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Abstract—Both monolayers and multilayers were obtained from a dilute solution of #-octadecyltrichlorosilane [OTS,
CH,(CH,),;SiCl;] on a SiO,/Si surface after a low pressure O, plasma treatment. A close-packed monolayer of good
quality was formed on the SiO,/Si surface. The resulting self-assembled layers were characterized by goniometry, atomic
force microscopy (AFM), ellipsometry and Fourier transformed infrared attenuated total reflection (FTIR-ATR) spec-
troscopy. An examination of the time-dependent water contact angle measurements as a function of the OTS concen-
tration revealed rapid monolayer formation at the initial stage. The contact angle measurements showed that the sur-
face structure of the OTS monolayer was quite resistant to environmental changes as a result of the polymerization
of OTS molecules and the formation of covalent bonds between the monolayer and substrate surface. The surface was
covered with islands (observed by AFM) that were in-filled to produce in a smooth surface. The FRIR-ATR spectra
showed symmetric (vs(CH,)) and asymmetric (vas(CH,)) components perpendicular to the surface.
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INTRODUCTION

Self assembled monolayers (SAMs) are ordered molecular as-
semblies formed by the adsorption of an active surfactant on a solid
surface. SAMs are generally constructed from amphiphilic mole-
cules with a small head group that has an affinity for the surface
and an aliphatic tail. The constituent head and tail groups of am-
phiphilic molecules make SAMs excellent systems. SAMs can con-
trol the chemical and physical properties of a surface, such as wet-
ting, adhesion, lubrication, and corrosion between the surface and
interface. Consequently, SAMs have many applications in biology,
nanoscience, solid phase catalysts and environmental industry.

There are two representative methods for fabricating SAMs of
organic molecules. One is alkanethiols on gold, silver and copper
[1,2]. The other is organosilicon on hydroxylated surfaces, such as
SiO,, ALO,, SnO,, silicate glasses, TiO,, etc. [3,4]. Thiols are attached
by metal-sulfur chemistry where gold is the typical metal of choice
to form a thiol SAM, while silanes are adsorbed by silanization on
silicon or glass surfaces. The SAMs process and phase behavior of
alkanethiols on gold are well understood, which is in contrast to
silane-based SAMs on silicon oxide surfaces. Silane-based SAMs
are more problematic for both preparation and analysis because the
quality of the monolayer is quite sensitive to the reaction condi-
tions, such as the water content, solvent, substrate cleaning, and ad-
sorption temperature. Therefore, various techniques have been used
to characterize organosilane monolayers, including contact angle
measurements, Fourier transformed infrared attenuated total reflec-
tion (FTIR-ATR) spectroscopy, X-ray photoelectron spectroscopy
(XPS), ellipsometry, X-ray reflectivity (XRR), grazing incidence
X-ray diffraction (GIXD), and atomic force microscopy (AFM).
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The continuous growth model was derived from XRR and FTIR-
ATR, which indicates that a liquid-like, disordered film forms ini-
tially, which is converted successively into a highly-ordered final
structure with increased coverage [5]. AFM and GIXD studies pro-
vide evidence that the submonolayer consists of small islands with
a localized structure that is similar to a perfect monolayer, and are
separated by uncovered surface regions. With increasing surface
coverage, the small islands grow laterally and combine to form larger
aggregates until the surface is completely filled with these islands [6)].
Fig. 1 shows a schematic representation of the polycondensation
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Fig. 1. General scheme proposed for the adsorption of OTS on Si
substrates. Note the presence of a thin adsorbed water layer
over the SiO, surface.
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and immobilization process of an alkyltrichlorosilane monolayer on
a water surface. The chlorine groups of organic silane on the water
surface are substituted by hydroxyl groups. The hydroxyl groups
in an organic silane molecule react with those in the adjacent mole-
cules and/or with the surface silanol groups. The self assembly of
alkylsiloxane on silicon oxide is accommodated by a siloxane link-
age to the surface silanol (Si-OH) groups through Si-O-Si bonds or
three dimensional condensation by polymerization of the alkyl sil-
anol group. Polymerization of the monolayer and the formation of
a covalent bond between the monolayer and substrate enhance the
surface stability of the monolayer [7-9].

