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Abstract

We studied four trialkoxysilane thin films, fabricated via self-assembly by casting neat silane reagents onto hydrophilic SiO,/Si substrates in
the ambient. This drop-casting method is simple, yet rarely studied for the production of silane self-assembled monolayers (SAMs). Various ex-
situ techniques were utilized to systematically characterize the growth process: Ellipsometry measurements can monitor the evolution of film
thickness with silanization time; water droplet contact angle measurements reveal the wettability; the change of surface morphology was followed
by Atomic Force Microscopy; the chemical identity of the films was verified by Infrared—Visible Sum Frequency Generation spectroscopy. We
show that the shorter carbon chain (propyl-) or branched (2-(diphenylphosphino)ethyl-) silane SAMs exhibit poor ordering. In contrast, longer
carbon chain (octadecyl and decyl) silanes form relatively ordered monolayers. The growth of the latter two cases shows Langmuir-like kinetics
and a transition process from lying-down to standing-up geometry with increasing coverage.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Silanes have been extensively studied as they can form
robust self-assembled monolayers (SAMs) due to covalent
siloxane bonds between the molecules and hydroxyl-terminated
substrates [1]. One end of the silane molecules features one or
more reactive bonds, such as Si—OR or Si—Cl. In the presence
of water or OH groups on the surface, they can hydrolyze to
form covalent bonds Si—O-substrate. Intrinsically, alkoxysi-
lanes and chlorosilanes do not show significant differences,
considering the final structure of the corresponding SAMs.
Alkoxysilanes are more stable and easy to control under
ambient conditions, while chlorosilanes are very susceptible to
humidity [2]. Trialkoxysilane SAMs contain intermolecular
networks with lateral Si—O-Si bonds [3], although steric
constraints do not allow a perfectly ordered two-dimensional
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network [4]. At the other end of the silane molecules, various
functional groups can be designed according to specific
purposes, like CH3 and CFj3 for lubrication and hydrophobicity
[5,6], CH=CH,, COOH and OH for binding to application
surfaces [3,7,8], (e.g., for chromatography [9]), NH,, SH, and
PPh, for immobilizing metal nanoparticles [10—14]. The carbon
chain length can also be changed to tune the SAM properties
[15]. Based on these considerations, many important applica-
tions for silane SAMs have been proposed and investigated,
such as biomolecular anchoring and sensoring [16,17], catalysis
by immobilizing metal nanoparticles [12,14], and build-up of
molecular transistors [18].

Since silane SAMs have so many intriguing applications,
their fabrication becomes naturally important. Two preparation
methods have been widely studied. One is to immerse clean
substrates in a solution of a target silane reagent for a specified
time, here called the “Solution Method” (SM) [2,3,12]. One
may deliberately introduce water traces to study its influence
[19-21]; more often, water from the ambient (humid atmo-
sphere) suffices to induce and/or speed up hydrolysis. Too much
water can actually cause aggregation of silane molecules and
induce fractal structures and low-quality SAMs [20]. Another
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common method is the exposure of clean substrates to silane
vapor in vacuum with or without heating, termed ‘“Vapor
Method” (VM) [22—-24]. In a good vacuum, a very limited water
supply is available, and the resulting SAMs might not show full
coverage [23]. The third method, directly casting of neat silanes
(Casting Method, CM), which was initially performed on hot
substrates [8,25], was rarely studied in detail. As yet, thorough
structural and chemical characterizations for CM-produced
silane films are not available. Here we report a systematic study
on various silane films, produced from OTS (octadecyltriethox-
ysilane), DTS (decyltriethoxysilane), PTS (propyltriethoxysi-
lane) and DPES (2-(diphenylphosphino)-ethyltriethoxysilane),
and characterized by ellipsometry, contact angle measurements,
atomic force microscopy (AFM) and sum frequency generation
(SFG).

2. Experimental details
2.1. Chemical reagents

All silanes, OTS (Octadecyltriethoxysilane, CH3(CH,);7Si
(OEt);), DTS (Decyltriethoxysilane, 97%, CH;(CH,)oSi
(OEt);), PTS (Propyltriethoxysilane, 98%, CH;(CH,),Si
(OEt)3) and DPES (2-(diphenylphosphino)ethyltriethoxysilane,
97%, Ph,P(CH,),Si(OEt);) were from ABCR (Karlsruhe,
Germany) and used without further treatment. Absolute ethanol
(>99.9%) was from J. T. Baker, Holland. Acetone (p.a.,
>99.5%) was from Carl Roth (Karlsruhe, Germany). Suprapur
HCI solution (30%), VLSI selectipur H,O, solution (31%) and
NH,4OH solution (25%) were all from Merck. Millipore water
with a specific resistance of 18.2 M{) was used.

