for block copolymer pattern

transfer

To take advantage of the nanostructures offered by BCP DSA, accurate pattern transfer
techniques are needed. Normally, to enhance the etch resistance of the BCP film to oxygen
plasma, the pattern is transferred to an intermediate hard mask layer.*® However, in order
to avoid the complication on the fabrication process and the associated additional costs,

selective deposition by means of ALD is used.!? 2

The ALD technique provides a powerful nanofabrication technique for BCP DSA pattern
transfer, since it enhances the etching contrast between BCP domains, and thus allows
obtaining high-aspect ratio nanostructures. ALD organometallic precursors exhibit higher
chemical affinity to one of the domains, thus allowing the selective deposition on one of the
blocks. The etching contrast between domains is enhanced because for each cycle, there is a
selective deposition by ALD, which produces a selective growth of material on top of the

preferential domain.
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The use of ALD has been performed with TMA precursor and water, to selectively grow
AlLO3 on top of PMMA domains of a PS-6-PMMA BCP. As discussed in the previous
section, it has been reported that Al,O3 is selectively deposited on PS-6-PMMA BCP
samples, due to the preferential chemical interactions between the TMA molecules and the

carbonyl moieties along the PMMA chains.!t 4

7.1.2.1. Materials and methods

The ALD process has been performed on self-assembled PS-0-PMMA samples, as depicted
in Figure 7.4. The whole process consists of 5-steps: (i) PS-6-PMMA self-assembly, (ii)
selective alumina deposition on PMMA domains, (iii) PS removal, (iv) silicon etching and

(vi) ALD mask removal.

1. BCP self-assembly ~ 2- ALD on PMMA 3. PS etching 4. Si etching 5. ALD mask removal
domains

evveve

@ si @ Brush @ PS @ PMMA <~ ALO,
Figure 7.4. Schematic of ALD on PMMA domains of PS-0-PMMA sample

After the PS-6-PMMA (Lo = 28 nm) BCP is self-assembled, ALOs3 is selectively deposited
on top of PMMA domains by using five ALD cycles. The ALD process has been performed

in a Savannah equipment from Cambridge Nanotech.

The alumina is synthesized using binary reactions of TMA (Aldrich, 97%) and water within
the polymer films. The deposition is performed at 85°C as follows: first, the chamber is
stabilized with nitrogen for 10 min. Then, the precursor, TMA, is admitted into the reactor
for 60 s. Afterwards, the chamber is purged with nitrogen for further 60 s, and the water is

admitted in the reactor for 60 s. Finally, this sequence is repeated for five cycles.

7.1.2.2. PS-b-PMMA pattern transfer results

After PS-6-PMMA self-assembly, the alumina is deposited on top of the material for five

cycles, and the obtained results are shown in Figure 7.5.

100 nm

Figure 7.5. SEM image of PS-0-PMMA self-assembly after five cycles of ALD deposition
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After selectively depositing the alumina on PMMA domains, an oxygen plasma exposure at
300W and 50 scem of oxygen flow is performed to remove the PS domains (Step 3 of Figure
7.4). The PS etching has been studied for different times, and the obtained results are
shown in Figure 7.6. As observed, the higher the etching time, the more damaged the BCP
structure is. From the SEM images it is observed that the optimal etching time is 5 s.
Nevertheless, the hard mask used to transfer into the silicon would not withstand the

etching, since it is easily damaged when exposing to slightly higher times of oxygen plasma.

This occurs because the alumina is only deposited on the top of PMMA domains, but it is
not infiltrated through the whole domain. Therefore, when exposing the sample to oxygen
plasma, the PS domains start to be removed because the PMMA is protected by the
alumina (step 2 of Figure 7.7). Afterwards, as the PMMA domains are not protected by the
alumina in the edges but only on the top, they also start to be etched. Consequently, as the
PMMA etching speed is faster than for PS, the whole PMMA domains (now not protected
by the alumina) are removed (step 3 of Figure 7.7), and only a thin PS layer remains on

the surface (step 4 of Figure 7.7).

o200y

200 mn

)

Figure 7.6. SEM image of PS-b-PMMA self-assembly after three cycles of ALD deposition and
oxygen palsma exposure for (a) 60 s, (b) 30 s and (c) 5 s etching times

1. ALD on PMMA 2. PS etching by 3. Underetching of 4. Total PMMA

domains oxygen plasma PMMA domains removal

Figure 7.7. Schematic representation of the PS etching process during oxygen plasma exposure
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7.2. Sequential Infiltration Synthesis

7.2.1. Introduction

SIS offers an alternative ALD mechanism which allows the infiltration of the precursors
into the polymer."1? 121516 On the BCP field, it is used to selectively infiltrate one BCP

domain, and use this protective component as a hard mask to pattern transfer.

Moreover, the thermal budget of SIS is low and it shares the same conventional ALD
reaction mechanism. However, whereas ALD implies surface reactions, SIS uses functional
moieties within the bulk of the polymer. As a consequence, when samples are exposed to
SIS conditions, not only the polymer top domains are covered but the whole polymer

domains are infiltrated, resulting in an improvement of resist hardness.

7.2.2. Use of sequential infiltration synthesis for pattern transfer

As observed in the previous section, the conventional ALD mechanism does not protect the
whole PMMA domains and therefore, it cannot act as a hard mask for pattern transfer
since it is under-etched after some seconds of oxygen plasma exposure. As an alternative
solution SIS, which has been demonstrated to lead to high-aspect-ration features in a

substrate, is used.”1:1216-18

It has been reported that the mechanism which takes place during the reaction between
TMA and PMMA in the SIS process involves two-step reaction.'? In the first step (7.4),
TMA reacts with the carbonyl groups of PMMA and form a physisorbed complex (C=0
-+ + Al(CHjs)3), which slowly reacts to form a permanent O-Al bond (7.5).

C=0 + Al(CHy); <> C=0 - - - Al(CHy)s, (7.4)

C=0 - - - Al(CHy)s > O-Al-(CHs),, (7.5)

It has been found out that TMA purge times are crucial for the infiltration process, since
longer purge times reduces the SIS growth. On the other hand, longer TMA exposure times,
enhance the alumina formation, since the intermediate complex concentration is

maintained, and it allows the slow reaction of the chemisorbed species.!!'?

7.2.2.1. Materials and methods

The overall process describing the SIS mechanism is shown in Figure 7.8. As observed, it
has the same processing steps as the one described for the conventional ALD deposition
(Figure 7.4).
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1. BCP self-assembly 2+ SIS on PMMA 3. PS etching 4. Si etching 5. ALD mask removal
domains

e E

P si @ Bush @ PS @ PMMA @ ALO,
Figure 7.8. Schematic of SIS on PMMA domains of PS-0-PMMA sample

After PS-6-PMMA self-assembly, the SIS is performed in the same ALD equipment, but by
varying the processing conditions in order to induce the diffusion of the alumina into the
PMMA domains.

