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Abstract

A mixed film of microscopic heterogeneity was formed by stepwise deposition of a long-chain organosilane
n-octadecyltrichlorosilane (OTS) and a short-chain organosilane aminobutyldimethylmethoxysilane (ABS). The
amount of silane deposited on an oxidized silicon substrate was controlled kinetically by varying the dip time in each
silane solution. The binary film was characterized by the atomic force microscopy (AFM), infrared attenuated total
internal reflection (IR-ATR), and contact angle goniometry. OTS forms a monolayer structure whose fractional
surface coverage and surface energy can be precisely controlled. ABS agglomerates slowly to form island structure
and is ineffective in surface energy or composition variation. The contact angles on sub-monolayers of OTS follows
the Cassie equation, while the contact angle of the binary OTS and ABS film deviates positively from the equation.

© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The tremendous advances in the self-assembled
monolayers (SAMs) enables one to design model
systems with well defined chemical compositions.
Heterogeneous surfaces are created by the sub-
monolayer deposition, deposition of mixed surfac-
tant monolayers, and the formation of defective
spots on a smooth substrate [1]. SAMs of o-func-
tionalized alkanethiols were shown to incorporate
intimately mixed surface groups such as CHs,
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CO,H, OH, CN, CO,CH;, and ferrocenyl etc. [2].
But this method requires a metal substrate prefer-
ably gold. Many industrial operations involve
nonmetallic surfaces such as those of glass fibers
and various polymeric materials. These surfaces
are often treated with organosilanes. Of all the
organosilanes, SAMs of n-octadecyltrichlorosi-
lane (OTS) deposited on oxidized silicon sub-
strates from nonpolar organic solvents such as
toluene and hexadecane are the best defined sys-
tem. Experimental studies utilizing a variety of
surface characterization methods such as the con-
tact angle goniometry [3], Fourier transform in-
frared spectroscopy (FTIR) in the specular
reflection or the attenuated total internal reflec-
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tion mode (ATR) [4], ellipsometry [5], X-ray pho-
toelectron spectroscopy (XPS) [6], and atomic
force microscopy (AFM) [7]. It is generally ac-
cepted that OTS follows a Langmuirian irre-
versible first order adsorption kinetics and forms
a closely-packed, chemically linked monolayer
structure with a film thickness of 2.6 nm, a film
density of 0.21 nm?® OTS molecule !, and a con-
tact angle of 110° at the adsorption plateau [8].

On the other hand, the surface structure of
many other commercial organosilane coatings in
particularly those with shorter chains and o-func-
tionality is poorly understood. Often a monolayer
structure is assumed. Aminosilanes with up to 12
carbons in chain length are widely used in poly-
meric fiber composites as coupling agents and
adhesion promoters, immobilization of enzymes,
antibodies and colloidal particles, liquid chro-
matography, and liquid crystal orientation [9].
The surface chemistry and structure of aminosi-
lanes are much less understood and controlled
due to a number of factors: the reactivity of the
nucleophilic amine with atmospheric CO,, H,O,
the substrate surface OH group, and the SiOH
group of the aminosilane itself [10], and ill-defined
3-D aggregates. Several adsorption mechanisms
have been proposed for aminosilanes on oxide
surfaces such as the normal adsorption via the
silanol group, inverse adsorption via the proto-
nated amino group, and intracyclic form [I11].
Multilayer structure of aminosilanes has also been
adopted in many interpretations [12]. Moon et al.
reported a thin layer formation of 8 A in thick-
ness in the first 10 min adsorption. Then a multi-
layer structure was formed by the triethoxy silane,
while the films of the monoethoxy and diethoxy
silanes remained as monolayers with various
amine surface density [13].

