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Abstract: We used atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) to
comprehensively study the growth and the cross-linking of dotriacontane (C32H66) nanofilms that
were deposited on a silicon wafer by the spin-coating process. It was found that the molecular
structure of the nanofilms changed with C32H66 concentration at the given spin speed, of which a
monolayer of oriented C32H66 molecules, formed at lower deposition concentrations, was composed
of a perpendicular orientation state with the molecular long-chain axis perpendicular to the substrate
surface and a parallel orientation state, while the perpendicular state was essentially dominant
when the nanofilm was formed at higher deposition concentrations. The shortening of the first
perpendicular layer in AFM topography could be attributed to the mixing of both parallel and
perpendicular lamellas in the first layer. XPS analysis indicated that the average thickness of the
layer almost linearly increased with the C32H66 concentration. The monolayer of C32H66 film could
be cross-linked by a hyperthermal hydrogen-induced cross-linking (HHIC) at a few eV via kinetic
collision to cleave C-H bonds. The water contact angle measurement of extensive HHIC on C32H66

nanofilms disclosed that the static contact angle decreased with the treatment time (or fluence) and
saturated after full cross-linking of the film.

Keywords: C32H66 nanofilm; molecular orientation; cross-linking; hyperthermal hydrogen

1. Introduction

N-alkane nanofilms supported on solid substrates have been extensively studied both
experimentally [1–13] and theoretically [14,15] since the last decade. Interesting points for
these studies are not only its fundamental importance for n-alkane as a main constituent
of many molecules with industrial (e.g., as the principal constituents of commercial lubri-
cants [16]) and biological relevance, as well as constituents in lots of polymers (as prototypes
of more complex polymers) used in coatings, adhesives, and electronic devices, but also its
interfacial structure at the molecular level, which acted as the desirable temporary masks
to protect surfaces owing to the physisorbed and easily removed characteristic [17]. This is
because the long-chain hydrocarbon plays an important role in the structure formation pro-
cess, such as the crystallization of fats and polymers, and the formation of lipid membranes.
Most of the past studies focused on the fundamental understanding of the structure forma-
tion of hydrocarbons based on a simple long-hydrocarbon-chain molecule, such as n-alkane,
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and all the studies related to different lengths of the n-alkane molecules and substrates
concluded that long-hydrocarbon-chain molecules were arranged in an ordered lamellar
structure, in which the molecular long-chain axes were parallel to each other due to the
van de Waals interaction among the molecules, and their end groups were on same plane.
Two typical preferred molecular orientation states were observed on substrate surfaces, to
the highly attractive surface, e.g., metal and HOPG, and very thin n-alkane was found to
crystallize with their molecular axes parallel to the substrate [15], while for intermediate-
length n-alkane prepared on SiO2 (Si wafer with native oxides), it was found that the chains
were dominantly perpendicular to the substrate, proposed by Riegler and co-workers [1–4].
Taub’s group also proposed that for intermediate-length-chain alkane molecules on SiO2,
there is one or two molecular layers of the parallel chains underneath [5–9]. Very recently, a
Monte Carlo simulation by Yamamoto et al. [15] suggested that the crystalline films consist
of thin crystalline lamellae where chains are either parallel or perpendicular to the substrate.
The relative number of the lamella types is dependent on film thickness, substrate attraction,
and crystallization temperature. They concluded that the thicker films on substrates of
higher attraction comprise dominantly parallel lamellae, while thinner films on substrates
with weaker attraction prefer perpendicular lamellae. Nozaki et al. [10] demonstrated
very recently that, based on vacuum-evaporation-deposited n-alkane (n = 23–27) thin film,
using X-ray diffraction (XRD) and atomic force microscopy (AFM) analysis, there is only a
perpendicularly orientated state at a high substrate temperature and a low evaporation
rate, while the films are composed by the “co-existence” of both perpendicular and parallel
states at lower temperatures. They concluded that the perpendicular state is the most
thermodynamically stable state. The thin films of n-alkane can be prepared both by liquid
(wet chemistry, dip coating based on physical absorption, and/or spin casting) and dry
(evaporation in vacuum) methods on a Si wafer (with native oxide layer), Ag, In, and
HOPG. However, spin casting used for preparing the nanofilms of n-alkane, as a very
simple method, still lacks a systematic study, such as a systematic study of n-alkane films
with different thicknesses prepared by spin casting. Meanwhile, the preparation and study
of the monolayer of n-alkane films prepared by spin casting has barely been reported.
Herein, we have designed and prepared the n-alkane films with different thicknesses from
a sub-monolayer to multilayer by spin casting systematically and established a method to
control the film thickness.

