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Self-assembled monolayers (SAMs) of amphiphilic organic molecules that form on a solid surface have 
generated an enormous amount of interest in interdisciplinary research areas as diverse as molecular engineering 
of surfaces, tribology, biology, nanotechnology, polymer composites, organic electronics, and analytical 
chemistry. We measured the contact angle to study the surface chemistry and structures of SAMs. 
Octadecylphosphonic acid (OPA) has the featureof being able to form a monomolecular film in an extremely 
short time (i.e., within several seconds). The analytical approaches developed in this study should be applicable 
to research and development related to controlling surface properties.
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1．INTRODUCTION
A self-assembled monolayer (SAM) is an ultrathin film 

that spontaneously forms when a substrate is immersed in 
a solution of target molecules. The organic molecules 
chemically adsorb to the sample, and a 1–2 nm thick 
monomolecular film of organic molecules with a uniform 
orientation can form. SAMs have high orientation and 
stability, and various functionalities can be introduced to 
the solid surface by the terminal functional group. [1]

Self-assembled monomolecular films formed by the 
adsorption and binding of organic molecules on a solid 
surface have been studied for their simplicity of 
production and wide range of applications. Representative 
types are silane and thiol. A conventional silane- or 
thiol-type monomolecular film can take as long as 1-24 h 
to form. [2-3] However, octadecylphosphonic acid (OPA) 
has the feature of being able to form a monomolecular 
film in an extremely short time (i.e., within several 
seconds) [4-8]. Phosphonic acid-based SAMs are stable 
with high orientation in natural oxide films and metal 
oxides of metals and alloys. Hoque et al. [9] reported that 
organic silanes terminated with a fluoroalkyl group 
(CF3[CF2]7CH2[CH3]2SiCl) and phosphonic acid (CF3[CF 
2]7CH2CH2PO[OH2]) and three kinds of alkyl 
group-terminated phosphonic acids (CH3[CH2]n PO[OH]2 n
= 7, 9, 17) formed SAMs on the surface of a Si substrate 
on which Al was deposited. They examined the chemical 
resistance (nitric acid [pH 1.8], 60–95 °C). Their results 
showed that the SROs at the end of the fluoroalkyl group 
exhibited high hydrophobicity with a water droplet contact 
angle of 130°, whereas the OPA-SAMs had the highest 
chemical resistance stability. In this study, a 
monomolecular film was formed on Al to form the natural 
oxide film Al2O3. Furthermore, changes in the surface 
structure of the metal oxide thin film were investigated by 
forming a metal oxide thin film on the surface of the 
monomolecular film.

2. EXPERIMENTS
2.1 Experimental details

A thin Al film was formed on a Si substrate (P type 
100) with a resistance heating deposition apparatus. 
Ultraviolet rinsing was carried out for 10 min with a 
low-pressure mercury lamp. Then, OPA-SAMs were 
formed on the Al thin film with the dip coating method. 
For the dip coat solution, OPA (C18H39O3P) manufactured 
by Tokyo Chemical Industry Co., Ltd. was prepared as a 
solute with anisole (C7H8O) manufactured by 
Sigma-Aldrich as a solvent and pulled up. The pulling 
down speed was 1 mm/s. The film quality of the 
OPA-SAMs was evaluated according to the wettability 
represented by the water drop contact angle and X-ray 
photoelectron spectroscopy (XPS).

A monomolecular film was then applied as a base layer 
to metal oxide thin films. Bismuth vanadate oxide 
(BiVO4) [10-14] and oxidized titanium (TiO2) [15-17],
which are photocatalytic materials, were used for the 
metal oxide thin films. A sputtering method was used to 
deposit the metal oxide thin films. The surface 
characteristics were evaluated with a scanning electron 
microscope (SEM) and scanning probe microscope 
(SPM).