In this research, a mixed film was prepared by
stepwise deposition of well defined OTS and a less
known aminosilane. The mixed film allows one to
study the effect of surface heterogeneity on its
surface energy. A common surface consists of a
continuous phase of one chemical component
with randomly dispersed patches of a minor com-
ponent, often due to contamination, though
sometimes formulated to impart additional sur-
face activities. Microscopically heterogeneous

films are important in studies of wetting, tribol-
ogy, microlithography, heterogeneous nucleation
and oriented crystal growth. In the case of a
multi-component heterogeneous surface, some
kind of rules of mixture is generally adopted to
predict the overall surface energy, such as the
Cassie equation [14]:

cosf = y,cost; + y,c0s0,, (1)

where 60,, 0,, and 6. are the contact angle values
of component 1, component 2, and the binary
surface, respectively, y, and y, are the fractional
surface coverage of component 1 and 2, respec-
tively. Experimentally it is necessary to seek sur-
faces not only with definable surface roughness
and heterogeneity but also resembling wetting sur-
faces in reality.

In this study, under-deposited as well as binary
films formed by a long hydrophobic silane (OTS)
and a short hydrophilic silane 4-amino-
butyldimethylmethoxysilane (ABS) are character-
ized by the contact angle goniometry,
FTIR-ATR, and AFM. This current system is
different from previous studies of co-deposition or
stepwise deposition of mixed organosilanes [15] in
that it is a microscopically heterogeneous surface
instead of a uniformly mixed monolayer formed
by both silane species. We want to understand the
adsorption and film structure of short organosi-
lane at the microscopic level, the adsorption ki-
netics of the stepwise surface reaction of a long
silane and a short silane, and the effect of hy-
drophilic micro-domains dispersed in a hydropho-
bic continuous medium on the overall surface
energetics of the binary film.

2. Materials and methods
2.1. Materials

n-Octadecyltrichlorosilane  (C,gH;,SiCl;) or
OTS, and 4-aminobutyldimethylmethoxysilane
(NH,C,H,Si(CH;),OCH;) or ABS, were pur-
chased from United Chemical Technologies and
used as received. Hexadecane (99%) and carbon
tetrachloride (99.9%) were purchased from Sigma
and used as received. Reagent grade ammonium
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hydroxide (NH,OH), certified 30% hydrogen per-
oxide (H,0,), and reagent grade concentrated ni-
tric acid (HNO;) were purchased from Fisher
Scientific. Water was deionized to 18 MQ cm
resistivity (Nanopure system, Barnstead). Polished
N type silicon (111) wafers were purchased from
Wafer World Inc. with a thickness of 12—14 mils
and resistivity of 50-75 Q cm. Silicon ATR
prisms were single-pass trapezoidal 45° plates,
gold coated on one side, with a dimension of
50 x 10 x 3 mm?®, and a total of 17 reflections
(Harrick Scientific).

2.2. Organosilane deposition

The silicon substrate was cleaned following the
RCA clean procedures used in the integrated cir-
cuit manufacturing [16]. The cleaned substrate
was used immediately or stored in deionized wa-
ter. A total of 16 ml hexadecane and 4 ml carbon
tetrachloride solution of organosilanes were pre-
pared in a PTFE bottle. The concentration for
both OTS and ABS was maintained at 0.007 M
while the cumulative dip time of the substrate in
each solution was varied. Silane deposition was
carried out in the closed PTFE bottle in a N,-
purged glove box. The substrate was sonicated in
chloroform for 2 min.

2.3. Characterization

The contact angle was measured by an NRL
contact angle goniometer (Model 100, Rame-
Hart) in the laboratory atmosphere. A water
droplet of 20 ul was placed on the substrate and
contact angles were read on both sides of the
droplet. Five droplets were placed at various spots
near the center of the substrate, and contact an-
gles were averaged with an error of =+ 3°.

IR absorption spectra of organosilane films
were obtained using a Nicolet Magna-IR 560
single beam spectrometer equipped with a liquid
N, cooled mercury-cadmium-—telluride MCT-A
detector, operating at 4 cm ~' resolution. A back-
ground spectrum of a clean oxidized silicon was
recorded before the thin film deposition as a
background spectrum. The integrated intensity of
the antisymmetric stretching band v(CH,) at 2920

cm ~ ! was used in our study in order to determine
adsorbed amount of organosilanes.

