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Chapter 1

Introduction




2 Introduction

1.1 Photolithography

1.1.1 Computer chips and transistors

The invention of metal oxide semiconductor (MOS) transistors is considered one of the most
significant technological innovations in history. MOS transistors enabled the development
of integrated circuits' and second-generation computers, also known as transistor computers,
in 1954. The room-sized vacuum tube computers (e.g., Colossus 1943, ENIAC 1946) made
space for the first transistorized computer (TRADIC 1954) measuring 3 cubic feet, a
symbolic starting point of a miniaturization trend still very relevant today.

Transistors are embedded in electronic circuits (IC), also called chips or microchips, where
they act as logic gates working together to provide computing power to the device. Adding
more transistors to a microchip increases its computing power. This means that by
miniaturizing the transistors of an IC—effectively increasing their density—one can
simultaneously increase the computing power and reduce the size of a computer.

In 1965 Gordon Moore made an economic forecast concerning the development of integrated
circuits in which he stated that the number of transistors in a microchip would double every
year. As the semiconductor industry matured, Gordon Moore modified his forecast in 1975
predicting a doubling of the number of transistors every two years. This economics
“prediction”, now known as Moore’s Law?, has been widely adopted as a roadmap by the
semiconductor industry, continuously stimulating innovation towards fixed two-years
objectives.
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Figure 1.1: Evolution of the minimum feature size of transistors and other components of
integrated of their year of production. Adapted from the International Roadmap for Devices
and System (IRDS),” the International Technology Roadmap for Semiconductors (ITRS).?
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In the following decades, technological and industrial development decreased production
costs while economic growth simultaneously increased the affordability of technological
devices which led to a significant expansion of their market share. After years of downscaling
promoted by Moore’s Law (Fig. 1.1), computer chips now host billions of nanometer-scale
transistors integrated in complex circuitry enabling pocket-sized technological devices with
astonishing computing power.

1.1.2 Evolution of photolithography: innovations driven by
economics

Photolithography is the technology used to fabricate computer chips. It uses light in an
intricate procedure to print billions of nanometre-scale transistors per square centimetres on
a substrate. The procedure uses a photosensitive material deposited on the substrate, called
photoresist, to first materialize the patterns before their subsequent transfer to the underlaying
substrate in later steps.

Because light serves as patterning tool, the minimum printable feature size, also called
critical dimension or resolution, is defined by the following equation derived from Rayleigh’s
resolution criterion:’

A
R=k1m

Here, ki is a constant coefficient representing process-related factors, A the wavelength of
the photons and NA the numerical aperture of the system. This equation shows that to
decrease the resolution limit—in other words, to print smaller features—one can increase the
NA or decrease the wavelength of the light. The semiconductor industry used both of these
methods on various occasions throughout the years to keep up with the exponential
downscaling required by Moore’s Law.

First, photolithographic tools used mercury arc lamps generating photons at a wavelength of
435.8 nm (g-line), later reduced to 365.4 nm (i-line), with resolution limits around 3 pm and
600 nm, respectively. Then, deep ultraviolet (DUV) light was implemented with the KrF
excimer laser at a wavelength of 248 nm and the ArF excimer laser introduced in the late
1990s with a wavelength of 193 nm. DUV lithography in its simplest form achieves a
resolution limit below 40 nm, although immersion technology or multi-patterning methods
can reach resolutions below 20 nm. Immersion technology increases the numerical aperture
of the system by using a liquid medium (ultra-pure water) to replace the air gap between the
end of the optical system and the substrate.® Multi-patterning consists in running multiple
lithographic procedures with specially designed patterning sequences to create feature sizes
smaller than the resolution limit at the cost of production rate.”
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Currently, immersion DUVL, with single- or multi-patterning, remains the principal
technology used to fabricate microchips® but macroeconomics and relentless consumer
demand for more advanced devices instigated the development of extreme ultraviolet
lithography (EUVL), with yet another reduction of the wavelength to 13.5 nm.

1.1.3 Development of EUV lithography

The transition from 193 nm to 13.5 nm light corresponds to a significant increase in photon
energy from 6.4 eV to 92 eV. Thus, the semiconductor industry’s commitment to EUV
needed a major upgrade of the lithographic tools and methods to account for the major
differences between the respective physics of DUV and EUV. New scanners incorporating
new types of photon source (tin droplets and IR laser), optics (mirror optics) and photomasks
(reflection interference) had to be developed to accommodate EUV and unlock high-volume
manufacturing of integrated circuits with sub-20 nm resolution.

After roughly 20 years of research and development, the first devices branded with “EUV-
inside” were released to the consumers market in August 2019, by Samsung. Although
DUVL remains the dominant technology used in the fabrication of microchips, the gradual
shift to EUVL steadily progresses as chipmakers upgrade their production lines.’

Regardless of this recent milestone and favorable forecast, the semiconductor industry is
already focusing on the next technology with the development of high numerical aperture
(high-NA) EUVL, aiming at sub-8 nm resolution by 2028.}

1.2 EUV-Lithography
1.2.1 Principles and physics of EUV

As in previous lithographic technologies, EUVL requires a lithography tool, known as EUV
scanner, a substrate, and a photosensitive material to convert the aerial image (the distribution
of light intensity as a function of spatial position in the image plane) into the desired patterns
on the substrate, called photoresist or resists. During patterning, EUV scanners project light
by means of a reflection mask onto a thin photoresist layer, 20 - 40 nm thick, previously
deposited on a wafer usually via spin-coating. Unlike the more conventional absorption
mechanisms occurring during UV or DUV exposures, EUV photons interact with both
valence and core or semi-core electrons. Upon absorption of an EUV photon, the electron
that it interacts with is emitted and the atom is ionized. For an electron emitted from the
valence band, the kinetic energy after photoionization is estimated ~80 eV. Such
photoelectron can then transfer energy to electrons from neighbouring atoms via inelastic
scattering. These secondary events produce additional electrons, or secondary electrons, in a
phenomenon called the electron cascade (Fig. 1.2). In addition to the inelastic scattering,
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Auger processes (atomic relaxation processes) are also known to occur, providing even more

free electrons to the system.!%!!

] &= +
7[7 a
+ + +

Photgcg e => n
(~80 eV)

A
0000
000

c Un
Secondary Holes
electrons

Figure 1.2: Schematic representation of the electron cascade. A hole is also created with each
photo- and secondary electron emitted.

During exposure, photoelectrons and secondary electrons, as well as the ionized molecules
from which they are generated, trigger various chemical reactions in the resist. As a result of
these chemical changes, the solubility rate of the photoresist in a specific developing solution
or solvent is altered, a phenomenon named “solubility switch”. After the exposure, the
solubility switch enables the selective removal of either exposed or unexposed areas of the
material during the development phase, effectively materialising the aerial image onto the
photoresist. A photoresist is called negative tone if its solubility decreased upon exposure
and positive tone if its solubility increased. The following steps of the procedure are etching
and stripping, in which the pattern is transferred to the substrate and the remaining photoresist
material removed from the substrate, respectively (Fig. 1.3).
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Figure 1.3: Photolithographic patterning principle
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In summary, three concepts are most relevant in EUV lithography; (1) EUV photons are
absorbed by atoms and interact with valence and (semi-)core level electrons, which means
that the EUV absorptivity of a resist material depends mainly on its atomic composition and
density; (2) multiple low energy electrons are created from the absorption of a single EUV
photon; (3) these low energy electrons and the ionized molecules are responsible for the
solubility switch, as they trigger diverse chemical reactions within the resist.

1.2.2 EUYV Photoresists

Traditional lithography (UV, DUV) resists usually are organic materials named chemically
amplified resists (CARs) comprising polymeric platforms, photoacids generators and
photoacid quenchers. The photoacid generators (PAGs) are converted to acid upon reacting
with photons (DUVL) or electrons (EUVL). The acids then react with the polymer molecules
in a catalytic reaction that alter the local solubility of the CAR and leads to the solubility
switch of exposed areas. Quenchers limit the diffusion of the photoacid within the resist
which reduces the pattern blur.!? Chain scission resists are similar polymer-based resists that
do not have PAGs nor quenchers in their matrix but solely depend on photon-induced bond
cleavage to achieve the solubility switch. Polymethylmethacrylate (PMMA) is a well-known
example of a chain scission photoresist.

The first EUV photoresists were derived from these organic materials, yet metal-containing
materials recently gained protagonism as specifically designed photoresists for EUV
lithography, as they show promising performance, particularly in EUV absorptivity.'* This
is because many metal atoms have higher photon-absorption cross sections for 92 eV photons
(Fig. 1.4) than the lighter atoms typically found in traditional resists. A better absorptivity
may translate into better sensitivity, better patterning stochastics and better pattern quality.

The ionization phenomenon however, of which the probability is determined by the inherent
absorptivity of the resist, is only the first step in a series of processes and reactions leading
to the solubility switch. The efficiency of these events determines the photochemical
quantum yield of the material. The quantum yield describes the number of times a certain
reaction, deemed relevant for the solubility switch, takes place per absorbed photon. A resist
with high quantum yield and a low absorptivity can have the same sensitivity as a resist with
low quantum yield and high absorptivity. This is why metal containing resists are not
systematically outperforming their organic counterparts, despite a better overall absorptivity.
Nevertheless, organic-inorganic resists have demonstrated enough potential, particularly
regarding etch resistance (Fig. 1.3), to justify the shift of focus from purely organic materials.



1.2 EUV-Lithography

. Xe
i1 @ Non-metals T
404 W Alkali Metals %k
] Alkaline Earth Metals sb 8
1 Y Metalloids Sn ’
] i y Bi
1 <« Transition Metals n» g
30 P Other Metals p
9) 1 ¥ Halogens Ag Pb
E 1 <4 Noble Gases cd T >
3 Lanthanides
20 Y " 7n by E‘FYb P};:‘g
] m
E NMQ Co (IluGge Eu p Ho ' Lu ROs
a ? . Gd 42Re Ir
10 3 NGt A o o eKr Rh‘ Ba NISm
o ol K Sc < P’P
el i \ e m \
sr ZrMo 4
? TTT ‘ LInda0 ‘ TTT
R Y’I,,.,.I.I.
10 50 60

Atomlc Number (2)

Figure 1.4: Photoabsorption cross section at 92 eV, relative to carbon, as a function of the
atomic number of the atom, for Z = 1 to 83. Adapted from Refs 14,15.

1.2.3 Photoresists performance: the RLS trade-off

Resist performances are usually defined by a set of three main parameters: sensitivity (S), or
minimum dose (in mJ/cm?) required to obtained the desired patterns after development;
resolution (R), or smaller printable feature (in nm), and critical dimension deviation (L), the
deviation (in nm) from the ideal shapes of the original pattern (Fig. 1.5). The latter includes
multiple factors, namely the line edge roughness (LER) and line width roughness (LWR) for
linear patterns, and the local critical dimension uniformity (LCDU) for circular holes and
pillars.

The concept of RLS trade-off, derived from the aforementioned performance observables
(resolution, critical dimension deviation, and sensitivity), is the notion that one of these
resist’s parameters cannot be improved without deteriorating the others. This is because they
are inversely dependent; for instance, if the sensitivity of a resist improves, less photons are
required to print a feature and the CD deviation of that feature increases due to higher photon
absorption stochastics. Although unrelated to photoresists, the contrast of the aerial image
(the distribution of light intensity as a function of spatial position in the image plane) is also
taken in consideration in the RLS equation and is constantly optimized for given resolutions
by the manufacturers of EUV scanners (i.e., ASML).

Various innovative methods have been developed to overcome the RLS trade-off of
traditional resists. However, taking CARs and metal-containing resists as an example, it
seems that the most efficient way to improve performances is to significantly change the
composition of the resist material to generate new RLS parameters that rely on a differently
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weighted set of factors. The problem of the RLS trade-off makes a strong argument for the
investigation of new types of materials and methods for EUVL.

Sensitivity

>

Figure 1.5: Example of straight line/space patterns printed in a photoresist illustrating the
RLS parameters.

1.3 Limits of EUVL

EUVL needs to improve its fundamental understanding of the various processes inherent to
the exposure step of the lithographic procedure (EUV-induced chemistry). Various crucial
physico-chemical and radiative events taking place upon exposure are yet to be understood
in detail, which slows the development of optimal photosensitive materials for this

technology. 62

Electron-generating events (number of secondary electrons generated per absorbed photon,
role of Auger processes, role of the substrate), scattering events (photo- and secondary-
electron energy distribution, electron mean free path, yield of secondary-electron generation,
etc.) and chemical events (low-energy-electron reactivity, influence of dopants or
contaminants, role of interfaces, etc.) fall in this category. The intricacy of these phenomena,
lack of accurate theoretical models and limited possibilities for in-situ studies hinder
photoresists research. In addition, pre- and post-exposure procedures (pre-bake, post-
exposure baking, etc.) have proven to have an impact on the sensitivity and the quality of the
patterns of resists but the exact nature and extent of their influence have yet to be fully

understood.?!??

The upcoming switch to high-NA EUVL will add its share of challenges. Increasing the
numerical aperture of a system reduces the depth of focus of the aerial image of the patterns.

In the case of EUVL, the depth of focus determines the depth within which the patterns of
the aerial image are sharp. If the depth of focus is smaller than the thickness of the resist
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layer, the patterns will be partially blurred and lost during the etching procedure. This means
that, high-NA EUVL will require thinner photoresist’s layers, placing additional pressure on

material scientists to improve their absorptivity.?*?*

Consequently, to fulfil the requirements of upcoming nanofabrication technologies, EUV
research should not focus solely on improving existing resists but new concepts and systems
that can effectively react to radiation with nanoscale spatial resolution should be explored
and accompanied with investigations of the fundamental aspects of their functioning.

1.4 Metal-organic frameworks and self-assembled
monolayers

1.4.1 Description, properties and applications

MOFs are crystalline organic-inorganic materials first reported in 1999 by Yaghi et al.”> They
are composed of inorganic clusters, mostly metal oxo clusters, linked to each other by organic
linkers forming 1D, 2D or 3D crystalline structures (Fig. 1.6). MOFs are actively studied for
their numerous properties (porosity, conductivity, polarizability, fluorescence, efc.) that the
scientific and industrial communities are trying to exploit in a wide array of applications,
such as gas storage, gas separation, sensors, electronics, catalysis, photovoltaics, drug
transportation or water capture.?*2 Since 1999, more than 90,000 structures of MOFs have
been reported and 500,000 predicted.?*

Most MOFs are synthesised in the form of monocrystals or powders but can also be grown
as thin films on a substrate, with thicknesses usually ranging from a few tens of nanometres
to several micrometres, as a so-called surface mounted metal-organic framework
(SURMOF). SURMOFs are chemically bonded to their surface, typically by means of an
underlaying self-assembled monolayer (SAM) that acts as an anchor between material and
substrate. Their development was motivated by their higher potential for device-integration

as compared to MOFs synthesized as powders 3!

Despite the scrutiny and sheer amount of research projects conducted on MOFs and
SURMOFs their transition from laboratory materials with promising properties to active
components in personal devices or industrial equipment remained limited to a few examples
(TruPick™ by MOF Technologies in 2016, ION-X by NuMat in 2018).333 Regardless,
(SUR)MOFs have asserted themselves as high-potential materials to be used as central
component in a wide range of technological, industrial, medical and personal devices.
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Figure 1.6: Unit cells of three-dimensional MOFs.

1.4.2 SURMOFs and EUVL

MOFs are closely related to a type of metal-containing photoresists currently investigated in
our research group for EUVL applications, called metal oxo-clusters (MOCs). MOCs are
promising candidates for EUVL because of their potential for fine tuning in absorptivity and
reactivity. They are composed of an inorganic core made of metal-oxo clusters (Zn, Sn, Hf,
Cu, Zr, etc.) coordinated by organic ligands. The clusters act as main EUV-light absorbers
and photoelectron emitters, whereas the ligands react with the photo- and secondary-
electrons to provide chemical contrast and the required solubility switch for the development

step.13’14’35

While MOCs and other molecular versions of metal-containing resists are gaining traction in
the EUV community, MOFs have remained untested, even though these two types of
materials share several key properties for efficient EUV resists. MOFs can be described as a
type of metal-containing resists where the metal atoms, or metal-oxo clusters, are interlinked
in well-defined directions and with long-range periodicity. Therefore, a SURMOF film could
be portrayed as a crystalline and lower density equivalent of its MOC counterpart (Fig. 1.7).
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The differences between the molecular MOCs and the macrostructures of crystalline MOFs
represent an advantageous scenario for fundamental EUV research. Mainly, the comparison
of their respective performances can provide insights on the nature of EUV-induced events.
Moreover, because of their unique set of properties, SURMOFs can help with the
development of concepts that have not yet been explored. For example, their remarkable
porosity and free volume could be exploited to transform the MOF into a “container” in
which other photoresists or materials (MOCs, polymers, polymer precursors, etc.) could be
loaded and exposed in a periodical spatial distribution that only their pores can provide.®
Another interesting example of such hypothetical concepts, would be to take advantage of
the spatial alignment of the ligands to control the direction of propagation of the electron
induced reactions and significantly reduce line edge roughness and lateral blur.*’

Metal organic framework
Metal oxo clusters on substrate
(SURMOF)

Figure 1.7: Comparison between MOCs specimens designed for EUV lithography (left) and
a SURMOF of the DMOF-1 family.*® From left to right, the MOCs shown are: ZnsOLs,
TigOgL]s and ZI'604(OH)4L12 (L = hgand)

Finally, like for many other device-integrated materials, SURMOFs will likely require some
type of patterning for successful device-integration. Thus, the potential of EUVL for high
throughput patterning of nanometer- to micrometer-scale patterns could become attractive
for (future) MOF-containing devices.

1.4.3 Self-Assembled Monolayers, SURMOFs and EUVL

Self-Assembled Monolayers (SAMs) are of utmost relevance in the preparation of
SURMOFs since they can act as a template for the SURMOF growth constituting the
interface between MOF and substrate. SAMs consist of a one-molecule thick layer with a
packing order dictated by intermolecular interactions and various physical forces applied to
them during the deposition process. A substrate on which a monolayer is deposited is said to
be functionalized by the SAM. Substrates can be functionalized via vapor-based or solution-
based deposition techniques. The most common types of SAMs are silanes, compatible with
hydroxylated surfaces (glass, quartz, silicon oxide, aluminium oxide) and thiols, compatible
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with coinage metal surfaces (gold, silver, copper, etc.). Silanes and thiols are composed of a
head group with a strong affinity for the substrate, a so-called spacer that can be virtually any
type of organic unit and a terminal functional group that determine the surface properties
(Fig. 1.8).3%4

Several investigations on the influence of the SAM on the growth of SURMOFs showed the
terminal group to have a strong impact on some key properties of the material, such as the
homogeneity of the film or its crystalline orientation.*!** Note that for a SURMOF to grow
on a functionalised substrate, its inorganic constituents should be able to coordinate with the
terminal group of the SAM. This means that when a SAM species is favourable to the growth
of one type of MOF it can be unfavourable to another type of MOF for a fixed set of synthetic

«— Jerminal functional group
(CH3, NHz, N, COOH, OH, .
<«——— Spacer
S

+~—Headgroup — —s -0-8i-0-8i-0-8i-

<+——— Substrate ———

M

Figure 1.8: Thiols (left) and silanes (right) forming self-assembled monolayers on substrates.

conditions.

Thiol SAMs are known to slowly desorb with time and the rate of desorption is inversely
proportional to the packing quality. Consequently, when a thiol monolayer is damaged, the
areas surrounding the defect desorb faster than pristine areas. One can take advantage of this
phenomenon to pattern a monolayer with a different species of thiol and create a patterned
mixed monolayer. To do that, the patterns are first printed in a monolayer by a damage-
inducing force (radiation or mechanical force). Then, when the substrate is exposed to a
different type of thiol in a solution or in gas phase, the faster desorption rate of the molecules
located within damaged areas generates a selective exchange.*** Moreover, SAMs have

been proven to be easily damaged by low energy electrons.*>

Based on these properties, in this thesis we designed patterning procedures involving SAMs
and EUVL. By shining EUV light on a substrate prone to absorb EUV photons and
functionalized by a SAM, the electron cascade initiated in the substrate can damage the
molecules on its surface. If sufficient damage is sustained by the monolayer, the chemical
differences obtained at the surface (chemical contrast) can be used to selectively grow or
deposit various types of materials (e.g. DNA, nanoparticles, quantum dots, MOFs,
perovskites) 4%, If the chemical contrast between the exposed and pristine areas is too low
to support a selective deposition of the material of interest, one can still take advantage of
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the contrast in packing order to selectively replace the exposed molecules. Providing that the
chemical properties of the replacement molecules are different enough from those of the
pristine SAM molecules, the newly obtained chemical contrast will enable selective
deposition or growth.

This patterning approach can be said to use a 2D photoresist with virtually no absorptivity
requirements as the role of photon absorber and electron generator is played by the substrate.
Investigating such methods would provide fundamental insights regarding the influence of
the substrate-photoresist interface, options to by-pass the aforementioned challenges related
to photoresists’ thickness (depth of focus, aspect ratio) and open new opportunities for the
patterning of SAMs, SURMOFs and a wide range of other materials.

1.5 Outline and scope of this thesis

Photoresist research, under scrutiny for better performances, focuses mainly on the
improvement of existing materials (PAGs, polymer-based resists, metal containing resists).
We believe that the investigation of alternative methods and materials can benefit EUVL by
providing new insights on EUV triggered mechanisms and reaction pathways, essential for
the development of improved photoresists.

In this thesis we report on the investigation of surface anchored metal-organic frameworks
(SURMOFs) in EUVL following three main research directions. The first direction
investigates the reactivity and performances of SURMOFs used directly as EUV
photoresists. The second direction explores a new method for EUVL which uses organic self-
assembled monolayers and SURMOFs in a bottom-up approach that contrasts with the
traditional top-down approaches. The third direction focuses on the synthesis of SURMOFs
with experimental investigations on the influence of the synthetic conditions or the nature of
their ligands over the growth of the thin films.

In chapter 2, we investigate the EUV reactivity of two analogous and well-known copper-
based SURMOFs, namely copper oxalate and HKUST-1(Cu), via multiple ex-situ
spectroscopy techniques. Their respective lithographic capabilities were tested. Copper
oxalate showed promising performances while HKUST-1(Cu) remained mostly inert to
EUV.

In chapter 3, we propose a new bottom-up approach for EUV lithography using self-
assembled monolayers (SAMs) of thiols and surface anchored metal-organic frameworks
(SURMOFs). In this method, we use SAM to materialize the patterns in the form of a
chemical contrast to enable the subsequent growth of a SURMOF with spatial selectivity.
In chapter 4, we investigate the reactivity of perfluorinated monolayers of thiols on Au
substrates towards EUV irradiation by means of in situ photoelectron spectroscopy and total
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electron yield measurements. We found that upon EUV exposure, the perfluorinated thiol
experience a loss of their fluorine content through bond breakage and desorption of molecular
fragments. These experiments were conducted at the IOM-CNR BEAR beamline station at
Elettra in Trieste, Italy.

