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Abstract: Perfluorododecyl iodide (I-PFC12) is of interest for area-selective deposition (ASD) applica-
tions as it exhibits intriguing properties such as ultralow surface energy, the ability to modify silicon’s
band gap, low surface friction, and suitability for micro-contact patterning. Traditional photolithog-
raphy is struggling to reach the required critical dimensions. This study investigates the potential
of using I-PFC12 as a way to produce contrast between the growth area and non-growth areas of
a surface subsequent to extreme ultraviolet (EUV) exposure. Once exposed to EUV, the I-PFC12
molecule should degrade with the help of the photocatalytic substrate, allowing for the subsequent
selective deposition of the hard mask. The stability of a vapor-deposited I-PFC12 self-assembled
monolayer (SAM) was examined when exposed to ambient light for extended periods of time by
using X-ray photoelectron spectroscopy (XPS). Two substrates, SiO2 and TiO2, are investigated to
ascertain the suitability of using TiO2 as a photocatalytic active substrate. Following one month of
exposure to light, the atomic concentrations showed a more substantial fluorine loss of 10.2% on the
TiO2 in comparison to a 6.2% loss on the SiO2 substrate. This more pronounced defluorination seen
on the TiO2 is attributed to its photocatalytic nature. Interestingly, different routes to degradation
were observed for each substrate. Reference samples preserved in dark conditions with no light
exposure for up to three months show little degradation on the SiO2 substrate, while no change is
observed on the TiO2 substrate. The results reveal that the I-PFC12 SAM is an ideal candidate for
resistless EUV lithography.

Keywords: self-assembled monolayer; area selective deposition; X-ray photoelectron spectroscopy;
perfluorododecyl iodide; defluorination

1. Introduction

Modern nanoelectronics relies on top–down patterning methods involving a repetitive
sequence of deposition, photolithography, and etching steps [1–3]. However, the industry
has recently been facing significant challenges in keeping up with Moore’s law [4,5] when
using these conventional lithography techniques for patterning at critical dimensions.
Traditional photolithography uses UV light to transfer patterns from a hard mask onto
a photoresist covered-substrate, inducing a chemical change between the exposed and
unexposed areas [6]. Hard masks are built from materials with high etch contrast relative to
the underlying stack. Subsequently, the exposed substrate can undergo additional processes,
such as etching or ion implantation, to create the final structure. With each advancement
in technology, the intricacy and number of these procedures grow, leading to significant
challenges in terms of patterning techniques. Patterning at scales smaller than 10 nm using
these top–down techniques faces a number of difficulties, including edge placement errors,
decreasing throughput, complexity, pattern collapse, and photoresist non-uniformity [7–13].
Due to these issues, there is a push towards using extreme UV photolithography. EUV
refers to radiation at 13.5 nm (92 eV) [14]. These high-energy photons possess significantly
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more energy than those used in standard UV photolithography, allowing for finer resolution
to reach the smaller critical dimensions [15]. The move to highly energetic EUV processes
opens up the possibility for different chemical reactions to happen during exposure. As
EUV sources have a lower power than previous sources, their flux is also lower. Traditional
photoresists are not fully compatible with this process; therefore, alternative materials must
be studied that have a higher EUV absorption cross-section [16]. Iodine readily absorbs
EUV photons, so incorporating halogens such as this into photoresist materials can increase
EUV absorption [17]. Kosto et al. found that a substation of one hydrogen atom on a
2-methylphenol (MPh) molecule for an iodine atom led to a 4.6-fold increase in the EUV
photoabsorption cross-section [18].

At the same time, there is interest in developing and moving towards bottom–up
deposition methods like area-selective deposition (ASD), removing the need for multiple
photolithographic steps [19]. ASD enables material deposition on predefined patterns after
altering the local surface chemistry [7,20,21]. Atomic layer deposition (ALD), generally
utilized to deposit the material of interest, is a cyclic process that grows films through
successive pulses of a metal precursor with a co-reactant, such as water, in a layer-by-layer
manner [22]. Selectivity can be achieved via the passivation of certain areas of the surface
through the use of self-assembled monolayers (SAMs) [23]. The SAMs preferentially adhere
to one area or material of a patterned surface, called the non-growth area. They act as
both a physical and chemical barrier to block any subsequent deposition on this area while
still allowing growth on other areas or materials on the surface [7]. SAMs are compact
organic monomolecular layers that spontaneously adsorb on a surface, showing large-scale
ordering via Van der Waals force once deposited [24]. SAMs are comprised of a head
group with a strong affinity for the substrate, a backbone chain, and a terminal functional
group. SAMs bond to the surface via their head group, with common head group/substrate
pairs including alkane-thiols on gold and other noble metals [25–27], silanes on silicon
dioxide (and some metal oxides), and phosphonates on metal oxides [28]. SAMs also
offer a diverse array of functionalities, for example, modifying the surface wettability,
corrosion resistance [29], adhesion, friction [30], conduction [31], and biocompatibility. One
of the many attributes of SAMs for ASD is that they can be easily patterned using soft
lithography [32,33] and have been used in many applications, from arrays of single cells to
open microfluidics [34–36].