The infiltration is performed at 85°C as follows: first, the chamber is purged and the TMA
is admitted at a P=0.5 torr for 80 s. Then, the non-reacted gases are evacuated with
nitrogen for 30 s, and the water is introduced into the chamber for further 80 s. Finally, the

chamber is purged for 30 s. This sequence is then repeated for several cycles.

The main differences between conventional ALD and SIS, are the pressure reached inside
the chamber after the precursor admission, the time the precursor is inside the chamber,
and the purge time. It has been reported that in order to obtain an optimal SIS process, it

is recommended to work at higher pressures and shorter purge times.'%16

7.2.2.2. PS-b-PMMA pattern transfer results

After trying the optimal SIS conditions on a self-assembled PS-0-PMMA sample, it was
found that the optimal number of cycles when using these conditions was 5. Figure 7.9
shows PS-0-PMMA self-assembly SEM images before and after SIS, for a lamellar (Ly = 38
nm) and a cylindrical (Lo =35 nm) BCP.

As observed in the images, the infiltration is performed on the PMMA domains, as better
revealed on the cylindrical SEM images. The cylindrical BCP has a PS/PMMA composition
of 60:40, so that the BCP morphology consists of PMMA cylinders immersed in a PS
matrix. In Figure 7.9.b it is observed that the cylinders (PMMA domains) exhibit higher

contrast compared with Figure 7.9.a, due to the alumina infiltration.
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(a)

Figure 7.9. SEM images of lamellar (Lo =38 nm) and cylindrlcal (Lo =35n ) BCP (a) before and
(b) after 5 cycles of SIS

In order to explore the degree of infiltration in the PMMA domains, the samples have been
exposed to oxygen plasma at 300W with a 50 sccm oxygen flow, for 18 s to etch the PS
block. Afterwards, it has been performed a silicon etching by using the conditions depicted

on Table 7.1 for 60 s to etch 15 nm silicon.

Table 7.1. Silicon etching conditions for PS-0-PMMA pattern transfer
[SF¢] 20 sccm
[CiFy] 30 scem
Power Source 220 W
Chuck Power 20 W
Time 60 s

Pressure 2 Pa

Temperature 20°C

Silicon etched 15 nm

Figure 7.10 and Figure 7.11 show top-view and cross-section SEM images, respectively, of
the PS-6-PMMA silicon pattern transfer, after being removed the infiltrated PMMA hard
mask. As observed from the images, the features have been successfully transferred to the
substrate, thus demonstrating the viability of the method to obtain high-aspect ratio
nanostructures. There has been performed an EDX characterization, and the presence of
alumina has not been detected. However, since the alumina mask is hard to remove by

oxygen plasma, a thin alumina layer can remain on top of etched silicon.
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=200/ 30

Figure 7.10. SEM image of lamellar (Lo =38 nm) BCP after pattern transfer the features into
the silicon by using an infiltrated PMMA mask

100 nm

Figure 7.11. Cross-section SEM image of lamellar (Lo =38 nm) BCP after pattern transfer the
features into the silicon by using an infiltrated PMMA mask. The lower image corresponds to the
zoomed part region (green) of the image above

7.2.2.3. High-y block copolymers pattern transfer results

In order to demonstrate the applicability of the SIS process to other material systems, the
procedure depicted in Figure 7.8 has been tried on two high-y systems: PS-6-PLA and
poly(1,1-dimethyl silacyclo-butane)-b-poly(methyl methacrylate) (PDMSB-6-PMMA).

PDMSB-6-PMMA samples have been provided by LCPO, and it consists of a cylindrical
BCP where PMMA cylinders are immersed in a PDMSB matrix. Figure 7.12 shows the
PDMSB-b6-PMMA self-assembly after SIS and PS etching, and it is observed that after the
process the PMMA cylinders have been infiltrated as the ones for PS-5-PMMA in Figure
7.9.b.
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100 nm 100 nm

Figure 7.12. SEM images of PDMSB-0-PMMA self-assembly (a) before and (b) after SIS and PS
etching

On the other hand, the SIS process has been used for PS-0-PLA, where the selective
infiltration takes place with the PLA block in a similar mechanism as the PMMA does, due
to the carbonyl groups present on the PLA molecular structure. As observed in Figure
7.13.b, after an oxygen plasma etching, the PS domains are etched away, and the PLA
infiltrated mask resists, allowing thus a subsequent pattern transfer. On the other hand, the
morphology the BCP takes when it is dissolved in PGMEA | reveals that the wider domains

are the ones infiltrated corresponding to the PLA, as previously discussed in chapter 5.

100 min e 2\ : - 100 11111‘

Figure 7.13. SEM images of PS-b-PLA self-assembly (a) before and (b) after SIS and PS etching

7.3. Local nanomechanical properties of PS-b-PMMA self-

assembly

7.3.1. Introduction

In order to characterize the enhancement on the mechanical properties when the BCP films
are covered and infiltrated with alumina, the Peak Force quantitative nanomechanical

mapping (QNM) technique was used.

With this technique, it is possible to reliably quantify the Young’s modulus, F, of materials
with high spatial resolution and surface sensitivity. This is achieved by the acquisition of a

large number of force-distance curves to calculate the mechanical properties at each point.'

When probing ultrathin films, the film thickness is in the order of magnitude of the
indentation performed. Therefore, the tip also feels the substrate and as a consequence, the

mechanical properties are dominated by the substrate, resulting in a larger apparent
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modulus compared to the bulk ones.?’ To avoid this effect, it is widely accepted to limit the

indentation depth to less than 10% of the film thickness.?!??

Figure 7.14 shows a force-separation curve obtained with a single approach (blue) and
withdraw (red) on a PS reference sample. The deformation parameter is obtained from a
portion of the approach curve (blue). In order to determine the Young’s modulus from the
curve, the curve is fitted to the Derjaguin-Muller-Toporov (DMT) model (modified
Hertzian model that also takes adhesive forces into account)?, which provides the reduced
modulus, F* as a function of the applied force, the maximum adhesion, F.u, force and the

instantaneous sample deformation, dsumy. (equation (7.6)).

4 s
F=2EF /Rd;”amme + Faan, (7.6)

where the relation between the reduced modulus and the sample modulus is approximately
E = 0.88E* if it is assumed that the tip modulus is larger than the sample modulus (when

using silicon-based tips with polymer surfaces).

(a) (b)
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Figure 7.14. (a) Hertz contact model for a spherical indenter and (b) typical force plot of a PS
reference sample of E = 2.7 GPa obtained with a cantilever of k = 42 N/m

Finally, the tip radius values have been obtained by using a calibration kit from PELCO.*
The tip radius is calculated from the height profile when scanning a mica substrate with

attached Au spherical nanoparticles with a nominal radius of 5 nm.