In chapter 5, we study the effect of the nature of the ligand on the growth of analogous
SURMOFs, namely X-DMOF-1(Cu) or Cux(X-BDC)2(DABCO) where BDC = benzene
dicarboxylic acid; DABCO = 1,4-diazabicyclo[2.2.2]octane and X symbolizes the functional
group attached to the dicarboxylate ligands.

Using layer-by-layer liquid phase epitaxy, we synthesized thin films of DMOF-1(Cu), F-
DMOF-1(Cu), Br-DMOF-1(Cu), NH2-DMOF-1(Cu), Fs-DMOF-1(Cu) (F+ = 2,3,5,6-
tetrafluoro-1,4-benzenedicarboxylic ~ acid), and L»-DMOF-1(Cu) (L2 = 2,5-
bis(allyloxy)terephthalic acid.). All SURMOFs were grown on gold substrates
functionnalised with a carboxyl-terminated SAM of 4-(mercaptomethyl) benzoic acid
(MBA) or a pyridyl-terminated SAM of 4-pyridylethyl mercaptan (4pyr). Characterization
was conducted by means of PXRD, IRRAS, and SEM.

In chapter 6, we study the effect of the synthetic conditions on the growth of F-DMOF-
1(Cu), also known as Cuz(F-BDC)2(DABCO) where F-BDC = 2-fluorobenzene dicarboxylic
acid and DABCO = 1,4-diazabicyclo[2.2. 2]octane. The effects of the temperature,
concentration of linkers in the synthetic solutions, rinsing procedure and the type of self-
assembled monolayer were monitored through a systematic experimental study. PXRD,
IRRAS, AFM and SEM were used to characterize the samples.
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Chapter 2

Copper-Based SURMOFs as Photoresists for
EUV Lithography®

Abstract

The ever-growing consumer demand for more powerful technological devices compels the
semiconductor industry to regularly upgrade nanolithography techniques. Yet, currently, the
development of photoresists for extreme ultraviolet lithography (EUVL), the emerging
nanopatterning technology, is hindered by the lack of fundamental understanding of photoresist-
photon and photoresist-electron interactions.

In this work, we explore the EUV reactivity of two copper-based surface-anchored metal-organic
frameworks (SURMOFs), a type of hybrid material that shares relevant properties with promising
metal-containing resists called metal oxo clusters (MOCs), but have remained untested for EUVL.
Samples of Cu(C,04)snH,O and HKUST-1(Cu) were exposed to EUV and their reactivity
characterised by means of x-ray photoelectron spectroscopy, atomic force microscopy and infrared
reflection absorption spectroscopy.

We observe high sensitivity and promising patterning performances for Cu(C,O4)nH>O with a
threshold for solubility switch at 10 mJ/cm?, as opposed to HKUST-1(Cu) which remained
practically inert under EUV doses as high as 250 mJ/cm?. We highlighted the prominence of
favorable dissociative mechanisms over raw absorptivity for better performances and commented
on the opportunities brought by metal-organic frameworks, through their exceptional tunability, to
further our understanding of the radiative processes triggered by EUV in photoresists.

* Lugier, O.; Amairi, M.N.; Martin, F.; Castellanos, S.; “Copper-based SURMOFEFS as photoresists for EUV
lithography”; manuscript in preparation.
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2.1 Introduction

The semiconductor industry is under constant pressure to improve the performances of
nanolithography, the technology that enables the fabrication of central processing units
(CPUs), essential to computers and technological devices. Common CPUs contain billions
of nm-scale transistors embedded in intricate circuitry to provide computing power to a
device. Because adding more transistors to a CPU increases its performance, many
nanolithography methods have been developed over the years to continuously downscale
transistors’ dimensions and keep up with Moore’s Law, the economic prediction that the
semiconductor industry adopted as roadmap.'*?

Now, in order to continue downscaling transistors at such pace, a better fundamental
understanding of extreme ultraviolet lithography (EUVL) is required. In particular for the
physico-chemical processes occurring in the photoresists, the photosensitive materials that
transform the images projected with EUV light into nanopatterns. For this, more
experimental data are needed to build and refine models to improve existing lithographic
methods and anticipate future hurdles.>

The previous generations of organic resists, comprising polymeric platforms and photoacids,
might be replaced by metal-containing materials.”® Metallic atoms have higher EUV photon-
absorption cross-sections than the light atoms commonly found in organic materials. This
leads to improved sensitivity, decreased stochastics in the patterning process and, therefore,
increased pattern quality.!®!! Regardless of the type of photoresist, their complexity and
diversity make it difficult to form a general theory on EUV-induced chemistry, while the
peculiar conditions in which EUV exposure occurs make experimental studies very

challenging with a limited number of available in-situ analysis techniques.'>!?

While molecular versions of metal-containing resists are currently studied by the EUV
community,'* metal-organic frameworks (MOFs), an analogous type of organic-inorganic
materials, have remained untested for EUVL. MOFs are composed of inorganic clusters,
mostly metal oxo clusters, linked to each other by organic linkers forming 1D, 2D or, mainly,
3D structures. They are extensively studied in other fields of material science for their diverse
properties (porosity, conductivity, tuneability, polarizability, fluorescence, efc.) by
researchers and industrials alike, as they try to integrate MOFs into devices meant for various

applications such as gas storage/purification, sensors, water capture, electronics, efc.!>!7

Metal-organic frameworks are mainly synthesised as monocrystals or powders but can also
be grown directly on a substrate as a so-called surface-mounted metal-organic frameworks
(SURMOFs). SURMOFs are usually chemically bonded to the surface of the substrate
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through self-assembled monolayers (SAMs) and are set to enable the production of a wide
array of MOF-containing devices and surface coatings.

These materials could be portrayed as porous, crystalline and low-density metal-containing
resists, in which nodes comprising metal-oxo clusters are coordinated by linkers with more
than one coordinating site (multitopic) in well-defined directions and with a long-range
periodicity. Motivated by the pre-ordered character of MOFs combined with their chemical
similarities to other metal-containing resists, we investigated the structural and chemical
changes triggered by the EUV exposure of two well-known copper-based MOFs, namely
Copper Oxalate or Cu(C204)*nH20'® and Cus(benzene-1,3,5-tricarboxylate), or HKUST-
1(Cu)." Specifically, we monitored the effect of EUV radiation on SURMOFs of these two
prototypical materials via atomic force microscopy (AFM), scanning electron microscopy
(SEM), infrared reflection absorption spectroscopy (IRRAS) and X-Ray photoelectron
spectroscopy (XPS).

HKUST-1(Cu) Copper oxalate

Figure 2.1: Comparison of the unit cell of HKUST-1(Cu) (left) and the structure of copper
oxalate (right). The water molecules potentially coordinating the apical positions of the
copper atoms are omitted.

The two MOFs were chosen for their related chemical compositions. They share the same
metal atom and their linkers, oxalate for Cu(C204)*nH>O and benzene-1,3,5-tricarboxylate
(also known as trimesate or BTC) for HKUST-1(Cu), use carboxylates (COO") as
coordinating groups. However, these materials also offer significant differences in their
crystalline structures. Benzene-1,3,5-tricarboxylate has three coordinating groups (tritopic),
providing HKUST-1(Cu) with a massive free volume from pores of different sizes and a
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much more complex structure than Cu(C204)*nH20, composed of ditopic linear oxalate
linkers (Fig. 2.1). We anticipated these similarities and differences to help determining the
origin of some EUV-triggered mechanisms and general reactivity trends.

To the best of our knowledge, this is the first investigation of the reactivity of a 3D metal-
organic frameworks towards EUV light. This study aims at widening the scope of EUV
research towards new concepts to improve photoresists performances and the fundamental
understanding of EUV-induced chemistry in inorganic-organic hybrid systems.

2.2 Experimental

2.2.1 Sample preparation

Sputtering and thiol functionalisation

Polycrystalline gold surfaces were prepared by sputter coating (Leica EM ACE600) clean
silicon substrates with an adhesion layer of chromium (5 nm) followed by a layer of gold
(50 nm). The functionalization of the gold surfaces was conducted by immersion in an
ethanol solution of 4-mercaptomethylbenzoic acid (MBA) at a concentration of 1 mM during
24h.

SURMOF growth

SURMOFs were grown using layer-by-layer Liquid Phase Epitaxy performed with a
homemade automatized system composed of a mechanical arm that successively dips a
sample holder into beakers with control over the temperature, time of immersion, stirring and
sonication. Up to six samples can be subjected to the synthetic procedure at the same time,
allowing for simultaneous growth and good reproducibility.

A growth cycle for HKUST-1(Cu) consists of 15 minutes of immersion in a | mM ethanol
solution of copper acetate hexahydrate (Cu(OAc).#6H20), 3 minutes of rinsing in pure
ethanol, 30 minutes of immersion in a 0.2 mM ethanol solution of trimesic acid (TMA) and
3 minutes of rinsing in pure ethanol. Sonication (80 Hz) was applied during the rinsing steps.
Samples went through 15 to 20 cycles of growth depending on the thickness required.

A growth cycle for Cu(C204)*nH20 consists of 30 minutes of immersion in a | mM ethanol
solution of copper acetate hexahydrate (Cu(OAc).e6H20), 2 minutes of rinsing in pure
ethanol, 60 minutes of immersion in a 0.2 mM ethanol solution of oxalic acid, 2 minutes of
rinsing in pure ethanol. Sonication (80 Hz) was applied during the rinsing steps. Samples
went through 15 to 20 cycles of growth depending on the thickness required.
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2.2.2 EUV exposures

EUV exposures were performed at the XIL-II beamline at the Swiss Light Source (SLS)
synchrotron in the Paul Scherrer Institute (PSI).2° The open frame exposures exposed pads
with areas of 1.7 x 1.7 mm? (pinhole 70 pm) or 0.5 x 0.5 mm? (pinhole 30 um) with different
doses.

2.2.3 Sample characterisation

Atomic Force Microscopy (AFM)

AFM images were acquired in contact mode in air on a Bruker Scan Assist AFM using the
silicon nitride Bruker ScanAsyst-Air tips. The images were treated using the software
Nanoscope Analysis version 2.0.

Scanning Electron Microscopy (SEM)

SEM images were taken using a FEI VERIOS 460 scanning electron microscope using 5 keV
electrons and a beam current of 100 pA.

Infrared Reflection Absorption Spectroscopy (IRRAS)

IRRAS spectra were acquired using the Bruker A513/Q variable angle reflection accessory
on a FT-IR spectrometer Bruker Vertex 80v at an angle of 70° (more grazing angle could not
be used due to limitations in the set-up and the dimension of the samples). The incident light
was not polarized.

X-Ray photoelectron spectroscopy (XPS)

XPS spectra were acquired using a Scienta Omicron HiPP-3 analyzer and a monochromatic
Al Ka source operating at 20 mA emission current with a pass energy of 100 eV. Data
analysis and quantification were performed using the Unifit software version 2018.

Quartz crystal microbalance (QCM)

An INFICON Research Quartz Crystal Microbalance (RQCM) with 1-inch INFICON
Research Crystals was used for studies on dissolution rates. SURMOFs were grown
selectively on the active side of the quartz crystals (QCs) using LPE after selective thiol
functionalisation of the QCs. The inactive side was thoroughly washed prior to measurement
with a concentrated EDTA solution, acetone, ethanol and water. The QCs were immersed
from air directly into the developer using a homemade automatic dipping arm. The developer
was an aqueous solution of EDTA and NaOH. Two concentrations of EDTA and NaOH were
used: 1 /2mM and 0.1 /0.2 mM.
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Development tests (on EUV-exposed samples)

Exposed SURMOF films were developed by immersion in aqueous solutions of EDTA and
NaOH (0.1 /0.2 mM) for 60 seconds for Cu(C204)*nH20 and 20 seconds for HKUST-1(Cu).

2.3 Results

EUV exposures

Thin films of Cu(C204)nH20 and HKUST-1(Cu) grown by liquid phase epitaxy (LPE)*
proved to be continuous layers, with thickness values around 50 nm and 30 nm, respectively,
according to scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images taken prior to the EUV exposures. However, the morphology of each MOF was
clearly different; Cu(C204)*nH20 was composed of clustered needle-shaped crystals while
HKUST-1(Cu) films were composed of densely packed cubic crystallites (Fig. 2.2).

40.0 nm

-35.0 nm

-100.0 nm

3 um

Figure 2.2: SEM (left) and AFM images (right) of SURMOF of Cu(C»04)*nH,O (top) and
HKUST-1(Cu) (bottom).

The SURMOFs thin films were exposed to EUV light in pattern-free square-shaped areas in
order to facilitate the chemical analysis of the exposed material. Two types of experiments
were performed: a) a multidose exposure to find dose thresholds for compression or changes
in solubility rates; b) exposure of the whole sample area for spectroscopic analysis. The dose
matrix for multi-dose patterning is shown Table 2.1. After the doses of interest were
determined from the first set of multi-dose experiments, the wide-area exposures were
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conducted at 25 mJ/cm?, 75 mJ/cm?, 150 mJ/cm?, or 500 mJ/cm? on Cu(C204)*nH>0 and at
250 mJ/cm? or 1000 mJ/cm? on HKUST-1(Cu).

Table 2.1: Dose matrix for the multi dose exposures of 0.5 mm X 0.5 mm pads.

Multi-dose matrix (mJ/cm?)
2 5 10
15 25 50
75 100 150

250 500 1000

SEM imaging (Fig. S2.1 in Supporting Information) on Cu(C204)snH20 samples shows
contrast between exposed (darker) and unexposed (brighter) areas. Whether these differences
in brightness arise from different work functions due to changes in the films or other effects
(density, changes in electron scattering cross-sections, efc.) cannot be discriminated. Yet, the
contrast in SEM indicates that the exposed areas underwent chemical reactions upon EUV
irradiation. For HKUST-1(Cu), no difference is seen in such conditions. These observations
are the first hint at differences in EUV reactivity between the two SURMOFs.

X-ray photoelectron spectroscopy (XPS)

XPS was used to monitor the chemical changes triggered by EUV and determine the
SURMOFs’ reactivity at various doses. The C 1s spectrum of unexposed Cu(C204)*nH>O
(Fig. 2.3d) presents two main components at 285 eV and 289 eV. The former is expected to
have a strong contribution from adventitious carbon or potential unreacted copper acetate
moieties and was dismissed in the monitoring of chemical changes. The latter is attributed to
the carboxylate groups of the oxalate ligand. A third minor component at 287 eV, usually
attributed to C-O moieties, was considered negligible for our study. The Cu 2ps3. region of
Cu(C204)nH20 (Fig. 2.3c) displays three main components detected at 930.5 eV and 932
eV, both assigned to Cu-species with oxidation states lower than 2+, and at 934 eV, assigned
to Cu?'. Multiple Cu** satellite peaks are observed between 929 eV and 939 eV and a weak
contribution from multiplet splitting is detected at 936.5 €V.?? The presence of copper atoms
in low oxidation states in pristine samples is a known occurrence for copper-based MOFs.
This phenomenon can be caused by synthesis defects, contamination or X-Ray-induced

23,24

damages during XPS analysis.
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Figure 2.3: (A) Elemental content of Cu(C,04)*nH,O as a function of the EUV dose. Cul®*!
represents the combined concentrations of copper species in lower oxidation states. The
species ratio at each dose was normalized to the ratio in the pristine material, except for the
Cu species appearing during irradiation. (B) Copper distribution in Cu(C,04)*nH>O as a
function of the EUV dose. (C), (D) and (E) Stacked XPS spectra of the Cu 2ps», C 1s and
O 1s regions, respectively, of Cu(C,04)*nH,O exposed at various EUV doses. Dotted lines
are set at 933.0 eV and 935.2 eV in (C), 284.9 eV and 289.0 eV in (D) and 532.5 eV in (E).

Finally, the O 1s region (Fig. 2.3e) shows three components at 534 eV, 532.5 eV and 531
eV, assigned to H2O/OH, carbonates and O-Cu, respectively. The entirety of the O 1s envelop
is considered for oxygen content monitoring. (Fig. 2.3c, 2.3d, 2.3e and Fig. S2.2 in
Supporting Information).

Because our XPS is lacking a mapping option, each measurement of distinct doses was
performed on a different sample exposed to EUV over its whole area. Therefore, the fitting
values are normalised twice. First to the total copper content of each sample, to correct for
potential artefacts that could arise from slight differences in measurement conditions. Then,
the obtained C/Cu or O/Cu ratios are normalised again, either to the corresponding ratio in
the pristine sample (for decreasing concentrations) or in the sample with the highest
concentration of the element of interest (for increasing concentrations). From these ratios,
we can estimate the increase or decrease percentage for the concentration of each species in
the SURMOF at every EUV dose tested.
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Figure 2.4: (A) Elemental content of HKUST-1(Cu) as a function of the EUV dose. Cul”*!
represents the combined concentrations of copper species in lower oxidation states. The
species ratio at each dose was normalized to the ratio in the pristine material, except for the
Cu species appearing during irradiation. (B) Copper distribution in HKUST-1(Cu) as a
function of the EUV dose. (C), (D) and (E) Stacked XPS spectra of the Cu 2ps», C 1s and
O Is regions, respectively, of HKUST-1(Cu) exposed at various EUV doses. Dotted lines are
set at 933.0 eV and 935.2 eV in (C), 285 eV and 289.0 eV in (D) and 932.5 eV in (E).

From these fittings, we observe a gradual decrease of the concentrations of Cu?" (934 eV),
COO (289 eV) and O (532 eV) for increasing EUV doses. Simultaneously, the contributions
of the reduced copper species (930.5 eV and 932 eV) are increased. These observations
reveal that decarboxylation occurs with COz, or CO, molecules desorbing from the thin film
while the Cu?"ions are reduced to lower oxidation states upon exposure (Fig. 2.3b). At 500
mJ/cm?, the highest dose tested for Cu(C204)*nH20, ca. 30% of the Cu?" of the SURMOF
are reduced while ca. 55% of the COO moieties and 65% of the oxygen desorb. (Fig. 2.3a).

The XPS spectra of the C 1s, Cu 2p32 and O 1s regions of HKUST-1(Cu) have the same
components than Cu(C204)*nH-0 as expected from their analogous elemental compositions
(Fig. 2.4c, 2.4d, 2.4e and Fig. S2.3 in Supporting Information). Upon EUV exposure, a
similar spectral evolution is observed in HKUST-1(Cu), although higher doses are required
to reach comparable results. We observe a decrease in the concentrations of COO (289 eV),
0 (532.5eV) and Cu*" (934 V) in favour of an increase of Cu in lower oxidation states (932
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eV and 931.5 eV). At a dose of 1000 mJ/cm?, the highest dose tested for HKUST-1(Cu), 25%
of the carboxylates and 55% of the oxygen has desorbed (Fig. 2.4a) while ca. 20% of the
Cu?" are reduced to Cu ions in lower oxidation states (Fig. 2.4b).

IRRAS analysis

Similarly to XPS studies, we performed IRRAS measurements on thin films of
Cu(C204)*nH20 and HKUST-Cu(1) before and after EUV irradiation, using one sample for
each dose.

Cu(C204)nH20 samples show a decrease in the intensities of the asymmetric COO
stretching mode, vasCOO at 1650 cm™, and the OH stretching mode, vOH at 3200 cm’!, for
increasing EUV doses (Fig. 2.5). In addition, vasCOO gradually red-shifts from 1650 cm™ in
pristine samples to 1625 cm™ after a 150 mJ/cm? irradiation. The other characteristic
vibrational modes, namely the symmetric stretching vibrations of C-O, vsC-O at 1400 ¢cm'!
and 1300 cm™, and 3(COO) at 825 cm’!, the asymmetric deformation of the COO group,
possibly coupled with some Cu-O stretching modes v(Cu-O), are all too weak to enable
accurate gauging of a trend.

We assume the significant attenuation of the symmetric vibrational modes to be caused by
the orientation of the carboxylate linkers of the SURMOF. We deduce from the different
intensities that the C-C bond of the oxalate linkers is in a plane parallel to the surface while
the carboxylate groups are in a plane perpendicular to the surface. This echoes with the AFM
micrographs (Fig. 2.2) that show most of the Cu(C204)nH20 needles lying flat on the
substrate, instead of randomly angled, suggesting a homogeneous crystalline orientation. See
section 6.3.2 (chapter 6) of this thesis, or previous IRRAS studies of on pillar-layer
SURMOFs, for more details.?> 27

In line with the XPS results, IRRAS analysis on HKUST-1(Cu) samples only reveals small
differences between pristine and exposed samples (Fig. 2.5). The spectra are normalised to
the intensity of the symmetric stretching mode of -CO2, vsCOO at 1450 cm™'. Following EUV
exposure, we observe a decrease in the intensity of the symmetric and asymmetric stretching
modes of COO at 1650 cm™ and 1380 cm!, respectively, suggesting that decarboxylation
occurs during EUV exposure, as previously observed from XPS results. The absorption band
associated to vsCOO at 1380 cm™ gets slightly blue-shifted (+ 5 cm™!) while the other viCOO
band at 1450 cm™! is unaffected regardless of the dose.
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Figure 2.5: IRRAS spectra of SURMOFs of (A) Cu(C>04)*nH,0 and (B) HKUST-1(Cu)
exposed to EUV at various doses.

The intensity of the broad band detected between 1525 cm™! and 1625 cm! increases. This
band has contributions from mixed [Cuz(BTC)2Acz] clusters and free copper acetate clusters
potentially trapped in the material’s pores. It is tempting to attribute these changes to EUV-
induced structural disorder in the SURMOF, but similar discrepancies are sometimes
observed between pristine samples from different batches due to differences in their acetate
concentration from incomplete reaction processes during synthesis. 3¢

Determination of the dissolution rates

The SURMOFs here studied are expected to act as positive tone photoresists, that is, the
exposed areas should be cleared out when immersed in a solvent or solution after exposure,
a step known as development. The rationale behind it is that, as the crystalline structure loses
some of the organic linkers during exposure, a solvent or a solution with chelating agents
would more easily interact with the copper atoms and thus dissolve the remaining material
at a faster rate on exposed areas. We chose aqueous solutions of ethylenediaminetetraacetic
acid (EDTA), a strong chelating agent for numerous metal atoms including copper, to test
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how the solubility rates of Cu(Cz204)nH20 and HKUST-Cu(l) change after EUV
exposures.’! We expected the partial loss of linkers to facilitate the chelation of copper atoms
by EDTA molecules, thus creating distinctive dissolution rates for exposed and unexposed
thin films.

To generate a strong positive contrast, we set as a criterion that the unexposed SURMOFs
thin films should not lose more than 50% of their thickness (do) during the development
process. Therefore, the maximum dissolution rate (Rmax) tolerated for a linear and

homogeneous dissolution is:

—-0.5xd, )
Roax = — [nm/min]

Considering a t = 1 min—typical for nanolithographic processes—this means that, for a
40 nm film of copper oxalate or a 30 nm film of HKUST-1(Cu), as the ones here prepared,
development rates should not exceed Rmax [cuc204).n120] = 20 nm/min (3.2 pg/min; for A =
1 cm?) and Rmax HrusT-1(cu) = 15 nm/min (1.5 pg/min; for A = 1 cm?).