Recently, a novel method was introduced for the selective deposition of a hard mask
layer within the growth region using ASD. This approach is employed to differentiate
between the growth and non-growth regions following exposure of silane-based SAMs
to EUV photolithography. To overcome the issues associated with photoresist, the study
deposited these SAMs onto a TiO2 substrate, which is photocatalytic in nature. The photoac-
tive surface aided the decomposition of the SAMs when exposed to EUV, thus producing
a contrast in the exposed region [37]. Perfluorododecyl iodide (I-PFC12), as shown in
Figure 1, is a SAM comprised of an iodine head group and a fluorocarbon backbone chain,
making it a promising new candidate for this method. I-PFC12 exhibits intriguing proper-
ties, including ultralow surface energy due to a high fluorine content, the ability to modify
silicon’s band gap, low surface friction, and suitability for micro-contact patterning [38]. As
a result of the iodine atom, halogen bonding is expected to be the primary driver of the ini-
tial adsorption of I-PFC12, while dispersion forces play a key role in ensuring the long-term
stability of the monolayers [38,39]. Halogen bonding is a non-covalent interaction between
an electron-deficient halogen atom (often iodine) and a nucleophile or electron-rich species
(often oxygen or nitrogen) [40–43].

This work investigates the stability of I-PFC12 SAMs on two different substrates, SiO2
and TiO2 when exposed to ambient light at different exposure times: from twenty-four
hours up to one month. Even though the C-F bond is one of the strongest bonds in or-
ganic chemistry, environmental science studies show the degradation and defluorination
of per and polyfluorinated chemicals in the presence of TiO2 and TiO2-based photocata-
lysts [44,45]. Testing the stability of I-PFC12 SAMs could help determine their suitability for
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ASD hard mask applications, removing the need for photoresist materials. Making use of
the photocatalytic nature of TiO2, it is observed that the SAMs degrade via defluorination.
Initially, the optimum vapor deposition parameters of the I-PFC12 were investigated using
water contact angle (WCA) and spectroscopic ellipsometry (SE) to determine the hydropho-
bicity and film thickness of the SAM layer. Changes in the elemental composition of the
I-PFC12 exposed to ambient light over time were investigated using X-ray photoelectron
spectroscopy (XPS), along with any changes in the bonding environment. It was observed
that over time and with exposure to ambient light conditions, fluorine decreases on both
substrates, with a more pronounced decrease in the case of TiO2. Owing to the photocat-
alytic nature of TiO2, the SAMs degraded quicker on this substrate, making it an ideal
choice for hard mask applications. Halogen bonding between the iodine head group and
the OH-terminated substrate was investigated; however, there was no iodine observed for
either substrate. Interestingly, when stored in a dark container with no ambient light, the
I-PFC12 SAMs showed little signs of degradation. Although the iodine was not observed on
either substrate in this study, the SAMs still degraded under ambient light, demonstrating
a promising result on the use of I-PFC12 SAMs in EUV hard mask applications.
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2. Materials and Methods
2.1. Substrate Preparation

In this study, 300 mm silicon wafers provided by SunEdison Semiconductors were
used as the starting substrate for all samples. The Si substrates contained ~1.5 nm of a
native oxide. A crystalline TiO2 layer measuring 7.5 nm in thickness was deposited via
ALD using Titanium isopropoxide (Ti(OMe)4) as the precursor and water (H2O) as the
co-reactant. This deposition process was conducted at a temperature of 300 ◦C. Further
details of the substrates and TiO2 deposition process can be found in a previous study [37].