7.3.2. Optimal Indentation Conditions

The surface imaging has been obtained by using an AFM (Dimension Icon, Bruker)
operating in Peak Force tapping mode, by using standard tapping cantilevers with a

nominal radius of 7 nm and with a nominal spring constant of 26 N/m.
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By calibrating the optical lever sensitivity, cantilever spring constant and tip radius, the
force-distance curve can be obtained with information about the Young’s modulus, adhesion

force, sample deformation and dissipated energy.

In order to obtain a detectable deformation, the correct cantilever spring constant has to be
selected. For sample Young’s modulus in the 1 GPa to 10 GPa range, force constants in the
order of about 25 N/m are indicated. In the experiments, the applied force set points have
been in the range between 10 and 25 nN, to get an optimal deformation for a reliable fit (1-

2 nm) avoiding plastic deformation.'*

Figure 7.15.b shows the Young’s modulus map for a PS film (E = 2.7 GPa) at various Peak
Force set points to identify the optimal indentation conditions. From the force-distance
graph (Figure 7.15.c) it is observed that when the deformation reaches 2.1 nm, the value of
the modulus does not change with respect to the force applied, matching the nominal value

of the reference.

(b) (c)
10 nm 20 GPa Peak force —m— ¥ ———>
PS reference Detormation o [T 3.5 |suN| 100N 150N 25 nN 35 nN| 45 N
sample
0.8 nm 3.0 |Reference value 2.7 ’JM
—
0.9 QE 2.5 U
9nm
N
2% £
L2 10m
5 2.0
1.5
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Figure 7.15. (a) AFM topography image and (b) reduced modulus of a PS reference film. The value

of the sample reduced modulus, E* is plotted along the position in (c)

7.3.3. Characterization of PS-b-PMMA thin films

Once the deformation range has been obtained, a PS-5-PMMA thin film of 38 nm pitch has

been characterized after self-assembly. Its specifications are depicted in Table 7.2.

Table 7.2. Specifications of PS-0-PMMA

M., ‘ Morphology Thickness ‘
PS-b-PMMA 79 kg/mol Lamellar 43 nm 1.97 £ 0.21 GPa | 3.10 £ 0.73 GPa

The experiments have been performed by keeping constant the deformation between 1 and
4 nm and with a standard silicon tip. AFM topography, adhesion, modulus and
deformation channels are presented in Figure 7.16.b-e. From the images, it is observed that
PS is softer and deforms more resulting in a higher adhesion. The value of E* reported in
Table 7.2, is obtained by fitting the modulus distribution to two Gaussians, each one

representing the modulus distribution of each phase (Figure 7.16.j).
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Topography 5 nm Adhesion 5.5 nN Reduced modulus 7.8 GPa Deformation 3 nm
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Figure 7.16. (a) SEM image of PS-0-PMMA (Lo = 38 nm) self-assembly, and (b) height, (c)
adhesion, (d) reduced modulus, and (e) deformation maps of the sample acquired by peak force at
30 nN set-point. Detailed profiles of (f) height, (g) reduced modulus and (h) deformation. For
deformation and elastic maps, the corresponding Gaussian fitting of the data histograms (i) and (j),
respectively

7.3.4. Characterization PS-b-PMMA thin films after atomic layer

deposition

In order to compare the enhancement of mechanical properties with self-assembled layers
after ALD, the BCP reference sample has been compared to self-assembled layers exposed
to 3, 6 and 9 ALD cycles.

Figure 7.17.a~-d shows AFM topography images of PS-6-PMMA samples before and after
different alumina cycles deposition. Figure 7.17.e shows an histogram with the height
distribution of the sample, after 9 ALD cycles. The height difference observed is
approximately 2.70 nm. However, to this value, 1.35 nm have to be subtracted due to the
initial height difference between phases, and 0.40 nm due to the deformation. This leads to

0.95 nm of alumina that remains on top of PMMA after 9 ALD cycles.

On the other hand, Figure 7.20 shows the reduced modulus maps and the corresponding
data histograms of PS-6-PMMA samples before and after different alumina cycles
deposition. From the graphs, it is clearly observed how stiffness increases locally only on

PMMA domains (from 3 to 10 GPa), while the PS elastic response remains unchanged.
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Figure 7.17. AFM topography images of (a) PS-6-PMMA, (b) PS-6-PMMA + 3 ALD, (c) PS-b-
PMMA + 6 ALD and (d) PS-0-PMMA + 9 ALD. An histogram showing the height distribution of
sample PS-6-PMMA + 9 ALD, is presented in (e)
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Figure 7.18. (a) AFM elastic maps of PS-0-PMMA, PS-0-PMMA + 3 ALD, PS-0-PMMA + 6
ALD and PS--PMMA + 9 ALD, and (b) the corresponding data histograms

From the mechanical properties characterization, it is concluded that with an accurate tip
calibration, and by adjusting the indentation conditions, it is possible to differentiate
between PS and PMMA domains in terms of modulus and adhesion forces. Moreover, the
average modulus found for PS and PMMA are in agreement with the ones found in the
literature. On the other hand, this technique has the unique capability of recognizing local
stiffening induced by the deposition of alumina, as demonstrated in samples exposed to

various ALD cycles.'4?
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7.3.5. Characterization of PS-b-PMMA thin films after sequential

infiltration synthesis

In order to characterize the difference on the mechanical properties between PS-0-PMMA
treated with ALD and SIS, infiltrated PS-6-PMMA samples are studied.

However, as a first step, infiltrated PS/PMMA blends are investigated on different brush
layer materials because after annealing the film dewetts and form micrometer-scale droplets
which present the advantage of not needing high lateral resolution. The preparation of the
films has been performed by following the procedure described in Figure 3.14, by using PS-
OH and PS--PMMA with 60 and 70% PS content, as brush layers.

As shown in SEM images of Figure 7.19.a-c, the higher the content in PS in the brush, the
larger the PS droplets which incorporate smaller PMMA droplets.

On the other hand, the contrast in the SEM cross-section image (Figure 7.19.d), reveals
the extent of SIS within PMMA (80-90 nm). The infiltration thickness is less than 200-300

nm, as already reported previously for similar infiltration conditions.?