0
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Figure 2.6: Semi-logarithmic graphs displaying the frequency of the quartz crystal upon
dissolution of Cu(C,04)nH,O (in blue) and HKUST-1(Cu) (in red) SURMOFs in
EDTA/NaOH aqueous solutions of 1 /2 mM (dark lines) and 0.1 / 0.2 mM (clear lines) at
21 °C.

Dissolution rates were obtained using a quartz crystal microbalance (QCM), an analytic tool
sensitive to mass changes on the surface of sensors called quartz crystals (QCs). Mass
changes on the surface of the QC induce changes in the quartz resonance frequency. QCM
enable the detection of mass change with nanogram sensitivity.>> For all samples, the
measured frequency drops sharply (at t = 1 min) due to the change of medium from air to the
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developer solution. Then, the frequency value rises up as the SURMOF films are being
dissolved. Finally, it plateaus out once the entirety of the material has been removed from
the QC’s surface. Considering that SURMOFs are not soft viscoelastic materials,* the
dissolution rates are expressed by the following equation, derived from Sauerbrey’s
equation®*:

_Af

C—C xt

Where Af = the observed frequency change [Hz], Cr = the sensitivity factor of the crystal
[Hz.ng'.cm?], t = dissolution time [min] and R = the dissolution rate [ng cm™ min™'].

We obtained rates of 0.5 pug cm? min! and 4 ug cm? min™! for Cu(C204)*nH20 and 4.7 pg
cm? min'! and 50 pg cm™ min! for HKUST-1(Cu) in diluted (0.1 mM) and concentrated
(1 mM) developer solutions, respectively. Because the dissolution rates obtained for pristine
HKUST-1(Cu) exceed our aforementioned limit of 1.5 pg/min, the development step of the
EUV exposed samples was shortened to 20 seconds for this material. The QCM frequency
curves are shown in Figure 2.6.

Development

To test the dose thresholds for solubility contrast, multidose samples (see experimental
section for details) were developed by immersion in a 0.1 mM EDTA developer solution
during 1 min for Cu(C204)*nH20 and 20 seconds for HKUST-1(Cu).

The contrast curve of a photoresist is a graphical representation of its sensitivity when using
a certain developer and development time. It is obtained by measuring the thickness
remaining after exposing the material to increasing EUV doses and applying the chosen
development conditions. In positive tone photoresist, the minimum EUV dose needed to clear
out all of the exposed resist’s thickness is called dose to clear and can be determined from
the contrast curve.

For our thin films of Cu(C204)*nH20, we found a dose to clear between 250 mJ/cm? and
500 mJ/cm?, far from the industry target, which lays at ca. 20 mJ/cm? (Fig. 2.7d). However,
some changes are detected in the thin film already from 10 mJ/cm? onward using an optical
microscope (Fig. 2.7b). We attribute the optical contrast to disparities in surface roughness
and density of the films between exposed and pristine areas, even when no significant
thickness loss was registered.
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Figure 2.7: (A) EUV dose matrix of the pads printed on Cu(C,04)nH>O. (B) Optical
microscope images of each pad. (C) AFM micrographs illustrating the evolution of the thin
films’ topography (post-exposure and development) at the centre of a selected number of
pads. (D) Semi-logarithmic graph of the thickness of the remaining SURMOF layer post-
development as a function of the EUV dose (contrast-curve).

For SURMOFs like Cu(C204)*nH20, the diversity of size, shape and orientation of the
crystallites is responsible for the significant absolute deviation of the film thickness, and thus
the high surface roughness of the film. AFM analysis shows a decrease of the roughness for
increasing doses (Fig. 2.7c). This is because exposed crystallites dissolve faster than their
pristine counterparts, leading to smaller crystallites, hence a smaller absolute deviation of the
thickness on exposed areas after development. And, as the reflectivity and/or refractivity of
the films depend on their roughness, clear differences in color and opacity are observed on
optical images between exposed and pristine areas, despite the films being too thin for the
detection of transparency differences. This indirect optical contrast evidences changes in the
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solubility rate already occurring at 10 mJ/cm? and highlights the potential of the material.
We expect an optimized development procedure to drastically improve the dose-to-clear
towards more competitive values.

For HKUST-1(Cu), no contrast was observed following the development step. The absence
of solubility switch further supports our previous observations from XPS, IRRAS and SEM
analysis post-exposure.

2.4 Discussion

In EUV photoresists, the radicals and charged species generated upon irradiation are
responsible for the chemical changes, and consequently solubility rate changes, due to
polymerization, acid generation and proton-catalyzed reactions, change in polarizability, or

other reactions.>>3¢

For our materials, XPS and IRRAS analysis confirmed the occurrence of decarboxylation
upon EUV exposure with desorption of COz and/or CO fragments. The differences observed
between their sensitivity is justified by differences in the nature of their crystalline structures
and the reactivity of their linkers, particularly regarding the fragmentation mechanisms.

For the oxalate linkers of Cu(C204)*nH>0, one ionisation reaction yields a very unstable
moiety that fragmentates into a CO2 molecule and a CO2™- radical anion. The latter can then
transfer an electron to a Cu?" species and outgas as a neutral molecule, thus completely
disconnecting two copper dimers in the structure and interrupting the linear periodical
structure (Fig. 2.8b and 2.1).37 Similarly, the capture of an electron would induce the
dissociation of the oxalate linker into CO2 and COz™ radical anions while the electron flow
during the decarboxylation mechanism would transfer electrons to two Cu?" in the process
(Fig. 2.8b).

On the other hand, the more complex crystalline structure of HKUST-1(Cu), comprising
tritopic aromatic linkers, requires much higher EUV doses to reach similar levels of
degradation. After one or two decarboxylation reactions, the BTC’s backbone can prevail
and partly hold the porous network as a ditopic or monotopic linker. Because of this, a
partially cleaved BTC linker only creates a small defect in the crystalline structure of the
material, resulting in only minor changes in solubility and other properties of the exposed
areas. Moreover, the radicals present on fragmented BTCs can be stabilised by means of
conjugation until potential reaction with either water adsorbed in the pores (hydrogen
subtraction) or OH™ radical anions formed by the fragmentation of free carboxylic acid
groups located at structural defects in the SURMOF. This likely means that additional
fragmentation of the linker cannot occur without another ionisation event.
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Figure 2.8: Potential fragmentation mechanisms of (A) the terephthalate linker in HKUST-
1(Cu) and (B) the oxalate linker in Cu(C,04)*nH,O upon direct ionization by EUV photons
or ionization by electron scattering (electron attachment or electron ionization). The reaction
steps are (i) ionization; (ii) decarboxylation after ionization; (iii) potential combination
reaction with a radical *OH, product of the fragmentation of a free COOH group (free acid);
(iv) electron attachment; (v) decarboxylation after electron attachment; (vi) potential
combination reaction with H,O present in the material; (vii) reduction of Cu*" by radical
COz".
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And, because fragmented BTCs remain coordinated to copper dimers, their position is fixed
within the structure which hinders reaction with other species in the crystal structure. This
might increase the recombination probability of cleaved bonds and disfavor fragmentation
and desorption (Fig. 2.8a). In addition, we speculate that the low density of HKUST-1(Cu)
reduces the probability of electron scattering within the SURMOF.

The reduction of Cu?" ions to Cu* ions by direct electron attachment with secondary electrons
from the electron cascade is also expected in both materials. In that case, as well as in the
case of a reduction by CO>™- radical anions from the dissociation of oxalate linkers, a
rearrangement of the coordination of the linkers is expected. The shift of the -COO
asymmetric stretching vibration observed with IRRAS on Cu(C204)*nH20 could stem from
such rearrangement as the remaining oxalate linkers switch from bridging to chelating upon
structural reorganisation. A similar phenomenon was reported in previous studies on
carboxylate coordination complexes.* The formation of new Cu complexes or the creation
of oxygen vacancies from the loss of apical H20, could also affect the oxidation state of the
copper atoms within the exposed material. These observations are also in accordance with
previous reports on the low energy electron reactivity of Cu(C204)snH20.3740 as well as on
the EUV and electron (80 eV) reactivity of M-oxalate MOCs (M = Co, Fe or Cr).*!4

To fairly compare the EUV reactivities of the two SURMOFs here studied, their respective
EUYV absorptivity and quantum yields should both be compared. We estimated a linear EUV
absorptivity of 10.7 pm™ for Cu(C204)nH20 and 5.4 pm* for HKUST-1(Cu). As a
reference, metal-containing materials that already work for EUVL show linear absorptivity
values around 20 pum!. For example, 20 um for the commercial INPRIA® photoresist,’
around 15 um!' for specimens of the [(C,H,Sn);,0,,(OH),X, (X = interchangeable
counterion) family of tin-based resists.**** However, other less absorbing materials such as
zirconium-based ZrsO4(OH)sMci2 (Mc = methacrylate), with 6 um™!, have also proven to
work at low doses, most likely due to highly efficient polymerization mechanism.*
Traditional organic chemically amplified resists usually have linear absorptivity of around
5 um 4
Considering thin films of equal thickness (50 nm), transmittance values of 59% and 76% are
calculated, for Cu(C204)enH20 and HKUST-1(Cu), respectively. Although substantially
different, the sole comparison of their respective absorptivity is not sufficient to rationalize
the different degree of chemical transformation observed for the two materials. Indeed,
absorptivity characterizes the probability of photon absorption, only the first step of an
intricate series of processes leading to solubility switch. Therefore, the decarboxylation
quantum yields are a more pertinent reference to compare the materials’ reactivity. They are
obtained by calculating the number of carboxylates lost during exposure as a function of the
number of absorbed photons. Based on our XPS results, considering an intermediate dose at
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which chemical changes are observed for both SURMOF (i.e., 275 mJ/cm?), we obtain a
yield of 2.4 carboxylates lost per absorbed photon for Cu(C204)nH20 against 0.05 for
HKUST-1(Cu).

The calculated absorptivity Cu(C204)snH20 / HKUST-1(Cu) ratio of 2.0 is significantly
smaller than the estimated quantum yield ratio of 48. This implies that the poor performances
of HKUST-1(Cu) for EUV exposures are not just caused by a lack of photon absorption but
rather by the relative inefficiency of its ionization-induced and electron-induced reactions
following photon absorption.

As the exposure progresses the chemical compositions and properties of the SURMOFs are
modified. This leads to changes in their reactivity at the exposed areas; hence the variations
in their quantum yields with increasing EUV doses shown in Table 2.2.

Table 2.2. Comparison of the EUV quantum yields of HKUST-1(Cu) and Cu(C>04)*nH-0 as
a function of the dose.

Dose [mJ/cm?] 25 75 150 275 500
Quantum yield HKUST 0 0 0 0.05 0.11
Quantum yield Cu(C204)*nH>0 5.1 3.6 3.2 24 1.7
Ratio / / / 48 15

In light of these results, studying the reactivity of HKUST-1 variants by derivatising the BTC
linkers, the metal in the nodes and/or the content of its pores could bring valuable insights
for the understanding of the radiative processes that occur during EUV irradiation. For
instance, one could obtain information on the influence of the metal atom by comparing
performances after full, or partial, replacement the Cu ions by other metallic elements (e.g.,
Zn, Ni, Co). Derivatising BTC linkers to modify fragmentation mechanisms to investigate
the reactivity of relevant functional groups could help optimise the organic components of
EUYV resists for better sensitivity and provide information concerning the electron cascade.
Finally, given the low reactivity of HKUST-(Cu) itself towards EUV, loading its nano-
channels and nano-pores with well-selected guests would offer unique a opportunities, as the
MOF could act as an extended matrix of periodically ordered nanometer-scale reactors over

a wide area.*>0

2.5 Conclusion

The two copper-based materials studied herein, namely Cu(C204)*nH20 and HKUST-1(Cu),
show significant differences in their reactivity towards EUV irradiation, as evidenced by X-
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Ray photoelectron spectroscopy (XPS), infrared reflection absorption spectroscopy (IRRAS)
and post-exposure development tests.

We observed similar reaction pathways with decarboxylation and reduction of Cu?*
occurring upon EUV exposure for both materials. However, HKUST-1(Cu) was evidenced
to be significantly less reactive with a quantum yield of decarboxylation 48 times smaller
than the one of copper oxalate.

We hypothesised these discrepancies to stem from differences in their respective crystalline
structures and linkers’ nature. In particular, their different backbones, saturated ditopic or
aromatic tritopic, lead to different reaction mechanisms after ionization- and electron-
induced degradation. The cleavage of oxalates, yielding full dissociation of the linker and
outgassing of COz, is much more efficient than fragmentation patterns in trimesate linkers.
The higher connectivity of the latter further stabilizes HKUST-1(Cu) by increasing the
minimum number of bonds to cleave in order to achieve complete linker desorption.

We proved that Cu(C204)*nH20 can act as a positive tone EUV resists by using basic aqueous
solutions of EDTA as developer. Positive tone hybrid resists are rare since, so far, mainly
molecular resists have been explored and, for those, the mechanism behind pattern formation
is based on condensation reactions after their organic shells are cleaved and desorbed.
However, the characteristic crystalline network provided by MOFs opens the door to new
pathways for solubility switch approaches.

For copper oxalate, changes in the thin film were observed at doses as low as 10 mJ/cm?,
although with the chosen development procedure the dose to clear was found between 250
mJ/cm? and 500 mJ/cm?. We are confident that an optimisation of the development
conditions will considerably improve the lithographic sensitivity of this material. Contrarily,
no solubility switch was detected upon irradiation of HKUST-1(Cu) with EUV light. This
result is in line with the higher stability of this materials towards EUV photons observed
spectroscopically.
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Chapter 3

Extreme Ultraviolet Photoelectron Spectroscopy on
Fluorinated Monolayers:
towards Nanolithography on Monolayers”

Abstract

The semiconductor industry plans to keep fabricating integrated circuits, progressively decreasing
their features size, by employing extreme ultraviolet lithography (EUVL). With this method, new
designs and concepts for photoresist materials need to be conceived. In this work, we explore an
alternative concept to the classic photoresist material by using an organic self-assembled monolayer
(SAM) on a gold substrate. The monolayer, composed of a richly fluorinated thiol sensitive to low-
energy electrons, is adsorbed on the Au substrate which acts as main EUV-absorber and as the
source of photoelectrons and secondary electrons. We investigate the stability of the SAM adsorbed
on gold towards EUV radiation by means of in-sifu photoelectron spectroscopy. The photoelectron
spectra indicate that the monolayer attenuates a significant amount of primary electrons generated
in the gold layer. The spectral evolution upon EUV irradiation indicates that the SAM loses a
significant amount of its initial fluorine content (ca. 40% at 200 mJ/cm?). We attribute these
chemical changes mostly to the interaction with the electrons generated in the thiol/Au system.

“Lugier, O.; Troglia, A.; Sadegh, N.; van Kessel, L.; Bliem, R.; Mahne, N.; Nannarone, S.; Castellanos, S.
Extreme Ultraviolet Photoelectron Spectroscopy on Fluorinated Monolayers: Towards Nanolithography on
Monolayers. J. Photopolym. Sci. Technol. 2020, 33 (2), 229-234.
https://doi.org/10.2494/photopolymer.33.229
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3.1 Introduction

Future integrated circuits are expected to reach the 10 nm feature size (node) and below in
the coming decade. The way chosen by the semiconductor industry to fabricate them in a
cost-effective manner is by employing extreme ultraviolet (EUV) lithography. However, the
use of such highly energetic EUV photons leads to complex chemical processes, involving
the interaction between the photoresist materials and electrons generated upon irradiation. '
In addition, the optical projection will be further improved by using an optical system with
higher numerical aperture (NA) in future EUV scanners. Yet, a consequence of using higher
NA is having a lower depth of focus (DoF),* which requires even thinner films of photoresist
material. Therefore, to make an efficient use of this refined technology, new resist concepts
should be explored, so that all the targets in the nanopattern resolution and quality can be
met.

In this work, we explore an alternative concept to the existing resists. We study a system
where a monolayer of organic molecules is adsorbed on the surface of a substrate consisting
of a metal with a relatively high EUV photon absorption cross-section. In this way,
absorption events occur mainly in the substrate but the chemistry occurs mainly on the
organic molecules at the surface. This is because the electrons generated in the substrate upon
photon absorption can damage the molecules on top. Turchanin et al. proved that indeed
EUV lithography can be performed on self-assembled monolayers (SAMs) adsorbed on gold,
though very high doses seemed to be required.*

/ Fluorinated
/ monolayer
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Figure 3.1: Schematic of a monolayer of fluorinated carbon chains adsorbed on an Au
substrate when it is irradiated with EUV photons. Photoelectrons generated upon the
absorption of EUV photons (absorption mainly in the Au substrate) induce chemical change.
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Yet, the reactivity of organic molecules towards electrons is very much dependent on the
molecular structure.® Here, we studied a SAM based on a fluorinated carbon chain (Fig. 3.1).
It has been reported in the literature that C-F bonds are prone to cleave with electrons®’ and,
in particular, fluorinated thiols undergo many chemical reactions when exposed to low-
energy electrons.® It is foreseen that chemical damage induced in a fluorinated monolayer
could provide high chemical contrast between exposed and unexposed areas through the
decrease of hydrophobicity resulting from the loss of fluorine. Such contrast could be used
for lithographic applications.?

3.2 Experimental

3.2.1 Sample preparation

Polycrystalline gold surfaces were prepared by sputter coating (Leica EM ACE600) silicon
substrates with a layer of 50 nm of gold (adhesion layer: 5 nm of Chromium). The fluorinated
thiol 1H,1H,2H,2H-Perfluoro-1-decanethiol (HFDT) was purchased from Sigma-Aldrich.
The thiol was adsorbed on the Au surfaces by immersing the substrates in an ethanol solution
of HFDT (3 mM, 24 h, RT).

3.2.2 Exposure and characterisation (synchrotron beamline)

Chemical changes induced by EUV photons were evaluated by means of photoelectron
spectroscopy (PES) provided with an hemispherical analyzer with energy resolution ~ 100
meV at synchrotron [OM-CNR BEAR beamline station at ELETTRA in Trieste, Italy.!!2
Monochromatized (approx. 30 meV of resolution) photons of 92 eV were used as excitation
energy. The incoming light was linearly polarized (horizontally) orthogonal to the incidence
plane (s-polarization ~ 97% of polarization degree) with light spot at sample ~ 400 x 140
um? (horizontal X vertical). The angle of incidence was 45° with the electron analyzer
positioned in normal emission. The impinging photons intensity at 92 eV was measured by
an absolute (AXUV100) photodiode. Exposure doses were estimated according to beamline
optics settings, light spot and impinging flux. To correct for possible beam fluctuation, the
acquired data was accompanied with its relative photon flux, monitored on the last optical
element (refocusing mirror) upstream of the sample.

To prevent exposure damage of the monolayer during the acquisition, the evolution of the
photoelectron emission intensities was recorded starting on a fresh spot for each kinetic
energy. This was achieved by using in-sequence acquisition, effectively correlating sample
stage movement (xy) with kinetic energy tuning of the analyser. In this way, stacks of data
of photoelectron intensity versus dose at fixed kinetic energy were obtained. Finally, spectra
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were reconstructed from these stacks of data by extracting the values of intensity at identical
dose for each kinetic energy.

Theoretical calculations on the HFDT molecule were performed with Gaussian 16'* using
Density Functional Theory (DFT), and employing the B3LYP functional and 6-311G basis
set.

3.3 Results and discussion

Photoelectron spectroscopy (PES), owing to its surface sensitivity was chosen to identify and
quantify chemical changes induced by EUV photons on a self-assembled monolayer of
fluorinated thiol adsorbed on polycrystalline gold, HFDT/Au. By using 92 eV as excitation
energy, both the damage and the monitoring of the damage were conducted simultaneously,
effectively reducing the possibility of undesired degradation commonly occurring when
sample irradiation and PES measurement take place individually. The photoemission spectra
recorded from the Au substrate and from HFDT/Au pristine sample (exposure of ca. 1
mJ/cm?) are shown in Figure 3.2. The zero of binding energy scale was set at the onset (Fermi
level) of the bare Au valence spectrum.

a) 4o b) Photoelectron detection

Counts [a.u.]

-2 HFDT/Au
Binding Energy [eV] (on Si substrate)

Figure 3.2: a) Experimental photoelectron spectra recorded with 92 eV photon energy of the
Au-coated substrate (grey) and pristine HFDT/Au sample b) Basic scheme of the PES
experiment.

In the spectrum of Au, two main broad non-symmetric peaks are observed from
photoelectrons emitted by the 5 d orbitals (5dsi2, 3 —5 €V and 5d32, 5 — 8.5 eV).!*!7 A broad
feature arises from 14 eV on, that can either be attributed to the presence of nanometric
aggregates on Au surface or to the detection of electrons generated during the photoelectron
scattering through the Au. The spectrum of HFDT on Au clearly differs from the Au one.
Two prominent peak envelopes in the 12.7 — 16.0 eV (A) and 8.0 — 12.7 ¢V (B) binding
energy range are clearly distinguishable in the monolayer’s spectrum. These exact features
had been previously observed in photoelectron studies performed on analogous molecules
with silane as anchoring group for silicon substrates.’ In addition, the peaks arising from the
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Au 5d photoelectrons (C and D) are also visible, although with much lower intensity,
reasonably ascribable to scattering attenuation through the film, as discussed below. It is
expected that photoelectrons coming from the upmost levels of the valence band of the
HFDT/Au system also contribute to the spectral lineshape in this region (see fittings below).
No evident energy shifts are detected in the Au 5d peaks.

To assign the peaks in the PE spectrum of HFDT, the molecular orbitals (MO) of the
molecule in the gas phase were calculated with density functional theory (B3LYP functional,
6-311G basis set). The representation of some selected MOs in the 25 eV to 0 eV binding
energy range is shown in Figure 3.3. The actual energy of the MOs can vary when the
molecule is embedded in a monolayer adsorbed on Au, due to intermolecular interactions
and to the bonding of the sulphur atom to the Au atoms at the substrate surface. Yet, despite
the energy shift in the theoretical calculations, it is reasonable to assign the broad peaks A
and B to photoelectrons generated from the F 2p orbitals that are participating in different
molecular orbitals, in line with previous assignments in the literature.” It is tempting to
further distinguish between types of F 2p orbitals for these two regions. Photoelectrons
contributing to peak B could be assigned to F 2p orbitals with a “non-bonding” character, as
the calculated MOs in the range from 10 to 15 eV (represented by red lines in the energy
diagram in Fig. 3.3) seem to be located on the F 2p orbital with a perpendicular orientation
regarding the C-F bond.