Both TiO2 and the SiO2 were UV ozone-cleaned in a Jelight UV ozone cleaner for
15 min prior to SAM deposition to remove any surface contaminants and to leave the
surface rich in hydroxyl groups for the SAMs to adhere to. I-PFC12 SAMs were deposited
on both TiO2 and SiO2 in a vapor phase in a dedicated Heratherm OM180 oven procured
from Thermo Scientific with a vacuum pressure of 9–13 mbar.

Multiple depositions were performed to assess the optimum deposition time and
temperature that yielded the I-PFC12 layer with the best quality. WCA and SE were
used to characterize the surface hydrophobicity and thickness, respectively. To evaluate
the deposition kinetics of the SAMs, WCA and thickness were measured for different
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deposition temperatures and times: in the range 100–150 ◦C and 1–2 h, respectively. The
best film quality was deposited at a temperature of 120 ◦C and 100 ◦C for SiO2 and TiO2,
respectively, for a deposition time of two hour on both.

2.2. SAM Characterization

A DataPhysics static water contact angle system was used to assess the hydrophobicity
of the deposited SAM layer. The measurements were performed ex situ using de-ionized
water, with a drop size of 2 µL and a dispensing speed of 1 µL/s. The WCA value was
extracted from fitting using the SCA 20 software. UV ozone-cleaned TiO2 and SiO2 refer-
ence substrates were measured directly after pre-treatment. They showed a characteristic
hydrophilic WCA value of <10◦. The WCAs of the SAM-covered samples were compared to
these reference samples. If an increase in hydrophobicity was observed, that was evidence
of SAM deposition.

The thickness of the deposited SAM layer was measured ex situ using a J. A. Wool-
lam RC2 Spectroscopic Ellipsometer system. The data were recorded at three incident
angles, 65◦, 70◦, and 75◦, with respect to the sample normal within a wavelength range of
200–2500 nm and an acquisition time of 5 s/angle. The beam divergence was 0.4◦ with a
beam diameter of 3–4 nm. A model was fitted to the reference SiO2 and TiO2 substrates to
find the thickness of the oxide layers. Once this was carried out, a Cauchy model was fit to
determine the thickness of the SAM layers.

Following the deposition of I-PFC12 SAMs on the two different substrates, an inves-
tigation into their stability in ambient light was conducted using XPS. The samples were
cleaved from larger three cm2 coupons into one cm2 coupons for ultrahigh vacuum XPS
analysis. Once cleaved and before XPS characterization, the samples were stored in a dark
container or were left for a certain length of time under ambient conditions. The base
pressure of the XPS system was typically ~3 × 10−9 mbar. Measurements were recorded
using an Al Kα (hν = 1486.6 eV) anode of a non-monochromatic PSP CTX400 flood gun
X-ray source with a PSP HA50 energy analyzer at a pass energy of 20 eV for core-level scans
and 90 eV for survey spectra. The angle of the X-ray source radiation and the analyzer
were both 54◦ with respect to the sample normal. The peak fitting was performed using
AAnalyzer peak-fitting software version 2.25. A Voigt peak, which is a combination of
Gaussian and Lorentzian line shapes with a Shirley–Sherwood-type background, was
used to fit the spectra [46]. The C 1s, F 1s, and O 1s peaks were fit with a Voigt singlet
peak, and the Si 2p and Ti 2p were fit using Voigt doublet peaks. The spectra of the SiO2
substrate were referenced to the Si-Si peak at 99.1 eV. The spectra of the TiO2 substrate
were referenced to the TiO2 peak at 458.8 eV, essentially using each underlying substrate
for internal calibration.

XPS measurements were also scrutinized for any beam damage from the X-ray source.
This was carried out by first recording the survey scans, followed by the core scans, and
then a final set of survey scans. This allowed for approximately 2–2.5 h of X-ray exposure
between the initial and final survey scans, allowing enough time for any damage to be
observed. The atomic concentrations were then compared to the initial survey scans. After
SAM deposition, the samples were placed into a dark container to ensure there was no
exposure to ambient light. The samples were scanned as quickly as possible after SAM
deposition. Then, three different samples were left in ambient light for different durations:
24 h, one week, and one month. Samples of I-PFC12 on both SiO2 and TiO2 were set aside
and left sealed in the dark container and scanned after one and three months. Since the
samples were cleaved from larger coupons, there were small variations observed in atomic
concentrations due to regions of increased SAM density. Despite these variations, there is
little impact on the overall trends of atomic concentrations across the surfaces.
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3. Results
3.1. Optimal I-PFC12 SAM Deposition