This study examined the formation of SAMs of the widely used
octadecyltrichlorosilane (OTS, (CH;)-(CH,),,-SiCLy), on the natural
silicon oxide surface of a Si(100) wafer. The effect of the adsorbate
concentration, immersion time, and solution temperature on the for-
mation of a self assembled OTS monolayer on a silicon substrate
was investigated. The monolayer thickness was measured with an
ellipsometer. The growth process of the monolayer was examined
by using contact angle measurements. The aggregation structure of
the monolayers was examined by AFM. The surface chemical com-
position of the monolayers was investigated by XPS and FTIR-ATR
spectroscopy.

EXPERIMENTAL SECTION

1. Substrate Preparation

Commercially available Si(100) wafers were cut into 5x5 mn
pieces and cleaned sequentially with trichloroethylene, acetone, and
methanol for 5 min at 70 °C in an ultrasonic bath. The samples were
rinsed with deionized water and dried with blowing nitrogen. To im-
mobilize the organic silane monolayers on the substrate, the pres-
ence of Si-OH groups on the substrate surface is necessary to form
a covalent bond between the adsorbate compound and substrate
surface. Therefore, an oxygen plasma treatment was performed be-
fore deposition of the monolayer. The surfaces were treated with
an oxygen low pressure plasma treatment using radio frequency (RF)-
generated plasma. The plasma treatment was done at room tem-
perature at 100 W RF power for 3 min. Oxygen gas (flow rate: 10
ml/min) was introduced in the process chamber to activate the sur-
face. The background and processing pressures were 3.0x10° torr
and 4.6x107* torr, respectively. The oxygen plasma treatment pro-
duced a silicon oxide film (SiO, thickness: 30 A) on the silicon sur-
face. After the plasma treatment, the substrates were immersed quickly
in deionized water until they were used to prepare the monolayer.
2. Formation of Monolayers

Octadecyltrichlorosilane [OTS, CH,(CH,),,SiClL;, purity 90%,
Aldrich Co., Ltd] was prepared with a concentration ranging from
25%107*M to 1x107° M at 299-333 K. The solvent used for the
silanization reaction consisted of 80% hexadecane, 12% carbon tetra-
chloride, and 8% chloroform. OTS was added to the solvent in a
nitrogen-filled glove box because the organic silanes react with mois-
ture and polymerize when exposed to air. After adsorption, the OTS-
coated samples were washed with chloroform for 30 min in an ul-
trasonic bath to remove any excess silane deposits, rinsed in deion-
ized (DI) water and then dried with strong blowing nitrogen. Octa-
decyltrimethoxysilane [OMS, CH,(CH,),,Si(CH,),, purity 90%, Al-
drich Co., Ltd] films were also prepared from a mixture of 80%

hexadecane, 12% carbon tetrachloride, and 8% chloroform in a glove
box. After adsorption, the surface was treated with the same proce-
dure used for the OTS-coated samples.
3. Analytical Techniques
3-1. Contact Angle Measurements

The contact angle of the substrates was measured by using con-
tact angle goniometry (DSA100, KRUSS GmbH, Germany) based
on static contact angle measurements. A 3 pul drop of the solution
was placed on the surface with micropipette. The measurement was
performed after the drop had reached “‘metastable equilibrium” (i.e.,
the process of spreading stops). The average of at least six meas-
urements was determined. The surface free energy of each surface
was calculated from the DI-H,O and CH,], data by the Owens-Wendt
(OW) method [10]. According to the Owens-Wendt (OW) method,
the surface free energy (%) of a solid was defined as the dispersion
(%) and polar (3°) components:

ey s O]
And it was introduced the following relation:
K= ¥t = 200+ 00" ®)

Where ¥, is the free energy related to the interface between the solid
and the probe liquid, ;, is the surface free energy of the liquid, and
% and 3” are the dispersion and polar components of the surface
free energy of the liquid, respectively.

A layer of liquid on a plane solid surface has two interfaces, solid-
liquid and liquid-vapor. The balance of tensions at the point of inter-
section leads to a relationship between the surface tension that is
known as Young’s equation:

Y=Yt y.c080 3

When combining Eq. (2) with the Young Eq. (3), the following re-
sult is obtained:

Ya(1eos=2[(1 v+ 1)) Q)

Where &is the contact angle between the probe liquid and the sur-
face of the tested sample. %’ and j” in the Eq. (4) can be calculated
from the measurements of the contact angle for the surface using
by two different liquids with known values of % and 3 (Table 1).
We used deionized water and methylene diiodide for polar and non
polar solvent, respectively.