DFT calculations also show that for MOs with lower energies (delimited by the purple lines
in the energy diagram) the F 2p orbitals participate in what looks like o bonds along the C-
F bond. We presume that binding orbitals of this kind are the origin of the broad peak A at a
higher binding energy range.
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Figure 3.3: Energy diagram of the HFDT molecular orbitals (MO) calculated with DFT in
the gas phase (B3LYP, basis set 6-311G). Some selected MOs are represented.
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Although F s and p electrons have relatively high photon absorption cross-sections at 92 eV
(~0.8 Mbarn/atom), and despite the high concentration of F atoms in the HFDT self-
assembled monolayer (17 fluorine atoms per molecule), a high transmittance is estimated for
this monolayer (~1.2 - 1.5 nm thickness, depending on the molecular packing). Using the
atomic photon absorption cross-section as reported in the literature,'® the molar cross-section
for the HFDT molecule is calculated to be 3.7 x 107 cm?/mol. Assuming that there are
approximately 3 - 4 molecules per square nm!>2° (5.0 - 6.6 x 10° mol/cm?), and taking into
account the angle of incidence of the impinging photons, the estimated transmittance for such
a layer would be in the range of 97-98%. Therefore, most of the light goes through the HFDT
monolayer and is absorbed by the Au substrate (50 nm thickness, ~0% transmittance).
However, the number of photoelectrons generated at the Au layer that reach the detector is
much lower in the presence of the HFDT monolayer. We attribute this loss of intensity (~
65%) of the Au 5d peaks to the scattering of the primary photoelectrons through the

monolayer.

The evolution of the HFDT photoelectron spectrum with exposure at 92 eV is shown in
Figure 3.4. A clear bleach of the peaks assigned to the F 2p orbitals is observed, indicating
that fluorine concentration in the monolayer decreases.

104 2.5 mJ/cm?
5 mJ/cm?
12 mJ/cm?
25 mJd/ecm®
— 40 mJ/cm?
— 80 mJ/icm®
— 100 md/cm®
— 150 md/cm®
— 200 mJ/cm?

Counts [a.u.]
i

2 20 18 16 14 12 10
Binding Energy [eV]

Figure 3.4: Evolution of the photoelectron spectrum of HFDT/Au with EUV exposure (some
selected doses are shown).
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It has been previously reported that exposure of SAMs based on thiols featuring semi-
fluorinated carbon-chains to low-energy electrons (10 eV) leads to the cleavage of C-F bonds
and outgassing of fluorine, as well as C-C cleavage leading to the desorption of small
fluorinated carbon chains.® Therefore, we assume that the fluorine loss induced by EUV
exposure of the HFDT/Au system likely occurs via similar processes, as most of the chemical
reactions that the monolayer undergoes are expected to be induced by the low-energy
photoelectrons (typically ~< 80 eV) generated at the monolayer and the underlaying Au

layer.?!

To estimate the rate of the EUV-induced changes, we calculated the relative areas (4/4o) of
peaks A, B, C and D and plotted them as a function of dose in Figure 3.5. The bleach of the
peaks assigned to F 2p orbitals (A and B) reaches ~60% at 200 mJ/cm?. Some molecular
levels associated to sulphur and carbon atoms overlap with the Au valence peaks. Although
the cross sections at 92 eV as well as the densities of sulphur and carbon atoms are lower
than those of Au, these overlaps would explain the apparent different intensity ratio between
5ds.2 and 5dss2 peaks in the pristine HFDT/Au sample compared to Au, as well as the slightly
different increase rate of the two peaks upon EUV exposure.!!
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Figure 3.5: Relative area of all peaks as a function of dose.

In addition to the bleaching of peaks A and B, which we attribute to F loss, the spectra display
changes at 13 eV and 17 eV (Fig. 3.4), which could be due to the creation of new electronic
levels, i.e., new molecular orbitals. Partial loss of F-atoms is followed by the formation of
highly reactive carbon-sites that can lead to the formation of mono-fluorinated carbon atoms
and unsaturated C=C bonds and to cross-linking reactions between neighbouring molecules.
These examples have all been showed to take place under low-energy electron irradiation for
similar systems.® And, as mentioned earlier, we expect similar events to happen under EUV
irradiation of the HFDT/Au system as a result of the interaction between the monolayer and
the low-energy electrons (KE range from ~80 eV to 0 eV), mostly generated by the Au
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substrate.?>?* These new molecular orbitals deriving from new bonds and chemical species
can thus contribute to the modification of the spectral shape with increasing dose. However,
the elucidation of the exact products that result from the 92 eV irradiation is out of the scope
of this work.

3.4 Conclusions

Photoelectron spectroscopy at a photon energy of 92 eV on monolayers of fluorinated thiols
adsorbed on polycrystalline gold surfaces (HFDT/Au) revealed that EUV exposure of such
a system leads to a remarkable loss of fluorine-containing species, reaching approximately
40% of fluorine content after a dose of 200 mJ/cm?. We attribute the chemical processes that
the monolayer undergoes upon EUV irradiation to the action of photoelectrons and secondary
electrons generated both within the monolayer and the underlaying Au layer. While further
work is needed to fully elucidate these phenomenon, the extent of fluorine loss in the studied
EUV dose range suggests that a considerable chemical contrast between exposed and
unexposed areas is attained with this type of molecules, which could be used for lithography
purposes.
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Chapter 4

Bottom-Up Nanofabrication with Extreme Ultraviolet
Light: Metal-Organic Frameworks
on Patterned Monolayers”

Abstract

The fabrication of integrated circuits with ever smaller (sub-10 nanometer) features poses
fundamental challenges in chemistry and materials science. As smaller nanostructures are
fabricated, thinner layers of materials are required, and surfaces and interfaces gain a more
important role in the formation of nanopatterns. We present a new bottom-up approach in which
we use the high optical resolution offered by extreme ultraviolet (EUV) lithography to print patterns
on self-assembled monolayers (SAM). Upon irradiation, low-energy electrons induce chemical
changes in the SAM so that the projected image is transferred to the substrate’s surface. We use the
chemical differences between exposed and unexposed regions—chemical contrast—to promote a
selective growth of inorganic-organic hybrid structures that can act either as an etch-resistant layer
for further pattern transfer or that can be used as functional nanostructures. The method
demonstrated its ability to produce nm-scale line/space patterns in thin films of metal-organic
frameworks (MOFs). Moreover, its potential for independent tuning of the different steps of the
EUVL process (photo-induced chemistry, spatially resolved chemical contrast, and formation of
nanopatterns) represent an advantage over current top-down approaches, in which the same
material plays all roles, by providing numerous opportunities for optimization.

* Lugier, O.; Thakur, N.; Wu, L.; Vockenhuber, M.; Ekinci, Y.; Castellanos, S.; “Bottom-up nanofabrication
with extreme ultraviolet light: metal-organic frameworks on patterned monolayers”; manuscript under
revision.
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4.1 Introduction

The semiconductor industry has become a point of intersection between economics and
fundamental science as a result of a prediction known as Moore’s law.! The claim that the
number of transistors in a computer chip had to double every two years now translates into a
demand for integrated circuits of 8 nm size by 2028.% To satisfy this economic interest, a
long path of technological challenges culminated in the shift of the light source used in
photolithography from 193 nm to 13.5 nm wavelength (extreme ultraviolet, EUV), in order
to gain optical resolution. The release of the first devices branded “EUV-inside” to the
consumer market in 2020 marked a significant milestone for EUV lithography (EUVL).
However, manufacturing nanostructures of sub-10 nm dimensions with such energetic
photons opens fundamental questions at the interface of chemistry, physics, and materials
science.

Detailed knowledge on how EUV radiation interacts with matter is crucial to design
photosensitive materials that resolve the projected images into nanopatterns, i.e.
photoresists.>” In particular, the role of the electron cascade generated after photoionization,
the mechanisms leading to the resist’s solubility switch, the influence of applied post-
exposure procedures, and the blur resulting from the aforementioned processes are still being
investigated.>® Furthermore, as the nanopatterns’ size decreases, thinner photoresists are

10,11 which has two main

required to avoid high aspect ratios and pattern collapse,
consequences from a scientific perspective: 1) a more efficient EUV absorptivity is needed,
2) the roles of interfaces (photoresist-vacuum and photoresist-wafer) become more important
for the formation of the nanostructures. Consequently, new concepts and designs of systems
that can effectively react to radiation with nanoscale spatial resolution should be explored
and accompanied by investigations of the fundamental aspects of their functioning to fulfil

the requirements of upcoming nanofabrication technologies.

Here, we propose an alternative to the classical photoresist concept by using an organic Self-
Assembled Monolayer (SAM) as photoresist material in a novel bottom-up approach
consisting of three main patterning steps: 1) exposure; 2) thiol exchange; 3) selective growth
(Fig. 4.1). Monolayers of thiols are virtually transparent to 92 €V photons'? but sensitive to
low energy electrons, which are generated mainly from the photoionization of the substrate
underneath. Upon irradiation (step 1), thiol SAMs undergo multiple chemical and structural
changes, including packing disorder and decrease of the SAM stability, which create
chemical differences between the exposed and unexposed areas at the surface of the
functionalized substrate, referred to as chemical contrast.!>"!¢ Thanks to this, the exposed
areas can be selectively replaced by different thiol species through immersion of the substrate
in a solution containing the new thiols (step 2, post-exposure exchange). In this way, the
chemical contrast of the patterns is enhanced, enabling subsequent surface modifications on
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1] 2]
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Figure 4.1: Schematic representation of a sample through each step of the bottom-up
procedure. (1) EUV exposure of the sample; (1°) structure of the sample post EUV
irradiation; (2) selective exchange procedure by replacing thiols on the damaged SAM areas;
(3) selective SURMOF growth on exchanged areas; (4) etching of the areas not protected by
the SURMOF; (5) stripping of remaining SURMOF material. In each box, from top to
bottom, the drawings represent the sample at the molecular level, its cross-section, and its top
view. In this work, steps 1 to 3 are investigated in detail and steps 4 and 5 are presented as a
proof of concept.

20,21 22,23

and materials
2526

exposed or unexposed areas.!” DNA,'®!° nanoparticles,?*?! quantum dots,

such as surface-mounted metal-organic frameworks (SURMOFs)?* or perovskites®>® can be
deposited with various levels of selectivity on surfaces endowed with spatially resolved
chemical contrast.?’ In this work, the chemical contrast obtained from the EUV exposure and
thiol-exchange procedure is used to promote the growth of a SURMOFs on the exposed areas
(step 3), which can later act as a protective layer for the etching step and enable the transfer
pattern to the underlying substrate (step 4 and 5). Notice that our approach can also be used
to fabricate nanostructures of functional SURMOFs for other applications if the sequence is

terminated at step 3 or 4.

We observed that surface chemical contrast is obtained at doses near the industry target (20-
25 mJ/cm?). Furthermore, an advantage of this strategy is that each step can be tuned
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independently—the type of initial SAM and that of the replacing thiol, type of structure
grown on the patterned monolayer—, thus giving a large room for optimization and
opportunities for fundamental investigations. We believe that the bottom-up approach here
presented to be a breakthrough for building nanostructures over large areas in a cost-effective
time.

4.2 Experimental

The chemical reagents used in this work were ordered from Sigma Aldrich and used as such.

4.2.1 Sample preparation and thiol functionalization

Polycrystalline gold surfaces were prepared by sputter coating (Leica EM ACE600) clean
silicon substrates with a 5-nm adhesion layer of chromium followed by a 50-nm layer of
gold.

Initial functionalization of the gold surfaces was conducted by immersion in an ethanol
solution of 1H,1H,2H,2H-Perfluoro-1-decanethiol (HFDT) at a concentration of 2 mM
during 24h, following reported standard procedures.!!” The hydrophobicity of the
monolayers was determined using simple static water contact angle measurements. Typical
values ranged from 100° to 110°.

The exchange of the EUV-exposed thiols was similarly conducted by immersion in ethanol
solutions of 4-mercaptomethyl benzoic acid or 4-pyridylethyl mercaptan, at a concentration
of 6 mM for 18 h or 48 h.

4.2.2 EUV exposure

Open frame exposures (pads) were performed by exposing areas of 1.7 x 1.7 mm? (pinhole
70 pm) or 0.5 x 0.5 mm? (pinhole 30 pm) while line/space patterns were obtained via EUV
interference lithography. Both pads and line/space patterns were exposed to a wide range of
EUV doses.

All EUV exposures were done at the XIL-II beamline at the Swiss Light Source (SLS)
synchrotron in the Paul Scherrer Institute (PSI).”®
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4.2.3 Post-exposure procedures and analysis

Thiol exchange

The exchange procedures consist in the immersion of the samples into a 6 mM ethanol
solution of either 4-mercatptomethyl benzoic acid (MBA) or 4-pyridylethyl mercaptan
(4pyr), at room temperature during 18h or 48h. After the procedure, the samples are gently
rinsed with pure ethanol and dried with under nitrogen flow.

The reference samples are treated following the same procedure with pure ethanol solutions.

Imaging

The features on exposed-only or exposed-and-exchanged monolayers were characterized by
SEM (FEI VERIOS 460) at energies of 2 keV or 5 keV and beam currents of 0.1 nC or 0.4
nC. The SEM images of grown SURMOFSs were then taken at 5 keV and beam current of
100 nC.

AFM images were taken on a Bruker Scan-Assist AFM in contact mode with the silicon
nitride Bruker Scan Assist-Air tips and the data treatment was carried on using Nanoscope
software version 9.0.

SURMOF growth

SURMOFs were grown using layer-by-layer Liquid Phase Epitaxy using a homemade
automatized system with control over the temperature, time of immersion, stirring and
sonication. Up to six samples can be subjected to the synthetic procedure at the same time,
allowing for simultaneous growth and more reliability in results comparison.

A growth cycle consists in 15 minutes of immersion in a | mM copper acetate hexahydrate
solution, Cu(OAc)206H>0, followed by 3 minutes of rinsing in pure ethanol, followed by 30
minutes of immersion in a 0.2 mM solution of trimesic acid (TMA), ended by 3 minutes of
rinsing in pure ethanol.

The reagents solutions were kept at 50 °C. Each sample went through 15 cycles of growth.

X-Ray Photoelectron Spectroscopy (XPS)

XPS spectra were obtained on a homebuilt system from the Zernike Institute for Advanced
Material at the University of Groningen (The Netherlands) with a VG Microtech CLAM 2
hemispherical analyzers and a non-monochromatic Al Ka source (1486.6 eV, operating at
10 kV, 34 mA, 30° source).

The fittings of the spectra were done using the Unifit software version 2018.
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Profilometer

The thickness measurements of the SURMOF layers for the growth curves (SURMOF
thickness as a function of the initial EUV dose) were obtained using a KLA-Tencor alpha-
step 500 profilometer.

Static water angle contact (WCA)

The WCA pictures were taken using a homebuilt system. Images were taken with an Apple
camera and the software miXscope. Image analysis was conducted with the software imageJ
using the drop analysis LB-ADSA plug-in.

4.3 Results and discussion

43.1 Steps 1,1’ and 2: EUV exposure and post-exposure
exchange

In our previous study,?® we showed that a thiol monolayer rich in fluorine, 1H,1H,2H,2H-
Perfluoro-1-decanethiol (HFDT), on Au is chemically changed when exposed to EUV light
and found that at a dose of 200 mJ/cm? ~ 40% of fluorine is lost. The secondary electrons
and holes generated upon EUV absorption trigger these chemical changes. Such changes in
the chemical composition of the SAM necessarily introduce disorder in its packing, as
reported in studies on the impact of low-energy electron irradiation on similar systems. '?

Thiol monolayers are known to undergo desorption and exchange when immersed in a
solution containing another thiol species, creating a mixed monolayer composed of both
thiols. The rate of that desorption depends on various parameters such as the temperature,
the type of solvent, the type of thiols used, and, most importantly, the quality of the packing
of the initial monolayer.?’ Regarding the influence of the packing, faster exchange rates are
observed for increasing disorder while defect-free regions remain integer.*°

In this work, we study the exchange process of EUV-irradiated HFDT monolayers using 4-
mercaptomethyl benzoic acid (MBA) and 4-pyridylethyl mercaptan (4pyr) as replacing
thiols. Their distinct chemical structures, as compared to HFDT, are expected to limit
intermolecular interactions between the different SAMs, hence disfavor the formation of
mixed domains and increase the chemical contrast between areas coated with HFDT and
MBA or 4pyr. More importantly, both MBA and 4pyr act as nucleation sites for surface-
anchored metal-organic frameworks (SURMOFs) such as HKUST-1(Cu); an essential
property for step 3 of our bottom-up approach (see below).
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For a first assessment of the exchange procedure, a “hydrophobicity test” was performed
following the step 2 of the procedure (Fig. 4.2a). SAMs composed of MBA and 4pyr have
opposite wetting properties to the ones of HFDT. The former are hydrophilic (static water
contact angle ~20° and ~60°, respectively), while fluorinated SAMs are highly hydrophobic
(static water contact angle ~120°).3! Soaking the surface of the samples with a polar solvent
revealed the exchanged areas. The solvent drips away from the highly hydrophobic pristine
monolayers while small volumes remain confined on the hydrophilic domains (Fig 4.2b and
Fig. S4.1 and Video S1 in Supporting Information). Although for certain processing
conditions this phenomenon was also observed in non-exchanged samples, the dose threshold
is significantly lowered with the exchange step (from ~250 mJ/cm? to ~75 mJ/cm? in samples
with 500 pm % 500 pm exposed areas). The hydrophobicity of HFDT monolayers originates
from their high concentration of fluorine atoms. Thus, this hydrophobicity test supports our
previous in-situ XPS study, in which the F-loss was evidenced,?® and reveals on a
macroscopic scale the chemical contrast between unexposed and exposed and exchanged
areas. This fact also evidences that the replacement of thiols on exposed areas by a different
thiol species is favored.

Aiming at a more detailed inspection of the chemical contrast between exposed (and
exchanged) and unexposed regions, Scanning Electron Microscopy (SEM) was performed
on selected samples (Fig. 4.2c). We could image the different SAM domains present at the
surface of the substrates. The exposed/exchanged areas appear darker than the unexposed
background in the images. The observed trend is that higher contrast is obtained for
increasing exposure doses, regardless of the exchange procedure. Even the reference
samples, immersed in pure ethanol after exposure instead of a thiol-containing solution, show
contrasting exposed areas. This is another indication that EUV radiation induces chemical
changes in the SAM, even at relatively low doses (25 mJ/cm?).

MBA-exchanged samples display a less marked contrast. We speculate that this phenomenon
might originate from a faster exchange of the unexposed areas for this species, in agreement
with the aforementioned reports on the stability of thiol SAMs in solution.*® Another hint for
this is the erosion of the Au layer for these samples. We conclude that the degradation of the
Au layer by this acidic thiol also is a consequence (and an accelerating factor) of the exchange
on unexposed regions. In general, darker regions originate from a lower density of
backscattered electrons. Whether this is due to fewer electrons from the Au substrate
escaping through the SAM (e.g., because the irradiated thiols generate a crosslinked C-
network) or from fewer electrons being generated from the SAM (e.g., because of fewer F-
atoms present) cannot be easily distinguished. Therefore, although SEM proved a good
method to spot dose thresholds and qualitative trends, a quantitative analysis cannot be
extracted from SEM data.
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Figure 4.2: (A) Schematic representation of the samples (molecular level and top view) after
the EUV-exposure (multidose) and exchange procedure of our bottom-up approach for
EUVL. (B) Photograph of an HFDT-functionalized gold substrate after EUV exposure and
exchange procedure in an MBA solution. The picture shows the sample a few seconds after
being taken out of ethanol. The difference in hydrophobicity between pristine areas and EUV-
exposed and MBA-exchanged areas (1.7 mm x 1.7 mm pads) is revealed as the hydrophilic
solvent drips away from hydrophobic surfaces (non-exchanged areas) but remains on
hydrophilic surfaces (exchanged areas). (C) Compilation of SEM images of 500 um x 500
pm pads obtained on HFDT monolayers via EUV exposure and exchange in a solution of
MBA or 4pyr. Different exchange procedures were conducted, such as (1) non-exchanged,
(2) pure ethanol 48 h, (3) 4pyr (6 mM) 18 h, (4) MBA (6 mM) 18 h. On these images, the
exposed/exchanged areas appear darker than the pristine background.

In an attempt to monitor the efficiency of the post-exposure exchange process, we used X-
ray photoelectron spectroscopy (XPS) on MBA-exchanged samples for various EUV doses
and exchange procedures. In XPS, the position of the peaks in the binding energy scale
reveals which elements are present in a sample, and small variations around that position
indicate the oxidation state of each specific element or the propensity for electron
withdrawing of its substituents (chemical shift). Monitoring the area of the peak in the F 1s
region of the spectra allows for detecting changes in the concentration of fluorine. In
addition, HFDT and MBA display distinctive features in the C 1s spectrum as they contain
C-F and COO species, respectively, which give rise to peaks with different chemical shifts.
The C 1s spectra in Figure 4.3a are normalized in intensity to detect changes in the number
of components with different chemical shifts in the C 1s envelope, as an indication of changes
in the chemical composition of the samples after each step. Notice that the signal at 285 eV
is most likely mainly arising from adventitious carbon. The F 1s spectra in Figure 4.3b are
normalized to the area of the Au 4f peak to capture the relative fluorine loss and show, as a
function of the dose, how much of this loss is induced by the post-exposure exchange
procedures
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The C 1s spectra after EUV irradiation show a decrease in the intensity of the CF2/CF3
components (ca. 290 eV). The F 1s spectra show a significant decrease in intensity of the
fluorine peak (687.6 eV, see also Fig. S4.9 in Supporting Information), in line with our
previous in-situ irradiation studies, denoting the partial desorption of full HFDT molecules
and/or outgassing of fluorine-containing fragments.® The + 0.3 eV blueshift of the F 1s peak
implies slight changes in the chemical environment of F atoms, presumably from structural
reorganizations of the fluorocarbon chains of the monolayer upon exposure.*?

The 18 h exchange procedure yields a widening of the C Is components assigned to C-H
sp?/sp> carbon species as the dose increases. This is an indication that new carbon species are
incorporated in the SAM, thus adding components on the higher energy range. We
hypothesize that exchanged samples consist of a mixture of partially fluorinated and
unsaturated carbon chains and MBA thiols. Thus, although pure MBA does not display
prominent features at this BE, such assortment of molecules generates a distribution of
intermolecular interactions that lead to a broadening and shift of the C 1s signal. In addition,
the carboxylic carbons (COO) of the MBA molecules have binding energies around 288
eV,*%3 5o that a certain contribution of these electrons is expected. We also observe a
decrease in intensity for the CF2/CF3; components and of the F 1s peak along with the dose
increase. Yet, the + 0.3 eV shift seems unaffected. This might indicate that some of the
fluorine-containing products remain after exchange. The same trends are registered in the 48
h exchange procedure yet with a more significant loss of fluorine content (Fig. 4.3b).

The qualitative comparison of the chemical composition of the various systems provides
valuable insights on the mechanisms that take place during the procedure. Combined with
the previously discussed hydrophobicity test, SEM inspection and our previous F-loss
studies®®, these XPS results indicate that both desorption and incorporation of new species
occur during the exchange procedure on areas irradiated by EUV photons.