2.2. Substrate pretreatment

Si(100) wafers (cut to 6 x 6 mm pieces) were cleaned with a
modified literature method [26], widely used in the field of
semiconductor technology for many years [27] to obtain fully
hydrophilic surfaces. The basis is an alkaline treatment to
remove organic contaminants, followed by an acidic treatment
to remove inorganic contamination. A simple criterion is that
the contact angle of water on the cleaned surfaces is very small,
typically less than 8°. Recently, it was found that the acidic
treatment cannot create totally hydrophilic surfaces (contact
angle of water >20°) [28]. We found that the acidic treatment
can increase the contact angle to 23° from 10° obtained in the
previous alkaline step. Thus we modified the method by
reversing the sequence of the acidic and alkaline treatments. In
the first step, the silicon wafers were treated for 15 min at 80 °C
in a mixture of concentrated hydrochloric acid (30% HCI):
concentrated hydrogen peroxide (31%):water with a volume
ratio of 1:1:5. In the second step, they were treated for another
15 min at 80 °C in a mixture of concentrated ammonia (25%
NH4OH): concentrated hydrogen peroxide (31%):water with a
volume ratio of 1:1:5. The cleaned surfaces are completely
hydrophilic with contact angles <5° (the exact value is difficult
to measure and usually considered as zero in the literature) [28].
The silicon wafers are now covered by a thin and continuous

layer of SiO, (with x~2). After drying in flowing argon, the
wafers were immediately subjected to silanization. Note that we
employed the same method also for borosilicate glass surfaces.

2.3. Silanization

A freshly pretreated and dried silicon wafer (or glass)
substrate was placed in a mini reactor, 2 pul of pure liquid silane
were cast onto the surface, and incubated for a specified period.
After silanization, the sample was rinsed with absolute ethanol
to remove most of the remaining silane, and ultrasonicated in
absolute ethanol for 2—3 min in order to remove unwanted
aggregates (if any). Next, it was rinsed with water and dried in
flowing argon. The mini reactor consisted of a fluoropolymer
O-ring (Viton®) placed between two flat glass plates. The small
enclosed volume ensures that the silane remains liquid during
the silanization process, due to its low vapor pressure. The
procedure requires only very small amounts of silane (~2 ul)
for sample surfaces of some tens of mm?>. All silanization
processes were performed at room temperature of 26+3 °C and
at ambient humidity of 26+4%.

2.4. Instrumentation

Ellipsometry was performed with an EL-X02C ellipsometer
(DRE GmbH, Germany). The incidence and reflectance angles
were 70°, the wavelength of the laser was 632.8 nm. A three-
layer model (air/silane+SiO,/Si) was used to calculate the
thickness of the silane films, according to a literature method
[29,30]. For simplicity, the refractive indices of silanes (1.45—
1.5) are considered the same as that of SiO, (1.4571). Among
the samples pretreated in one batch, the thickness error was
+0.02 nm. A piece of silicon from the same batch (~ 6 pieces)
was taken as blank reference. Obviously, the thickness
difference between the silanized sample and the reference is
due to the growth of silane films.

Water was used as the probe liquid for advancing contact
angle measurements. The apparatus for this purpose was a Kriiss
G10 contact angle goniometer. For each sample, five points were
measured, and the contact angles averaged. AFM images were
recorded with a Nanoscope IIIA (Digital Instruments) operated
in tapping mode (280 to 300 kHz) with silicon tips.

For SFG spectroscopy we used a picosecond pulsed Nd:
YAG laser (Ekspla) pumping an Optical Parametric Generation/
Optical Parametric Amplifier (LaserVision) to generate infrared
light tunable between 1000 and 4000 cm™'. The infrared beam
had an energy of 300 pJ at 3000 cm ™' with a bandwidth of
~6 cm . A visible beam (532 nm) was created by second
harmonic generation in a Potassium Titanyl Arsenate crystal.
The angles of incidence of the infrared and visible beams were
60° and 50°, respectively, at the susbstrates, with an energy
density of ~20 mJ/cm? and 40 mJ/cm?, respectively [31]. Our
polarization code (e.g. “ssp”) refers to analyzer (SFG beam)/
polarizer (VIS)/polarizer (IR). The sample was placed in a
vacuum cell, evacuated to ~ 10~ # Pa for 1 h and backfilled with
Ar. This procedure reduced the amount of surface contamina-
tion that would adsorb to the surface in the laboratory
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Table 1
Ellipsometric thickness (<) and advancing contact angle (6,) of OTS, DTS, PTS
and DPES SAMs and the silanization time (7)

Structure d (nm) 0, (°) t (h)
DPES Ph,P(CH,),Si(OEt); 0.56+0.06 48+1 0.2-0.5
PTS CH;(CH,),Si(OEt); 0.47+0.06 80+2 >12
DTS CH3(CH,)Si(OEt); 1.02+0.08 102+2 >10
OTS CH;(CH,),7Si(OEt); 2.33+0.11 10242 >8

All the data herein refer to the silane films whose ellipsometric thicknesses do
not further change and AFM images show no aggregates.

environment. The data were acquired while the infrared energy
was continuously scanned from 2750 to 3200 cm ™' at I cm ™ '/s.
Each data point in a spectrum is an average of 20 shots. The
spectra presented are an average of five scans with error bars
representing the standard deviation between the spectra. The
spectra are curve-fitted with a Lorentzian line shape function,
using non-linear fitting functions in Origin® with instrumental
setting for the error bars.