3-2. Fourier Transformed Infrared Attenuated Total Reflection (FTIR-
ATR) Spectroscopy

Table 1. Physical properties of the contact liquids (T,: boiling point,
v: molecular volume, £z viscosity, #,: polarity (=)/1), 11"
dispersion component, 7;”: polar component, };,: surface
free energy)

H,0 CH.L,
T, (°C) 100 182
v (nm’) 0.030 0.130
u(cP) 1.0 0.5
Z 0.70 0.05
7% (mI/m?) 51.0 495
¥ (ml/m?) 21.8 1.3
%y (mI/m?) 72.8 50.8
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The infrared spectra were recorded with a Fourier transform in-
frared spectrophotometer (Model Travel IR, SensIR Technologies)
operated at a 2 cm™' resolution with an unpolarized beam striking
the sample at normal incidence. The beam diameter was controlled
at 6 mm by an aperture placed adjacent to the sample. A Spectra-
Tech internal reflection attachment was used for the ATR measure-
ments.

3-3. X-Ray Photoelectron Spectroscopy (XPS)

XPS (ESCA 2000, VG, Micro Tech Co.) was measured by using
a MgKa X-ray source (1,253.60 eV) with an emission angle of 15°.
The emission angle was defined as the angle between the electron
path to the analyzer and the specimen surface. The photoelectrons
were collected and analyzed in a concentric hemispherical ana-
lyzer by 0000using a fixed analyzer with a transmission energy of
20 eV. The base operating pressure was 7x107° torr. All the XPS
spectra were referenced to the Cls peak (284.6 V) in order to com-
pensate for any charge-induced shift.

3-4. Atomic Force Microscopy (AFM)

The surface topography and roughness was measured by ex situ
AFM (PS], autoprobe CP, USA). A Si tip was used in contact mode
in air. The line scanning rates were set to 1.969 Hz. Each image was
manipulated with a software program (PSI, version 1.5, USA). With
the horizontal direction being the scan direction, all AFM images
were background corrected to compensate for the curvature caused
by the bending motion of the scanner. The scan images were modi-
fied with a polynomial fit to the average height profile in the vertical
and horizontal direction.

3-5. Optical Ellipsometry

The average film thickness was measured with a rotating analyzer
ellipsometer (Plasmos model SD 2300, New Jersey) equipped with
a 632.8 nm He-Ne laser. The angle of incidence was 70°. To de-
termine the effective film thickness, it was assumed that the films
were isotropic and homogeneous with a refractive index of 1.465
[11]. The measurements were made at 25 different spots on each
sample with a beam spot of 1 mm. The instrumental precision of
the ellipsometric angles was 0.04° and the overall, sample-to-sam-
ple error in the measurements of the OTS layer thickness was +0.1
nm. A set of measurements for each substrate was completed within
1 min.

RESULTS AND DISCUSSION

The presence of Si-OH groups on the substrate surface is essen-
tial to form a covalent bond between the adsorbate compound and
the substrate surface and immobilize the organic silane monolayer
on the substrate. The surface was precleaned with solvent. How-
ever, the solvent-cleaned surface did not show hydrophilic proper-
ties, as shown in Fig. 2(a). Therefore, an oxygen plasma treatment
was performed before the monolayer was deposited. The oxygen
plasma treatment produced a 35 A thick oxide film on the surface;
the oxide film was identified by XPS. The outer native silicon oxide
layer probably terminated with-OH group and was able to serve as
the active sites to link alkylsiloxane to the surface of Si(100) wafer
via Si-O-Si bonds, which exhibited an almost 0° water contact angle,
as shown in Fig. 2(b). The surface became more hydrophobic after
immobilizing both OMS (Fig. 2(c)) and OTS (Fig. 2(d)) on the sur-
face. However, when OMS was used as the adsorbate, the surface
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(a) (b)
(c) (d)

Fig. 2. Side view images of water contact angle on SiO,/Si sub-
strates. (a) solvent cleaning: contact angle 44°, (b) oxygen
plasma treatment: contact angle 1°, (¢) octadecyltrimethox-
ysilane self assembly monolayer: contact angle 81.50°, (d)
octadecyltrichlorosilane self assembly monolayer: contact
angle 109°.

hydrophobic character was lower than that of the OTS coated sam-
ple because there was limited OMS adsorption on the surface. Since
three methoxyl groups in OMS create steric hindrance for the OMS
to adsorb onto the surface, their contact angle was lower than that
of the OTS-coated sample. When the OTS-SAM was formed on
the silicon substrate, the contact angle increased to 109° demon-
strating the hydrophobic character of the OTS modified Si sub-
strate [12]. The OTS monolayer thickness was measured to be 25 A
with an ellipsometer. This value is similar to 26.5 A, which is the
theoretical OTS molecular length.