4.3.2 Step 3: SURMOF growth

For the final step of the bottom-up procedure, HKUST-1(Cu) is grown as a SURMOF on the
surface of the EUV-exposed (and exchanged) samples via layer-by-layer (LbL) liquid phase
epitaxy (LPE).>* Contrarily to pyridyl- and carboxyl-terminated SAMs, CF3-terminated
SAMs such as HFDT are known to be unsuitable for the growth of most SURMOFs,
including SURMOFS of the HKUST-1 family.*> As a result, when an HFDT-functionalized
substrate that has been exposed to EUV (multiple pads with increasing dose) is used for the
LbL-LPE step, HKUST grows preferably on the exposed areas. As discussed earlier, EUV
irradiation of fluorinated alkane thiols triggers the loss of fluorine and fluorine-containing
fragments through bond cleavage and outgassing. In other words, exposing HFDT to
increasing EUV doses depletes the SAM of its fluorine content, effectively transforming the
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Figure 4.3: XPS spectra of (A) the C 1s region and (B) the F 1s region of the exposed samples
(left), 18 h MBA-exchanged samples (middle) and 48 h MBA-exchanged samples (right) for
various EUV doses. The numbers on each curve indicate the EUV dose received by the
sample in mJ/cm2. The C 1s spectra of a pristine MBA-functionalized gold sample was added
for comparison. The C 1s spectra (A) are normalized to their maximum intensity and the F
1s spectra (B) are normalized to the intensity of the gold signal of the substrate. Indicators
are set at 285.0 eV and 290.3 eV for the C 1s spectra (A) and 687.5 eV for the F 1s spectra

®).

fluorinated thiols of such areas into alkane/alkene-rich thiols and creating favourable
domains for HKUST-1(Cu) growth.

The effect is clearly enhanced when the exposed HFDT SAM is exchanged with 4pyr or
MBA (Fig. S4.6 in Supporting Information). That is, the SURMOF growth is favored at
lower EUV doses if the new thiols are incorporated during an exchange procedure. The
homogeneity of the SURMOF layers of the pads improves with increasing EUV dose.
Usually, low doses yield colorless chips of transparent material randomly placed within the
exposed area and high doses yield brown, fully homogeneous and opaque thin films. The
aspect of intermediate doses can vary depending on the size of the exposed area, the exchange
method and the growth conditions. But, in general, it gives blue-ish, mostly homogeneous
and opaque layers of HKUST-1(Cu) (Fig. S4.6 and S4.7 in Supporting Information).
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Profilometer and atomic force microscopy (AFM) reveal that the transparent films formed
on areas exposed to medium doses are thicker and composed of bigger crystals than the
opaque layers obtained when high EUV doses were used (Fig. 4.4 and 4.6d). As each MBA
or 4pyr thiol is a potential nucleation point for the SURMOF, the number of nucleation points
available for MOF crystals to nucleate is correlated to the efficiency of the thiol exchange
step. We hypothesize that the differences in thickness and roughness between layers grown
on areas exposed to high and low doses stem from disparities in the availability of such
nucleation sites at the surface. On high-dose areas where a larger number of photons hits the
surface, the crystals nucleate closer to each other resulting in an early coalescence and the
formation a smoother, more homogeneous film. While, with fewer nucleation points
available over the same area, low dose patterns promote the development of discrete islands
of material. Similar observations were reported on the properties of SURMOFs grown on
seeded substrates, another synthetic method used to grow MOFs on a surface.*

25
mdJ/cm?2

50
mdJ/cm?2

100

mJ/cm2 B

250

mJ/cm?2

1000
md/cm?2

2
X [um]

Figure 4.4: AFM images (4 pm x 1 pm; contact mode) of the thin films of HKUST-1(Cu)
taken at the centre of the pads (exchange procedure: 4pyr, 6 mM, 48 h). The height profiles
along the white dotted lines are displayed on the right and illustrate the evolution of the
surface roughness as a function of the EUV dose.
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It is worth mentioning that extensive crosslinking is expected to take place at high doses as
the SAM experiences more fragmentation and desorption from sustained EUV irradiation.
This might prevent the full exchange of the exposed thiol, as indicated by the presence of F
after long exchange in the XPS spectra (Fig. 4.3). The same phenomenon was reported on
thiol SAMs following their exposure to high doses of low energy electrons.?” In this situation
of over-exposure, the surface of the sample is expected to be covered by polymerized alkane
or alkene species which form matrices bonded to the substrate at multiple points, thus
disfavor exchange with other thiols. Nonetheless, the chemical contrast created at such high
doses between the now CH2/CH3 terminated exposed areas and the CF2/CF; terminated
pristine areas can be sufficient to enable preferential growth or deposition (Fig. 4.5). For
example, HKUST-1(Cu) has been shown to grow with remarkable efficiency on alkane
terminated SAM.*®
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Figure 4.5: Schematic representations of samples exposed at an optimal dose (top) and
samples that were over-exposed (bottom) at the various steps of our bottom-up approach for
EUVL.

Although preferential nucleation is obtained on exposed and exchanged areas, the pristine
domains of the samples are not devoid of material. Thin chips of material are found on
pristine areas. They are either weakly bonded to the substrate or sprouting from the edges of
homogeneous SURMOF layers; sometimes bridging two adjacent exposed areas (Fig. S4.2
in Supporting Information). They are clearly not attached to the surface, as sonication in pure
solvent removes them without apparent damage to HKUST-1(Cu) layers grown on exposed
areas. Undesired deposition of MOF on unexposed areas could be avoided by further
optimizing the SURMOF growth conditions.
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4.3.3 Nanolithographic performance

The thickness of the SURMOF layer grown on exposed samples after two different
procedures (18 h and 48 h of exchange step with MBA) as a function of dose are plotted in
Figure 4.6. This plot is the equivalent of the contrast curve of a photoresist in conventional
lithography and provides information regarding the sensitivity of a resist material in specific
conditions. Here, the key information is the minimum dose required to favor HKUST growth.
We noticed that, in the tested conditions and for the specific exposed area sizes (1.7 x 1.7
mm?), this dose threshold is ca. 55 mJ/cm? for the 18 h-exchange (inhomogeneous patches
are found already at 7.5 mJ/cm?, empty squares in Fig. 4.6) and ca. 35 mJ/cm? for the 48 h-
exchange one. Assuming a packing of 2 to 4 molecules of HFDT per square nanometer, 40
mlJ/cm? corresponds to approx. 12 to 6 incident photons per molecule, respectively. However,
it should be noticed that the SAM has an EUV transmittance of ca. 98%. Most photons are
thus absorbed by the gold substrate and lead to an electron cascade in the Au layer, from
which only the escaping electrons induce damage to the SAM on top. Taking into account

3940 electrons

that the inelastic mean free path of electrons of 80 eV is estimated ~ 5 A in Au,
generated in Au upon absorption of EUV photons would only escape from the upmost 1.5
nm. This thin layer would absorb 7% of the photons that go through the SAM, meaning that
overall approximately only 9% of the incident photons are absorbed by the SAM/Au system.
Yet, it is not straightforward to determine how many of these escaping electrons interact with
the SAM. Therefore, the actual efficiency of the process is not yet known but can be further
tuned using other substrates and monolayers. Remarkably, the dose thresholds for growth are

close to the values targeted by the semiconductor industry (20 mJ/cm?).#1:42

Dense lines patterning was performed with EUV interference lithography as a preliminary
investigation of the nanolithographic capability, in terms of resolution, of the bottom-up
approach in the studied conditions. Line/space optical patterns created with EUV interference
lithography were projected on the HFDT monolayer at various half-pitch (HP) values, i.e.,
22 nm, 30 nm, 40 nm and 50 nm, using different EUV doses (on wafer), namely 25 mJ/cm?,
50 mJ/cm?, 100 mJ/cm?, 250 mJ/cm? and 500 mJ/cm?. Only the 50 nm-HP patterns exposed
at 500 mJ/cm? are resolved enough to be observed with SEM after MBA-exchange
(Fig. 4.7a). On 4pyr-exchanged samples, SEM images reveal 50 nm HP lines from 100
mJ/cm? onward, 40 nm HP from 250 mJ/cm? onward and 22 nm HP for 500 mJ/cm? only
(Fig. S4.4 and S4.5 in the Supporting Information).
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Figure 4.6: Thickness of HKUST-1(Cu) on MBA-exchanged pads as a function of EUV
dose. The MBA pads were obtained from open-frame EUV exposures and MBA-exchange
on a HFDT monolayer on Au. The hollow markers and dotted lines represent thickness values
of inhomogeneous HKUST-1(Cu) layers. The dose thresholds for homogeneous HKUST-
1(Cu) layers are indicated by the continuous lines crossing the x-axis at around 35 mJ/cm?
and 55 mJ/cm?, respectively, for the 48 h procedure and 18 h procedure.

The limited resolution of the SEM images, due to the invasive nature of this technique and
the low contrast between exposed (and exchanged) lines and unexposed spaces (comprising
HFDT), hinders the evaluation of the pattern quality. Therefore, defects related to
photoelectron blur and defects like bridging or line discontinuity cannot be properly assessed
from these images, especially for the lowest pitches and doses. Nevertheless, these images
confirm that nanometre-scale patterns can be obtained with this method.

After the exposure and exchange steps, HKUST-1(Cu) was grown on the line/space patterned
monolayers to study whether the chemical contrast provided by the surface can be propagated
to the SURMOF structure and to study the impact of the growth step on the pattern resolution.
On MBA-exchanged samples, SEM images show the crystals at the surface of the thin films
arranged following a repetitive pattern of parallel lines (Fig. 4.7b and 4.7c). The spatial
alignment of individual crystals indicates that the SURMOF growth was influenced by the
underlying patterned SAM. However, the HKUST-1(Cu) crystal shape hinders the formation
of straight edges in the line/space patterns. When anchoring points are present in the
substrate, this MOF tends to grow in the [111] crystalline direction. This growth leads to the
formation of cube-like crystals with one corner pointing upwards, as it can be observed in
the AFM images (Fig. 4.4). This causes the horizontal expansion of the lines and their
subsequent merging (Fig. 4.6b), a phenomenon also observed between some patterns
obtained via open-frame exposures (Fig. S4.2 in Supporting Information). In addition, the
size (40 nm to 250 nm) of the crystallites of HKUST-1 obtained from these synthetic
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Figure 4.7: (A) Edited (contrast and brightness) SEM picture of line/space patterns (half-
pitch: 50 nm; dose: 500 mJ/cm?) obtained via EUV patterning and exchange procedure
(MBA, 6 mM, 48 h) on a HFDT monolayer on Au. The original image is available in Fig.
S4.3 in the Supporting Information. (B) and (C) SEM images of line/space patterns (half-
pitch: 50 nm; dose: 500 mJ/cm?) in a thin film of HKUST-1(Cu) obtained with the following
procedure: EUV patterning on a HFDT monolayer on Au, exchange in ethanol (MBA, 6 mM,
48 h) and 15 cycles or 7 cycles, respectively for (B) and (C), of layer-by-layer LPE growth.
(D) SEM pictures of two adjacent pads after Au etching. Au appears white and the underlying
substrate (5 nm layer of Cr on Si) black.

conditions is larger than the printed HP. The smaller crystallites obtained from a shorter
growth procedure (Fig. 4.7 ¢) enable the formation of distinct lines of HKUST-1(Cu) and
confirms the presence of the nanometer-scale chemical pattern in the SAM. Using a different
SURMOF platform with a preferred anisotropic growth, i.e., pillar-layered MOFs such as
DMOF (Cu, Co, Zn),* is expected to improve the resolution and overall performance of the
procedure.
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Note that to use the bottom-up approach as an alternative to traditional photoresists, the
primary objective of the material deposition for contrast enhancement is to provide an etch
resistance for future pattern transfer. Thus, the most relevant threshold here is the minimal
dose needed to obtain a homogeneous layer of HKUST deposited on the exposed areas,
which stands at around 35 mJ/cm? for the conditions investigated in this work.

Step 4 and 5

Finally, as a proof of concept for steps 4 and 5 of the procedure (Fig. 4.1), we tested HKUST-
1(Cu) as an etch-mask for the transfer of the pattern to the substrate, the ultimate role of a
photoresist. Samples prepared with the bottom-up approach were etched in a potassium
iodide solution, a common etching agent for Au. After etching, SEM images show that the
gold layer remains only on the areas that were previously covered by MOF layers while the
pristine domains of the substrate are stripped. (Fig. 4.7d and Fig. S4.8 in Supporting
Information).

Only samples exposed with open frame exposures were etched as the resolution of the /s
patterns post growth was too poor to enable pattern transfer to the substrate.

4.4 Conclusions

In this work, we have demonstrated that surface chemical contrast can be attained by
exposing monolayers of fluorinated thiols on Au substrates to EUV light at doses close to
the industrial requirements for the fabrication of future integrated circuits using EUV
lithography. Although the metrology of dense-line patterns on monolayers needs to be
optimised, we observed the printing of 50 nm lines on such systems. Exchanging the
damaged fluorinated thiols after EUV exposure with N-terminated or COO-terminated thiols
favors the selective growth of anchored metal-organic frameworks on the exposed areas. In
the particular conditions used in the present work, the dose threshold to obtain homogeneous
growth is 35 mJ/cm?. Yet, we presume that at high doses, the crosslinking induced by EUV
radiation on the fluorinated thiol is sufficient to promote such growth without the need of an
exchange step. The chosen material for the growth step, HKUST-1(Cu), proved to act as an
etch-protective layer for Au etching.

The efficiency and resolution capabilities of the bottom-up method have strong potential for
improvement thanks to the high number of variables for optimisation that it conveys. One
could, for example, tune the experimental conditions of the exchange step to improve pattern
quality by increasing the purity of the SAM domains or select SURMOF species that grow
anisotropically normal to the substrate, preventing lateral resolution loss. Even the core-
principles of the method can be tuned by choosing different types of monolayers, materials
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or substrates. Finally, because our bottom-up approach stands out as compared to more
conventional EUVL methods, we are confident that its optimisation and fine-tuning will
unravel valuable insights on the fundamental aspects of this nanopatterning technique.
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Chapter 5

Effect of the Linkers’ Functionalization on the
Synthesis of SURMOFs from the
DMOF-1(Cu) Family”

Abstract

Metal-organic frameworks (MOFs) have received a great amount of attention for their numerous
properties that material scientists are trying to exploit in various applications ranging from catalysis
to electronics. However, the synthesis of surface-mounted metal-organic frameworks, created to
enable the integration of MOFs into devices, and the effect of synthesis conditions on their
properties remain vaguely understood and hinder the development of MOF-containing devices. In
this study, we synthesize five [M,L,P] type SURMOFs of the DMOF-1(Cu) family with different
functional groups attached to their dicarboxylate linkers using identical growth conditions to
investigate the effect of the linker’s nature on the properties of MOFs’ thin films. Scanning electron
microscopy, x-ray diffraction and infrared reflection absorption spectroscopy show significant
differences in crystallinity and topography between materials. Yet, the level of influence that each
synthesis parameters have over the properties of the SURMOFs remain elusive. The comparison
these results with other studies on the growth of SURMOFs provides perspective on the matter and
emphasize the need for the development of growth models that take into account all interactions
among the functionalized surfaces and the MOF precursor locally and at the molecular level to
solve the challenges of SURMOF synthesis.

* Lugier, O.; Amairi, M.N.; Castellanos, S.; “Effect of the linkers’ functionalization on the synthesis of
SURMOFs from the DMOF-1(Cu) family”; manuscript in preparation.
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5.1 Introduction

Metal-organic frameworks (MOFs) are organic-inorganic crystalline materials first
discovered in the late 1990s.! They are composed of inorganic clusters, commonly metal oxo
clusters, linked to each other by organic ligands, also called linkers, forming 1D, 2D or,
usually, 3D structures. The prototypical MOF is crystalline with an astonishing porosity that
provides a very high surface to volume ratio.

MOFs have quickly gained steam in the scientific and industrial communities alike because
of their great potential for structural and chemical tuning. Their tunability can be used to
optimize the material for its intended application by adjusting key features, e.g.,
conductivity,>* fluorescence* or catalytic potential,™® without major impact on its general
structural properties. For these reasons, these materials captured the interest of material
scientists as evidenced by the more than 90,000 synthesized MOF structures and 500,000
modeled ones in the last 30 years.”

Yet, MOFs’ device integration remains a challenge as these materials are mostly synthesized
in the form of crystalline powders or monocrystals. Even though, the development of surface-
mounted metal-organic frameworks (SURMOFs) partially solved this issue, progress is
required to better understand and control the mechanisms governing their synthesis.®®

SURMOFs are nanometer- to micrometer-thick thin films of MOFs grown directly attached
to the surface of a substrate. Their anchoring is often attained by covalent bonding through a
Self-Assembled Monolayer (SAM). SAMs are composed of individual molecules bearing a
functional group with high affinity for the substrate, usually located at one end of the
molecule. When the adequate substrate is brought in contact with SAM molecules in
favorable conditions, they self-assemble to form a continuous monolayer with well-defined
packing and long-range order. The functional group located at surface of the SAM acts as a
nucleation point for SURMOF crystals. The two main SAM species are thiols and silanes,

functionalizing coinage metals and hydroxylated surfaces, respectively.!%!!

Liquid phase epitaxy (LPE) is the main method used to grow SURMOFs. LPE enables a
relatively accurate control over the thickness, coverage, homogeneity and even crystalline
orientations of the thin films. Most SURMOFs are synthesized via layer-by-layer (LBL)
methods using LPE technics as they proved the most efficient for a controlled growth.!%!3

To complicate matters, experimental growth studies have shown that synthetic parameters
are not easily transferable from SURMOF to SURMOF, even for specimens of the same
MOF-family. This means that tedious experimental screenings are often needed to synthesize
an optimized SURMOF for its intended application. Moreover, help from growth models is
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limited as only few simulations and theoretical studies have been conducted on these

materials, although the field is rapidly developing.'*!3

For most applications, MOFs thin films have requirements regarding their coverage,
thickness and crystallinity for optimum performance. The crystallinity comprises two
parameters, the crystalline quality and the crystalline orientation. The former describes the
size and purity of the crystalline domains and the latter their orientation relative to the surface
of the substrate. Crystalline orientation requires consideration in certain applications for
MOFs with anisotropic unit cells. This is because the nature and dimensions of the channels
and pores accessible at the surface of such a SURMOF are different depending on its growth
orientation in relation to the substrate’s surface. Therefore, the diffusion of selected guests
(molecules, ions, polymers, efc.) inside such material is regulated by the SURMOF’s crystal
orientation through size or chemical selectivity. Examples of applications where this property
is critical include membranes, gas storage/separation, sensors, in-pore polymerization,

dipoles modulation, and enantiomer separation, among others.!6-2°

DMOF-1(Cu), or [Cu(bdc)(dabco)os] (bdc = 1,4-benzenedicarboxylate, dabco = 1,4-
diazabicyclo[2.2.2]octane), is one of the simplest system of pillar-layer-based MOFs with
the following formula [M2L>P] (M: Cu, Zn, Co, Ni; L: dicarboxylate linker; P: dinitrogen
linker).2! They form 2D sheets of four dicarboxylate linkers binding the metal dimers at their
equatorial coordination sites while the dinitrogen linkers act as “pillars” that coordinate the
apical coordination sites, effectively bonding neighboring 2D sheets (Fig. 5.1 and Fig. 5.4).
One of the advantages of DMOF-1, and many [M2LP] species comes from their tuneability.
For instance, in DMOF-1, the aromatic ring of the bdc linker is relatively easy to
functionalize enabling the inclusion of selected functional groups in the material and the fine-
tuning of some properties of the material.?

Here, we investigate the influence of the functional group of the dicarboxylate linker on the
crystalline orientation of five X-DMOF-1(Cu) thin films. The homogeneity of the coverage
was also considered, although the limited number of growth cycles used during the layer-by-
layer LPE synthesis led to low amounts of material deposited and a greater inhomogeneity.
The dicarboxylate linkers tested are 1,4-benzenedicarboxylate, 2-nitroterephthalate (NOz),
2-fluoroterephthalate (F), 2-bromoterephthalate (Br) and tetrafluoroterephthalate (F4). They
form DMOF-1(Cu), NO2-DMOF-1(Cu), F-DMOF-1(Cu), Br-DMOF-1(Cu) and F+-DMOF-
1(Cu), respectively.

Each SURMOF was grown on a carboxyl-terminated and a pyridyl-terminated SAM of
thiols, namely 4-mercaptomethyl benzoic acid (MBA) and 4-pyridylethyl mercaptan (4pyr),
respectively. Surface coverage and topography were characterized by scanning electron
microscopy (SEM) and atomic fore microscopy (AFM) while crystalline orientation and
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quality were assessed with powder x-ray diffraction (PXRD). Infrared reflection absorption
spectroscopy (IRRAS) provided additional information on the chemical compositions and
crystalline orientation of the SURMOFs.

Figure 5.1: Chemical structure of one node in DMOF-1(Cu). Hydrogen atoms omitted for
clarity.

5.2 Experimental

5.2.1 Sample preparation

Substrate preparation

1 x 1 cm? silicon substrates were sputter coated with a Leica EM ACE600 with a 5 nm- or
10 nm-thick chromium adhesion layer, then with a gold layer of 40 nm to 100 nm. The
samples were then functionalized with Self-Assembled Monolayers of thiols, either 4-
pyridylethyl mercaptan (4pyr) or 4-mercaptomethyl benzoic acid (MBA), by immersion in a
2 mM ethanol solution of the chosen thiol for 24 hours. A few drops of hydrochloric acid
were added to the MBA solution to lower its pH to approx. 3.

Prior to the functionalization, all samples were cleaned using common UV-ozone procedure
(30 min).

SURMOF growth

The SURMOFs were synthesized using the Liquid Phase Epitaxy (LPE) method? with
ethanol solutions of the reagents. A growth cycle consists of 15 minutes of immersion in a
copper acetate hexahydrate solution (1 mM), 4 minutes of rinsing in pure ethanol, 30 minutes
of immersion in an equimolar solution of DABCO and the dicarboxylate linker (0.2 mM), 4
minutes of rinsing in pure ethanol.

A total of 20 cycles were used for each sample. The solutions were heated up to 50 °C with
sonication (80 Hz) during the rising step.
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Automatized LPE

A home-made automatized system with control over the temperature, time of immersion,
stirring and sonication was used to ensure a reproducible synthesis of the samples.

5.2.2 Sample analysis

Powder X-Ray Diffraction (PXRD)

The crystalline phase purity and crystalline orientation of the SURMOFs were identified by
Powder X-ray Diffraction. The measurements were conducted on a Bruker PXRD at room
temperature, using Cu—Ka radiations, at angles in the range of 20 = 7-35°, at a step of 0.02°,
with accumulation time 0.15 s per step.

Atomic Force Microscopy (AFM)

AFM images were acquired in contact mode in air on a Bruker Scan Assist AFM using the
silicon nitride Burker ScanAsyst-Air tips. The measured data were treated with the software
Nanoscope Analysis version 2.0.

Scanning Electron Microscopy (SEM)

SEM images were taken using a FEI VERIOS 460 scanning electron microscope allowing
for the investigation of the SURMOFs’ surface topologies. The pictures were taken with 5
keV electrons at a beam current on 100 pA.