Previously, the n-alkane films were studied by several advanced analytical techniques,
including scanning tunnelling microscopy (STM) [11], AFM [8,18], XRD [3,10,12], high-
resolution ellipsometry [5], and synchrotron X-ray scattering [6,7,19] analysis. It is obvious
that STM and AFM techniques provide the localized surface microstructure of the layers,
while XRD, high-resolution ellipsometry, and synchrotron X-ray scattering results reflect
average information of the surface microstructure. Thus, it is meaningful to combine the
analyses both in localized and large-area regions for completely understanding the growth
of the thin films, especially the thin films with different thickness. Meanwhile, X-ray
photoelectron spectroscopy (XPS) has previously been little used to study the detailed
information of well-organized n-alkane molecular layers. Herein, the organized molecular
films have been characterized by both AFM and XPS, especially based on C1s peak-shape
analysis and the change in the film thickness. We found that the first C32H66 thin films are
comprised of the coexistence of parallel-oriented-state and perpendicular-oriented-state
molecular lamellae in our preparation condition, which settled the dispute about the C32H66
heights measured by AFM [8,18].

In addition, the n-alkane films in previous research were all formed by the van der
Waals force (just physical absorption). Thus, these n-alkane films are loose and their
application is limited. In this work, we utilized a new green technology of hyperthermal
hydrogen-induced cross-linking (HHIC) [20] to successfully make the C32H66 molecules
be firmly connected, and the cross-linking process was studied by AFM and XPS in detail.
The collapse and re-organization in well-organized molecular films induced by HHIC were
observed, and AFM/XPS analyses suggested that HHIC made C32H66 cross-link and link
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more compactly without changing the film thickness, while its XPS effective thickness did
not change.

2. Materials and Methods

C32H66, hexane, ethanol, and acetone with a nominal purity of 98% were purchased
from Aldrich and used without purification. C32H66 was dissolved into hexane under
magnetic stirring, to keep its concentration varying from 0.05% w/v to 0.5% w/v. Fresh
n-type Si wafers with a length/width of 10 × 10 mm2 and a SiO2 layer about 1–2 nm in
height were obtained by ultrasonic cleaning in ethanol, acetone for 30 min each, and then
drying at 60 ◦C. A 50 µL solution was casted on a Si wafer surface, spun at 5000 rpm until
it transformed into a film, and the final C32H66 nanofilm was obtained after drying at 60 ◦C
for 4 h.

Cross-linking experiments were conducted on a home-made electron cyclotron reso-
nance ECR-enhanced microwave plasma reactor, which uses extraction ions to fill a space
fully with H2 gas to collide and exchange its kinetic energy to hydrogen. This process may
produce H with some certain kinetic energy and/or H2 having more kinetic energy. The
energetic hydrogen breaks C-H bonds and then all C radicals will produce cross-linking.
The bombardment fluence of hyperthermal hydrogen on the samples was estimated by the
extraction voltage (as primary H+ kinetic energy) and collision numbers, which depend on
the distance between extraction grids, sample surface, and the pressure, for a given extrac-
tion voltage. One of the bombarded C32H66 samples was soaked, washed by hexane, and
then dried with compressed N2. All samples were sent to XPS and AFM characterization
ex situ. Direct evidence of the cross-linking was to be identified if there was any C32H66
film remaining in the surface after washing by hexane.