AFM images were acquired using Nanoscope
IITa (Digital Instruments) in the contact mode.
An e-scanner was used which has a maximum
scan size of 16 um. Only height images were
presented here which were captured at highest
allowable integral and proportional gains, and a
scan rate of 1-5 Hz. Silicon nitride tips were used
which have a nominal radius of curvature between
20 and 40 nm and a spring constant of approxi-
mately 0.06 N m~!. The width of particulate
features cannot be measured accurately due to the
tip convolution. Only the height of the micro-
scopic domains was reported here.

3. Results

The stepwise deposition of mixed OTS and
ABS films was carried out in two sequences. In
Sequence 1, a number of oxidized silicon sub-
strates were dipped in OTS solution for various
time periods, and the substrates were then dipped
in ABS solution for a fixed time of 1 h. This
sequence is denoted as OTS-ABS,;;. In Sequence
2, a number of substrates were dipped in ABS
solution as a function of time, and then dipped in
OTS solution for a fixed time of either 2 s or 10
min. This sequence is denoted as ABS-OTS,q or
ABS-OTS,ou. Using a short and a long adsorp-
tion period of OTS, we hoped to create an ABS
dominated surface and an OTS dominated sur-
face. Initially, we also tried the co-deposition of
OTS and ABS, but the results were irrepro-
ducible. White precipitates were sometimes ob-
served at the bottom of PTFE bottles indicating
coagulation between OTS and ABS. Following
are the experimental results from the contact an-
gle goniometry, IR-ATR spectroscopy, and AFM
measurements.

3.1. Contact angle goniometry

Contact angle data were collected at various
time intervals after the first step of deposition,
and then on the same substrate after the second
step of deposition for a fixed time, thus allowing
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Fig. 1. Plot of the contact angle variation as a function of OTS
dip time before (circles) and after (squares) the second step
deposition of ABS for a fixed time of 1 h.

the comparison between pure and mixed silanes.
Contact angle less than 15° cannot be measured
accurately and a 0° was assigned in such cases.
The contact angle was plotted against the cumula-
tive dip time of OTS in Fig. 1 for OTS-ABS,y,
and of ABS in Fig. 2 for ABS- OTS,s and
ABSOTS g

In Fig. 1, the contact angle rose monotonically
and reached a plateau at 110° after approximately
I min of OTS adsorption. The plateau value
indicates a surface covered by terminal methyl
groups. The adsorption curve of OTS agrees well
with literature values obtained under similar con-
ditions [17]. The smooth rise of contact angles
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Fig. 2. Plot of the contact angle variation as a function of ABS
dip time before (circles) and after 2 s (squares) or 10 min
(triangles) dipping in OTS solutions.

within 1 min of OTS adsorption implies that the
surface energy of oxidized silicon can be con-
trolled in the full range from extremely hy-
drophilic (0°) to extremely hydrophobic (110°)
simply by varying the cumulative dip time of OTS
alone. The contact angle increase can be made
more gradual by lowering the concentration of
OTS [26]. Except on surfaces with only very low
OTS coverage (or a few seconds dip time), ABS
had no influence on the overall contact angles as
shown in Fig. 1. A total of 1 h deposition of ABS
alone renders the substrate more hydrophobic
with a measurable contact angle of 48°. Adsorp-
tion of ABS onto fully covered OTS is not possi-
ble due to the lack of reactive sites. The data
show that the presence of OTS even a small
amount, either prevents the adsorption of ABS, or
somehow is more dominating in the overall con-
tact angle.