PMMA Infiltrated

e g

Figure 7.19. SEM images of PS/PMMA droplets on top of (a) PS-OH, (b) PSeu--PMMA and
(¢) PSry-r~-PMMA and (d) SEM cross-section image of a PS/PMMA droplet on PS-OH after SIS

Then, the local mechanical properties of hPS, hPMMA and homopolymer blend after 5
cycles of SIS are investigated. The results are shown in Figure 7.20. As observed from the
modulus profiles, the PMMA modulus increases from 3 to 5.3 GPa after SIS. On the

contrary, the PS surface stiffness is less affected changing from 2.6 to 2.2 GPa.
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Figure 7.20. Topography, reduced modulus, deformation maps and reduced modulus profiles of
(a) PS droplet, (b) PMMA droplet, and (c) infiltrated PS/PMMA droplet

Figure 7.21 shows the results of PS-0-PMMA (L, = 38 nm) characterization after five
cycles of SIS. As observed from the results, there is a modest increase in stiffness on the
PMMA domains, after SIS (3.6 GPa). The obtained stiffness is likely to have been due to
the creation of an hybrid material in which the alumina is dispersed into a polymeric

material.lt

On the other hand, and compared to the sample exposed to ALD, it has been found that
the amount of alumina deposited on the top of PMMA domains is lower because during SIS

the alumina is not only deposited on top of PMMA but also infiltrated.
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Figure 7.21. AFM topography images of (a) PS--PMMA and (b) PS- b—PMMA + 5 cycles SIS
and (c) the corresponding profile; (d-f) represent the topography, modulus and adhesion map,
respectively, acquired in Peak Force tapping mode
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7.4. Fabrication of nanomechanical devices based on metallic

oxide nanowires

As a final objective of the thesis, the fabrication of nanomechanical resonators made of
infiltrated polymer as structural material is targeted. The nanofabrication approach is
based on using SIS to modify the etching and mechanical properties of the nanowires,

together with the DSA of BCP by graphoepitaxy to create the arrays.

Nanomechanical resonators based on suspended nanowires are excellent building blocks
since high resonant frequencies can be achieved by reducing the dimensions of the
nanowires. Nanowires with sub-10 nm section can show ultrahigh sensitivity when used for
the development of mass sensors. Moreover, additional effects arise at such dimensions, like
single charge transport effects and quantum phenomena. Recent works at IMB-CNM,
demonstrate the realization of a single-hole transistor made of a nanocrystalline suspended

p-type silicon nanowire?, and the onset of enhanced piezoresistive effects?.

The fabrication of nanomechanical resonators by combining DSA and SIS, allows achieving
nanobeam dimensions dictated by half of the BCP pitch. Up to now, nanowires based
mechanical resonators have been made of silicon, silicon nitride, carbon nanotubes or 2D
materials. 23! However, an optimal nanofabrication process in terms of accuracy and

scalability is still lacking.

The fabrication process has been performed at the Molecular Foundry (Lawrence Berkeley
National Laboratory) in Berkeley, CA, EEUU. The Molecular Foundry is supported by the
Department of basic energy science, through the Nanoscale Science Research Center
program, and it represents a national user facility for nanoscale science which provides
users access to expertise and instrumentation in a collaborative, multidisciplinary
environment. The Molecular Foundry is organized in seven interdependent research
facilities and provides access to state-of-the-art instrumentation, unique scientific expertise
and specialized techniques to help wusers address challenges in mnanoscience and

nanotechnology.

7.4.1. Materials and methods

7.4.1.1. Description of the fabrication method

The fabrication process to define the nanowire based mechanical resonators is described in
Figure 7.22, and it consists on the following steps: (i) fabrication of the topographical
guiding patterns on a SOI substrate, (ii) brush layer deposition, (iii) PS-6-PMMA self-
assembly, (iv) SIS on PMMA domains, (v) PS and brush etching, and (vi) silicon oxide

underetching.
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1. Creation of Si pads on SOI
by optical lithography + RIE

A A

4. SIS on PMMA domains 5. PS and brush etching 6. Silicon oxide underetching

~ U

@si > sio, @PBrush @ PS @ PMMA > SIS PMMA

Figure 7.22. Schematic of the nanofabrication process of a device based on an array of identical
nanobeams made by DSA and SIS

2. Brush layer deposition 3. PS-0-PMMA self-assembly

The creation of the topographical guiding patterns has been performed at the IMB-CNM
cleanroom facility by following the process depicted in Figure 4.11 in chapter 4 on SOI
substrates (120 nm silicon on 400 nm SiO,). After photolithography and development steps,
120 nm of silicon have been etched down to the SiO, layer by using the etching conditions
depicted in Table 4.2.

7.4.1.2. Brush and block copolymer materials

The BCP and brush materials used in the experiments are summarized in Table 7.3. The
brush is deposited on the guiding patterns from a 2% PSeu-~PMMA solution at 1500 rpm,
and annealed at 230°C for 5 min, covering the whole surface. Then, the sample is dipped in
PGMEA for 5 min at 40°C in an ultrasonic bath. Finally, 0.5% PS-0-PMMA solution is
spin-coated at 2500 rpm, and annealed at 230°C for 10 min.

Table 7.3. Specifications of PS-6-PMMA and brush materials (* BCP blend formed of a mixture of
38 nm and 22 nm BCP pitch (40:60))

PDI PS fraction
PSeon-r-PMMA 7.9 kg/mol 1.85 60% -
79 kg/mol 1.09 38 nm
PS-p-PMMA Blend” 50% 28 nm
423 kg/mol | 1.1 22 nm

7.4.1.3. Directed self-assembly by graphoepitaxy process

The same graphoepitaxy experiments performed with PS-0-PMMA of 22 nm pitch and
described in chapter 4, have been replicated at the Molecular Foundry, and the results have

been the same as those presented in Figure 4.8.
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On the other hand, the process has been also tried with two more BCP, showing good
alignment for the 28 nm pitch BCP (Figure 7.23).

‘2()@1111

Figure 7.23. PS-0-PMMA (Lo = 28 nm) DSA by graphoepitaxy by using 600 nm separation
width

7.4.1.4. Optimization of sequential infiltration synthesis in free-surface

In parallel to the DSA optimization, the SIS process has been optimized in a new ALD tool
at the Molecular Foundry (Mazima SMD VI). The process optimization has been
performed on PS-6-PMMA samples on free-surface for two materials: Al;O3 and ZnO.

Sequential infiltration synthesis with Al,O;

In order to optimize the SIS process, a first test has been performed on PS-6-PMMA of 38
nm pitch, and based on the obtained results, the precursor pulse, the temperature and the

purge time have been varied. This sequence is illustrated in Figure 7.24.

130°C, 3 cycles, 60 s purge 1352€C,.3 cycles, 30's purge! J135°C, 1 cycles, 30 s purge

Precursor

pulse change

200 nm 200 nm 200 nm

Temperature change

6°b,“3cy‘cles,'30'“s ]au'rge> ANV 859C, 1 cycles, 30 s purge

Purge time
change

200 nm 200 nm

Figure 7.24. Sequence followed to optimize the SIS with Al,O3 on PS--PMMA (Lo = 38 nm)
Once the optimal SIS conditions have been found, they have been transferred to the other

two BCP (Lo = 22 nm and 28 nm). Then, the SIS process has been characterized as a

function of the different experimental parameters (number of cycles, purge times, BCP film
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thickness and BCP molecular weight). All the experiments have been performed by using

the optimal conditions (85°C, 3 cycles and 10 s of purge) and by varying only the
parameter of study.

