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The semiconductor industry plans to keep fabricating integrated circuits, progressively 
decreasing there 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-situ 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/cm2). We attribute these chemical changes mostly 
to the interaction with the electrons generated in the thiol/Au system. 
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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.[1,2] 

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),[3] 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.[4]  

Yet, the reactivity of organic molecules towards 
electrons is very much dependent on the molecular 
structure.[5] Here, we studied a SAM based on a 
fluorinated carbon chain (Fig. 1). It has been 
reported in the literature that C-F bonds are prone 
to cleave with electrons[6,7] and, in particular, 
fluorinated thiols undergo many chemical reactions 
when exposed to low-energy electrons.[8] 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.[8,9] 

 

2 Method 

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 
(3,4,5,6,7,8,9,10)-heptadecafluorodecanethiol 
(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).  

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 
IOM-CNR BEAR beamline station at Elettra in 
Trieste, Italy[10–12] Monochromatized (aprox. 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 µm2 (horizontal x 
vertical). The angle of incidence was 45o 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 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[13] using Density 
Functional Theory (DFT), and employing the 
B3LYP functional and 6-311G basis set. 

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/cm2) are shown in Figure 2. 
The zero of binding energy scale was set at the 
onset (Fermi level) of the bare Au valence 
spectrum.  

Figure. 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 



In the spectrum of Au, two main broad non-
symmetric peaks are observed from photoelectrons 
emitted by the 5 d orbitals (5d5/2, 3 – 5 eV and 5d3/2, 
5 – 8.5 eV).[14–17] 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 eV (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.9 In addition, 
the peaks arising from the 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. 
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.[9] 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 Figure 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 σ 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. 

Figure. 2, a) Experimental photoelectron spectra recorded with 92 eV photon energy of the Au-coated substrate (grey) 
and of the HFDT/Au sample b) Basic scheme of the PES experiment. 
 



 

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,18 the 
molar cross-section for the HFDT molecule is 
calculated to be 3.7 × 107 cm2/mol. Assuming that 
there are approximately 3 - 4 molecules per square 
nm[19,20] (5.0 - 6.6 × 10-10 mol/cm2), 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 4. A clear bleach of the peaks assigned to 
the F 2p orbitals is observed, indicating that 
fluorine concentration in the monolayer decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4, Evolution of the photoelectron spectrum of HFDT/Au with EUV exposure (some selected doses are shown). 
 

 Figure. 3, a) 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. 



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.[8] 
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.[21] 

To estimate the rate of the EUV-induced changes, 
we calculated the relative areas (A/A0) of peaks A, 
B, C and D and plotted them as a function of dose 
in Figure 5. The bleach of the peaks assigned to F 
2p orbitals (A and B) reaches ∼60%  at 200 
mJ/cm2. 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 Au, these overlaps would explain 
the apparent different intensity ratio between 5d3/2 
and 5d5/2 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.[11]  

Figure. 5, Relative area of all peaks as a function of 
dose. 
 
In addition of the bleaching of peaks A and B, 
which we attribute to F loss, the spectra display 
changes at 13 eV and 17 eV (Figure 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.[8]  

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 
substrate.22,23 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.  

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/cm2. 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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