I-PFC12-derived SAMs were deposited on both TiO2 and SiO2 surfaces via the vapor
phase technique to be more compatible with current integration schemes used in the
industry. For this, 100 mg of SAM was deposited at temperatures varying between 100 ◦C
and 150 ◦C with deposition times of one and two hours (deposition for one hour at 100 ◦C
is not included as an hour was not a sufficient length of time for the molecules to adsorb
onto the surface at such a low temperature). Figure 2a,b illustrates the WCA of I-PFC12
deposited on SiO2 and TiO2 surfaces, respectively. A static contact angle test was performed
to assess the hydrophobicity of the surface. It is notable that at a deposition time of one
hour, the WCA varies considerably depending on the deposition temperature; however, at
two hours of deposition, a consistent WCA is observed across all deposition temperatures.
When examining the SAM thicknesses depicted in Figure 2c, it becomes apparent that
the thickness is greater after the two-hour deposition period. The optimized conditions
for SAM deposition on SiO2 involved a deposition temperature of 120 ◦C for two hours,
resulting in a WCA of 64.9◦ ± 0.3◦ and a thickness of 0.65 nm. Conversely, for TiO2 surfaces,
the optimized conditions were determined to be a deposition temperature of 100 ◦C for
two hours, yielding a WCA of 93.9◦ ± 2◦ and a thickness of 0.69 nm.
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Figure 2. WCA of I-PFC12-derived SAMs on (a) SiO2 and (b) TiO2 substrates. (c) Thickness of SAMs
deposited on SiO2 and TiO2 at temperatures ranging between 100 ◦C and 150 ◦C with deposition
times of one and two hours.

3.2. I-PFC12 Degradation under X-rays

To assess what effect, if any, the X-rays induced on the I-PFC12 SAMs, samples from
both substrates were exposed to X-rays for a period of time greater than two hours. Table S1
in the Supplemental Information (SI) displays the atomic concentrations for the I-PFC12
SAMs on the SiO2 and the TiO2 substrates. Five individual survey scans were recorded,
followed by core-level scans. Five more survey scans were repeated, which amounted to
approximately 2–2.5 h of X-ray exposure. The atomic concentrations of I-PFC12 on SiO2
showed a small decrease in the F 1s signal between survey one and survey five, reducing
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from 18.9% to 16.5%. Any subsequent X-ray exposure did not appreciably decrease the
F 1s signal. After survey ten, the F 1s content was still 16.2%, showing that any decrease
happens during the initial exposure. This points to the desorption of any unreacted I-PFC12
molecules from the deposition process that may be present on the surface [47]. Once these
molecules have been removed, the I-PFC12 SAMs are stable, even after more than two
hours of exposure to X-rays. Similarly, the SAM on TiO2 follows the same trend and shows
a 2% decrease in F 1s, from 18.5% in the initial survey scan to 16.5% in the final survey
scan. Again, this is attributed to the desorption of unreacted SAM molecules. As all small
coupon-sized samples were cleaved from larger wafers, some variation was observed on
a small number of samples. This could be due to an area where the SAM is less dense
than other areas. However, the overall trends observed are the same, even if the atomic
concentrations vary ever so slightly.

Interestingly, an I 3d peak was not observed on any sample or substrate at any time
during the experiment, as shown in Figure S1 in the Supplementary Materials. To maximize
the probability of observing the I 3d peak, it was scanned for first on all samples. However,
it became clear that it was not present. Next, a large number of scans (50 scans) were
recorded due to the low signal that would be expected from the I 3d. This did not yield the
required results, and still, no iodine was observed. Single scans and a low number of scans
(five scans) were performed in case the iodine was degrading fast due to X-ray exposure.
However, again, no iodine was observed. It is unclear as to whether the iodine degrades
under X-rays or if it diffuses upon exposure to air, or even a combination of both. Although
there was no evidence of iodine, the monolayer remained on the surface. A previous study
conducted by Keyun Shou et al. suggests that the monolayer forms due to halogen bonding
between the iodine atoms in I-PFC12 and the oxygen atoms on the SiO2 surface. They
postulate that dispersion forces help stabilize the monolayer on the surface. Although they
did not have conclusive evidence of halogen bonding, they gave a detailed explanation as
to why it is believed to be halogen bonding [38].