Figure 7.25 shows the SIS dependence as a function of the number of cycles. As observed
from the SEM images, one cycle is not enough to infiltrate the whole PMMA domains,
therefore poor contrast is observed. On the other hand, for cycles above 5, alumina

deposition is started to be seen on the fingerprint morphology.
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Figure 7.25. SIS with ALOs; on PS-0-PMMA (Lo = 22 nm) as a function of the number of cycles:

(a) one, (b) three, (¢) five, (d) seven and (e) nine (SEM images have been taken after PS removal)

Figure 7.26 shows the SIS results when varying the purge time after the precursor reaction
inside the chamber. As revealed in the images, the best results are obtained for purge times

of 10 s. Above this time, the SIS is not so efficient and partially infiltrated areas appear, in

accordance with the literature.!!
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Figure 7.26. SIS with Al:Os on PS-6-PMMA (Lo = 22 nm) as a function of the purge time: (a) 5
s, (b) 10 s and (c) 30 s (SEM images have been taken after PS removal)

Then, BCP of different film thickness have been infiltrated. Since the orientation of the
lamellae depends on the BCP thickness, there are some samples (Figure 7.27.c-d) which
show some parallel oriented lamellae before the SIS process. The results after SIS are shown
in Figure 7.27, and for the two perpendicular oriented samples (Figure 7.27.a-b), a decrease
in contrast in the thickest BCP sample (Figure 7.27.b) is observed. On other hand, it is

observed, that the alumina is deposited on the parallel oriented lamellae (Figure 7.27.c-d).

200 nm

(Lo = 22 nm) as a function of BCP film thickness
(SEM images have been taken after PS removal)

204



7. Pattern transfer of block copolymers and application in device fabrication

On the other hand, the SIS with Al;O3 has been performed on three molecular weight BCPs
by using the optimal conditions described above. As revealed in the SEM images of Figure
7.28, there is no influence on the process when varying the BCP chain length within the

chosen values (from 22 to 38 nm).

28 nm, and (c) 22 nm (SEM images have been taken after PS removal)

Finally, in order to demonstrate the influence of the purge time and the temperature on the
final BCP structure, the sample infiltrated at 85°C, with 1 SIS cycle and 10 s purge time
from Figure 7.25.a, has been compared with a sample processed under the same conditions
but with higher purge times and higher temperature. Figure 7.29.a and Figure 7.29.b, show
the difference on the infiltration depending on the purge time. As observed, and as
demonstrated before, the higher the purge times, the less infiltrated the sample is (it is
revealed by the poor contrast on the SEM image). On the other hand, when comparing
Figure 7.29.a and Figure 7.29.c, in which the temperature has been increased to 135°C, it is
observed that the infiltration process works much better, driving to the same results as

those in which the sample is infiltrated for 3 cycles at 85°C.

¢
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) ﬁ\i
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Figure 7.29. SIS with ALOs on PS--PMMA for 1 cycle and (a) 85 °C, 10 s purge time, (b) 85°C,
30 s purge time, and (c¢) 135°C, 10 s purge time

Sequential infiltration synthesis with ZnQO

In addition to AlOs, the infiltration using another oxide of interest, namely ZnO, has been
also performed. This material has been chosen due to its many advantageous properties,
such as thermal and electrical stabilities and optical transparency.’?® Moreover, it presents
a wide band gap of 3.37 eV, a large exciton binding energy of 60 meV, and its structure

leads to large piezoelectricity.3* 36

The ALD process for ZnO uses diethylzinc (DEZ) and water as precursors. The reaction

mechanism process consists of the reactions (7.7) and (7.8).
|-OH + Zn(CH, CHy)y — |-0-Zn(CH, CHs) + CHyCHs (), (7.7)

|-0-Zn(CH, CH;) + HO() — |-0-ZnOHy,) + CHyCH (), (7.8)
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In order to infiltrate ZnO into the PMMA domains, the process has been tried by using the
same processing conditions found for AlO;. As observed in Figure 7.30, the SEM images
after PS etching reveal that the infiltration has failed, and almost all the BCP film has

been removed.

200 nm

Figure 7.30. SEM images of PS-0-PMMA (L; = 38 nm) + 3 cycles of SIS (ZnO) (a) before and
(b) after PS etching

Therefore, in order to promote the ZnO infiltration, different approaches have been tried.
On the one hand, the activation and slightly oxidization of the surface has been tested,
before the SIS process, by exposing the sample to a short time of oxygen plasma or UV. As
observed, in Figure 7.31, the process has not worked, and only some infiltrated regions

remain after PS etching.

—200.nm

Figure 7.31. SEM images of PS-6-PMMA (Lo = 38 nm) with smooth (a) oxygen plasma and (b)
UV exposure, + 3 cycles of SIS (ZnO) after PS etching

«7x 20h nm

Another approach that has been tried consists in infiltratating one AlOj cycle before 3
ZnO SIS cycles, in order to activate the surface and promote the ZnO growth on an
alumina layer. The process has been performed at 85°C with 10 s of purge time, and the
result obtained is presented in Figure 7.32. As observed in the images, the process works
when the surface is first infiltrated with alumina. Moreover, the higher contrast shown in
Figure 7.32.a, if compared with Figure 7.25.a, reveals that there is ZnO infiltration.
Moreover, in the SEM cross-section image, Figure 7.32.b, two contrasted phases

corresponding to Al,O3 and ZnO, are observed.

Figure 7.32. (a) Top-view and (b) cross-section SEM image and (c) inset of PS--PMMA (Lo = 38
nm) with one Al:O3 and three ZnO cycles after PS etching
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Finally, in order to demonstrate the ZnO infiltration without using Al,O3 activation, since
the temperature has demonstrated to increase the reaction speed, the procedure has been
tried at higher temperatures (Figure 7.33). On the other hand, by keeping constant the
temperature at 85°C, the experiment has been performed by changing the order of the
precursors introduction in the chamber. That is, the water has been introduced first, and
then, the DEZ (Figure 7.34). As observed in both figures, the increasing temperature
enhances the SIS process, and a thin infiltrated PMMA layer remains on the substrate after
PS etching. On the other hand, the infiltration enhances more when the sequence of
introducing the precursors inside the chamber is inverted. The reason behind is that water
reacts more with PMMA carbonyl groups than DEZ does, and therefore leaves more

reactive sites when DEZ is introduced in the chamber.