Fig. 3 shows the water contact angle for the various concentra-
tions of OTS with increasing immersion time. For all solutions, the
contact angles increased rapidly at the initial stage and leveled off.
The contact angle increased at a much slower rate once the contact
angle approached the expected monolayer (109°). The time required
to reach a contact angle of 109° is comparable to that required to
achieve the maximum Si-OH concentration in solution. The rate of
formation was quite fast at high OTS solution concentrations.

120

-
-

= 1x10°M OTS
v 1x10°MOTS
®  25¢x10°MOTS
+  1x10°M OTS Glass (no plasma)

Contact angle (degrees)

0 50 100 150 200 250 300

Immersion time (min)

Fig. 3. Rate of formation of an alkysiloxane monolayer prepared
from OTS at 26 °C.
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Fig. 4. The contact angles of the SAM coated sample as a function

of the immersion time (conditions: OTS concentration 2x
10™* M, adsorption temperature 26 °C).
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Fig. 5. The surface free energy of the SAM coated sample as a func-
tion of the immersion time (conditions: OTS concentration
2x107* M, adsorption temperature 26 °C).

Both the water contact angle and methylene diiodide contact angle
increased with increasing immersion time (Fig. 4). This indicates that
the surface had changed to a hydrophobic surface. Fig. 5 shows that
the polar component decreased with increasing immersion time be-
cause of the consumption of the hydroxyl groups. The coupling silane
reactions should be accompanied by a loss of surface water and hy-
droxyl groups. However, the nonpolar component was constant dur-
ing the reaction because the alkyl chain of the hydrophobic com-
ponent does not participate in the polymerization and condensation
process. Fig. 5 shows that the polar component was almost zero
after 3 h immersion time. After forming a monolayer film, the outer
functional group consisted of a nonpolar component (especially -CH=
CH,) [13]. Therefore, the surface free energy originates mainly from
the nonpolar component.

Fig. 6 shows the effect of the solution temperature on the adsorp-
tion of the silane compound onto the surface. As the preparation
temperature was increased, the equilibrium contact angle of the high
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65 I —a— 60 °C
—¥— 60°C
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Fig. 6. The solution temperature effect of OTS adsorption rate on
the SiO,/Si surfaces (Conditions: 26 °C (@): 2.5x10* M
OTS, 46 °C (H): 2x10° M OTS, 60 °C (A): 1x10° M OTS.
60°C ('¥): 2.5x10* M OTS).
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Fig. 7. AFM image of a silane monolayer formed from OTS 2.5x
10 M at 26 °C. (a) immersion time 5 min: RMS roughness
0.15 nm, (b) immersion time 15 min: RMS roughness 0.24
nm, (c) immersion time 30 min: RMS roughness 0.27 nm,
(d) immersion time 120 min: RMS roughness 0.11 nm. Im-
age size is 1 umx1 um.

temperature film was lower than that of the low temperature film.
This means that the wettability was lower on the high temperature
film. When the monolayer was prepared below the T, (approximately
28 °C for OTS), the film exhibited a heterogeneous structure with
closely spaced islands of densely packed, almost all-trans alkyl chains
arranged perpendicular to the surface. In contrast, when prepared
above T, the film exhibited a disordered structure with a lower frac-
tion of exposed CH; groups and increasing exposure of the wetta-
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Fig. 8. RMS roughness of a OTS monolayer as a function of the
immersion time.

ble surface silanol groups [14].

Fig. 7 shows that the initial surface roughness increased due to
the disordered small octadecylsiloxane islands on the surface. As
the surface was filled with the aggregation of small islands, the sur-
face roughness decreased with increasing immersion time. Fig. 8
shows that the initial RMS roughness has a large standard devia-
tion from the average RMS roughness. When a complete mono-
layer was formed, the standard deviation was very small.

Fig. 9 shows typical AFM images on various scales of the sur-
face of a freshly oxidized silicon sample after immersion into a 2.5

S min 15 min

120 min

30 min

Fig. 9. AFM image series of the surface of freshly oxidized silicon
samples after immersion into a 2.5x10™ M OTS for a speci-
fied amount of time.