Fig. 2 shows the contact angle variation in
Sequence 2 where ABS was deposited in the first
step as a function of time and OTS in the second
step with a fixed time. The adsorption of ABS is
sluggish. The contact angle increased gradually
from 0 to 40° within 600 s of dip time. The
maximum contact angle measured during 24 h of
immersion was approximately 50°. The value is
close to and perhaps a little less than some of the
contact angles measured on similar aminosilane
surfaces. For example, a 54° was measured on
aminopropyltriethoxysilane (APS) [18] and lysine
terminated surfaces [19]. Others have measured
the contact angle of 100% amine termination to
be 63° while ammonium termination to be 42°
[20]. The slow adsorption kinetics suggests a grad-
ual surface aggregation, polymerization, or multi-
layer formation. Both surface reaction and
agglomeration can occur simultaneously for
organosilanes containing nucleophilic groups such
as amine [21]. Due to various reaction mecha-
nisms, the surface after aminosilane deposition
may have a variety of surface groups such as
amine, ammonium, ammonium bicarbonate,
methylene, methyl, and silanol. Therefore agglom-
eration of ABS significantly reduces the surface
density of the amine group. In the second step,
two fixed periods were used. A total of 2 s OTS
deposition produced a contact angle of 42°, and
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Fig. 3. Plot of the integrated intensity of v(CH,) antisymmetric
stretching band variation as a function of OTS dip time before
(circles) and after 1 h (squares) dipping in ABS solutions.

10 min OTS deposition yielded a contact angle of
110°. In Fig. 2, contact angles for the mixed film
display the two horizontal lines one maintained at
55° for 2 s OTS deposition and one at 110° for 10
min OTS deposition. The constant values again
indicated the ineffectiveness of the ABS compo-
nent in the variation of the binary film surface
energy. Is this ineffectiveness a result of low ad-
sorbed amount of ABS or something much more
complicated in nature? In order to answer this
question, we also carry out IR-ATR and AFM
study on the same surfaces.

We also want to point out that the solubility of
ABS in water is not an issue in contact angle
measurement. All the organic soluble ABS was
presumably removed by rinsing the ABS covered
surface with copious amount of chloroform. An
IR experiment was conducted where the inte-
grated intensity of the v(CH,) anti-symmetric
stretching band was measured before and after
leaving the ABS covered sample (1 h dip time in
ABS solution) in water for 10 min. The contact
angle measurement on the other hand takes only
a few minutes to complete. No reduction in the
integrated intensity of the band was observed.

3.2. IR-ATR spectroscopy.

Figs. 3 and 4 are plots of the relative integrated
intensity of v(CH,) antisymmetric stretching
band, at approximately 2920 cm ~ ' versus the dip

time after the first step and after the second step
deposition for Sequence 1 and 2, respectively.
Only the CH, band was used to follow the surface
coverage of both OTS and ABS because the NH,
and NH; bands were too weak to be detected.

Fig. 3 shows the same initial rapid increase in
surface coverage until the plateau was reached at
approximately 1 min of OTS deposition, agreeing
well with the kinetic study by the contact angle
measurement (Fig. 1). Both measurements indi-
cated a Langmuirian irreversible first order kinet-
ics. The relative peak intensity of OTS is
comparable to the literature values of similar sys-
tems indicating a monolayer coverage instead of
3-D agglomeration. A maximum integrated inten-
sity of 0.456 was maintained after 30 min of
deposition. An additional dipping in ABS solu-
tion for 1 h resulted in a significant increase in the
intensity only when the same surface was kept in
OTS solution for no more than 40 s. After 20 s
OTS adsorption, the surface coverage is increased
to 75%, ABS adsorption was still observed. Some
have reported that half a monolayer of randomly
distributed OTS molecules reduced the reactive
area of oxidized silicon to 5% [22]. Our results
show that it takes 90% OTS coverage to effec-
tively inhibit the ABS deposition, while it takes
only 30% OTS coverage for it to dominate the
contact angle measurement.
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Fig. 4. Plot of the integrated intensity of v(CH,) antisymmetric
stretching band variation as a function of ABS dipping time
before (circles) and after 2 s (squares) or 10 min (triangles)
dipping in OTS solutions.
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Fig. 4 shows a monotonic yet sluggish increase
in the adsorbed amount in the first hour of ABS
adsorption. Significant increase in the adsorbed
amount occurred after 100 s until 24 h which was
the longest time interval used in our study. On the
contrary, the contact angle change was more
gradual throughout the dipping and reached a
plateau at around 600 s. Only 2 s of OTS adsorp-
tion resulted in a slight yet measurable increase in
the integrated intensity due to the extremely short
dip time of OTS. On the other hand, the inte-
grated intensity increased significantly when the
dip time in OTS was increased to 10 min. In the
absence of ABS, the coverage of OTS after 10 min
is approximately 100%. After 2 min ABS adsorp-
tion, OTS can reach 90% monolayer coverage,
after 30 min of ABS adsorption, the ultimate OTS
surface coverage was lowered to 50% but still
significant. This strongly indicated that the sur-
face coverage of ABS at best reached 50%, proba-
bly as a result of weak ABS and substrate
interaction. Our results agree with literature val-
ues [13]. It is thus unlikely that OTS deposits on
top of ABS layer or exchanges with ABS. It is
interesting to notice that for a surface with equal
surface coverage of OTS and ABS, the contact
angle 110° reflects a surface of pure methyl termi-
nation. The contact angle phenomenon of a mixed
film described above is apparently very compli-
cated and does not follow a simple rule of
mixture.