Infrared Reflection Absorption Spectroscopy (IRRAS)

IRRA spectra were taken using the Bruker A513/Q variable angle reflection accessory on a
FT-IR spectrometer Bruker Vertex 80v at an angle of 70° (more grazing angle could not be
used due to limitations in the set up and the dimension of the samples) with a resolution of 8
cm’l, The incident light was not polarized.

5.3 Results

To simplify the discussion, code names are used to distinguish between SURMOFs grown
on MBA from those grown on 4pyr. A thin film of F-DMOF-1(Cu) grown on 4-pyridylethyl
mercaptan (4pyr) is written as F-4pyr and a thin film of NO2-DMOF-1(Cu) grown on MBA
is written as NO2-MBA. The full name, X-DMOF-1(Cu), is used when describing the
material regardless of the type of substrate functionalization. Finally, to avoid confusion,
samples of DMOF-1(Cu) are written as H-DMOF-1(Cu).
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5.3.1 Layer coverage and morphology (SEM)

SEM analysis (Fig. 5.2 and Fig. S5.1 in Supporting Information) shows that, regardless the
functionalization of the linker, some material is always deposited on the substrate. However,
the extent of the surface coverage significantly differs with the type of linker. Films of H-
DMOF-1(Cu) and F-DMOF-1(Cu) are composed of tightly packed, intergrown nanocrystals
providing a continuous coverage of the substrate while NO2-DMOF-1(Cu), Br--DMOF-1(Cu)
and F4-DMOF-1(Cu) show well-defined um-scale crystallites randomly dispersed over the
surface often forming clusters.

MBA

Figure 5.2: SEM micrographs of each SURMOF sample grown on MBA-functionalized
(top) and 4pyr-functionalized Au substrates.
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The SURMOFs composed of the big crystals can be divided into two groups. On one hand,
Br-DMOF-1(Cu) displaying uniform cubic crystals and, on the other hand, NO>- and Fs-
DMOF-1(Cu) composed of distinctive plate-shaped crystals. On the SEM micrographs these
plate-shaped crystals either appear as dark tiles lying flat on the surface or as bright tiles
tilted upright.

5.3.2 Crystalline orientation (PXRD)

As explained in the introduction, DMOF-1 is composed of two distinct linkers and an
anisotropic crystalline lattice with two distinct crystalline directions. This means that the
crystals and thin films of the MOF that form on a substrate can have one of two possible
crystalline orientations relative to the substrate (Fig. 5.4a). The [001] orientation (dabco in
the plane perpendicular to the surface) and the [100] orientation (dabco in the plane parallel
to the surface). Therefore, DMOF-1 has two main diffraction peaks observed in PXRD, one
at 20 = 8.4° corresponding to the [100] orientation, and the other at 26 = 9.1° corresponding
to the [001] orientation (Fig. 5.3). The shorter distance between parallel crystalline planes in
the [001] orientation (Ldabeo < Lbde) yields a bigger 20 angle. In addition, the surface pores of
a [001]-oriented film of DMOF-1, formed by the four terephthalate linkers, and those of a
[100]-oriented film, formed by two terephthalates and two dabco linkers, have diameters of

~0.7 nm and ~0.4 nm, respectively.2*2¢

All five X-DMOF-1(Cu) specimens studied here are expected to share comparable
crystalline lattices, and thus similar 20 values. H-MBA is predominantly [100]-oriented with
arelatively small contribution of [001]-oriented domains while the exact opposite is observed
for H-4pyr. In the selected growth conditions, H-DMOF-1(Cu) follows the trend expected
by the templating effect of each of the SAMs (see discussion for more details). However, the
results obtained for the other X-DMOF-1(Cu) specimens are not as consistent. The films of
NO2-, F- and Br-DMOF-1(Cu) display crystalline orientations that are independent from the
type of functionalization. NO2-DMOF-1(Cu) remains mainly [001]-oriented with a sizeable
amount of [100]-oriented domains, as evidenced by the relatively intense diffraction peak
detected at 9.3°. F-DMOF-1(Cu) shows a unique diffraction peak at 20 = 8.7°, although a
second peak seems to appears above the noise level at 20 = 9.3° for F-4pyr. Br-DMOF-1(Cu)
displays two almost identical peaks, suggesting an equal concentration of [100]-oriented and
[001]-oriented domains. For unclear reasons, NOz- and Br-DMOF-1(Cu) have stronger [200]
diffraction peaks (20 = 16.5°) than [002] diffraction peaks (20 = 18.6°). F&~-MBA grows in
the [001] direction with traces of [100]-oriented crystallites while a third unassigned
diffraction peak is detected at 26 = 10.2°. Fs-4pyr also is mainly [001]-oriented, but the
concentration of the unidentified domains increases significantly while no [100]-oriented
domains are detected. We speculate that the unassigned peak might be caused by catenation
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Figure 5.3: Normalized PXRD diffractograms. Each specimen is described by the code name
of its linker. Theoretical H is the diffractogram of the theoretical crystalline lattice of DMOF-
1(Cu).

(interpenetration or interweaving of MOF frameworks),?” although the investigation of this
phenomenon was out of the scope of these experiments.

Overall, we observe a significant decrease in signal to noise for the diffractograms of
SURMOFs grown on pyridyl-functionalized substrates. A similar observation was made in
our previous study on the growth of thin films of F-DMOF-1(Cu) where it was suggested
that the SURMOFs grows slower (thinner) or with smaller crystalline domains on pyridyl-

terminated thiols, based on complementary AFM analysis and previous reports.?3

Slight shifts are observed for some diffraction peaks. They can be caused by slight
discrepancies in measurement conditions (sample height) or by differences in the interplanar
distances between materials. Interactions between linkers, metal centers and other moieties
potentially present in the pores are also known to distort the angles of the unit-cell in metal-
organic frameworks.3%3! The widening of the diffraction peaks stems from the convolution
of the instrumental profile and sample-related contributions like an inhomogeneous
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distribution of the crystallite sizes or the presence of defects such as stacking faults and

microstrains.’>33

5.3.3 Spectroscopic analysis (IRRAS)

Infrared Reflection Absorption Spectroscopy (IRRAS) was performed on the samples. In this
technique, the electric field vector of the infrared radiation perpendicular to the surface of
the substrate is enhanced.’* This means that, for the molecules close to the surface, the
detection of IR modes with dipole transition moments perpendicular to the Au-coated
substrate is increased. Inversely, the modes with dipole transition moments parallel to the
substrate’s surface are strongly attenuated, or suppressed. Consequently, IRRAS can provide
information on the crystalline orientation of the SURMOFs, in addition to the chemical
information typically obtained from IR measurements.*°

As described in other studies (chapter 6)*, for a [001]-oriented X-DMOF-1(Cu), the
symmetric vibration dipole moments of the COO groups are parallel to the surface, yielding
attenuated vsCOO bands, while their asymmetric counterparts are perpendicular to the
surface, yielding amplified vasCOO bands. This effect is also seen for other bands such as
the vasC=C or the fingerprint of the terephthalate linker as well as other material-specific
bands. The effect of the crystalline orientations over vasCOO, vsCOO and the aromatic C-H
bending modes, SC-H at ~750 cm’!, for the ideal X-DMOF-1(Cu) are listed in Table 1. The
crystalline structure of X-DMOF-1(Cu) is displayed in Figure 5.4b.

A first look at the IRRAS data reveals notable shifts in wavenumbers between the spectra of
SURMOFs featuring different functional groups. Each functional group has a unique
influence over the bond vibrations of the aromatic ring and carboxylates. Their electron
withdrawing or donating effects weakens or strengthens the metal-linker bond, respectively.
A copper-carboxylate bond that is weakened by an electron withdrawing group, like NOz,
yields red-shifted COO vibrational bands, as seen Figure 5.4b. Moreover, we speculate that
differences in crystalline structures and in-phase or out-of-phase vibrations of the extended
crystalline lattice of each type of DMOF-1(Cu) can have and additional effect on the IR
frequencies.®

The influence of the type of functionalization on each type of DMOF-1(Cu) was investigated
by comparing the spectra of their thin films on MBA and 4pyr. For H-DMOF-1(Cu), we
observe notable differences in the intensity of the absorption bands of their vasCOO for both
free carboxylic acids and Cu-bonded carboxylates at 1700 cm™ and 1630 cm!, respectively.
The relative intensity of the v¢COO mode at 1436 cm!, the 19a absorption band (a mix of
vasC=C and vC-H from the aromatic ring)*® at 1585 cm™! and the fingerprint region of the
terephthalate between 700 cm™ and 850 cm! are all influenced by the SAM.
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Figure 5.4: (A) 3D representation of DMOF-1(Cu) with the DABCO linker in blue and the
two terephthalate linkers in red and labelled (1) and (2) to distinguish the contribution of their
symmetric and asymmetric COO stretching vibrations in IRRAS (see Table 5.1). Hydrogen

atoms omitted for clarity. (B) IRRAS spectra of the X-DMOF-1(Cu) taken at an angle of
incidence of 70° using non-polarized light.

Table 5.1: Comparison of the orientation relative to the substrate’s surface of the transition
dipole moments of the terephthalate linkers of X-DMOF-1(Cu).

BDC-(1) BDC-(2)

vas(CO0) | v(c00) | 8C-H | va(COO) | vs(COO) | 8C-H
[100] 1 L*
[001] 1 1* 1 1*

Transition dipole moments that are close and parallel to the surface (||) are attenuated while
those perpendicular (1) to it are enhanced.

* the aromatic rings flip 180° along their C; axis.
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As shown in Table 5.1, the differences in the terephthalate fingerprint arise from the
orientation of the terephthalate linkers relative to the surface. In a purely [100]-oriented film,
50% of the terephthalates are located in planes parallel to the surface against 100% in a purely
[001]-oriented film. This means that, although the rings are flipping alongside the Cz axis of
the molecule,®” the number of transition dipole moment potentially aligned with the surface
normal differs depending on the orientation. Hence the discrepancies in the intensities of the
bands associated to the aromatic rings.

NO2-MBA and NO2-4pyr are almost identical with a slight attenuation of v.sCOO at 1650
cm! for NO2-4pyr. This was expected as PXRD showed a higher concentration of [100]-
oriented domains in NO2-4pyr than in NO2-MBA. Exclusive to NO2-DMOF-1(Cu), the NO2
stretching vibration modes are observed at 1540 cm™ and at 1350 cm™! (shoulder). As
mentioned before, the strongly electron withdrawing nitro group is responsible for
weakening the metal-ligand bond strength resulting in the blue-shift of the vasCOO of NO2-
DMOF-1(Cu) compared to H-DMOF. A similar effect is observed for F+-DMOF-1(Cu).
For F-DMOF-1(Cu), the asymmetric COO stretching and asymmetric C=C stretching modes
at 1627 cm! and 1595 cm!, respectively, appear less intense in F-MBA than in F-4pyr
suggesting that F-4pyr has a higher concentration of [001]-oriented domains, relatively to F-
MBA. This observation echoes with the weak diffraction peak detected above the noise level
at 20 = 9.4° on the diffractogram of F-4pyr (Fig. 5.3).

For Br-DMOF-1(Cu), the IRRAS spectra are identical besides small baseline discrepancies.
Again, these results were expected based on their diffractograms showing identical
crystalline orientation regardless of the type of functionalization.

The main difference between the spectra of F4-MBA and F4-4pyr is the significantly higher
intensity of vasCOO at 1670 cm™! for F&-MBA due to differences in their orientations. Minor
differences are also observed in the terephthalate fingerprints, most likely stemming from
the unassigned crystalline domains of Fs-4pyr that yielded a diffraction peak at 26 = 10.2°.
The band at 1000 cm™, also detected for F-DMOF-1(Cu) at slightly lower wavenumbers, is
assigned to the stretching vibration mode of C-F.

The weak bands detected at 1730 ¢cm™ for NO2-DMOF-1(Cu), Br-DMOF-1(Cu) and Fs-
DMOF-1(Cu), and at 1700 cm for DMOF-1(Cu), indicate that non-bonded carboxylate
groups are present in the structure from incomplete synthesis and structural defect in the
material. In each pair, except for DMOF-1(Cu), the amount of free acid seems to be
independent of the type of functionalization.

5.4 Discussion

SEM micrographs confirmed that the layer-by-layer LPE growth conditions tested in this
study successfully deposit material regardless of the synthesized DMOF-1(Cu) derivative,
although homogeneous coverage could only be obtained for H-DMOF-1(Cu) and F-DMOF-



90 Effect of the Linker’s Functionalization on SURMOFs from the DMOF-1(Cu) Family

1(Cu). The growth of other X-DMOF-1(Cu) analogues yielded agglomerated pm-scale
crystallites scattered on the surface.

PXRD and IRRAS analysis, showed that the type of surface functionalization has little
influence on the shapes, numbers and primary crystalline growth direction of the SURMOFs.
Only the thin films of H-DMOF-1(Cu), F4&-DMOF-1(Cu) and, to a lesser extent, F-DMOF-
1(Cu) grew differently on carboxyl-terminated thiols and pyridyl-terminated thiols.

On the other hand, the functional group attached to the terephthalate proved strongly
influential to both the surface coverage and the crystalline orientation of the films. While the
surface coverage, usually attributed to different nucleation rates or growth rates, is expected
to improve with the addition of growth cycles to our relatively short procedure, the lack of
clear trend regarding the crystalline orientation of the films complicates the identification of
its determining parameters. Nevertheless, comparing our results with hypotheses proposed
in previous reports on SURMOF growth can provide some insights.

Table 5.2: Summary of the measured coverage and crystalline properties of each X-DMOF -
1(Cu) thin film synthesized in this study.

Crystalline orientation
MOF Coverage Crystal shape D ()
MBA o 100 (001)
H homogeneous | undistinguishable
4pyr 001 (100)
MBA i
NO: poor tiles 001 (100)
4pyr
MBA o 100
F homogeneous | undistinguishable
4pyr 100 (001%*)
MBA
poor cubes 100 /001
4pyr
MBA i 001 (100 / unassigned)
F4 poor tiles -
4pyr 001 (unassigned)

*very weak diffraction peak

Multiple studies identified the templating effect of the SAM as the dominant parameter for
the crystalline growth direction of SURMOF. There, the authors postulate that the growth
direction is given by the terminal groups of the SAM during the nucleation phase and solely
depends on how the SAM molecules coordinate the metal-clusters.?!*%3° Taking the growth
of X-DMOF-1(Cu) as an example, the hypothesis states that the carboxyl-terminated thiols
featuring the same coordination groups than dicarboxylate linkers would bind to the first
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copper dimers at the equatorial position, thus commanding a growth towards the [100]
crystalline direction to the entire system. Contrarily, pyridyl-terminated thiols would
preferentially bind to the axial positions and promote the [001] orientation. However, the
experimental results obtained in the conditions of our study refute this hypothesis.

Another report on the growth of X-DMOF-1(Cu) and X-DMOF-1(Zn) on pyridyl-terminated
SAMs, proposed the pKa of the dicarboxylate linker as determining factor for the orientation
of the films. Although the cause of this effect remains unclear, the authors showed that purely
[001]-oriented films could only be obtained for materials which bdc linkers have a pKa value
higher than 2.5.%° Again, our results disagree with this hypothesis. Four of our samples are
predominantly [001]-oriented, namely H-4pyr, NO2-4pyr, Fs-4pyr and Fs-MBA. The pKa
values of their respective dicarboxylate linkers are 3.5, 1.79 and 1.42. Moreover, F4-MBA,
the sample made out of the most acidic linker tested and a [001]-unfavorable thiols, displayed
one of the purest [001] orientation of the batch.

A third hypothesis suggests that the minimization of surface energies and ripening
(recrystallization) combine as determining factor for the crystalline orientation of [M2L2P]
type SURMOFs.*!' The authors commented that as long as the energy provided to the system
remains below the threshold for Ostwald ripening and recrystallization, the orientation of the
film is determined by the phenomenon of surface energies minimization. Another study on
thin films of DMOF-1(Cu) also reported on the major influence of temperature on the
crystalline orientation 2

The pKa and ripening hypotheses are likely to be related. Indeed, the growth of SURMOFs
is a ligand-exchange equilibrium between the original ligands of the metal clusters and the
new linkers which yields the thermodynamic product, i.e., the MOF. Because the
carboxylate-metal coordination bond weakens with decreasing pKa (increasing acidity),
acidic linkers favor ripening and recrystallization. We observed a similar behavior in our
samples. H-DMOF-1(Cu) and F-DMOF-1(Cu), the specimens with the less acidic linkers,
form layers of packed nanocrystals as expected from a system with limited recrystallization.
On the other hand, the SURMOFs comprising more acidic linkers exclusively display large
pum-scale crystals as the less thermodynamically stable nanocrystals (high surface to volume
ratio) were dissolved and redeposited during synthesis.

Regardless, neither of these hypotheses can be verified nor rejected with certainty because
of slight differences in the synthetic conditions or type of SURMOF used in each study. For
instance, experiments in which the templating effect of the SAM was shown to govern the
orientation of the SURMOF were mostly conducted on HKUST-1(Cu). The authors of the
surface energy minimization hypothesis suggested that the templating effect has a relatively



92 Effect of the Linker’s Functionalization on SURMOFs from the DMOF-1(Cu) Family

greater importance for materials with an isotropic unit cell, such as HKUST-1(Cu). They
argued that there is less energy to be gained from reorientation for such crystals.*!

The hypothesis combining temperature and metal-linker bond strength appears to be the most
probable due to the known relationship between these parameters and crystal growth rates or
recrystallization. Moreover, the influence of surface energy minimization is a common
notion in the field of crystal growth. Nevertheless, its influence appears constrained to
[M2L2P] type SURMOFs.

Finally, it is important to remark that the aforementioned studies, as well as ours, overlooked
synthetic parameters known to affect SURMOF growth (e.g., water concentration in reagent
solutions, length of the SAM molecules)*** as well as other behavioral phenomena observed
in bulk MOFs that could also influence films of these materials (e.g., catenation,

swealing/breathing, flexibility).2”-4>46

Although our observations and comparisons do not provide a definitive answer, they
highlight that many of the variables surrounding the growth of SURMOFs can be
intercorrelated. This interdependency observed between the synthesis parameters
complicates the assessment of their precise nature and influence, and emphasize the need for
extensive experimental screenings and the development growth models. For as mentioned
earlier, the successful device integration of the promising materials that are metal-organic
frameworks remains limited by the effectiveness of the available growth methods.

5.5 Conclusions

In this work, we investigated how the functional group of the terephthalate linkers impacts
the crystalline orientation and coverage of copper-based SURMOFs of the DMOF-1(Cu)
family, or Cu(bdc)(dabco)os where bdc = 1,4-benzenedicarboxylate and dabco = 1,4-
diazabicyclo[2.2.2]octane, using identical liquid phase epitaxy (LPE) layer-by-layer (LBL)
growth conditions. Each SURMOF was grown on a pyridyl-functionalised Au-substrate and
a carboxyl-functionalized Au-substrate. The following functional groups were tested: NO»,
F, Br and tetrafluoro (Fa).

We show that, for our set of synthesis conditions, the SAM has little influence over the
SURMOFs’ properties as opposed to the nature of the dicarboxylate linkers. We observe a
correlation between the sizes of the crystallites and the pKa of the linkers. Homogeneous
layers of tightly packed nanocrystals could only be obtained using the less acidic linkers. The
parameters controlling the crystalline orientation of the SURMOFs are more complicated to
identify with precision. Nevertheless, the relationship between linker’s pKa and crystallite’s
properties suggests that crystalline orientation and acidity could be related.
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Comparing the hypotheses proposed in previous studies on the growth of SURMOF to the
results obtained here provided some perspective. Yet, no clear answer could be provided
besides that the properties of the films depend on a blend of synthetic conditions which
influence seemingly varies depending on the general conditions of the synthesis and the type
of MOF. Theoretical calculations could help to precisely describe the mechanisms defining
the growth of these materials.

With this work we emphasize the need for extensive experimental screening of SURMOF
synthesis and for the development of growth models to unlock the full potential of these
promising materials.
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Chapter 6

Impact of the synthetic conditions on the morphology
and crystallinity of FDMOF-1(Cu) thin films®

Abstract

Metal-organic frameworks (MOFs) have attracted a lot of interest for their numerous properties.
However they are usually obtained as a powder (bulk) or as single crystals, which complicates their
implementation into devices that could further exploit these properties. The development of
surface-mounted MOFs (SURMOFs), allowed to synthesize MOFs’ thin films chemisorbed to a
substrate, creating a viable solution to the device integration problem. Yet, the fundamental
understanding of the mechanisms governing their growth remains limited and the systematic
optimization of synthetic parameters is tedious. More studies on SURMOFs growth are needed
before MOF-based devices become the norm. In this paper, a pillared-layer MOF with fluorinated
terephthalate linkers, Cux(fbdc).(dabco) or F-DMOF-1(Cu), was synthesized on functionalized
gold surfaces using a layer-by-layer method of Liquid Phase Epitaxy (LPE). The effects of
temperature, linker concentration, type of surface functionalization and sonication during the
rinsing step on coverage, film morphology and crystal orientation were studied. We found that the
concentration of the linker has a strong impact on the morphology of the crystallites formed as well
as on the surface coverage. It was noticed that the crystalline orientation is not only governed by
the functionalization of the substrate, supporting the hypothesis that SURMOF thin films can
switch their crystalline orientation during growth. This study adds information on which variables
affect the formation of the first layers of a prototypical SURMOF.

"Lugier, O.; Pokharel, U.; Castellanos, S. Impact of Synthetic Conditions on the Morphology and
Crystallinity of FDMOF-1(Cu) Thin Films. Cryst. Growth Des. 2020, 20 (8), 5302-5309.
https://doi.org/10.1021/acs.cgd.0c00529
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6.1 Introduction

Metal-organic frameworks (MOFs) have been extensively investigated during the past few
decades for their numerous properties that promise ground-breaking applications. MOFs can
be conductive, fluorescent, luminescent or possess redox and/or catalytic sites in their
channels and/or pores.!? At the same time, the vast majority of them are porous, crystalline,
and easily tunable. This opens the possibility of adjusting their macroscopic properties by
means of modifying their composition and crystalline structure. This combination of features
keeps the interest of the scientific community high, leading to a proliferation of MOF-related
publications over the past thirty years since the report of the first specimens in the 1990°s.3*

Despite these advantages, MOFs have one main problem when it comes to device
integration®; they are usually obtained in the form of bulk powder via hydro/solvo thermal
synthesis.® Surface-mounted metal-organic frameworks (SURMOFs) were developed to
solve this technical limitation.”® SURMOFs are grown as thin films on substrates, usually
via a liquid phase epitaxy (LPE) procedure.’ Prior to the synthesis, the substrate’s surface is
modified with different functional groups, most commonly through the use of self-assembled
monolayers (SAMs), such as the ones formed by thiols or silanes.!® The modification of the
substrate’s surface is necessary in order to allow a strong bonding with the SURMOF via the
coordination of the terminal group of the SAM with the metal clusters of the MOF at the
interface. LPE is a general term that comprises a multitude of other sub-methods, the most
common being the layer-by-layer (LBL) synthesis. LBL consists of the successive immersion
of the functionalized substrates into a solution containing the precursors of the metallic nodes
and a solution containing the organic linkers. Between each immersion in each building block
solution, the samples are rinsed with pure solvent to remove uncoordinated scaffolds. When
used with the right conditions, layer-by-layer synthesis leads to homogenous, highly oriented
crystalline thin films of metal-organic frameworks and enables an accurate control over their
thicknesses. Liquid Phase Epitaxy gives these materials the possibility to be incorporated and
exploited in devices, as well as in various supports for other applications such as catalysis,
and gas purification or separation.'®!! MOFs still remain mainly produced in laboratory scale
for fundamental studies but the development of SURMOF thin films started the transition
from wet bench experiments to commercially available devices, like ION-X by NuMat or
TruPick™ by MOF Technologies.!>!?

