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Abstract: A micropatterning technique was applied to an n-octadecyltrimethoxysilane self-assembled monolayer (ODS-SAM)
formed on Si substrates covered with a 2 nm thick layer oxide using excimer lamps to radiate vacuum ultraviolet (VUV) light at 172
nm in wavelength. The results of Kelvin-probe force microscopy (KFM) and lateral force microscopy (LFM) analyses showed that
the second monolayer was stacked to the VUV-modified area of the ODS-SAM. Oxides, i.e., -COOH groups, were formed before
the ODS-SAM completely decomposed and was removed from the substrate. Coplanar binary alkylsilane SAM microstructures were
successfully fabricated by adopting the response between —OCHgs functional groups with —COOH groups on the ODS-SAM modified
using VUV light. Furthermore, as shown in the KFM image, the region covered with the FAS had a surface potential ~60 mV lower
than that of the region covered with ODS. The origin of the image contrasts between the ODS- and FAS-SAMs was the significant
difference in the electronic states between the ODS and FAS owing to the electron negativity of fluorine atoms. The difference in the
surface chemical composition of the SAMs could be clearly and sensitively measured through KFM based on the difference in the
surface potential between the ODS and FAS.
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1. Introduction

In recent years, interest in the fabrication of microstructures
composed of organic molecules in artificial design is increasing
in the marine, microelectronics, and biotechnology industries.
Furthermore, marine-textured antifouling coatings are actively
being developed using the micropatterning technique [1]. Ox-
ides are the main compounds in microelectronic components
that are widely used in insulators [2], piezoelectric [3], ferroe-
lectronics [4], and ferromagnetics [5]. However, because of its
extended chemical durability and physical stability to electron
beams and lasers, it is difficult to micropattern oxides through
typical microfabrication processing using chemical or physical
etching methods. Consequently, their microprocessing is cur-
rently achieved through complicated photolithographic technol-
ogy involving several processes. Therefore, an alternative
method requiring neither etching nor additional posttreatment
methods is necessitated.

An approach involves using patterned organosilane self-
assembled monolayers (SAMs). SAMs can be applied in vari-
ous areas. It is believed that SAMs can be applied to the corro-

sion protection of electronic devices and precision circuit com-

ponents in the marine industry under harsh environmental con-
ditions [6]. Organosilane SAMs have been frequently used as
patternable materials in microfabrication processes [7]. Because
this technique is the most feasible owing to its ability to transfer
the entire pattern of the photomask to a SAM through a single
exposure, photolithography methods have been generally
adopted for organic SAMs prepared homogeneously via micro-
patterns. However, the photolysis mechanism has not been in-
vestigated in detail, although knowledge of this mechanism can
be useful in the optimization of the SAM micropatterning pro-
cess. Most previous studies were focused on the primary pho-
tolysis pathway of alkylsilanes or alkanethiol SAMs to ozonol-
ysis [8]. In addition, some researchers concluded that the com-
bination of ultraviolet (UV) radiation [9] and oxygen is neces-
sary for the degradation of alkylsiloxane SAM [10]. However,
the condition of the irradiated SAMSs remaining on the substrate
during the photolysis process has not been discussed in detail.
As the carboxyl-terminated surface is relevant in the mi-
cro/nanofabrication processes, in this study, the alkylsilane
SAM, i.e., octadecyltrimethoxysilane SAM, was terminated

with a carboxyl group [11]. Furthermore, this method was ap-
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plied to the formation of binary organic microstructures consist-
ing of n-octadecyltrimethoxysilane (ODS) and fluoroalkylsilane
(FAS) molecules.

2. Experimental method

2.1 Sample

types of organosilane precursors, oDs
[CH3(CH2)17Si(OCHs)s] and FAS  [heptadecafluoro-1,1,2,2-
tetrahydro-decyl-1-trimethoxysilane; [FsC(CF2)7(CH2)2Si(OCHs)s]

were obtained from Gelest Inc. and used as received for SAMs.