XPS was carried out with a Kratos Axis Ultra spectrometer using a monochromatic
Al Kα source (8 mA, 14 kV). High-resolution spectra of the core level were recorded
using a 0.05 eV step, 20 eV pass energy, and an analysis area of 300 µm × 700 µm, while
survey spectra were recorded at a 0.7 eV step, 160 eV pass energy, and analysis area of
300 µm × 700 µm. AFM topographic images were obtained in an area of 5 µm × 5 µm
using a Park Systems (Model: XE-100) operated in the noncontact mode. We used a
noncontact cantilever with a nominal spring constant of 40 N/m and the tip was pyramidal
in shape with a radius of 10 nm at the apex.

Wettability of the surfaces was evaluated through contact angle measurement using a
Rame-hart 100 goniometer. Drops (10 µL) of deionized water were placed into the surfaces
via a micrometer syringe (Gilmont Instrument). At least three measurements on each of the
two identically treated samples were taken and averaged.

3. Results
3.1. Surface Morphology of the C32H66 Thin Films by AFM

Although Taub’s group had extensively studied [8,18] the surface morphology of
C32H66 by contact and noncontact AFM using two different thicknesses, 6.5 nm and 9.5 nm,
by the dipping coating physical absorption process, their studies were not concentrated
on monolayers or sub-monolayers and a series of films with different thicknesses. Here,
we prepared a series of samples with different average thicknesses from 2.4 nm (sub-
monolayer) to 10.5 nm by changing the C32H66 concentration at a given spin-coating
speed. Though the thickness of the films was estimated by XPS, AFM topographic images
provided useful information on the thickness and coverage of the alkane film. Typical
AFM images and a couple of profiles isolated from the images are shown in Figure 1, as
well as in Figures S1 and S2 (Supporting Information). They showed that the topographies
were composed of dendrites (relatively low C32H66 concentration) or island-like structures,
which is consistent with Taub’s AFM results [8,18] and Nozaki’s AFM data [10]. These
surface features could be attributed to perpendicularly oriented C32H66 molecules. Our
AFM measurement noise on the Si wafer (without coating anything) was about ±0.1 nm
(see Figure S3).
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Figure 1. AFM images and two representative profiles isolated from the images of C32H66 thin films
deposited with different concentrations on the substrate. (a) 0.05% w/v, (b) 0.13% w/v, (c) 0.3% w/v,
and (d) 0.5% w/v.
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Shown in Figure 1a,b are two AFM images for samples made with lower C32H66
concentrations (0.05 and 0.13 w/v, respectively). Self-assembled monolayers (SAMs) of
C32H66 were observed. AFM images were flattened line by line along the fast scan direction
(x-axis), allowing accurate measurements of the thickness of the monolayers from 10 profiles
isolated from the image. The thickness of the monolayers estimated by using this approach
for both images was 3.9 ± 0.2 nm. Also shown in these two figures are two representative
profiles isolated from each of the two images. The thickness and coverage of the monolayers
could also be estimated from the histogram and bearing ratio, respectively. For example,
the histogram and bearing ratio of Figure 1b are shown in Figure S4. The height rises
seen in Figure 1b were excluded for calculations of the histogram and bearing ratio. The
histogram suggested that the thickness of the monolayers was 3.9 nm and the bearing ratio
indicated that the coverage of the monolayers was approximately 68%.

Our AFM results showed that the long-chain alkane molecules self-assembled on the
substrate, even though there were no interactions between the methyl groups and the
hydrophilic silicon substrate. This suggested that the van der Waals forces between the
long methylene chains dictated the assembly of the alkane molecules. Due to the lack
of interactions between the molecules in this type of SAM and the substrate, they were
susceptible to solvent, which would be discussed later.

With an increased concentration, as shown in Figure 1c (0.3% w/v), the formation of
multiplayers was observed. The thickness of the top monolayers in the multilayer structure
was 4.3 ± 0.1 nm, which was slightly thicker than that (3.9 ± 0.2 nm) of the monolayers over
the substrate seen in Figure 1a,b. This indicated that the molecules in the monolayers on
the Si substrate (Figure 1a,b) tilted more than those in the top monolayers of the multilayers
(Figure 1c). It was intriguing that the first monolayer contacting the substrate in Figure 1c
(the groove-like features located at lower left and upper right) had a lower thickness of
3.4 ± 0.1 nm (Figures 1c and S1).