3.3. I-PFC12 Deposited on SiO2

Table 1 shows the atomic concentration taken from the survey spectra of the I-PFC12
deposited on the SiO2 when exposed to ambient light over time. A steady decrease in the
F 1s from 19.1% to 12.9% is observed after one month of exposure to ambient light. This
decrease in F 1s corresponds to an increase in C 1s intensity, with an initial concentration
of 10.6% increasing to 14.2% after one month. A 3% increase in the O 1s is also observed
during this time. This suggests that as the fluorine is being removed, there is an increase in
the carbon signal from the fluorocarbon chain upon exposure to ambient light. Furthermore,
the expected C:F ratio is 12:25, and in this work, it was found experimentally to be 10:19 on
the SiO2 substrate, which is close to the expected value. The initial higher concentration of
carbon indicates the presence of adventitious carbon upon atmospheric exposure. This ratio
does change over time and with exposure to ambient conditions, increasing to 14:13 after a
month of ambient light exposure. The change in ratio again points to the decomposition of
the perfluorocarbon chain when exposed to ambient light.

Table 1. Atomic concentrations of the I-PFC12 deposited on SiO2 when exposed to different durations
of ambient and dark conditions.

C 1s % O 1s % F 1s % Si 2p %

Reference SiO2 8.2 35.1 0 56.7
As received 10.6 27.2 19.1 43.1

24 h ambient exp. 10.3 27.9 18.4 43.4
1 week ambient exp. 11.7 27.1 16.7 44.5

1 month ambient exp. 14.2 30.2 12.9 42.7
1 month in dark conditions 14.0 27.5 18.6 39.9
3 months in dark conditions 12.5 29.5 17.3 40.7
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Figure 3a shows the unnormalized data for C 1s, and Figure 3b shows the F 1s core
scans after different durations of ambient light exposure. C 1s contains four component
peaks in the as-received sample, the twenty-four-hour sample, and the one-week sample:
C-C/C-H at 284.8 eV, C-O/C-CFx bonds at 286.2 eV, CF2 at 291.6 eV, and CF3 at 293.4 eV.
All these peaks are consistent with those of the previous literature [48–51]. The peak at
286.2 eV was assigned to both C-O/C-CFx bonds due to the sample being exposed to the
atmosphere, meaning that the presence of C-O bonds cannot be discounted. After only
twenty-four hours of ambient exposure, a decrease in the CF3 component peak was visible,
corresponding to a very slight increase in the C-O/C-CFx component peak. Very little
change is observed between the twenty-four-hour exposure and the one-week exposure,
with the C 1s spectra looking almost identical between the two samples. However, with
one month of ambient exposure, the CF3 component peak disappeared from the spectrum,
indicating the complete removal of the CF3 bonds. Interestingly, there is also the emergence
of a CHF-CHF component peak at 287.9 eV. It is postulated that this peak emerges as
the CFx bonds in the fluorocarbon chain begin to break down. There is no evidence to
suggest that I-PFC12 oxidizes over this time in either the C 1s or the O1s (Figure S2a in
Supplementary Materials). The C 1s spectra show no evidence of the C-I bond between the
head group of the SAM and the carbon chain.
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Figure 3. (a) C 1s and (b) F 1s of I-PFC12 on SiO2 display several different C-F bonds.

The F 1s core-level spectra shown in Figure 3b contain two component peaks: CF2/CF3
at 688.7 eV and C-CFx/CHF at 687.3 eV [52]. The different CF bonds are not as distinguish-
able in the F 1s compared to the C 1s, as can be seen from the very broad F 1s envelope.
As a result of this, the higher binding energy peak has been assigned to both CF2 and CF3
bonds. In contrast, the lower-binding-energy peak is thought to be a convolution of C-CFx
and CHF bonds. After only twenty-four hours of ambient exposure, a slight decrease in
the intensity of the CF2/CF3 component peak was observed, mirroring the decrease seen
in the C 1s of the CF3 component peak. After one week, a change in the ratio between the
two component peaks starts to become visible as the CF2/CF3 component peak decreases.
In the case of C 1s, a decrease in the CF3 component peak was observed. It is suggested that
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the CF3 bonds degrade due to the ambient conditions that leave C-CFx bonds remaining.
Following one month of ambient exposure, there is an obvious difference in the ratio
between the two peaks. The higher-binding-energy peak has decreased in intensity while
the lower-binding-energy peak has increased. This is further evidence of the degradation of
the I-PFC12 SAMs, with the CF3/CF2 breaking down and forming C-CFx and CHF bonds.
An overlay of all the F 1s peaks is displayed in Figure S3 of the Supplementary Materials,
where the decrease in F 1s intensity is clearly shown with increasing exposure time to
ambient conditions.