Two i.e.,

The chemical formulas of these precursors and their corre-
sponding SAMs are shown in Figure 1. ODS-SAM was pre-
pared on a Si (100) substrate covered with a natural thin oxide
layer (ca. 2 nm) using a chemical vapor deposition (CVD)
method [12]. The samples were produced using the procedure
schematically illustrated in Figure 2.

First, all the substrates cut from the wafer were washed with
ethanol and ultrapure water for 20 min in this order. Next, the
washed substrates were photochemically cleaned and hydrox-
ylated simultaneously through vacuum UV (VUV) generated
using an excimer lamp (Ushio. Inc., UER20-172V; intensity at
lamp window of 10 mW cm) for 20 min at a lamp-sample
distance of 5 mm in air. This photochemical washing method is
described in the literature [12].
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Figure 1: Chemical formulas of (a) ODS and (b) FAS mole-
cules and the corresponding SAMs

In a nitrogen-filled glove at a regulated humidity of approxi-
mately 17%, the sample and 60 pL of ODS liquid in a 3 cm?
glass cup were placed in a 120 cm?® Teflon container. The con-
tainer was then sealed using a screw cap and placed in an elec-
tric oven at 150 °C for 3 h. The ODS liquid in the vessel vapor-
ized and reacted with —OH groups on the silicon sample surfac-

es. The molecules were fixed onto the sample surfaces and con-
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Figure 2: Schematic for preparing second layer stack
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nected to adjacent ODS molecules via siloxane bonds (Figure 2
a). The increase in the contact angle from 0° to 104° on the
average indicated the formation of ODS-SAM, and the estimat-
ed thickness of the ellipsometry was approximately 1.4-1.5 nm
using the air/SiO2/Si model. The specific properties of the va-
por-phase-grown ODS-SAMs have been reported [13].

Second, photolithography micropatterning was performed on
the samples covered with ODS-SAM (Figure 2 b,c). The ODS-
SAM surface was locally irradiated through a photomask for 40
min at a lamp-sample distance of 30 mm using VUV light.
Based on the results of our previous study [13], we reflected the
optimization conditions for the chemical conversion of this
VUV light system. Finally, in the micropatterned ODS-SAM
sample used as a template for the second CVD, FAS or ODS
was selectively stacked in the VUV-modified region of the
ODS-SAM. Thus, the binary microstructures composed of
ODS/FAS and ODS/ODS were fabricated by selectively stack-
ing two SAMs, i.e.,, FAS or ODS molecules, into a VUV-
modified region (Figure 2 d).

2.2 Characterization

The samples were analyzed through Kelvin-probe force micros-
copy (KFM) and lateral force microscopy (LFM) using a scanning
probe microscope (SPM, Seiko Instruments Inc., SPA-300HV +
SPI3800N), and the microscope was set in a vacuum chamber. Air
was released until the pressure in the chamber was less than 10
Pa to minimize the effects of the adsorbed water on the sample.
The chamber was then filled with nitrogen. KFM was performed
in this nitrogen atmosphere using a gold-coated Si cantilever with
a force constant of approximately 2 N m, resonance frequency of
approximately 30 kHz, and Q factor of approximately 180. Non-
contact atomic force microscopy was performed during KFM
imaging based on the amplitude detection mode. The cantilever
vibrated at a slightly lower frequency than the resonance frequen-
cy. While the conductive cantilever was grounded, an alternating-
current voltage of 2 V at frequency 2-3 kHz lower than the canti-
lever vibration frequency was applied to the sample. The KFM
images of the sample surfaces were captured at a probe scan rate
of 0.1-0.2 Hz. The LFM images of the samples were acquired in a
nitrogen atmosphere under a load of 10 nN using an Si probe (Park
Scientific Instruments, Ultralever, force constant = 2.8 N m). The
same probe was used in this study to minimize the differences in
the contact area between each measurement and to compare the

measured lateral forces accurately.