When the C32H66 concentration was increased to 0.5% w/v, as shown in Figure 1d,
multilayers were seen. The topography of this sample was similar to that shown in Figure 1c,
except for more stacked layers. The profiles isolated from the AFM image showed that the
highest layers were more than 20 nm. Therefore, for studying C32H66 SAMs, we selected
samples made with lower concentrations.

Figure 2 shows the results of the cross-linking of C32H66 SAMs induced by HHIC,
which is one of physical collision-inducing C-H bond breaking and forms C-C cross-
linking [21–23]. Insets are their AFM images under a small scanning scale (1 µm × 1 µm).
The C32H66 SAMs seen in Figure 2a were completely removed from the Si substrate upon
hexane rinse, shown in Figure 2b. This was a reflection that the alkane SAMs were simply
physisorbed on the substrate so that the molecules were dissolved in hexane. Upon cross-
linking of the alkane molecules, as shown in Figure 2c, the topography of SAMs remained
largely similar to that of the pristine SAMs. Figure 2d shows that the cross-linked SAMs
survived the hexane rinse. In this case, even though there were no interactions between the
SAMs and the substrate, the SAMs themselves were now not soluble in hexane.

Although there was little change for the bombarded C32H66 layer (Figure 2c) in the
surface morphology shown in AFM images (Figure 2), a certain increase in the surface
roughness, based on a scanning line noise analysis (one could see that the height of the line
profiling increased from ±0.2 nm to ±0.3 nm), had been evidenced. Surface morphologies
of the treated and washed C32H66 layers (Figure 2d) showed a significant increase in surface
roughness in the perpendicular layer from ±0.2 nm (as-deposited) to ±0.5 nm or even
as high as to ±1 nm (Figure S5). There were a lot of aggregated nanoparticles or clusters
appearing in the perpendicular region, although it was not able to find any thickness
change by XPS estimation within experimental errors. We noted that the “bulk particles”
(for example, nanoparticles as high as ~40 nm in Figure 1b,d) density and dimension
in the film increased with C32H66 concentration and their orientation was always in a
perpendicular state. Meanwhile, we also noted that the perpendicular layer was always
not completed in each layer.
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Figure 2. AFM images of C32H66 thin films prepared at the concentration of 0.13% w/v (a) as-
deposited, (b) as-deposited and hexane-washed, (c) after hyperthermal hydrogen bombardment
cross-linking, and (d) after hyperthermal hydrogen bombardment and hexane washing (insets: their
higher-resolution images and scanning scale is 1 µm × 1 µm).

3.2. Surface Chemical Composition of the C32H66 Thin Films

XPS analysis results, both before and after cross-linking induced by bombardment, are
shown in Figure 3. A comparison of XPS survey spectra of different treated C32H66 samples
clearly showed that the C1s signal became very small for the untreated and hexane-washed
case. Here, O1s, Si2p, and Si2s came from substrates in the spectra. There was almost
no change in the ratio of C1s to Si2p intensity (peak area) for the cross-linked samples.
This was consistent with AFM results. The thickness of the thin film can be approximately
estimated by using the C1s to Si2p peak area, following Equation (1):

IC1s
ISi2p

=
I0
C1s

I0
Si2p

1 − e−d/λSi2p

e−d/λC1s
(1)

where I is the peak intensity (peak area) of photoelectron emission, d is thickness of the thin
films, and λ is the photoelectron mean free path in the thin films.