The O 1s and Si 2p core-level scans are displayed in Figure S2 of the Supplementary
Materials. The O 1s in Figure S2a predominantly consists of SiO2 at 532.4 eV, with evidence
of some C-O bonds at 531.5 eV due to the presence of adventitious carbon. There does
not appear to be any oxidation of the SAMs as no evidence was seen in the spectra for
the formation of CO bonds or for FO bonds over the course of the experiment. The Si 2p
core-level scans (Figure S2b) have two component peaks visible: Si bulk at 99.1 eV and
SiO2 103.1 eV. The Si 2p does not show any interaction with the SAMs, the iodine head
group, or any carbon or fluorine bonds.

Several samples were maintained in dark containers and placed in a cabinet with
no exposure to light for up to three months. The atomic concentrations (Table 1) reveal
little change in the F 1s after one month when kept in dark conditions, with only a slight
decrease from 19.1% to 18.6%, which is well within experimental error. This is consistent
with the findings of Shou et al. [38]. Following three months in dark conditions, the loss
of fluorine is just under 2%, as the F 1s concentration was recorded at 17.3%. Figure 4a,b
overlays the unnormalized C 1s and F 1s, both as received and after 3 months of being kept
in the dark. C 1s shows a slight decrease in the C-F bonds on the higher-binding-energy
peak, which is consistent with the loss of CF2/CF3 bonds. A decrease in F 1s intensity was
observed, corresponding to the decrease in C 1s. Overall, no change in peak shape was
observed, demonstrating that although the CFx bonds were being removed, there is no
creation of any new chemical states.
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3.4. I-PFC12 Deposited on TiO2

Table 2 shows the atomic concentration taken from the survey spectra of the I-PFC12
deposited on the TiO2 when exposed to ambient light over time. A 10.2% decrease in the
F 1s from 17.6% to 7.4% is observed after one month of exposure to ambient light. The C 1s
increases over time from 11.56% to 14.4%. A 5% increase in the O 1s was also observed
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during this time, while the Ti 2p remained fairly constant. This suggests that the SAMs
degrade with ambient exposure due to the removal of the fluorine atoms, which reveals
more of the TiO2 substrate. As previously stated, the expected C:F ratio is 12:25, and on the
TiO2 substrate, it was found experimentally to be 12:17. This indicates that more carbon is
present on the sample, pointing to the presence of adventitious carbon upon atmospheric
exposure, which is similar to the case of the SiO2 substrate. This ratio does change over time
and with exposure to ambient conditions, increasing to 10:7 after a month of ambient light
exposure. The change in ratio again points to the decomposition of the perfluorocarbon
chain when exposed to ambient light. The change in F content is more substantial on the
TiO2 substrate than that observed on the SiO2 substrate, with a loss of 10.2% of the F 1s
on TiO2 compared to a loss of 6.2% on the SiO2 substrate. It is proposed that this sharper
decrease in F 1s is due to the photocatalytic nature of TiO2.

Table 2. Atomic concentrations of the I-PFC12 deposited on TiO2 when exposed to different durations
of ambient and dark conditions.

C 1s % O 1s % F 1s % Ti 2p %

Reference TiO2 8.4 67.2 0 24.4
As received 11.5 51.9 17.6 19.0

24 h ambient exp. 11.4 52.3 17.3 19.0
1 week ambient exp. 10.2 53.9 15.2 20.7

1 month ambient exp. 14.4 58.5 7.4 19.7
1 month in dark conditions 11.7 51.9 18.0 18.4
3 months in dark conditions 11.9 50.1 18.3 19.7

Figure 5a displays the C 1s, and Figure 5b displays the F 1s for the I-PFC12 SAMs
on TiO2. Four component peaks were identified in the C 1s and were attributed to C-
C/C-H at 284.8 eV, C-O/C-CFx at 286.2 eV, CF at 288.9 eV, and CF2 at 291.6 eV binding
energies [48–50]. The two lower-binding-energy peaks and the CF2 component peak are
consistent with the SAMs on SiO2. However, no CF3 component peak was detected for
any I-PFC12 SAM on the TiO2 sample that was characterized. Interestingly, a CF peak at a
binding energy of 288.9 eV was observed for all samples [44,45].