Fig. 1 shows the binding model of OPA-SAMs on an Al 
thin film. The film quality of the OPA-SAMs was 
evaluated. The OPA-SAMs were used as underlayers for 
the formation of metal oxide thin films, and the state of the 
metal oxide thin film surface was evaluated.
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Fig. 1  Schematic illustration of OPA molecules in 
OPA/Al. R represents OPA’s alkyl chain of CH3(CH2)17

2.2 Monomolecular Film Used as an Underlayer to Form 
Metal Oxide Thin Films

BiVO4 and TiO2 were used as photocatalyst materials 
for the metal oxide thin films. A sputtering method was 
used to form the metal oxide thin films. Table 1 presents 
the deposition conditions for the two metal oxide thin 
films.

Table 1 Film forming conditions.

3. RESULTS AND DISCUSSION
3.1 Water Drop Contact Angle Measurement

Table 2 presents water droplet images taken after 
OPA-SAMs were formed by the dip coating method. The 
surface of the Al thin film not cleaned with ultraviolet rays 
was covered with an oxide film having a thickness of 
several nanometers as well as organic pollutants. When 
surface treatment was applied to the substrate with a 
low-pressure mercury lamp, the water droplet contact 
angle decreased to less than 5°, and the organic 
contaminants on the substrate surface were removed. After 
the thin film was dipped in the dip coat solution, the water 
drop contact angle showed a remarkable increase. This 
may be because the hydroxyl groups on the surface of the 
Al thin film and those of OPA reacted and bonded to each 
other to form SAMs, which demonstrated hydrophobicity. 
Fig. 2 shows the water droplet contact angle against the 
time of immersion in the dip coat solution. As the dipping 
time increased, the density of SAMs on the Al thin film 
surface increased, which increased the water droplet 
contact angle. When the immersion time was 60 s or less, 
the water droplet contact angle became almost constant. 
This indicates that sufficient SAMs were formed.

When anisole was used as the solvent, it was found that 
it took 60 seconds to form a monomolecular film at a high 

density. Next, the immersion time was kept constant for 
60 seconds, and the kind of solvent was changed. Three 
types of solvents, water, ethanol and anisole, were 
prepared. The results are shown in Fig. 3. When water was 
used as the solvent, the contact angle was 80 °. By using 
ethanol and anisole as a solvent, the water droplet contact 
angle became 90 ° or more, and high hydrophobicity was 
exhibited. This is thought to be due to the dielectric 
constant of the solvent. The dielectric constant at room 
temperature 25 ° C. is 24.6 for ethanol, 4.3 for anisole and 
78.3 for water. Since the dielectric constant is low, the 
solute OPA is sufficiently dissolved in the solvent. 
Therefore, OPA-SAMs with high density were formed, 
and it seems that they showed high hydrophobicity.

Table 2 Water contact angles measured on 
OPA-SAMs/Al/Si samples as a function of

the immersion time.

Fig. 2 Water contact angles measured on 
OPA-SAMs/Al/Si samples as a function of the immersion 
time.

Fig. 3 Water drop contact angle when changing three 
solvent types
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3.2 XPS Measurements
Samples were measured with XPS before SAM 

deposition (Al/Si) and after SAM deposition 
(OPA-SAM/Al/Si). As a sample with a monomolecular 
film, a sample prepared with an immersion time of 60 
seconds was used. Fig. 4(a) shows the XPS measurements 
in the spectral range (280–295 eV) of C1s of SAMs before 
film formation (Al/Si), and Fig. 4(b) shows the results 
after SAM film formation (OPA-SAMs/Al/Si). The energy 
correction (charge correction) of the measured XPS 
spectrum was performed by using C1s of the 
surface-contaminating hydrocarbons as a reference. (The 
theoretical peak energy value of the surface-contaminating 
hydrocarbon is 284.6 eV.) [18-22]) The measured values 
for the surface energy of the surface-contaminating 
hydrocarbon before and after film formation were both 
286.4 eV, as shown in Figs. 4(a) and (b). The charge 
correction was evaluated as 1.8 eV. These results 
confirmed that the spectrum of CO3 lowered when SAMs 
were deposited. This is probably because the surface 
contaminants were decomposed and removed by 
ultraviolet irradiation before the film formation of the 
SAMs.