This method was assumed one of the best methods to estimate the thickness of organic
molecular layers [24–26]. Then, we obtained a relationship of the thickness of thin films as a
function of C32H66 concentration. Indeed, the thickness of the thin films was correlated with
C32H66 concentration linearly in Figure 4 for a given spin speed. It should be mentioned
that the estimation may have had a larger error because Equation (1) supposed that the
layer was homogenous in thickness. However, our AFM image indicated that the layer
was composed of a perpendicular state (about 4.3 nm thick) and parallel state (about
0.5 nm thick). Therefore, the layer thickness estimation by XPS was an equivalent (or mass)
thickness or apparent thickness in a larger analysis area (could be scaled to 100 µm level). It
was also noticed that C1s, in Figure 5, an asymmetric peak, showed a slight increase in the
peak width after cross-linking. The asymmetric index of C1s, which had been discussed
previously, was associated with carbon atomic electronic and crystal structures [27]. The
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asymmetric index value could be estimated by peak fitting using XPS programs, such as
CasaXPS (www.casaxps.com, accessed on 10 May 2022) or XPSPEAK 4.1 (free download is
available from the web). More detailed information about it can be found in reference [28].
It was further interesting that the asymmetric index of C1s of the as-deposited thin film
showed a decrease with the C32H66 thickness (Figure 6), but it remained constant without
any change after full cross-linking except for partial cross-linking and after hexane washing
(using a lower bombardment energy through control of the sample position, shown in
Figure 7). XPS identified that this sample was only 1 nm thick after C32H66 thin-film cross-
linking, confirmed by AFM morphology (see Figure S6). AFM morphology of the sample
showed that the vertical molecule feature disappeared and the surface was composed of
nanoparticles. The nanoparticles had about a 1 nm height estimated from Figure S6.
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Figure 5. Comparisons of C1s of C32H66 thin films prepared at the concentration of 0.3% w/v after
hyperthermal hydrogen bombardment, indicating increase in peak width after cross-linking induced
by the bombardment.
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The cross-linking (estimated by the insoluble thickness by hexane washing) of the
C32H66 thin films as a function of hyperthermal hydrogen bombardment fluence, for a
given hyperthermal hydrogen condition, could be found in Figure 8a, indicating that the
insoluble thickness increased with the hyperthermal hydrogen fluence, and the thickness
reached a maximum when the fluence was higher than 5 × 1016/cm2, which was the
same as the thickness of hydrogen plasma bombardment-induced cross-linking (red star
in the Figure, blue star for the non-plasma-treated sample). The result of Figure 8a also
suggested that the film was fully cross-linked after 5 × 1016/cm2 of hyperthermal hydrogen
bombardment. Indeed, the fluence of full cross-linking is dependent on the thickness of the
film. It was noted that the higher the full cross-linking, the smaller the thickness of the film.
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Figure 7. Cross-linking of C32H66 thin films induced by hyperthermal hydrogen bombard-
ment effects on C1s peak asymmetric index, prepared at a concentration of 0.3% w/v. Ref: as-
prepared thin film. 1A and 1B: fully cross-linked C32H66 after the bombardment and hexane wash-
ing, respectively. 2A and 2B: partially cross-linked C32H66 films (about 25% cross-linking) and
hexane-washing, respectively.

Herein, we introduced another important surface property—wettability of thin films,
to characterize the cross-linking, as shown in Figure 8b. With longer bombardment time, a
higher cross-linking caused a smaller contact angle, which was associated with wettability
of the top surface of the thin film. It should be noted that the cross-linked thin film
prevented the penetration of the moisture onto the top surface of the silicone substrate.
The thickness of the insoluble C32H66 films, both as-deposited, treated, and washed, as a
function of hyperthermal hydrogen bombardment time found in Figure 8b, indicated that
it was fully cross-linked after 200 s of bombardment.

The change in wettability of the thin films surface, both for cross-linked and as-
deposited C32H66, can be found in Figure 8b. Except the early stage of the bombardment
for the treated and washed cases, the wettability of both surfaces was going to be same.
In other words, the water contact angle (WCA) of the washed samples increased with
the bombardment time less than 200 s, while the WCA of the unwashed samples slightly
decreased within 200 s of bombardment. This might suggest that there was no full cross-
linking within 200 s of bombardment. In addition, the lower water contact angle under
the shorter bombardment time and washing could be attributed to uncross-linked C32H66
that had been removed and had left the silicon substrate exposed to direct contact with
water droplets. The result would lead to the decrease in water contact angle. It was also
noted that there was always symmetric water droplets on both the treated and untreated
(as-prepared) samples regardless of the thickness. This might suggest that the Si wafer
was almost covered by a C32H66 layer even it was in a parallel state, with the result being
consistent with the conclusions from Taub’s work [8,18].
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4. Discussion