3.3. Atomic force microscopy (AFM)

In order to quantify the film roughness and
aggregate size we carried out AFM study on films
prepared at various deposition intervals and
stages. Selective AFM results are shown in Fig.
Sa—d and the complete surface analysis of rough-
ness and particle height results are summarized in
Table 1.

The surfaces of a clean oxidized silicon with 0,
25, and 100% OTS coverage (Fig. 5a) are molecu-
larly smooth. No aggregates can be detected on
OTS films of various coverage indicating a uni-
form monolayer assembly. No molecular lattice
structure was captured on OTS films due to the
amorphous nature of the underlying oxidized sili-

con. Fig. 5b is the surface after dipping in ABS
solutions for 1 h showing individual particles
randomly distributed. After 30 s of ABS adsorp-
tion, no particles were found on the surface sug-
gesting a sparse monolayer formation in the early
stage. The average particle size increased from 1.4
to 6.5 nm with increasing dip time up to 24 h.
AFM images provide the definitive proof of a
multilayer buildup or 3-D agglomeration of ABS,
most likely due to physisorption, which proceeds
very slowly in contrast to the fast adsorption
kinetics of monolayers.

The films after the second step immersion were
also examined by AFM. After 5 s OTS adsorp-
tion, the surface coverage was about 25%, 3-D
islands of ABS with an average height of 5.2 nm
are shown in Fig. 5c¢, not much different from
that of ABS in the absence of OTS in Fig. 5b.
When the surface was fully covered by OTS, the
surface aggregation of ABS was inhibited. No
surface topographical changes were observed
when first step is the ABS adsorption and the
second step is the OTS deposition of a fixed 2 s or
10 min (Fig. 5d). This implies that ABS domains
coexisted with the sub-monolayers of OTS. Our
results have shown that OTS forms a 2-D struc-
ture on oxidized silicon surface, while ABS forms
at least a partial 3-D structure on the same
surface.

4. Discussion

In order to understand the adsorption kinetics
and wetting properties of a mixed film, it is neces-
sary to compute the fractional surface coverage of
each component. The computation of OTS frac-
tional coverage is straightforward because the
data from contact angle, AFM, and IR-ATR all
point to a monolayer structure. The fractional
surface coverage of OTS, yots, 1S estimated using
the corresponding CH, integrated IR intensity,
Iors:

1
Xors = ﬂ’ ()
Ti00v,

where the relative integrated intensity at the ad-
sorption plateau, 0.456, was taken as that of a
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Fig. 5. AFM height images of oxidized silicon substrate surfaces at a constant force, captured in ambient environment: (a) after 30
min dipping in OTS solution; (b) after 1 h dipping in ABS solution; (c) after 5 s in OTS and 1 h in ABS; and (d) after 1 h in ABS

and 10 min in OTS. The scan size is 1 x 1 um?.