Regardless of these devices and the impressive list of MOFs reported in the literature, there
is relatively limited amount of theoretical and experimental understanding about their growth
processes.'* And this understanding is even more limited on surfaces which compels the
optimization of synthesis procedures to be conducted through tedious systematic

screenings.!>20
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In this paper, we report the synthesis and first systematic study on the growth of Cu(2-
fluorobenzene-1,4-dicarboxylic acid)(DABCO)o.s or F-DMOF-1(Cu) as thin films (< 100
nm). The interest of using the terephthalate linker with a single fluorine atom arises from the
dipole moment that results from having the fluorine substituent in the benzene ring, while
negligible steric hindrances are added compared to the non-functionalized terephthalate,
given the small size of the fluorine atom. This characteristic can potentially enable the control
of the dipole orientation in the framework with an external electric field.?! Such control can
have a significant impact on the material properties, such as for example enabling control of
guest diffusion.?? The DMOF crystalline lattice is particularly interesting for this purpose
because, due to its pillared-layer structure, by choosing the right orientation of the crystal
growth, the linkers that bear the dipoles can be contained in a plane parallel to the substrate.
Because these linkers can rotate, the dipoles direction (up/down) can be controlled by
applying an external electric field perpendicular to the substrate. Therefore, having a good
control on the growth of such a SURMOF is of high relevance.

Therefore, we explored how the characteristics of the SURMOF (substrate coverage,
morphology, and crystalline orientation) are affected by the substrate functionalization,
growth temperature, concentration of the reagents, and use of sonication during the rinsing
step of the LPE method. As a result of our investigations, the first highly oriented thin film
of this fluorinated MOF was attained and some correlations between the layer morphology
and reagent concentrations as well as between crystalline orientation and substrate
functionalization were found.

4pyr
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Figure 6.1: Schematic representation of the LBL growth method and the used variables and
the observables with their corresponding characterization techniques.
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6.2 Experimental

6.2.1 Sample preparation

Substrate preparation

1 x 1 cm? silicon substrates were sputter coated with a Leica EM ACE600 with a chromium
adhesion layer 10 nm thick, then with a gold layer of 40 nm to 100 nm. The samples were
then functionalized with Self-Assembled Monolayers (SAM) of thiols, either 4-pyridylethyl
mercaptan (4pyr) or 4-mercaptomethyl benzoic acid (MBA), shown in Figure 6.1, by
immersion in a 2 mM ethanol solution of the chosen thiol for 24 hours. A few drops of
hydrochloric acid (HCI) were added to the MBA solution until the pH was approximately 3.
Prior to the functionalization, all samples were cleaned using common UV-ozone procedur.

SURMOF growth

FDMOF-1(Cu) was synthesized using the Liquid Phase Epitaxy (LPE) method®® employing
ethanol solutions of the reagents. A cycle of growth consists in: 15 minutes of immersion in
a copper acetate hexahydrate solution, Cu(OAc)206H20, followed by 3 minutes of rinsing in
pure cthanol, followed by 30 minutes of immersion in an equimolar solution of 2-
fluoroterephtalic acid (fbdc) and 1,4-diazabicyclo[2.2.2]octane (dabco), ended by 3 minutes
of rinsing in pure ethanol. Samples underwent 20 cycles of growth. With all solutions in
ethanol. A schematic representation of the procedure can be found in Figure 6.1.

The synthesis conditions varied for each sample. The solutions for the LPE were either heated
up to 50 °C or remained at room temperature (~20 °C). The concentrations used were 2 mM
for Cu(OAc)26H20, and equimolar 0.2 mM or 0.02 mM concentrations for the solutions
containing the two organic ligands. The rinsing step was conducted either with or without
sonication and for every batch the SURMOF was grown on substrates previously
functionalized with 4-pyridylethyl mercaptan (4pyr) or with 4-mercaptomethyl benzoic acid
(MBA). All possible combinations of these four variables (substrate functionalization,
concentration, temperature, sonication during rinsing) were used to grow the F-DMOF(Cu)
(Table 6.1).

Automatized LPE

The synthesis of the SURMOFs was conducted using a home-made automatized system with
control over the temperature, time of immersion, stirring and sonication. The sample holder
can accommodate up to 6 substrates at the same time allowing growth of multiple samples
in identical conditions for direct comparison.
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6.2.2 Sample analysis

Powder X-Ray Diffraction (PXRD)

The phase purity (crystallinity) and crystalline orientation of the SURMOFs were identified
by Powder X-ray Diffraction. The measurements were conducted on a Bruker PXRD at room
temperature, using Cu—Ka radiations, at angles in the range of 20 = 7-33°, at a step of 0.02°,
with accumulation time 0.15 s per step.

Atomic Force Microscopy (AFM)

AFM images were acquired in contact mode in air on a Bruker Scan Assist AFM using the
silicon nitride Burker ScanAsyst-Air tips. The measured data were treated with the software
Nanoscope Analysis version 2.0.

Scanning Electron Microscopy (SEM)

SEM images were taken using a FEI VERIOS 460 scanning electron microscope allowing
for the investigation of the SURMOF’s surface topologies. The pictures were taken with 5
keV electrons at a beam current on 100 pA.

Infrared Reflection Absorption Spectroscopy (IRRAS)

IRRA spectra were taken using the Bruker A513/Q variable angle reflection accessory on a
FT-IR spectrometer Bruker Vertex 80v at an angle of 70° (more grazing angle could not be
used due to limitations in the set up and the dimension of the samples) with a resolution of 8
cm’!, Bach spectrum is the result of an accumulation of 200 scans. The incident light was not
polarized.

6.3 Results and discussion

Pillar-layer-based MOFs with the following formula [M2LoP] (M: Cu, Zn, Co, Ni; L:
dicarboxylate linker; P: dinitrogen linker) form 2D sheets composed of four dicarboxylate
linkers binding to the metallic cation dimers at the equatorial coordination sites. These sheets
are connected by the dinitrogen linkers coordinating the metal dimers at the apical
coordination sites, acting as pillars (Fig. 6.4b and Fig. 5.1 in Chapter 5). Generally, 1,4-
benzenedicarboxylate units (BDC), also known as terephthalate, play the role of the linkers
in the 2D sheets while 1,4-diazabicyclo[2.2.2]octane (dabco) or 4,4’-bipyridine play the role
of the pillars. A prototypical MOF with such structure that has been reported as SURMOF is
Cuz(bdc)2(dabco) or DMOF-1(Cu).?
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Table 6.1: List of synthetic conditions used for the preparation of the samples and reference
for sample labels.

Synthetic parameters Values Code
) . 0.02 mM c
Linkers concentration
0.2 mM C
% . yes Y
Sonication
no N
T ‘ 20 °C 20
emperature
P 50 °C 50
MBA -M
SAM
4pyr -P

* during the rinsing step.

Sonication
uoieodIuoS

uoIEoIuoS ON

=
.0
©
e
c
S
(7}
o
z

Figure 6.2: SEM pictures of the different FDMOF-1(Cu) samples.
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F-DMOF-1(Cu) or Cux(fbdc)z(dabco) (where fbde stands for 1,4-(2-fluorobenzene)
dicarboxylate) is an analogous MOF where the terephthalate linker is replaced by a
functionalized version of it, the 2-fluoroterephtalate (fbdc). When anchored on a substrate,
the 2D sheets formed with fbdc can grow parallel (DABCO pillars perpendicular) or
perpendicular (DABCO npillars parallel) to the substrate. It should be highlighted that,
although many versions of tailored DMOF-1(Cu) or Cux(bdc)2(dabco) were reported, to the
best of our knowledge the singly fluorinated version of the material has not been yet reported,
neither as a bulk material nor as a SURMOF.

In general, for any potential application of a SURMOF, the thin film should be grown
homogeneously over the whole functionalized area. Furthermore, for particular cases, such
as for modulation of the dipoles orientation, proton/electron conductivity, gas detection,
enantiomer separation/adsorption and others, it is necessary to have good control over the
orientation of the SURMOF crystalline lattice. Therefore, the two main aspects studied in
this work were the coverage of the SURMOF on the substrate and the SURMOF crystalline
orientation.?>® The four variables tested were: the type of functionalization of the substrate,
the temperature during immersion in the reagents solutions, the concentration of linkers in
solution, and the use of sonication (or not) during the rinsing step. Temperature and
concentration are expected to mainly influence the growth kinetics and thus to strongly affect
the coating coverage (extension, continuity, and thickness) and the size of the crystalline
domains forming the thin film. Likewise, the functionalization of the substrate is expected to
mostly influence the orientation of the SURMOF. The effect of sonication during rinsing is
harder to predict. Although it is mainly used to remove non-covalently bonded species, it is
also known to induce the growth of MOFs through the creation of hot-spots that initiate
crystal nucleation.?>*° In addition, previous studies involving HKUST-1(Cu), have pointed
out that sonication while rinsing has a positive influence over the properties of the thin film
such as the surface roughness, overall morphology, optical properties and quality.?! The list
of variables used for SURMOF growth and the code used to label each sample are listed in
Table 6.1.

The different samples resulting from the combination of these variables were evaluated by
SEM, PXRD, and IRRAS. Specifically, coverage of the substrate and morphology of the
crystallites were evaluated with SEM and AFM, the orientation of the crystalline lattice with
PXRD and, indirectly, with IRRAS, and to some extent the chemical composition of the
MOF with IRRAS.

6.3.1 Layer coverage and morphology

Essential requirements for device integration are the homogeneity and surface coverage of
the SURMOF thin film. SEM analysis (Figure 6.2) shows that, regardless of the synthesis
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conditions, there is always deposited material but the extent of the surface coverage differs.
A first observation is that the low concentration of the linker has a detrimental effect on
surface coverage when 50 °C are used for the synthesis. Yet, the crystallites population seems
to increase at low concentration if sonication is applied. This might indicate that when
sufficient energy is given to the system, the concentration of the linker is a limiting factor for
the growth. In the case of sonication, additional energy is given in the form of hotspots that
most likely create nucleation points where unwashed reagents still adsorbed at the surface
(or trapped within the pores in later cycles) react. In fact, various ultrasound technics have

proven to be an efficient method for the synthesis of MOFs.?31:32

Further differences between samples can be found within the morphology of the crystallites
observed on the surface. In general, for identical sets of temperature, surface
functionalization, and rinsing conditions, a decrease in the concentration of the linkers
solution has an important impact on the morphology of the crystallites. While samples
prepared with a higher linkers’ concentration yielded rectangular/square-shaped blocks with
granular texture, samples prepared with low concentration yielded needle-shaped crystallites
(Figure 6.2).
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Figure 6.1: Normalized PXRD diffractograms of the FDMOF samples that show clear
crystalline peaks. The diffractograms of samples sharing equivalent synthetic conditions in
terms of concentration, temperature, and thiol species but that differ in the rinsing conditions
are paired (without sonication blue, with sonication red). The simulated diffractogram of
DMOF-1(Cu), a MOF with identical interplanar distances, is used as reference.
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The impact of the temperature is more subtle. The thin films grown at lower temperature
seemingly display poorer coverage. In particular for the samples that were sonicated there is
a certain trend of lower amount of large structures when the growth is performed at 20 °C
compared to the 50 °C samples. Finally, no clear difference in morphology and coverage can
be attributed to the type of functionalization of the substrate.

Therefore, in these series, the best conditions to obtain thin films of FDMOF-1(Cu) in terms
of coverage are higher temperature and higher concentration of linker, that is, the samples
with code CY/N50. The nature of the surface-functionalizing-thiols seems to have little to
no influence over the crystallite shape of this SURMOF.

On a side note, the thickness and roughness of the aforementioned samples (CY/N50-M/P)
were respectively measured to be in the range of 70-90 nm and 30-35 nm, excepted for CN50-
P displaying a thickness of 30 nm and a roughness of 35 nm as measured by AFM (see Table
S6.2 and Figure S6.2). The differences in synthetic conditions, and associated differences in
the kinetics of growth, explain the range of thicknesses obtained for the three thicker films.
The significantly smaller thickness and higher roughness of CN50-P indicates that the sample
is composed of a thin fragmented layer or a collection of big individual crystallites on a thin
layer. We found a growth rate of 2.3 layer to 3 layers per cycle for the thick samples and 1.5
layers per cycle for CN50-P, although the latter needs to be considered with precaution due
to the high roughness of the SURMOF layer. Based on its lattice parameters (a =c = 15.48
A;b=9.64 A; a = f =y =90°)*>*, a pure epitaxial growth of FDMOF-1(Cu) should lead
to an increase in thickness of about 1.6 nm per cycle or 0.96 nm per cycle, depending on its
crystalline orientation.

Non-linear growth rate, inhomogeneous growth and the growth of more than one layer per
cycle are phenomena that were reported for various SURMOFs, in particular during the early

stage of the growth 232435

6.3.2 Crystalline orientation

Having control over the crystalline orientation can be of critical importance in several
potential SURMOFs applications. For DMOF, the different length of each type of linker
(terephthalate and dabco, Figure 6.1 and 6.4b) makes the crystalline structure anisotropic.
This means that, for a thin film, the channels that will be accessible from the surface of the
SURMOF will be different depending on the crystalline orientation on the substrate. The
dimension and nature of the accessible channel determine whether or not specific guests will
diffuse in the pores. In some cases, these differences in the channel sizes of DMOFs could
be used for selectivity in guest diffusion by controlling the crystalline orientation of the
corresponding SURMOF. This argument would concern, for example, applications like gas
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storage/separation, sensors, membranes, molecular transport/storage, proton/electron

conduction, in-pore polymerization and others.?>?’

The nature of the end group of the self-assembled monolayer on the substrate has proven to
have a significant impact on the crystalline growth direction of multiple SURMOFs.**3
Metal clusters coordinate to the terminal functional group at the surface of the monolayer
during the very first steps of the LPE. Therefore, the SAM usually acts as a molding template

to control the orientation of the whole thin film.

For the pillared-layer SURMOFs of the DMOF family, a SAM featuring terminal hydroxyl
groups or nitrogen-based groups (amine, pyridyl) mimics the monodentate DABCO ligand
and binds the copper acetate dimers to their axial positions, thus promoting the [001] growth
orientation (layers parallel to the substrate). Contrarily, for carboxyl-terminated SAMs, the
most favored coordination mode is as a bidentate ligand that bridges the two metallic cations
of the metal dimer. Therefore, on such SAM, the paddle-wheel unit of the Cuz(OAc)4
precursor is coordinated at its equatorial positions and promotes the [100] growth direction
(layers perpendicular to the substrate).

Here, the Au surfaces were functionalized with 4-mercaptomethyl benzoic acid (MBA) or 4-
pyridylethyl mercaptan (4pyr) prior to the growth of the thin film by LPE. The resulting
orientations of the different samples were determined by PXRD. The diffractogram of
DMOF-1(Cu) has two major diffraction peaks at 26 = 8.4° corresponding to the [100]
crystalline plane and at 2 6= 9.1° corresponding to the [001] crystalline plane. Since replacing
one of the hydrogen atoms of the terephthalate ligand by a fluorine atom should not lead to
any changes in the crystalline lattice, the detection of diffraction peaks at the aforementioned
20 values are used to determine the crystalline orientation of F-DMOF-1(Cu) grown on the
functionalized substrates.

All samples grown on the carboxyl-terminated thiols gave clear diffraction peaks (samples
with -M in their label), confirming their crystalline nature. Their diffractograms (Figure 6.3)
showed peaks at around 8.4° and 16.8° evidencing a pure [100] crystalline orientation
regardless of any other synthetic conditions of temperature, concentration or sonication and
despite clear differences in crystal morphologies as observed with SEM (Figure 6.2). For
instance, taking sample CY50-M as reference, using lower temperature and lower linker
concentrations (cY20-M) during the synthesis leads to a SURMOF with an identical
diffractogram, although significant morphology differences are observed between the two
samples.

In the case of pyridyl-functionalized substrates, X-ray diffraction is only observed from
samples prepared at high linker concentration and temperature (CY50-P and CN50-P).



6.3 Results and discussion 109

Taking into account the observations made in the SEM analysis (Figure 6.2), where similar
coatings and crystallite morphologies were detected on carboxylate- and pyridyl-terminated
SAM:s, these results suggest that F-DMOF(Cu) grows slower (thinner) or with a lower degree
of crystallinity on pyridyl-terminated thiols.!* Moreover, although pyridyl-terminated thiols
usually lead to [001] oriented thin films for the DMOF family, we observe a clear [100]
orientation for CY50-P (Figure 6.3). The diffractograms of the other samples grown on 4-
pyridylethyl mercaptan can be found in Figure S6.3 of the supporting information.

Similar behavior was observed in growth studies performed on the prototypical DMOF (no
substitution in the terephthalate linker) and on an analogous SURMOFs with perfluorinated
terephthalate linkers, FADMOF-1(Cu).!3® These studies showed that these materials are
prone to twinning defects, a type of crystalline defect that can happen when one of the COO
groups in the terephthalate linkers rotates 90° relative to the phenyl plane. The rotation
forces the next Cu(I) dimer that coordinates to this COO group to be oriented perpendicular
to the Cu(I) dimer at the other end of the ditopic linker. This then leads to an inversion in the
local crystalline orientation that can further propagate during the growth of the next layers,
eventually shifting the orientation of the entire film. Thus, to synthesize a [001]-oriented
film, the number of twinning defects created with each cycle of growth has to be kept to a
minimum in order to prevent the gradual reordering of the film to the [100] orientation. This
would explain why CN50-P is the only sample to show [001] crystalline orientation. Indeed,
with no sonication during the rinsing step, CN50-P was kept free from turbulences or
disruptions while the high concentration of the linkers solution and high temperature allowed
efficient growth of the film, leading to a strong diffraction peak. CY50-P shows the reverse
behavior, bringing up the hypothesis that sonication triggered twinning defects and the
subsequent reorientation of the lattice of CYS50-P towards the [100] direction. These
observations, in agreement with the previously cited studies!'®¢, are suggesting the FDMOF-
1(Cu) to also be sensitive to twinning defects.

Slight shifts (~ 0.2°) between the diffraction peaks of the samples are observed. We speculate
that perhaps different amounts of defects within the crystal structures of the samples,
resulting from different growth conditions, are responsible for these shifts. Or, as it was
reported for halogenated DMOF-1(Zn),*” interactions between the fluorine and hydrogen
atoms of neighboring linkers could also affect interplanar distances, leading to a shift in
diffraction angles. Also, there are some differences in the width of the peaks that are likely
to arise from differences in crystallite sizes between samples (Scherrer equation), as observed
on SEM images.*®* Other factors may also contribute to the observed peak profile but we
have not further investigated these phenomena.
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Table 6.2: Comparison of the three linkers of FDMOF-1(Cu) and the orientation of their
transition dipole moments of interest relative to the surface of the substrate.

DABCO BDC-(1) BDC-(2)
vNCC) | vas(CO0) | v(C00) | vu(COO) | vi(COO)

[100] 1

[001] 1 1 1

Transition dipole moments that are close and parallel to the surface (/) are attenuated
while those perpendicular (1) to it are enhanced.

&

b)

o ONSOM,

CN50-P [100]

CY50-M

CY50-P [100]

Transmittance [a.u.]

500 1000 1500 2000 2500 8000 3500 4000
Wavenumber [cm-1]
Figure 6.4: (a) IRRAS spectra of CY50-M/P (in red) and CN50-M/P (in blue) taken at an
angle of incidence of 70° using non-polarized light. The arrow points at the v;N-C-C or v;NC;
vibrational mode, from the dabco linker, whereas the v{COO mode and the v,;COO mode in
CN50-P are respectively labelled at 1420 cm™ and 1635 cm™'. (b) 3D representation of
FDMOF-1(Cu) with the DABCO linker in blue and the two terephthalate linkers in red and
labelled (1) and (2) to distinguish the contribution of their symmetric and asymmetric COO

stretching vibrations in IRRAS (see Table 6.2). Hydrogen and fluorine atoms omitted for
clarity.

Infrared Reflection Absorption Spectroscopy (IRRAS) was performed on the best thin films,
that is, the ones showing the crystalline structure expected from FDMOF in the PXRD
analysis as well as a good coverage in SEM inspection. In IRRAS, the reflection of an
infrared beam at low angle (or near grazing incidence) is used on a mirror-like metal surface
on top of which the material lays. In such conditions, the electric field vector of the infrared
radiation perpendicular to the surface of the substrate is enhanced.*’ Therefore, the detection
of IR modes with dipole transition moments perpendicular to the Au-coated substrate from
molecules close to the surface is increased, whereas the modes with dipole transition
moments parallel to the substrate become strongly attenuated, or suppressed.
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In Figure 6.4a, the main differences in the IRRAS spectra of the selected FDMOF samples
are the intensity ratio of the carboxylate symmetric to asymmetric stretching modes
(respectively at 1425 cm™ and 1625 cm™!) and the presence of the vibrational mode associated
to vsN-C-C or vsNC;3 bond vibration in the spectrum of CN50-P (indicated by the arrow at
1005 cm™ in Figure 6.4a).*'*? These differences likely arise from the different directions of
the transition dipole moments of those vibrational modes related to the surface at each of the
two crystalline orientations of the prepared SURMOFs.

The transition dipole moment of the symmetric COO stretching modes is in-plane and along
the longitudinal axis of the terephthalate unit, whereas the transition dipole moment of the
asymmetric COO stretching mode is also in-plane but perpendicular to the longitudinal
axis.>® On the other hand, the vibrational mode at 1005 cm™' related to the DABCO linker,
has a transition dipole moment along the longitudinal axis of the DABCO.

In the [001] configuration, all dicarboxylate linkers are found in the crystalline plane parallel
to the surface. However, given the geometry of the copper paddlewheel, the plane containing
the carboxylic groups lays perpendicular to the surface. This means that, close to the surface,
the asymmetric stretching mode will be enhanced and the symmetric one attenuated. In
contrast, for the [100] crystalline orientation, the dicarboxylate linkers are in a plane
perpendicular to the substrate, with one terephthalate linker (1) perpendicular to the surface
and the other (2) parallel to it. Consequently, the vs(COO) of terephthalate (1) could be
enhanced and the ones in (2) attenuated, whereas in all cases the vasCOO would be attenuated.
In the case of the vibrational mode related to the DABCO linker, only the [001] orientation
would show a surface enhancement of the IR absorption. The different combinations are
summarized in Table 6.2 and the structure of the material is displayed in Figure 6.4b.