3. Results and discussion

Before we explain the steps of obtaining the second layer
stack, first, we discuss the VUV photolysis mechanism of ODS-
SAMs.
chloromethylphenylsilane SAM to COOH-terminated SAMs
exist [11]. In this case, the —CH2Cl groups absorbed UV light

Several reports of photochemical reactions from

and subsequently oxidized it with oxygen.

However, in the case of the VUV decomposition of ODS-
SAMs, the VUV light separates chemical bonds and forms radi-
cals [14], such as C-C, C-H, and C-Si, during soft X-ray irra-
diation. [15]. These radicals can react more with atmospheric
oxygen and water molecules. Because the VUV irradiation for
ODS-SAMs was performed in air, this reaction was more effi-
cient in our study because more than 1000 times of oxygen
molecules were formed on the sample surface than in previous
studies conducted in vacuum [16]. Moreover, the VUV light
was absorbed simultaneously with the oxygen molecules, pro-
ducing atomic oxygen species [17]. Because these reactive oxy-
gen atoms exhibited strong oxidation reactivity, the organic
radicals formed through direct VUV stimulation of ODS-SAMs
reacted further with activated oxygen atoms to form -COOH
groups. As VUV irradiation became prolonged, the ODS-SAM
was finally converted to volatile species, such as H20, CO, and

COz, and removed from the substrate.
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Figure 3: LFM and KFM images of micropatterned ODS (a, d),
ODS second layer stack (b, €), and FAS second layer stack (c, f)

samples
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Next, the second SAM, i.e., FAS or ODS, was deposited onto
the ODS-SAM/Si substrate micropatterned with VUV irradia-
tion for 40 min through a photomask at a lamp-sample distance
of 30 mm. During this irradiation, it was assumed that the
VUV-radiation region of the ODS-SAM was covered with the —
COOH group, as observed in previous studies [13].

The LFM and KFM images of the micropatterned ODS (a,
d), ODS second layer stack (b, €), and FAS second layer stack
(c, f) samples are depicted in Figure 3. The ODS-covered re-
gion had a surface potential 18 mV lower than that for the
COOH-exposed region (Figure 3 d). Figure 3 ¢ shows an LFM
image of the FAS second layer stack in which the bright and
dark regions correspond to the FAS- and ODS-covered regions,
respectively. The 7.5 um x 7.5 pm bright areas (photomask size
of Figure 2 c) of the FAS-SAM were clear imaged through the
difference in friction between the FAS and ODS-covered re-
gions. In addition, owing to the negative electron of fluorine
atoms, the KFM image of the FAS second-layer stack (Figure 3
f) showed potential contrast, as the FAS-covered region ap-
peared to be darker than the ODS-covered region. This differ-
ence demonstrated that the FAS-SAM was selectively formed
on the VUV-irradiated area through the chemical reaction be-
tween the -COOH group and OCHs— group of FAS molecules
or their hydrolyzed form, —OH. The potential contrast between
the ODS and FAS was ~60 mV. The order of the surface poten-

tials is expressed in Equation (1).

~COOH groups (area modified by VUV light) > ODS > FAS (1)

4., Conclusion

Through VUV lithography and spatially selective monolayer
CVD, a binary microstructure composed of ODS/FAS and
ODS/ODS was fabricated successfully. Surface potential mi-
cropatterns could be fabricated on Si substrates in more diverse
designs using this approach. This method is expected to be use-
ful for fabricating complex organic molecular devices combined
with Si microdevices in the future. Additionally, the microfabri-
cation techniques applied in this study provides the foundation
for innovative scientific research. Considering that the surface
potential contrast of the ODS-SAM and FAS-SAM was approx-
imately 60 mV, we demonstrated that the KFM measurement
tool is useful in distinguishing the types of organic molecules

adsorbed into Si substrates.
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