Little difference was observed in the C 1s spectra between the as-received and the
samples exposed to twenty-four hours of ambient conditions. Only a slight increase was
observed in CF and C-O/C-CFx peaks after one week. After one month, a decrease in
the CF2 peak was observed, and the CF peak underwent a subtle increase. A change in
intensity was also observed for the C-O/C-CFx peak. There was possible evidence of a C=C
peak emerging on the lower-binding-energy side after one month of exposure. Due to the
high signal-to-noise ratio, this peak has not been included in the peak fitting but could give
valuable insights into how the I-PFC12 SAMs degrade. It is thought that the emergence of
this peak is evidence of an intermediate stage in the SAM defluorination process; this will
be explained in more detail in the discussion section. The C 1s showed no evidence of a C-I
bond between the head group of the SAM and the carbon chain.

The as-received F 1s core scan contains two component peaks: CF2 at 688.7 eV and
CF/C-CFx at 687.9 eV. Mirroring C 1s, there was little difference detected between the
as-received and twenty-four-hour exposed samples. However, after one week, a small
noticeable change occurred in the ratio of the two component peaks. The intensity of the
CF/C-CFx appeared to increase with respect to the CF2, reflecting what was observed in the
C 1s spectra. After one month, the F 1s peak depreciated considerably, with the degradation
of the CF2 component peak. Once again, this remains consistent with the trends observed
in the case of C 1s. Figure S4a shows O 1s, and Figure S4b shows Ti 2p. These spectra
remained constant for the entirety of the experiment, and no changes were observed.

From Table 2, a very small increase in both the C 1s and F 1s can be seen in the case
of I-PFC12 on TiO2 after three months in dark conditions. Due to the nature of XPS, this
0.2% increase in carbon and 0.3% in fluorine is well within experimental error and was
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interpreted as no observable change or degradation in the SAM. The overlays of the C 1s
and F 1s are displayed in Figure 6a and b, respectively; they compare the as-received
samples and those that were kept for three months in dark conditions. An increase in
intensity for both peaks was observed after three months, again demonstrating no signs of
defluorination of the SAMs. Therefore, the SAMs are stable on TiO2 for up to three months
in the dark, confirming that the changes observed are due to the ambient conditions and
not just the SAMs degrading over time.
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4. Discussion

The more pronounced defluorination of the I-PFC12 SAM on TiO2 compared to the
SiO2 can be attributed to the photocatalytic nature of the TiO2 substrate. This is a well-
known phenomenon and property of TiO2 that enables its many applications, from water
splitting to use in solar cells; it is utilized here to actively degrade SAMs. A review
by Schneider et al. provides a comprehensive overview of the mechanisms behind the
photocatalytic nature of TiO2 and some of its practical uses [52]. Environmental science
studies can provide valuable insights into the degradation of per- and polyfluorinated
molecules. These molecules are heavy pollutants found in water and can bioaccumulate
in both animals and humans. Considerable research has been carried out in recent years
into how best to degrade and decompose these molecules. As they are similar in structure
and composition to the I-PFC12 SAMs, they can be used as an analogy as to how the SAMs
degrade. Bentel et al. looked at the defluorination of 34 differently terminated per- and
polyfluorinated molecules and found differences in the decay of these molecules based
on termination and chain length [53]. In particular, several studies have looked at using
photocatalytic solutions to disassociate the C-F bonds found in these molecules. Of these,
TiO2-based photocatalysts have been shown to be extremely effective [44,45].

Yamijala et al. [54] investigated the degradation of per- and polyfluoroalkyl substances
using molecular dynamic simulations. Their findings demonstrate that excess electrons
are the key to the defluorination process. These excess electrons can originate from oxygen
vacancies in the TiO2 and from photoexcitation. Due to the wide band gap of TiO2, the
charge carrier lifetime increases as the electron–hole recombination rate decreases. This
gives a greater chance of electrons reaching the surface compared to other materials,
including SiO2, which is known to be a poor photocatalyst. The results observed here
demonstrate the superior photocatalytic behavior of the TiO2 substrates over the SiO2
substrate, as after one month of ambient light exposure, the SAMs decreased by 10.2%
compared to 6.2%, respectively.