200 nm

Figure 7.33. SEM image of PS-0-PMMA (Lo = 38 nm) with three ZnO cycles at 135°C after PS
etching

200 nm

)0

Figure 7.34. SEM image of PS--PMMA (Lo = 38 nm) with three ZnO cycles at 85°C by
inverting the introduction of precursors into the chamber

7.4.2. Nanomechanical resonators fabrication results

Once the SIS process on free-surface is optimized for both Al,O; and ZnO materials, it is
combined with the DSA by graphoepitaxy to fabricate the nanobeams. Figure 7.35 shows
the DSA results for PS-6-PMMA of 28 nm pitch after infiltration, before and after PS
etching. On the other hand, Figure 7.36 shows a SEM 30° tilted image of Figure 7.35.b. As
observed, the beams are already suspended after PS etching, since the infiltration does dot
diffuse through the whole PMMA domains down to the bottom.

(a)

Figure 7.35. SEM images of PS-0-PMMA (Lo = 28 nm) with three ALOs cycles at 85°C (a)
before and (b) after PS etching
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Figure 7.36. SEM 30° tilted image of PS-6-PMMA (Lo = 28 nm) with three AL:Os cycles at 85°C
after PS etching

The PS etching step has to be accurately controlled since the nanowires tend to crosslink
between them at longer oxygen plasma exposures. Figure 7.37 shows this effect after 10 min

of oxygen plasma etching.

Figure 7.37. SEM image of PS-0-PMMA (Lo = 28 nm) with three ALOs cycles at 85°C after 10
min PS etching

To corroborate that the nanowires are suspended after the optimal PS etching removal time
(Figure 7.35.b), a SEM cross-section at 90° has been taken. As observed in Figure 7.38, the
ALOQO; infiltrated nanowires are already suspended after the PS etching since the infiltration
does not reach the bottom of the PMMA domain. Therefore, there is no need to go further
and etch the SiO, under-layer to suspend them.

100 nm

Figure 7.38. SEM image of PS-0-PMMA (Lo = 28 nm) with three ALO; cycles at 85°C after 2
min PS etching showing the suspended infiltrated nanowires
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Finally, the same procedure has been tried not with alumina, but with the optimal
infiltration conditions found for ZnO. As observed in Figure 7.39, after the PS etching, very
few nanowires stand after PS etching. However, the remaining can be used to measure some

of their properties.

Figure 7.39. SEM image of PS--PMMA (Lo = 28 nm) with three ZnO cycles at 85°C after 2 min
PS etching showing the suspended infiltrated nanowires

In order to enhance the results shown in Figure 7.39 it is possible to increase the number of

ZnO infiltration cycles, or repeat the procedure increasing also the temperature.
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7.5. Summary and conclusions

A reliable method to pattern transfer BCPs has been implemented for BCP DSA.
Moreover, the difference between the conventional ALD process and SIS has been presented
and corroborated by an extensive study on the mechanical properties of the BCP after the

treatments. The difference between processing conditions is depicted in Table 7.4.

Table 7.4. Optimal processing conditions for ALD and SIS

Conditions ALD SIS |
Temperature 85°C 85°C
Precursor time in the chamber 60 s 80 s
Purge time 60 s 30 s
Cycles 5 cycles 5 cycles

The SIS process has been tried not only for PS-6-PMMA materials, but also for high-y
systems. It has been demonstrated that the infiltration process in PLA domains has a
similar mechanism as for PMMA, due to the carbonyl groups found in PLA molecular

structure.

Apart from Al,O3;, ZnO has been also tried as infiltrating material. However, due to the
reactivity of the precursors with the PMMA molecules, the infiltration procedure needs to
be performed at higher temperatures and with a higher number of cycles. On the other side,
it has been observed, that the change on the order the precursors are introduced into the

chamber enhances the infiltration process.

From the mechanical characterization, it has been found that ALD and SIS enhance the
stiffness of PMMA domains, while PS remains almost constant. Furthermore, it has been
demonstrated that in ALD, there is only material deposition whereas in SIS not only
deposition, but infiltration as well. This is also demonstrated in the etching tests performed

with both techniques.

On the other hand, the application of BCP DSA and SIS has been combined to fabricate
nanomechanical resonators which can be used on the development of mass sensors. It has
been demonstrated that DSA, in combination with SIS, is a powerful technique in that
field, since it provides the resolution of half of the BCP pitch, by using a simple and
affordable process. However, further work has still to be performed on the fabrication

process optimization and nanowire characterization.
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General conclusions

The thesis contributes to the development of directed self-assembly of block copolymers as a

fabrication method for the next generation of nanoelectronic devices and circuits.

The primary achievement has been the development, implementation and characterization

of a chemical epitaxy process for PS-b-PMMA systems.

The DSA chemical epitaxy process is based on creating a chemical nanoscale contrast on

a polymeric brush layer by oxygen plasma functionalization.

The optimal processing conditions for brush and BCP preparation, guiding pattern
definition by EBL and oxygen plasma functionalization, have been established. This has
entailed the study of different brush layer compositions and BCP annealing conditions,

required for each specific system.

It has been successfully implemented to lamellar forming PS-0-PMMA BCPs of the
following periods: 38 nm, 28 nm and 22 nm. Density multiplication factors up to 7 have
been achieved by means of using wide guiding stripes. It has been demonstrated that the
use of wide guiding stripes is of prime importance in chemical epitaxy since it allows
relaxing the lithography requirements in terms of resolution, enabling furthermore, the

process integration to high-y systems.

It has been investigated the role of the interface energies between the brush and the
BCP domains by a novel experimental method based on using homopolymer blends. The
contact angle between two phases in droplets formed by homopolymer blend dewetting
experiments on brush layers is related with the affinity strength. The experimental data
has been fitted in a DSA model to simulate the chemical epitaxy process, and a good
experimental correlation has been obtained. From simulation results it is proposed that,
along with the difference on surface free-energies, a relevant parameter to define the
efficiency of the guiding patterns to obtain standing lamellae oriented parallel to the
guiding patterns is the responsiveness of the brush layer, which is related with the brush

density.



General conclusions

Along with the characterization and development of a chemical epitaxy approach, other

complementary methods and exploratory investigations have been addressed.

It has been studied the self-assembly behavior of two novel high-y materials: PS-0-PLA
and PLA-b-PDMS-b-PLA.

With respect to PS-0-PLA, a proper brush layer which balances the interactions
between the surface and the BCP domains has been found, thus leading to the
perpendicular BCP orientation on the whole surface. Moreover, the self-assembly
behavior has been studied by using short thermal annealing times, demonstrating thus,
its easy industrial applicability. A DSA chemical epitaxy process for PS-6-PLA has
been partially achieved. A chemical contrast to force the alignment of the domains has

been observed, but not strong enough to guide them parallel to the guiding stripes.

Regarding the PLA-0-PDMS-b-PLA system, a DSA process has been implemented using
a novel approach based on the combination of grapho and chemical epitaxy, showing
large areas with high density multiplication factors. Furthermore, this BCP has shown

very remarkable DSA results with respect to integration capability.