Fig. 5(a) shows the spectral range (125–140 eV) of P2p 
before SAMs film formation (Al/Si), and Fig. 5(b) shows 
the range after SAMs film formation (OPA-SAMs/Al/Si). 
These were obtained from the XPS measurement. The 
results of the charge correction confirmed the peak of 
(PO4)3- (133.2 eV) in Fig. 5(a) and peaks of (PO4)3- and 
(PO3)- (134.6 eV) in Fig. 5(b). The peak of (PO3)- is not in 
Fig. 5(a) but appears in Fig. 5(b). This suggests that 
functional groups based on phosphonic acid are present on 
the substrate surface when SAMs are deposited.

(a) Al/Si

(b) OPA SAMs/Al/Si
Fig. 4 XPS spectra of samples in the C (2p) region: 

(a) Al/Si and (b) OPA-SAMs/Al/Si.

(a) Al/Si

(b) OPA-SAMs/Al/Si
Fig. 5 XPS spectra of samples in the P (2p) region:
(a) Al/Si and (b) OPA-SAMs/Al/Si.

3.4 SEM Measurements
A BiVO4 thin film, which is a metal oxide thin film and 

photocatalytic material, was formed on an Al thin film or 
SAMs by RF sputtering. The surface of the prepared 
sample was observed with SEM. Fig. 6(a) shows the SEM 
image of a sample (BiVO4/Al/Si) without SAMs that 
formed on the underlying film, and Fig. 6(b) shows the 
SEM image of a sample (BiVO4/Al/Si) with SAMs as the 
underlying film. Measurements were performed at an 
acceleration voltage of 15.0 kV and magnification of 
100,000 times. These SEM images confirm that the size 
and number of particles on both sample surfaces changed. 
By forming a monomolecular film, the particle diameter of 
BiVO4 became smaller and the number of particles 
increased. It is considered that the film density increases 
as the deposition time in the sputtering apparatus becomes 
long. At the same time, it can be expected that the surface 
energy tends to decrease. This may be because the surface 
free energy changed when SAMs were formed in the
underlying film, which affected the deposition.
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(a) BiVO4/Al/Si

(b) BiVO4/OPA-SAMs/Al/Si
Fig. 6 SEM surface morphology of the sample layers: 
(a) BiVO4/Al/Si and (b) BiVO4/OPA-SAMs/Al/Si.

3.5 SPM Observations
Fig. 7(a) shows an SPM image of the sample without 

OPA-SAMs (BiVO4/Al/Si) (scanning range: 1 μm2), and 
Fig. 7(b) shows an SPM image of the sample with 
OPA-SAMs (BiVO4/OPA-SAM/Al/Si). A sample with a 
dipping time of 60 s was used as the monomolecular film. 
Three samples were prepared under each film formation 
condition. Each sample was measured with SPM three 
times. The images are representative of each condition. 
Fig. 7(a) shows that the size of the smallest particle unit 
was non-uniform, and the mountain consisting of the 
smallest particle unit had high unevenness. On the other 
hand, Fig. 7(b) shows that the size of the smallest particle 
unit was relatively uniform, and the mountain had 
relatively low unevenness. Table 3 presents the calculated 
particle number and size in the range measured with SPM.
Adding OPA-SAMs increased the particle number by 
about 55% and decreased the particle size by about 75%.

A similar experiment was conducted by changing the 
metal oxide thin film from BiVO4 to TiO2. Fig. 8 shows 
the SPM images of (a)TiO2/Al/Si and (b) 
TiO2/OPA-SAMs/Al/Si. Similar to the BiVO4 thin film, 
Fig. 8(a) shows that the size of the smallest particle unit 
was non-uniform, and the peaks and valleys of the 
mountains consisting of the smallest particle unit were 
large. On the other hand, Fig. 8(b) shows that the size of 
the smallest particle unit was relatively uniform, and the 
unevenness of the mountain was relatively small. Table 4
presents the calculated particle number and size in the 
range measured with SPM. Adding OPA-SAMs increased 
the particle number by about 47% and reduced the particle 
size by about 15%.