fully covered OTS film [, The validity of
the Cassie equation is verified using the partial
monolayer of OTS on oxidized silica surface.
Fig. 6 displays the measured contact angles
and the theoretical values (0c) versus the
fractional surface coverage of OTS (yors). The
theoretical contact angle is calculated using
xots based the IR data and the Cassie equation
[23]:

I
coslc=1—1.34 x =255, (3)

100%

The contact angles of water on pure SiO, and
OTS are 0 and 110°, respectively. Our data,
though limited in numbers, agree fairly well with
those from the above calculations (Fig. 6). This
monotonic increase in the contact angle with the
adsorbed amount of OTS allows a precise control
of the oxidized silicon surface energy.
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Table 1
AFM measurements of the mean surface roughness R, and the
average particle height

Type of surfaces Surface roughness Particle height

R, (nm) (nm)
Si0, 0.21 No particle
OTSsq 0.29 No particle
OTS;om 0.07 No particle
ABS;s 0.08 No particle
ABS | 0.24 1.45
ABS, 4 1.69 5.40
ABS,4u4 1.10 6.50
OTSssABS 1.30 5.20

OTS;omABS,;;  0.54
ABS,)OTS o\, 0.67

No particle
No particle

ABS,\OTS,s 175 1.20
ABS, ;0TS sy 0.89 6.20
ABS,,;;OTS,s  1.20 6.80

Attempts to verify the Cassie equation against
the adsorption of ABS on oxidized silicon prove
to be difficult due to the multilayer buildup and
uncertainty in the surface functionality of ABS
domains. Firstly, the adsorption does not follow
the Langmuirian kinetics. From our data, a most
likely mechanism of ABS deposition is the simul-
taneous formation of ABS monolayer with low
surface coverage, and the slow development of a
multilayer structure. As a result, the fractional
surface coverage of ABS is unknown. Secondly,

1 e T T
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Fig. 6. Plot of the cosine of the contact angle versus the
fractional surface coverage of OTS. The circles represent ex-
perimental contact angle values and the line is the Cassie
equation.

the exact contact angle of a fully covered ABS
monolayer cannot be extracted accurately from
the contact angle measurement. In order to gain
some insights into mechanism of the ABS adsorp-
tion and its effect on the surface energy, the
integrated IR intensity data is normalized by the
theoretical value of a fully covered monolayer of
ABS. For simplicity, we assume ABS exhibiting
the same IR absorbance per CH, as derived from
OTS, a neat liquid density of 0.777 g cm — 3 for the
hydrolyzed ABS domain, a density of 0.954 g
cm~? for the cross-linked, closely-packed OTS
domain, a monolayer thickness 0.8 nm based on
the ABS molecular chain length, and a height of
2.6 nm for a monolayer of OTS [18]. The frac-
tional surface coverage of ABS monolayer, y.gs,
is then calculated using the following conversion
factor [24]:

Zaps = 8.0 x IIABS. 4)
100%

According to the above equation, 100% ABS
monolayer coverage will give a relative integrated
IR intensity of 0.057. The apparent average num-
ber of ABS layers is computed as /,55/0.057, and
is plotted against the dip time in Fig. 7a. It shows
a very slow buildup of layers. An adsorbed
amount equivalent to a monolayer coverage is
reached at 200 s, double layer at 800 s, and five
layer at 8000 s. The average layer thickness based
on the simplified model is within the limits set by
the AFM measurement.