10 M OTS solution in hexadecane for a specified amount of time.
In agreement with the previous AFM investigations, bright islands
on a darker background, which represent small domains of the final
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Fig. 10. The AFM image and height profile of incomplete islandlike formation on SiO,/Si substrates from 2.5x10™* M OTS in solution.
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octadecylsiloxane monolayer, can be identified. Schwartz et al. as-
signed the smaller islands to preorganized polysiloxane assemblies
that were constructed in solution prior to adsorption, and the larger
islands are aggregates of these assemblies [15]. This is in accor-
dance with the observation of both island types up to a high cover-
age in this work. The figure shows a series of AFM images of OTS
films with increasing immersion time. As can be seen, this increase
is caused by the increasing number of OTS islands. A flat surface
can be observed after 2 h. This suggests that perfect monolayer cover-
age is reached after deposition for 2 h [6]. Fig. 10 shows that it is
most likely not a good approximation for the 5 min sample because
of the sparse coverage. The total thickness of the OTS layer after
5 min was estimated to be 1.507 nm, as is also observed on the larger
islands by AFM. After long adsorption times, AFM revealed an
apparent decrease in the island height, which is probably caused by
the gradual increase in the interstitial areas with increasing density
of nonvertically oriented adsorbates [11]. After 2 h, the island height
was approximately 0.776 nm.

Fig. 11 shows the XPS spectra of the silicon oxides reacted with
OTS at different solution exposure times. All the spectra were scaled
to the same total collection time to allow a comparison of the relative
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Fig. 11. C(1s) and Si(2p) XPS spectra as a function of the solution
(2.5x10™* M OTS) exposure time. All substrates were ob-
tained for the same total data accumulation time.

intensity. Only a single Cls peak is observed consistently with only
a single alkane environment in the molecule (Fig. 11(a)). The inten-
sity of this peak increased with increasing exposure time. The SiO,
on bare Si substrate surface has a thickness of 3.5 nm. The Si sub-
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Fig. 12. The stability of the OTS SAM.
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Fig. 13. CH-stretching vibrational mode of (a) FTIR adsorbance
spectrum of neat OTS in a KBr capillary cell and (b) FTIR
transmission spectrum of an OTS 2-multilayer on silicon.
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Table 2. Assignments and positions of the vibrational bands of octa-

decyltrichlorosilane
Wavenumber (cm™") Assignment

2,970 vas(CH,)

2,930 vas(CH,)

2,850 vs(CH,)

1,460 A CH,)
1,380-1,250 Progression bands
1,130-1,040 v (Si-O-Si)
1,010-900 v (Si-O-Si)

strate showed two peaks in the Si2p binding energy region. One
peak at 103.5 eV was assigned to Si(IV) in SiO,, and the other at
99.5 eV originated from the underlying elemental Si(0) atoms. All
spectra showed approximately the same SiO,/Si ratio (Fig. 11(b)).
The peak intensity decreased with increasing exposure time [8].

After immersion in hexadecane/water, Fig. 12 shows that the con-
tact angle of the monolayer is indistinguishable from that deter-
mined immediately after preparation. The OTS monolayer shows
a good quality, close-packed monolayer on the SiO,/Si surfaces The
contact angle measurements indicate that the surface structure of
the OTS monolayer did not reorganize as a response to environ-
mental changes due to polymerization and the formation of a cova-
lent bond between the monolayer and substrate surface.

Fig. 13 shows the transmission spectrum of liquid OTS and ATR-
FT-IR spectrum of an OTS 2-multilayer on silicon. Table 2 sum-
marizes the band positions and assignments. The peaks observed at
2,917 and 2,850 cm™ were assigned to the antisymmetric (vas(CH,))
and symmetric CH, stretching (15(CH,)) bands for the alkyl chain
of the OTS molecules, respectively. For the methylene stretching
vibrations, vas(CH,) and v5(CH,), the transition dipole moments
lie perpendicular to the alkyl chain axis for a fully extended, all-
trans alkyl chain. OTS shows a strong and broad Si-O-Si stretch-
ing band between 1,130 and 1,040 cm™, which is in good agree-
ment with other studies [16].

CONCLUSIONS

OTS forms a good quality, close-packed monolayer on SiO,/Si
surfaces. Time-dependent contact angle measurements with water,
as a function of the OTS concentration, showed rapid monolayer
formation in the initial stage. The contact angle measurements in-
dicated that the surface structure of the OTS monolayer did not re-
organize as a response to environmental changes due to polymer-

November, 2009

ization and the formation of a covalent bond between the mono-
layer and the substrate surface. AFM showed that the surface was
covered with islands, which (AFM images) were in-filled to pro-
duce a smooth surface. ATR-FT-IR spectroscopy showed that the
symmetric (18(CH,)) and asymmetric (vas(CH,)) component were
perpendicular to the surface.
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