We thus assign the band at 1635 cm™ in CN50-P to the vasCOO. This band is either
suppressed or appears as a shoulder at 1626 cm™ (9 cm™! red shift) in the other samples,
overlapping with the phenyl vibrational modes (1597 cm™). The higher intensity of vasCOO
in CN50-P is attributed to the different crystalline orientation of this sample compared to the
others. As explained above, for a [001] oriented thin film, an enhancement of the vasCOO
mode is expected. An analogous behavior for the absorbance ratio between viCOO and
vasCOO peaks has been observed in similar SURMOFs.!” In line with these results, the weak
absorption of the vibration mode related to the stretching of the N-C/C-C bonds of the
DABCO (1005 cm™) is only visible for CN50-P, the only thin film in which the diamine
linker is found to be perpendicular to the surface.

Regarding the frequency shift of vasCOO and some other bands (see Table S6.1 for the
complete peaks assignment), we speculate that they could originate from various sources. In-
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phase and out-of-phase vibrations within the crystalline lattice of the MOF can have an effect
in the IR frequencies.* We can also not dismiss that different defects might be present when
the SURMOF is grown in distinct orientations. Yet, the exact origin of the slight shift is
outside the scope of this work.

6.4 Conclusions

In this work, we investigated how the characteristics (substrate coverage, morphology, and
crystalline orientation) of thin films of Cu(2-fluoroterephthalic acid)(dabco)o.s, FDMOF-
1(Cu), are affected by factors such as the substrate functionalization, growth temperature,
reagents concentration, and use of sonication during the rinsing step of the Liquid Phase
Epitaxy method. As a result, highly oriented SURMOFs layers of FDMOF-1(Cu) were
obtained while relationships between layer morphology and reagent concentrations, as well
as between crystalline orientation and substrate functionalization were highlighted. To the
best of our knowledge, this is the first report of the synthesis of Cu(2-fluoroterephthalic
acid)(dabco)o.s.

We showed that 20 cycles of growth using the Liquid Phase Epitaxy method on thiol-
functionalized Au substrates yield better layers when the synthesis is performed at 50 °C and
common linkers’ concentrations than at 20 °C or using low linkers’ concentration. The
temperature of the solutions also influenced the morphology of the crystal, yielding needle-
shaped crystals at 20 °C and square-shaped crystals at 50°C. Surprisingly, PXRD analysis
revealed that both carboxylic- and pyridine-functionalized substrates yielded the [100]
orientation. Only a unique set of conditions (high linkers’ concentration, high temperature,
no sonication, pyridyl-terminated SAM) lead to a [001] oriented film. This suggests that
FDMOF is sensitive to twinning defects occurring at early stages of the growth of the thin
film, similarly to previously reported studies on other specimens of the DMOF family. These
observations suggest that the nature of the SAM used to functionalize the substrate does not
always play the main role in the determination of the orientation of the thin film as the final
properties of the SURMOF rely on a delicate combination of various parameters, that even
varies if other linkers are used.
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Summary

The sustained efforts of the semiconductor industry to continuously downscale the
dimensions of transistors and electronic circuitries in computer chips strain photoresist
research. We have seen a drastic increase in the performance requirements of photoresists
due to the recent development of extreme ultraviolet lithography (EUVL), while the
fundamental understanding of the chemical changes triggered in these materials upon EUV
exposure remains incomplete. The intricacy of the relevant physical and chemical processes,
and the limited opportunities for in-sifu chemical analysis of the thin resist films hinder the
development of optimal EUV photoresists. In this thesis, we explore new methods and
materials for EUVL to propose new directions for photoresist research and provide insights
on EUV-triggered phenomena.

Chapter 1 introduces photolithography, its central role in the fabrication of computer chips
and its close relationship with the economic agenda of the semiconductor industry. The
operating principle and limitations of EUV lithography and EUV photoresists are also
presented, followed by an introduction on metal-organic frameworks (MOFs), self-
assembled monolayers (SAMs) and their possible association to EUVL. MOFs are
crystalline, tunable and porous organic-inorganic materials with many attractive properties
that material scientists and industrials try to exploit in various applications, such as sensors,
catalysis, gas storage, membranes, etc. SAMs are monolayers of molecules that can bond to
a certain substrate to modify its surface properties. In this work we use them to enable the
(local) growth of thin films of MOFs, called surface-mounted metal-organic frameworks
(SURMOFs), with the SAM acting as a chemically selective anchor between the substrate
and the material. In the next chapters, SURMOFs and SAMs are used to investigate the
chemical processes induced during EUV exposure and explore new perspectives for EUVL.
Chapter 2 explores the EUV reactivity and patterning performances of two copper-based
SURMOFs, namely copper oxalate, or Cu(C204)nH20, and HKUST-1(Cu), or Cuz(BTC)a,



118 Summary

where BTC stands for benzene-1,3,5-tricarboxylate. Significant differences of the
sensitivities of the two materials were evidenced by X-ray photoelectron spectroscopy (XPS)
and we quantify this by calculating their quantum yields for decarboxylation, an essential
reaction for the generation of the solubility switch required for patterning in these materials.
The differences observed between the quantum yields of the two SURMOFs far exceeded
the differences in their EUV absorptivity, suggesting that the efficiency of the fragmentation
mechanisms has a larger contribution to the resist’s sensitivity. Cu(C204)*nH>O proves
significantly more reactive, with potential for patterning at doses that are close to those
targeted by industry (visible contrast obtained at ~15 mJ/cm?) while HKUST-1(Cu) remains
inert to EUV at conventional doses (up to 250 mJ/cm?).

Chapter 3 studies the EUV reactivity of perfluorinated SAMs of thiols on gold by means of
in-situ photoelectron spectroscopy (PES). Although the SAMs are virtually transparent to
EUV photons, our experiments showed that the thiol molecules on the surface of the
substrates start to fragment around 20 mJ/cm?. We estimated that ~40% of the fluorine
content of the SAM was desorbed after a dose of 200 mJ/cm?. These observations
demonstrate that EUV can simultaneously generate significant structural contrast, by
reducing the quality of the molecular packing at the exposed areas, and chemical contrast,
by altering the chemical composition of the exposed areas through the fragmentation of thiol
molecules. This research was conducted at the BEAR beamline of the ELETTRA
synchrotron in Trieste, Italy.

Chapter 4 describes a novel bottom-up method for EUVL that relies on the sensitivity of
thiol SAMs towards EUV light, demonstrated in Chapter 3, and their essential role in
SURMOF growth. In this method, the substrate absorbs most of the 92 eV photons and serves
as a generator of low-energy electrons. The photoelectrons and secondary electrons escaping
from the substrate trigger various fragmentation events and chemical reactions in the SAM
through inelastic scattering. At this stage of the procedure the nanopatterns are materialized
within the SAM as chemical contrast. As the molecular packing of the SAM decreases, their
desorption rate increases, thus enabling the selective exchange of the molecules comprised
in the exposed areas of the SAM. This procedure, which we call exchange-step, increases the
chemical contrast of the patterns and could enable the deposition and/or growth of various
materials with nm scale spatial selectivity. Here, we demonstrate the feasibility of our method
by growing the SURMOF of HKUST-1(Cu) on EUV exposed and exchanged SAMs.

In the last chapters of this thesis, we investigate how different variables affect the growth of
a selected set of SURMOFs. The study of the synthesis of these materials is of major
importance for the device integration of MOFs and for the version of the bottom-up method
presented in Chapter 4, in which precise synthetic control is required to reach successful
nanometer scale spatial precision during growth.

Chapter 5 investigates the influence of the functional group attached to the dicarboxylate
linkers of X-DMOF-1(Cu) on the properties of their thin films. X-DMOF-1(Cu) stands for
Cu2(X-BDC)2(DABCO) where BDC = benzene dicarboxylic acid, X symbolizes the
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functional group attached to the BDC and DABCO = 1,4-diazabicyclo[2.2.2]octane). Layer-
by-layer (LbL) liquid phase epitaxy (LPE) is used as synthesis method. We observe
significant differences in substrate coverage, topography and crystallinity between films of
DMOF-1(Cu), F-DMOF-1(Cu), Br--DMOF-1(Cu), NO2-DMOF-1(Cu) and Fs-DMOF-1(Cu).
We show that synthesis conditions cannot simply be transferred from one SURMOF to
another, even for comparable materials. Moreover, in the conditions of our study, the
expected templating effect promoted by the terminal functional group of the SAM molecules
is not observed. This means that the SURMOF s crystalline orientation relative to the surface
is not affected by using SAMs with functional groups that preferentially coordinate to the
apical or equatorial position of the inorganic nodes of the hybrid material. These observations
contradict previously reported studies on the growth of other species of SURMOFs.
Although we could not identify with certainty the nature and amount of influence of the other
synthesis parameters, comparing our results to those of the aforementioned studies on the
matter shows that the final properties of MOF thin films are governed by an intricate
combination of potentially interdependent factors.

In Chapter 6 we focus on the effects of the synthesis conditions during LbL. LPE on the
properties of thin films of F-DMOF-1(Cu), or [Cu2(FBDC)2(DABCO)] where FBDC = 2-
fluoroterephthalic acid, grown on thiol functionalized gold substrates. During LbL synthesis
the substrates are successively immersed in solutions containing the inorganic constituents
of the SURMOF (copper ions) and solutions containing its organic constituents (linkers). A
rinsing step is usually added between immersions in an effort to constrain the growth to a
single layer of material per cycle. The effects of the temperature of the solutions, the linkers’
concentration, the presence or absence of sonication during the rinsing step and the type of
SAM are tested. We report that higher temperatures and concentrations yield layers with
relatively better homogeneity and coverage. The temperature of the solution also influences
the shape of the crystals contained within the thin films, and thus their topography. As seen
in chapter 5, the crystalline orientation of the SURMOFs remains unaffected by the nature
of the SAM, with the exception of a unique set of parameters. These observations suggest
that the SURMOF’s properties are dynamic during growth and rely on interdependent
parameters which determination is likely to require extensive systematic for every type of
MOF and synthesis method. Chapter 5 and 6 highlight the need for the creation of accurate
growth models as the development of many MOF-containing devices heavily relies on
precise synthetic control.
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Samenvatting

Het voortdurende streven van de halfgeleiderindustrie naar het verkleinen van transistoren
en elektronische circuits in computerchips heeft geleid tot de ontwikkeling van Extreem
Ultraviolet Lithografie (EUVL). In lithografie worden fotolakken (in het Engels:
photoresists) gebruikt om een lichtafbeelding om te zetten in een patroon in de vorm van een
dunne laag op een siliciumchip. Door deze recente ontwikkelingen worden steeds hogere
eisen gesteld aan de nauwkeurigheid en betrouwbaarheid van fotolakken, terwijl nauwelijks
bekend is wat er in deze materialen gebeurt wanneer ze worden blootgesteld aan EUV licht,
dat een veel kortere golflengte heeft dan het gebruikelijke ultraviolet licht. De combinatie
van een gebrek aan kennis van de fysische en chemische processen en beperkte
mogelijkheden voor het onderzoeken van de chemische structuur van dunne laagjes materiaal
maakt de ontwikkeling van optimale EUV fotolakken tot een grote uitdaging.

Hoofdstuk 1 introduceert de evolutie van fotolithografie, de centrale rol die deze inneemt in
de fabricatie van computerchips en de hechte relatie met de economische agenda van de
halfgeleiderindustrie. De grondbeginselen en beperkingen van EUVL en EUV fotolakken
worden beschreven. Tevens worden metaal-organische roosters (metal-organic frameworks
in het Engels, kortweg MOF’s) en moleculaire monolagen (self-assembled monolayers in het
Engels, kortweg SAM’s) besproken. MOF’s en SAM’s materialen zijn gebruikt in dit
onderzoek om door EUV licht geinduceerde chemische processen te onderzoeken en nieuwe
perspectieven voor EUVL te openen.

Hoofdstuk 2 verkent de EUV reactiviteit en de patroonvorming van twee op koper
gebaseerde SURMOF’s, namelijk koper oxalaat, (Cu(C204)snH20), en HKUST-1(Cu),
oftewel Cuz(BTC)2, waarin BTC staat voor benzeen-1,3,5-tricarboxylaat. Rontgen foto-
elektron spectroscopie (XPS) laat significante verschillen in gevoeligheid zien tussen deze
twee materialen. De kwantumopbrengsten voor de decarboxylatiereacties van beide
materialen zijn bepaald, aangezien deze reacties essentieel zijn voor de omschakeling van
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oplosbaarheid die de basis vormt voor patroonvorming na bestraling met licht. De verschillen
in de kwantumopbrengst van de twee SURMOEF’s blijken aanzienlijk groter dan de
verschillen in hun vermogen om EUV licht te absorberen. Dit geeft aan dat de efficiéntie van
fragmentatiereacties van groter belang is dan het aantal fotonen dat geabsorbeerd wordt.
Voor beide materialen worden reactiemechanismen voorgesteld op basis van eerdere studies
naar hun reactiviteit ten opzichte van lage-energie elektronen. Cu(C204)snH20 bleek
significant meer reactief, met potentieel voor patroonvorming bij doses die dicht bij de door
de industrie beoogde waarden liggen (zichtbaar contrast verkregen bij ca. 15 mJ/cm?), terwijl
HKUST-1 (Cu) inert is voor EUV bij conventionele doses (tot 250 mJ/cm?).

Hoofdstuk 3 bestudeert de EUV-reactiviteit van fluor-bevattende SAM’s van thiolen op
goud door middel van in-situ foto-elektron spectroscopie (PES). Hoewel vrijwel transparant
voor EUV-fotonen, worden de thiolmoleculen op het oppervlak van de substraten gesplitst
tijdens blootstelling aan EUV. Deze waarnemingen tonen aan dat EUV tegelijkertijd een
significant structureel contrast kan genereren, dat voortkomt uit de verminderde kwaliteit
van de moleculaire pakking in de blootgestelde gebieden, en een chemisch contrast,
veroorzaakt door de verschillende chemische samenstelling van de blootgestelde gebieden,
bestaande uit gefragmenteerde thiolmoleculen. Dit onderzoek werd uitgevoerd aan de BEAR
bundellijn van het ELETTRA synchrotron in Triést, Italié.

Hoofdstuk 4 beschrijft een nieuwe “bottom-up” methode voor EUVL gebaseerd op de
gevoeligheid van thiol SAM’s voor EUV-licht, zoals aangetoond in hoofdstuk 3, en hun
essentiéle rol bij de groei van SURMOF’s. Bij deze methode absorbeert het substraat de
meeste van de 92 eV-fotonen en dient het als generator van elektronen met lage energie. De
fotoelektronen en secundaire elektronen die uit het substraat ontsnappen veroorzaken
verschillende fragmentaties en chemische reacties in de SAM door inelastische verstrooiing.
In dit stadium van het proces komen de nanopatronen in de SAM tot uiting als een chemisch
contrast. De evenredigheid tussen de desorptiesnelheid in oplossing van thiolen en de
pakkingskwaliteit van de monolaag die ze vormen, maakt de selectieve uitwisseling van de
moleculen in het blootgestelde gebied door andere thiolmoleculen mogelijk. Deze procedure
verhoogt het chemische contrast tussen blootgestelde en niet-blootgestelde gebieden en
maakt de afzetting en groei van materialen met ruimtelijke selectiviteit op nanometer-schaal
mogelijk. Hier demonstreren we de haalbaarheid van onze methode door SURMOF’s van
HKUST-1 (Cu) te laten groeien.

In de laatste hoofdstukken van dit proefschrift bestuderen we hoe verschillende variabelen
de groei van een selectiec van SURMOF’s beinvloeden. Het bestuderen van SURMOF’s is
van groot belang voor de technische toepassing van MOF’s en voor de versie van de “bottom-
up” methode gepresenteerd in hoofdstuk 4, waar selectieve groei met ruimtelijke precisie op
nanometer-schaal vereist is.

Hoofdstuk S5 onderzoekt het effect van liganden van X-DMOF-1(Cu), of Cux (X-
BDC):(DABCO) waarbij BDC = benzeen dicarbonzuur;, DABCO = 14-
diazabicyclo[2.2.2]octaan en X de functionele groep gehecht aan de dicarboxylaatliganden
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symboliseert, op basis van de eigenschappen van hun dunne films. Laag-voor-laag (layer-
by-layer in het Engels, kortweg LbL) vloeistof-epitaxie (liquid phase epitaxy in het Engels,
kortweg LPE) wordt gebruikt als synthesemethode. We zien significante verschillen in
substraatdekking, topografie en kristalliniteit tussen films van DMOF-1(Cu), F-DMOF-
1(Cu), Br-DMOF-1(Cu), NO2-DMOF-1(Cu) en F4&-DMOF-1(Cu). Deze waarnemingen laten
zien dat gedetailleerde syntheseprocedures niet eenvoudig van de ene SURMOF naar de
andere kunnen worden overgedragen. De vergelijking van onze resultaten met die van
eerdere studies over de kwestie bevestigt verder dat de invloed van syntheseomstandigheden
op de uiteindelijke eigenschappen van deze films complex is en gebaseerd is op onderling
athankelijke factoren die we nog niet voldoende kennen.

In hoofdstuk 6 richten we ons op de effecten van de syntheseomstandigheden tijdens LbL
LPE op de eigenschappen van dunne films van F-DMOF-1(Cu), of [Cuz (fbdc)2(dabco)],
gekweekt op thiol gefunctionaliseerde goudsubstraten. Tijdens de LbL-synthese worden de
substraten achtereenvolgend ondergedompeld in oplossingen die de anorganische
bestanddelen (koperionen) van de SURMOF bevatten en oplossingen die de organische
bestanddelen ervan (liganden) bevatten. Doorgaans wordt een spoelstap toegevoegd tussen
de onderdompelingen in om de groei te beperken tot een enkele laag materiaal per cyclus.
De effecten van de temperatuur van de oplossingen, de concentratie van de liganden, de aan-
of afwezigheid van sonificatie tijdens de spoelstap en het type SAM worden getest. De
waarnemingen in dit hoofdstuk en in hoofdstuk 5 vragen om uitgebreide experimentele
studies naar de groei van SURMOFs en de ontwikkeling van groeimodellen om optimale
groeiomstandigheden te achterhalen.






Outlook

The following paragraphs detail additional uses of SURMOFs and SAMs for EUV
lithography and beyond. The feasibility of these concepts could not be explored due to
limitations in time and resources despite appealing potential.

MOFs as matrices of nm-scale reactors.

Most 3D MOFs display astonishing levels of porosity. These pores and channels can be
loaded with various guest molecules, such as polymers, complexes, metal-oxo clusters, etc.
One could take advantage of this property to expose compounds to EUV which could
otherwise not be easily irradiated as deposited films on a substrate (e.g. volatile compounds)
or other limitations. Moreover, the type of matrix of nm scale reactors with a precise spatial
ordering can only be provided by metal organic frameworks. Previous reports have shown
that in-pore polymerization is possible in MOFs with various benefits to the properties of the
final polymer product. SURMOFs such as HKUST-1(Cu) with low EUV reactivity, could
provide an interesting platform for such a method as their structural properties would remain
mostly unaffected by the exposure while metal and oxygen atoms deliver low energy
electrons to the guests.

EUV-tailored SAMs.

Chapters 3 and 4 proved that monolayers of organic molecules chemically bonded to the
surface of a substrate can be damaged during EUV exposure, although the organic monolayer
is practically transparent to EUV light. In our method, we used highly fluorinated thiol
molecules as the exposed self-assembled monolayer (SAM) because their numerous fluorine
atoms prevent SURMOF growth and can easily generate strong chemical contrast between
exposed and unexposed areas following desorption. The limiting factor of SAM patterning
is the efficiency of the chemical reactions leading to desorption or chemical changes. By
designing SAM molecules comprising a functional group easily cleavable upon interaction
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with low energy electrons, one could create a highly EUV sensitive monolayer. Linear and
branched alkane thiols (or silanes) with a peroxide bond included in their spacer or a terminal
groups composed of a -CF3, -COOH or a -CF2-CFs (i.e., 4,4,4-Trifluoro-3-(trifluoromethyl)-
1-butanethiol, 4-mercatpobutyric acid and 4,4,5,5,5-Pentafluoro-1-pentanethiol) are a few
examples of molecules from which EUV-designed SAMs could be based upon.

Furthermore, if these molecules are designed in such way that the new functional groups at
their extremities after cleavage has different chemical properties than this of the pristine
molecules, the exchange step is not needed and material can be selectively deposited
immediately following exposure. Getting rid of the exchange step will enhance performance
as the number of defects is usually proportional to the number of steps in the patterning
procedure.

Anisotropic patterning (direction-controlled polymerization)

MOFs composed of more than one type of linker can have anisotropic unit cells. The
specimens of [Mz2L2P] MOFs discussed in Chapter 5 and Chapter 6 of this thesis are a good
example of such materials. Because their linkers have different lengths, the resulting
interplanar distances are also different depending on the crystalline orientation. Therefore,
one could design [M2L.P] MOFs comprised of “L” linkers longer than the “P” linkers in
which interlinker polymerisation would be geometrically constrained to a single direction
(vertical or horizontal).

Three conditions are required to design such material; (1) the “L” linkers should be
functionalised by functional groups comprising polymerizable units at their extremities
capable of crosslinking with units from neighbouring linkers upon EUV irradiation; (2) the
functional groups should be too short for their polymerizable units to contact the units of
linkers present within the same “L-L” plane, (3) the functional groups should be long enough
to enable their polymerizable units to crosslink with those of linkers present within the same
“L-P” plane. The following schemes illustrate this concept.

In such MOFs and SURMOFs, the direction of the EUV-triggered polymerisation would be
exclusively determined by their crystalline orientations. This means that, in a system that
promotes vertical polymerization, the line edge roughness (lateral blur) of the patterns caused
by patterning stochastics during exposure would be drastically reduced, if not suppressed.
The polymerized areas of the material would remain on the surface of the substrate following
a development procedure that targets the inorganic nodes of the SURMOF, similarly to the
method used in Chapter 2 of this thesis.
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—P&— P’ linker . Metal cluster

—+— “L” linker A Polymerizable unit

Figure: (A) 3D scheme of the channel of a hypothetical [M,L,P] MOF. (B) and (C) 2D
schemes of four channels of the same hypothetical MOF, seen along the c direction and the
b direction, respectively. In the text, (B) is described as the “L-L” plane and (C) the “L-P”
plane.

This concept and the aforementioned idea of using MOFs as nm-scale reactors can be
combined to obtain directional control over the in-pore polymerization of monomers.
Considering an [M2L2P] MOF as an example, a specimen could be designed so that the “L-
P” pores (made of two L and two P linkers) would be chemically or geometrically shut for
any guest to pass through, preventing guest-guest interaction in this direction. In the [M2L2P]
example, because these MOFs have two “L-P” pores for one “L-L” pore, the polymerization
would thus be restricted to a unique direction determined by the crystalline orientation of the
SURMOF.
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