Two new chemical epitaxy processes based on direct writing techniques have been
designed and implemented for PS-0-PMMA material systems. The guiding patterns on
the two processes have been created by locally oxidizing the surface with AFM
nanolithography, and by exposing the sample directly to the electron beam. The
development of these methods has allowed simplifying the processing sequence steps,
since the use of resists is avoided, and obtaining guiding patterns of higher resolution

(smaller linewidth).

It has been implemented a sequential infiltration synthesis (SIS) to enhance the etch
resistivity between PS and PMMA. This process improves the pattern transfer into the
substrate. It has been demonstrated for PS-6-PMMA, for high-y systems and for two
different infiltration materials, AlbO; and ZnO. The combination of BCP DSA by
graphoepitaxy and SIS has been applied to the design and fabrication of
nanomechanical resonators for mass sensing applications. As the nanowires are created
directly from the infiltrated polymer domain, the advantage of this process is that

nanowires of very small cross-section can be obtained.

Two techniques to further characterize BCP films and their interactions with the

substrate have been presented.
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General conclusions

It has been demonstrated that Hard X-ray Photoelectron Spectroscopy (HAXPES)
using synchrotron radiation is a powerful technique to explore the chemical properties

of the surface and buried interfaces in the DSA process.

Three chemical guiding patterns have been characterized, and the subsequent
modifications performed on the brush polymer have been identified. It has been
demonstrated that when the brush is exposed to oxygen plasma, it generates C-O
bonding, promoting higher affinity to PMMA domains. In case of Parallel Oxidation
Nanolithography (PON), it has been seen that a sub-stoichiometric oxide appears
between the brush and the substrate. When the polymer is exposed to electrons, the

cross-linking of PS molecules is what induces the BCP alignment.

Characterization by Atomic Force Microscopy (AFM) using the peak force quantitative
nanomechanical mode has made possible to access the local mechanical properties of the
single BCP domains, surpassing the limitations of standard nanoindentation methods.
Quantitative information about the average modulus of PS and PMMA on PS-b-
PMMA films has been obtained. This technique has been also applied to PS-6-PMMA
infiltrated BCPs, showing the unique capability of the method in recognizing local
stiffening induced by the deposition and infiltration of alumina, as well as its evolution

in terms of thickening and stiffening as a function of the numbers of ALD cycles.

In summary, the research performed within this thesis contributes significantly to the DSA
community, since it demonstrates a feasible industrial implementation of a new chemical
epitaxy approach for PS--PMMA BCPs, as well as the chemical mechanism which drives
their DSA. Moreover, a broad study on new novel BCPs has been performed, providing a
general overview of the major drawbacks and advantages of their implementation in the
industry, as well as a possible DSA fabrication process to their integration. The fabrication
process of a mnanomechanical resonator has been presented by combining the DSA

technology with SIS.
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Conclusions generals

Aquesta tesi contribueir al desenvolupament de l’auto-assemblatge dirigit de copolimers de

bloc com a meétode de fabricacio per a la futura generacio de dispositius i circuits

nanoelectronics.

La principal contribucié ha estat el desenvolupament, implementacié i caracteritzacié d’un

metode de guiatge basat en la modificacié quimica de la superficie per als copolimers de

bloc basats en PS-6-PMMA.

El procés de guiatge per modificacié quimica de la superficie, es basa en crear un
contrast quimic nanometric a una capa de polimer, a través de la seva modificacié amb

plasma d’oxigen.

S’han establert les condicions de procés oOptimes per a la preparacié de la capa de
copolimer de bloc i la corresponent definicié dels patrons de guiatge per litografia amb
feix d’electrons i modificaci6 amb plasma d’oxigen. Aix0 ha comportat realitzar un
profund estudi amb diferents polimers i condicions de recuit, requerides per a cada

sistema.

S’ha demostrat, la implementacié del copolimer laminar PS-5-PMMA amb les segiients
longituds de cadena: 38 nm, 28 nm i 22 nm, i s’han obtingut factors de multiplicaci6 fins
a 7, utilitzant linies amplies de guiatge. S’ha demostrat que 1'is de linies amples de
guiatge és molt important en I'estudi de I'auto-assemblatge dirigit de copolimers de bloc
per modificacié quimica de la superficie, perque aixo permet relaxar els requeriments

litografics en termes de resolucié, permetent alhora, la integracié dels sistemes d’alta y.

S’ha investigat el paper de les energies d’interficie entre la capa de polimer “brush” i els
dominis del copolimer, mitjancant un nou metode basat en 1'is d’'una mescla
d’homopolimers. Mitjancant la mesura de ’angle de contacte entre les dues fases d'una
gota formada per una mescla d’homopolimers, és possible determinar ’afinitat quimica.
Les dades experimentals s’han ajustat a un model d’auto-assemblatge dirigit per simular
el procés, i s’ha obtingut una bona correlacié. Dels resultats de les simulacions s’ha
conclos que juntament amb la diferencia d’energies d’interficie, la densitat de la capa de
“brush” juga un paper important a 1’hora de definir I'eficiencia del patré de guiatge per

obtenir lamines perpendiculars al substrat i paral - leles a les linies de guiatge.



Conclusions generals

Juntament amb la caracteritzacié i desenvolupament del metode de guiatge basat en

modificacié quimica de la superficie, també s’han dut a terme altres investigacions.

- S’ha estudiat el mecanisme d’auto-assemblatge de dos materials d’alta y: PS-b-PLA i

PLA-b»-PDMS-b-PLA.

Respecte al sistema PS-b-PLA, s’ha trobat una capa neutra de polimer “brush”, la qual
balanca les interaccions entre la superficie i els dominis del copolimer. Aixd ha donat
lloc a una orientacié perpendicular del copolimer de bloc a tota la superficie. A més, el
procés d’auto-assemblatge s’ha demostrat utilitzant temps curts de recuit termic,
demostrant aixi, la seva facil aplicabilitat industril. El procés d’auto-assemblatge dirigit
de copolimers de bloc per epitaxia quimica, s’ha aconseguit de manera parcial, ja que
s’ha observat contrast quimic a la superficie, pero no suficientment fort com per guiar el

polimer de manera paral - lela a les linies del patré.

En referencia al sistema PLA-6-PDMS-6-PLA, s’ha demostrat la implementacié d’un
nou procés d’auto-assemblatge dirigit, basat en metodes quimics i topografics de
guiatge, en arees grans i amb alts factors de multiplicacié. A més, aquest copolimer de
bloc ha demostrat I'obtencié de resultats d’auto-assemblatge dirigit molt exitosos, amb

respecte a la seva capacitat d’integracié.