Basically, we have similar AFM images of the C32H66 thin film as Taub’s group [8,18],
although they used a different preparation process: (1) a shorter step height (about 3.7 nm)
of the first perpendicular layer, which is attributed to the weaker interaction of the cantilever
tip to a perpendicular layer (headed by methyl groups) compared to a parallel layer (–CH),
and (2) a 4.3–4.5 nm step height for the after-first perpendicular layer. However, we also
found that there is a small difference: the step height of two perpendicular layers may
not always be with 4.3 nm or its times. It could be 3.3 nm (Figures 1c,d and S1). The
tip-molecular group’s interaction mechanism obviously does not work in this case. In fact,
it is difficult to believe that there is a significant interaction difference between tip and
groups –CH, –CH3. We propose here that the shortening of the step height of the first
perpendicular layer may be the reason the first layer is composed of the co-existence of the
parallel state and the perpendicular state, rather than the parallel state being underneath
the perpendicular state. Then, we can reconstruct the layer structure, as shown in Figure 9,
according to the line scanning profile in Figure 1. Then, all the differences in the step
height of AFM images can be explained, that is, they are caused by the parallel layer
thickness near the perpendicular layer. This is more in line with the model proposed by
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Riegler et al. [1–4], the recent simulation from Yamamoto et al. [15], and the experimental
results of Nozaki et al. [10].
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As mentioned in the previous section, XPS only offers a mass-averaged thickness due
to the height difference of co-existing parallel and perpendicular C32H66 layer. We may
estimate the average thickness (it should be mass thickness) of the thin films by using the
AFM images with the calculated coverage of the parallel layer and perpendicular layer:

d = 0.5Θ + 4.3(1 − Θ) (2)

where Θ is the ratio of the parallel layer (~0.5 nm) to the perpendicular layer (4.3 nm).
For a 0.05% w/v C32H66 thin film, we have an average thickness of 2.1 nm using

Equation (2), which agrees well with the 2.4 nm estimated by XPS. It should be noted that
the estimation is only limited to very thin layers because there is almost no single parallel
layer for the C32H66 concentration more than 0.13% w/v to use AFM measurement. Here,
XPS will offer a better estimation result at this case.

The formation of a dendrite feature or fractal characterization is generally caused
by limited-diffusion aggregation of C32H66 molecules during the spin-coating process. A
systematical evaluation and explanation of the fractal of n-alkane on the SiO2 surface was
evaluated by Riegler’s group recently [14].

A linear increase in mass thickness (Figure 4) of the C32H66 as a function of C32H66
concentration indicates that the growth of the C32H66 layer is associated with the concentra-
tion, and the thickness of the thin film is controlled by the concentration. This also suggests
that the monolayer thickness, even the sub-monolayer-oriented molecular film, can be
easily prepared by spin-coating by controlling the speed and C32H66 concentration.

We also find that, the C1s features like the peak width and symmetrychanges during
the film deposition and cross-linking, although there are only C-C/C-H bonds, which
supposes that they are indistinguishable in the C 1s spectrum. The asymmetric feature of
the C 1s peak in n-alkane has been noted previously [29], for example, in hexatriacontane
(n-C36H74) carbohydrate, but it has not been completely understood for the peak tail in the
high-binding-energy side. Our previous works [27,28,30,31] and others’ [32] have shown
that the asymmetric change in the C1s peak in HOPG and carbon nanotubes [28] induced by
low-energy ions bombardment can be attributed to the electron states localization of broken
C-C bonds and fragments (for example, formation of nanoparticles of a-C [27,28,30,31]) of
extensive delocalization of the electron state. Herein, the decrease in asymmetric index
and peak width (or full-width at half-maximum, FWHM) upon the thickness of C32H66
may partially be attributed to the decrease in the localized electron state in an individual
molecule or more molecules in each layer (both perpendicular and parallel state). Although
we know that the crystalline of C32H66 is only involved in the van de Waals interaction
with the increase in film thickness, the oriented structure of the C32H66 may share their
electrons in the lamellae to delocalize the electron state. Indeed, it is consistent with our
AFM result: the partial cross-linking of C32H66, as seen in Figure S6, and the clustering
of C32H66 result in the increase in asymmetric index and peak width. This is in good
agreement with the XPS results in Figure 7. However, both fully cross-linked and partially
cross-linked thin films show a smaller asymmetric index, suggesting that the delocalized
electron state both in cross-linked and crystalline C32H66 is similar. A slight increase in
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asymmetric index (Figure 7) of the film after cross-linking may suggest the formation of
amorphous carbon or clustering [27,28,30–32], consistent with AFM images where the
clustering (Figure 2c,d) of C32H66 is due to cross-linking. The formation of nanoparticles of
the cross-linked C32H66 films is in accordance with STM results [33,34] of the cross-linking
of SAMs of dodecanethiol on Au(111) induced by hyperthermal proton bombardment.

