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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 circuits1 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 Law2, has been widely adopted as a roadmap by the 
semiconductor industry, continuously stimulating innovation towards fixed two-years 
objectives. 
 

 

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),3 the International Technology Roadmap for Semiconductors (ITRS).4 
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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:5 

R = k!
λ
NA 

Here, k1 is a constant coefficient representing process-related factors, l 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 µm 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.6 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.7 
 



Introduction 

 

4 

4 

Currently, immersion DUVL, with single- or multi-patterning, remains the principal 
technology used to fabricate microchips8 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.9 
 
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 2028.3  

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.10,11 

 

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). 

 

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 EUV 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.12 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.13 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. 
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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/cm2) 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 



Introduction 

 

8 

8 

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. 

 

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.16–20  
 
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.21,22 
 
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.23,24  
 
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.25 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, etc.) 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.26–28 Since 1999, more than 90,000 structures of MOFs have 
been reported and 500,000 predicted.29,30 
 
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.31,32 
 
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).33,34 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.36 
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.37  

 

Figure 1.7: Comparison between MOCs specimens designed for EUV lithography (left) and 
a SURMOF of the DMOF-1 family.38 From left to right, the MOCs shown are: Zn4OL6, 
Ti8O8L16 and Zr6O4(OH)4L12 (L = ligand). 

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).39,40 
 
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.41,42 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 
conditions.  

 

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

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.43,44 Moreover, SAMs have 
been proven to be easily damaged by low energy electrons.45–48  
 
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) 49–56. 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 Cu2(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), F4-DMOF-1(Cu) (F4 = 2,3,5,6-
tetrafluoro-1,4-benzenedicarboxylic acid), and L2-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 Cu2(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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