- S’han dissenyat dos metodes de guiatge quimics basats en tecniques de litografia que no
requereixen 1'is de resina. Aquests s’han implementat pel copolimer de bloc PS-b-
PMMA. El patrons de guiatge han estat creats mitjancant la oxidacié local de la
superficie mitjancant litografia per AFM, i per mitja de lexposicié directa de la
superficie de polimer “brush” al feix d’electrons. El desenvolupament d’aquests métodes,
ha permes simplificar el nombre de passos de la seqiiencia del procés de fabricacio, ja
que no requereixen 1'is de resina. A més, permeten obtenir patrons de guiatge d’alta

resolucid.

- Per tal de millorar la resisténcia al gravat entre el PS i el PMMA, s’ha implementat un
procés basat en la infiltracié de materials per mitja de la técnica d’ALD. Aquest procés
permet millorar el procés de transferencia al substrat. S’ha demostrat pel sistema, PS-b-
PMMA i per dos sistemes d’alta y, amb dos materials d’infiltracié diferents, Al,O3 i
Zn0O. La combinaci6 d’aquesta teénica i la de guiatge dirigit mitjangant patrons
topografics, s’ha aplicat al disseny i fabricacié de raonadors nanomecanics per
aplicacions de sensors de massa. Com que els nanofils son creats directament amb
polimer infiltrat, 'avantatge del procés és que la mida d’aquests fils ve determinada per

la meitat de la longitud de cadena del copolimer.
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Conclusions generals

S’han presentat dues tecniques per caracteritzar més profundament les pel - licules

primers de copolimers de bloc i les seves interaccions amb el substrat.

S’ha demostrat que la tecnica HAXPES utilitzant radiacié sincrotrd, és una teécnica
molt adequada per determinar i estudiar les propietats quimiques de la superficie i
interficies en el procés d’auto-assemblatge dirigit.

Mitjancant la caracteritzacié de tres patrons de guiatge quimics, s’han identificat les
diferents modificacions quimiques realitzades a la superficie del “brush”. S’ha demostrat
que quan el “brush” s’exposa a un plasma d’oxigen, es generat enllacos C-O, els quals
promouen l'alta afinitat de la superficie al bloc de PMMA. En el cas de PON, s’ha
observat la presencia d’un oxid subestequiometric entre la capa de “brush” i el substrat.
Quan el polimer és exposat al feix d’electrons, hi ha un entrelligament de les molecules

de PS, el qual indueix I'alineament del copolimer.

La caracteritzacié6 per AFM utilitzant el mode de peak force quantitative
nanomechanical mapping, ha permes la caracteritzacié de les propietats mecaniques de
cadascun dels dominis del copolimer, sobrepassant les limitacions dels metodes de
nanoidentacié estandards. S’ha obtingut informacié quantitativa sobre el modul de
Young del PS i PMMA, al sistema PS-0-PMMA. Aquesta técnica també s’ha aplicat a
sistemes infiltrats, i ha permes reconeixer els canvis en la rigidesa dels materials induits
per la deposici6 i infiltracié d’alimina, aixi com ’evolucié del gruix i rigidesa en funcid

del nombre de cicles d’ALD.

En resum, la recerca que s’ha dut a terme en el marc de la tesi, contribueix

significativament a ’estudi de 'auto-assemblatge dirigit dels copolimers de bloc, ja que s’ha

demostrat una implementacié industrial factible per a un nou procés basat en epitaxia

quimica. A més, s’ha realitzat un ampli estudi sobre la implementacié i integracié del

procés amb nous materials. D’altra banda, s’ha presentat també el procés de fabricacié d’un

ressonador nanomecanic mitjancant la teécnica descrita i la tecnologia d’infiltracié de

materials.
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Annex I. Acronyms List

AFM Atomic force microscopy
ALD Atomic layer deposition
ARC Antireflective coating
ATRP Atom-transfer polymerization
BA Butylacetate

BCP Block copolymer

CAR Chemically amplified resist
CD Critical dimension

CMOS Complementary metal-oxide—semiconductor
CVD Chemical vapor deposition
DEZ Diethylzinc

DGL Ginzburg-Landau theory
DMT Derjaguin-Muller-Toporov
DPP Discharge produced plasma
DSA Directed self-assembly

DUV Deep ultraviolet

EBL Electron beam lithography
EUV Extreme ultraviolet

FEM Focus Energy matrix

FFT Fast Fourier Transform

FIB Focused ion beam



Annex I. Acronyms list

GISAXS

HAXPES

HF

hPS

HSP

I1C

ICP

IL

IPA

ITRS

LAO

LER

LPP

LWR

MEMS

MIBK

NA

NEMS

NGL

NIL

NMP

NMR

oDT

Grazing-incidence small-angle X-ray scattering

Hard X-ray high kinetic energy photoelectron spectroscopy

Hydrofluoric acid

Homopolymer polystyrene

Hansen solubility parameters

Integrated circuit

Inductively coupled plasma

Interference lithography

Isopropanol

International technology roadmap for semiconductors

Local anodic oxidation

Line edge roughness

Laser produced plasma

Line width roughness

Micro electromechanical system

Methyl isobutyl ketone

Numerical aperture

Nano electromechanical system

Next generation lithography

Nanoimprint lithography

Nitroxide-mediated polymerization

Nuclear Magnetic Resonance spectroscopy

Order-disorder transition
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OTS

OWRK

PDI

PDMS

PGMEA

PLA

PLA-b-PDMS-b-PLA

PMMA

PON

PS

PS-b-PB

PS-b-PEO

PS-b-PLA

PS--PMMA

PS-OH

PS-~rPMMA-OH

QNM

RAFT

RED

RIE

SAM

SAXS

SCFT

Octadecyltrichlorosilane

Owens, Wendt, Rabel and Kaelble
Polydispersity index

Polydimethylsiloxane

propylene glycol monomethyl ether acetate
Polylactide acid
poly(dimethylsiloxane)-b-poly (lactic acid)
Polymethyl methacrylate

Parallel Oxidation Nanolithography
Polystyrene

Poly(styrene-b-butadiene)
Poly(styrene-b-ethylene oxide)
Poly(styrene-b-D,L-lactide)
Poly(styrene-b-methyl methacrylate)
Hydroxyl terminated polystyrene

Random hydroxyl terminated poly(styrene-b-methyl methacrylate)
Quantitative nanomechanical mapping
Reversible addition-fragmentation chain transfer
Relative energy difference

Reactive ion etching

Self-assembled monolayer

Small angle X-ray scattering

Self-consistent field theory
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SEC

SEM

SIS

SOC

SPL

SPM

SSL

STM

TBD

TMA

WSL

XPS

X-PS

Size Exclusion Chromatography

Scanning electron microscopy

Sequential infiltration synthesis

Spin-on-carbon

Scanning probe lithography

Scanning probe microscopy

Strong segregation limit

Scanning tunneling microscopy

triazabicyclodecene

Trimethylaluminum

Weak segregation

X-Ray Photoelectron Spectroscopy

Cross-linkable polystyrene
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