Although we observe a decrease in the films (in fact, it is average step height of per-
pendicular lamellae in AFM image) after cross-linking induced by hyperthermal hydrogen
bombardment in the AFM image (see Figure S5), we do not note any decrease in the average
thickness of the film after fully cross-linking by XPS estimation. It may be ascribed to the
decrease in mean free path of the photoelectron in the cross-linked films compared to that
in the films without cross-linking, due to the increase in the density of cross-linked films.
In addition, some residual solvent is absorbed by the films after using solvent to wash.

The slight decrease in WCA for treated samples may indicate the loss of hydrogen
in CH3 to CH or C-C in the top of the molecules due to the cross-linking induced by
HHIC. The increase in WCA with bombardment time for the washed treatment within
200 s suggests that the cross-linking induced by HHIC is incomplete during that time.
This incomplete cross-linking of the films can be partly washed away by hexane and can
leave part of the Si wafer (SiOx) surface exposed to air, which will result in the decrease
in the WCA. Moreover, wettability of films after HHIC treatment further supplies more
information of the cross-linking process. We note that there is an essential difference in
WCA between surfaces treated after hydrogen plasma and HHIC. A lower WCA of the
hydrogen plasma-treated surface implies that there may be partial oxidation after hydrogen
plasma treatment (increase in surface energy). However, a higher WCA of the surface
treated by HHIC indicates that it does not need to be oxidized. This merit can broaden the
application field of HHIC.

Based on both the above XPS and AFM measurements, we can propose a model of
the film growth shown in Figure 9, in which the mixing of the parallel and perpendicular
lamellae in the first layer coexists. The cross-linking of the film induced by HHIC can be
schematized in Figure 10 based on the AFM measurement both in height and roughness.
The cross-linking process of the film can be classified into three stages: oriented molecules
for as-deposited; laying-down of the vertical molecules due to the cross-linking and partial
clustering; and densely disordered and cross-linked film. Clearly, after full cross-linked
fluence (e.g., 5 × 1016/cm2), the film becomes dense and smooth, consistent with the
XPS measurement.
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5. Conclusions

Our extensive AFM and XPS analyses show that there is a co-existence of perpendicular
and parallel molecular lamellae on the Si wafer surface by spin-coasting under very low
C32H66 concentrations. The thin films are dominated by perpendicular state layers, which
result in a multilayer structure for higher C32H66 concentration. The monolayer film,
composed by the mixing of the mono-parallel and mono-perpendicular layers, has been
successfully cross-linked by hyperthermal hydrogen bombardment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12126233/s1, Figure S1: AFM topography of the C32H66 thin
film deposited by 0.3% w/v C32H66 concentration, showing multilayer structures; Figure S2: AFM
topography of the C32H66 thin film deposited by 0.3% w/v C32H66 concentration, showing multilayer
structures and “bulk particles”, where molecules are perpendicularly oriented; Figure S3: AFM image
and two-line profiles of Si wafer surface in noncontact mode; Figure S4: Histogram and bearing ratio
estimation from AFM image shown in Figure 1b; Figure S5: AFM image of a fully cross-linked C32H66
thin-film surface induced by hyperthermal hydrogen bombardment and two line profiles; Figure S6:
AFM image of a partially cross-linked C32H66 thin-film surface induced by hyperthermal hydrogen
bombardment and two line profiles. XPS estimation shows that a 1 nm C32H66 has been cross-linked.
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