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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.1 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 2028.2 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.3–7 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.8,9 Furthermore, as the nanopatterns’ size decreases, thinner photoresists are 
required to avoid high aspect ratios and pattern collapse,10,11 which has two main 
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 eV photons12 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.13–16 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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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. 

exposed or unexposed areas.17 DNA,18,19, nanoparticles,20,21 quantum dots,22,23 and materials 
such as surface-mounted metal-organic frameworks (SURMOFs)24 or perovskites25,26 can be 
deposited with various levels of selectivity on surfaces endowed with spatially resolved 
chemical contrast.27 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/cm2). 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.117 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 × 1.7 mm2 (pinhole 
70 μm) or 0.5 × 0.5 mm2 (pinhole 30 µm) 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).78 
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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 SURMOFs 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 1 mM copper acetate hexahydrate 
solution, Cu(OAc)2•6H2O, 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 Kα 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 

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

In our previous study,28 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/cm2 ~ 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.13 
 
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.29 Regarding the influence of the packing, faster exchange rates are 
observed for increasing disorder while defect-free regions remain integer.30 
 
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°).31 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/cm2 to ~75 mJ/cm2 in samples 
with 500 µm × 500 µm 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,28 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/cm2).  
 
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.30 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 × 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 µm × 500 
µm 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 
 



4.3 Results and discussion 

 

65 

65 

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.28 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.32 
 
The 18 h exchange procedure yields a widening of the C 1s components assigned to C-H 
sp2/sp3 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,32,33 so 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 
studies28, 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).34 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.35 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 
(B).  

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).  
 



4.3 Results and discussion 

 

67 

67 

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.36 
 

 

Figure 4.4: AFM images (4 µm × 1 µm; 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.37 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/CF3 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.38 

 

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 × 1.7 
mm2), this dose threshold is ca. 55 mJ/cm2 for the 18 h-exchange (inhomogeneous patches 
are found already at 7.5 mJ/cm2, empty squares in Fig. 4.6) and ca. 35 mJ/cm2 for the 48 h-
exchange one. Assuming a packing of 2 to 4 molecules of HFDT per square nanometer, 40 
mJ/cm2 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 
that the inelastic mean free path of electrons of 80 eV is estimated ~ 5 Å in Au,39,40 electrons 
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/cm2).41,42  
 
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/cm2, 
50 mJ/cm2, 100 mJ/cm2, 250 mJ/cm2 and 500 mJ/cm2. Only the 50 nm-HP patterns exposed 
at 500 mJ/cm2 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/cm2 onward, 40 nm HP from 250 mJ/cm2 onward and 22 nm HP for 500 mJ/cm2 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/cm2 
and 55 mJ/cm2, 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/cm2) 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/cm2) 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 c) 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),43 is expected to improve the resolution and overall performance of the 
procedure.  



Bottom-Up Nanofabrication with Extreme Ultraviolet Light 

 

72 

72 

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/cm2 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 l/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/cm2. 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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