Now we apply the same methodology to the
stepwise adsorption of OTS and ABS, and plot
the net number of layers of OTS and ABS as a
function of dip time for Sequence 1 and 2 in Fig.
7b and c, respectively. As OTS approaches 100%
monolayer coverage, the coverage of ABS dimin-
ishes as expected. But the amount of ABS is much
higher than what is necessary to backfill the sub-
monolayer of OTS due to the multilayer structure.
Even when available surface area is reduced to
20%, ABS can adsorb to an amount equivalent to
that of a monolayer. In the absence of OTS, the
ABS layer thickness after 1 h dip time can reach
4.2 nm on an average according to IR, and 5.4
nm for the highest domains according to AFM.
But with the significant amount of ABS present in
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Fig. 7. (a) Plot of the apparent number of ABS monolayers as a function of ABS dip time; (b) plot of the OTS fractional surface
coverage (circles) and the apparent number of ABS monolayers (squares) as a function of OTS dip time for Sequence OTS-ABS, ;
(c) plot of the OTS fractional surface coverage (circles) and the apparent number of ABS monolayers (squares) as a function of ABS

dip time for Sequence ABS-OTS;onm-

the mixed film, its surface energy as measured by
the contact angle goniometry is almost totally
dependent on the OTS domains, while the ABS
domains behave like the oxidized silicon surface.
Due to the lack of information on the surface
coverage of ABS in Sequence 1, we cannot com-
pare the experimental results with the Cassie
equation. In Sequence ABS-ABS, g, as shown in
Fig. 7c, as the adsorbed amount of ABS increases,
the amount of OTS allowed on the surface de-
creases as expected. But the ABS layer at most
reduces the amount of OTS by half which also
implies a highly discontinuous film of ABS. There
is a possibility of OTS reacting directly on top of
the OTS film, but the fact that the surface cover-
age of OTS is reduced in the presence of ABS
does not favor this mechanism. The exchange of

ABS by OTS is also not likely since the removal
of the physically adsorbed ABS during chloro-
form rinsing. It is intriguing that the contact angle
of the mixed film with 50% OTS surface coverage
was 110°. According to the Cassie equation, the
contact angle of 50% OTS and 50% NH, termi-
nated ABS surface should be 87°, while the con-
tact angle of 50% OTS on oxidized silicon is 71°.
A reason for the positive deviation is the pinning
of an advancing droplet on a more hydrophobic
patch which exaggerates the contribution from the
hydrophobic fractional surface area [25]. Surface
roughness can also exaggerate the contribution
from the hydrophobic domain. More accurate
information concerning the deviation from Cassie
equation can be obtained from the contact angle
hysteresis measurement using dynamic contact an-
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gle techniques on such surfaces. Drelich et al.
correlated the surface aggregate structure of unsat-
urated carboxylic acids on a fluorite surface with
the contact angle hysteresis, and found a maxi-
mum hysteresis occurring at a submonolayer ad-
sorption density between 3 and 5 pmol m 2 [26].

5. Conclusions

The stepwise adsorption of a long trichlorosi-
lane (OTS) and a short aminosilane (ABS) on the
oxidized silicon wafer surface was studied by the
contact angle goniometry, infrared attenuated to-
tal internal reflection (IR-ATR), and atomic force
microscopy (AFM). OTS forms a smooth mono-
layer which follows Langmuirian irreversible first
order kinetics, while ABS forms three-dimensional
multilayer domains of up to 7.0 nm in thickness.
The adsorption of ABS is very sluggish. The OTS
sub-monolayer on oxidized silicon surface follows
the Cassie equation. But the binary film of OTS
and ABS deviates positively from the Cassie pre-
diction. The deviation may be due to the surface
roughness and chemical heterogeneity at the
nanometer to sub-micrometer scale. Practically,
the well defined surface adsorption of OTS enables
one to gradually vary the surface energy from an
extremely hydrophilic to extremely hydrophobic.
On the other hand, aminosilane coating for
biosensors and fiber/matrix coupling does not
have simple surface physical and chemical struc-
ture as often assumed. The fractional surface cov-
erage of amine functional groups can be much less
than anticipated. Mixed OTS and ABS films are
not an effective system for surface energy or even
surface functionality variation. But they can po-
tentially be used to study the effect of microscopic
surface heterogeneity and roughness on the sur-
face energetics. It will be interesting to measure the
contact angle hysteresis using dynamic contact
angle techniques on such surfaces.
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