Fig. 7 SPM surface morphology of samples:
(a) BiVO4/Al/Si, (b) BiVO4/OPA-SAMs/Al/Si, 
(c) cross-sectional profile of BiVO4/Al/Si, 
(d) cross-sectional profile of BiVO4/OPA-SAMs/Al/Si.

Table 3 Particle number, size, and Ra of BiVO4/Al/Si and 
BiVO4/OPA-SAMs/Al/Si.

Fig. 8 SPM surface morphology of samples:
(a) TiO2/Al/Si and (b) TiO2/OPA-SAMs/Al/Si. 
(c) Cross-sectional profile of TiO2/Al/Si and 
(d) Cross-sectional profile of TiO2/OPA-SAMs/Al/Si

308 Octadecylphosphonic Acid Self-Assembled Monolayers Obtained Using Rapid Dipping Treatments



(a) BiVO4/Al/Si

(b) BiVO4/OPA-SAMs/Al/Si
Fig. 6 SEM surface morphology of the sample layers: 
(a) BiVO4/Al/Si and (b) BiVO4/OPA-SAMs/Al/Si.

3.5 SPM Observations
Fig. 7(a) shows an SPM image of the sample without 

OPA-SAMs (BiVO4/Al/Si) (scanning range: 1 μm2), and 
Fig. 7(b) shows an SPM image of the sample with 
OPA-SAMs (BiVO4/OPA-SAM/Al/Si). A sample with a 
dipping time of 60 s was used as the monomolecular film. 
Three samples were prepared under each film formation 
condition. Each sample was measured with SPM three 
times. The images are representative of each condition. 
Fig. 7(a) shows that the size of the smallest particle unit 
was non-uniform, and the mountain consisting of the 
smallest particle unit had high unevenness. On the other 
hand, Fig. 7(b) shows that the size of the smallest particle 
unit was relatively uniform, and the mountain had 
relatively low unevenness. Table 3 presents the calculated 
particle number and size in the range measured with SPM.
Adding OPA-SAMs increased the particle number by 
about 55% and decreased the particle size by about 75%.

A similar experiment was conducted by changing the 
metal oxide thin film from BiVO4 to TiO2. Fig. 8 shows 
the SPM images of (a)TiO2/Al/Si and (b) 
TiO2/OPA-SAMs/Al/Si. Similar to the BiVO4 thin film, 
Fig. 8(a) shows that the size of the smallest particle unit 
was non-uniform, and the peaks and valleys of the 
mountains consisting of the smallest particle unit were 
large. On the other hand, Fig. 8(b) shows that the size of 
the smallest particle unit was relatively uniform, and the 
unevenness of the mountain was relatively small. Table 4
presents the calculated particle number and size in the 
range measured with SPM. Adding OPA-SAMs increased 
the particle number by about 47% and reduced the particle 
size by about 15%.

Fig. 7 SPM surface morphology of samples:
(a) BiVO4/Al/Si, (b) BiVO4/OPA-SAMs/Al/Si, 
(c) cross-sectional profile of BiVO4/Al/Si, 
(d) cross-sectional profile of BiVO4/OPA-SAMs/Al/Si.

Table 3 Particle number, size, and Ra of BiVO4/Al/Si and 
BiVO4/OPA-SAMs/Al/Si.

Fig. 8 SPM surface morphology of samples:
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Table 4 Particle numbers, size, and Ra of TiO2/Al/Si and 
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4. CONCLUSION
This study focus on the state of organic molecule SAMs 

on an Al thin film. Chemically decorating the Al thin film 
surface with a phosphonic acid SAM realized a surface 
exhibiting excellent hydrophobicity. The immersion time 
with the dip coating method was found to be important. 
Meanwhile, OPA-SAMs were used as a base layer of 
metal oxide thin films. Sputtering formation of the metal
oxide films demonstrated that forming OPA-SAMs as an 
underlayer reduced the particle size of the oxide surface. 
One of the reasons may be the favorable surface energy of 
OPA-SAMs. In the future, we will study the structure of 
various metal oxide thin films in detail.
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