Figures 3 and 5 reveal different pathways to degradation in relation to the I-PFC12
SAMs depending on the substrate they are deposited on. On the SiO2 substrate, the
growth of an intermediate CHF-CHF bond is observed as the CF3 and CF2 peaks decrease.
However, the emergence of a CF peak was observed on the TiO2 substrate, and there was
an increase in the C-CFx component peak. Despite the fact that the SiO2 substrate is an
inefficient photocatalyst, it can absorb shortwave UV light. Following the UV ozone pre-
treatment step, the surface is OH terminated. The SAM cannot bond to every available OH
site due to the steric hindrance of the SAM molecules, and so some OH groups remain on
the surface. The creation of electron–hole pairs due to light exposure allows for the creation
of OH radicals as there are already OH groups present as well as absorbed water [55].
The created OH radicals are then free to interact with and degrade the SAM chain. It is
postulated that these radicals can disassociate a C-F bond within the CF2 chain, leaving
CHF in its place.

On the other hand, the TiO2 substrate has excess electrons, which can disassociate a
C-F bond, as shown by Yamijama et al. Their simulations show that the dissociation of the
C-F bond forms a C=C bond in the chain. Liu et al. [56]. also established that C-F bonds
in the presence of a C=C bond can degrade much more rapidly than a C-F bond in the
presence of a C-C bond. The more C=C bonds formed, the quicker the defluorination of
I-PFC12 will happen. Although the signal to noise for the sample exposed to one month of
ambient conditions is poor, the formation of a C=C cannot be ruled out. Figure S5 displays
an alternate peak fitting for the C 1s after one month of ambient exposure in the case of TiO2.
A component peak corresponding to C=C can be added on to the lower-bonding-energy
side of the C-C/C-H peak. While a more conservative approach has been taken for peak
fitting to keep it consistent with the other experimental steps, the emergence of a C=C peak
cannot be fully ruled out. The inclusion of the C=C would experimentally confirm the
previous studies of Yamijama et al. [54].
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5. Conclusions

In conclusion, the stability of I-PFC12 SAMs deposited on both SiO2 and TiO2 was
investigated when exposed to ambient light conditions for different durations of up to one
month. No obvious X-ray damage of the SAM molecules was detected following 2–2.5 h
of X-ray exposure. The iodine head group was not observed on any sample, whether
deposited on SiO2 or TiO2, with no evidence of the C-I bond between the head group of the
SAM and the carbon chain observed in the spectra. This indicates that any degradation of
the SAMs is not due to iodine’s readiness to absorb EUV. Despite the fact that iodine was
not observed, the degradation of the SAMs on the two different substrates was successfully
compared, and as expected, the SAM degrades more on the TiO2 substrate due to its
superior photocatalytic nature compared to SiO2.

For the SiO2 substrate, the degradation of the SAM through defluorination is postu-
lated to occur due to OH radical formation. The C-F bonds are cleaved to form CHF-CHF, as
reflected by the C 1s spectra. The complete removal of the CF3 bonds following one month
of ambient exposure is evident, while the F 1s exhibits an obvious difference in the ratio
of the two main component peaks after one month. A different degradation mechanism
is observed for the SAM on TiO2. The excess electrons generated during ambient light
exposure disassociate C-F bonds and potentially form C=C bonds, which, in turn, speed up
the degradation of the molecule. After one month of ambient exposure, a C=C component
peak is visible in the C 1s spectra, verifying the predicted defluorination process. It was
observed that the samples of I-PFC12 left in dark conditions with no exposure to ambient
light displayed little to no degradation. This confirms that any defluorination is due to
exposure to ambient light. Finally, it has been shown that I-PFC12 SAMs are potential
candidates for resistless EUV lithography processes as they are easily degraded, even under
ambient exposure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14110982/s1, Table S1: Atomic concentrations testing for X-ray
damage on both substrates; Figure S1: I 3d, where no evidence of iodine was found on either substrate;
Figure S2: (a) O 1s and (b) Si 2p of I-PFC12 on SiO2 showing no chemical bonding change after
different lengths of ambient exposure; Figure S3: Overlay of the F 1s at each experimental step on
SiO2; Figure S4: (a) O 1s and (b) Ti 2p of I-PFC12 on TiO2 showing no chemical bonding change
after different lengths of ambient exposure; Figure S5: An alternative fit of the C 1s including a C=C
component peak at 284.4 eV for the I-PFC12 on TiO2 after 1 month of ambient light exposure.
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