3. Results and discussions

3.1. Characterization of CM-SAMs by ellipsometry, contact
angle, AFM and SFG

SAMs of silanes have important applications in the fields of
adhesion, lubrication, corrosion protection, and grafting
nanostructures. Coverage, thickness, orientation, and purity all
have a critical impact, thus it is important to gain sufficient
knowledge of these properties. In this study, we achieved a
comprehensive characterization by combining ellipsometry,
contact angle, AFM, and SFG experiments, while each
technique on its own can only reveal limited features. Note
here that at least five individual samples were employed to test
the reproducibility for each condition. Ellipsometry can provide
a global measure for thickness of adsorbates on substrates, but it
cannot differentiate between discrete islands and continuous
films. Contact angles merely report the wettability. AFM
demonstrates the (local) morphological quality of the film, but
can usually not give any chemical information. In contrast, SFG
(sum frequency generation), a modern spectroscopic method,

Table 2
Rms (root-mean-square) roughness data of AFM images in Figs. | and 4*
Condition Rms (nm)
Fig.1A Bare Si 0.17+0.02
Fig. 1B OTS, >8h 0.14+0.02
Fig. 4A OTS, 20 s 0.13+0.02
Fig. 4B OTS, 20 min 0.16+0.02
Fig. 4C OTS, 60 min 0.34+0.03
Fig. 4D OTS, 120 min 0.67+0.04
Fig. 4E OTS, 480 min 0.14+0.02

*The Z-axial range in all the AFM images is 4 nm. The value for each image is
averaged from at least five individual samples.

gives the vibrational characteristics of chemical groups, plus the
molecular orientation of monolayers [32,33].

Among the four triethoxysilanes studied, OTS (n-C,gH3,Si
(OEt)3), DTS (I’l-ClonlSl(OEt):;), and PTS (l’l-C3H7Sl(OEt)3)
have methyl end groups, but different carbon chain lengths,
while DPES (Ph,PCH,CH,Si(OEt);) features a PPh, end group.
The thicknesses and contact angles of these silane films
(Table 1) are qualitatively consistent with the reported values
[3,25,34-36]. The small contact angle of DPES indicates its
poor order (and probably low density packing), expected from
its branched shape and short carbon chain. From PTS to OTS,
the thickness increases from 0.47 to 2.33 nm, close to their own
molecular lengths [20,21,34]. For PTS, the contact angle of 80°
implies that its carbon chain is not highly ordered. In contrast,
DTS and OTS show a higher value (ca. 102°), which points to a
better ordered structure and packing, although the value is
slightly lower than that of fully hydrophobic surfaces [3,35].

For DPES, clean and flat AFM topographies can be obtained
only within a time window of 0.2—0.5 h. When the silanization
time is longer, AFM images show numerous large aggregates, and
the corresponding ellipsometric thicknesses are much larger than
that of monolayers. The aggregation can be interpreted by its short
carbon chain, and maybe also by the chemically reactive PPh,
group. In contrast, OTS, DTS, and PTS require threshold times of
8, 10, and 12 h, respectively, for growth to saturation. The
unusually long silanization times are assigned to the high
viscosity of the neat silane liquids, which is based on strong
intermolecular interactions, and probably causes low mobility/

0.0

Fig. 1. Tapping mode AFM images of an oxidized silicon wafer reference (A) and an OTS-modified wafer (B). Scale bar=1 pum.
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Fig. 2. Sum frequency spectra of silane monolayers on borosilicate glass at various polarization settings. A) OTS, B) PTS, C) DTS and D) DPES.

flexibility of the silanes on the substrate. The carbon chain length-
dependent growth time appears to be consistent with the larger
adsorption and growth rates for longer carbon chains in the case of
thiols [37,38]. For longer times, no significant changes in
ellipsometry, contact angle and AFM images were observed.

Since AFM images of the four silane films are simply flat
and featureless (see Supporting Information), we present here
only OTS as example (Fig. 1), together with a bare silicon wafer
for comparison. The rms (root-mean-square) roughness values
for Fig. 1A and B (each from five pieces of different samples)
0.17£0.02 nm and 0.14+0.02 nm, respectively, see Table 2.
This indicates the uniformity of the silane films and the bare
silicon substrates. The silanized surface was essentially free of
aggregates, which consist of hydrolyzed molecules and can
easily achieve heights of >3 nm [39]. Large numbers of such
aggregates would change the optical parameters of the SAM
and thus influence the ellipsometrically determined thicknesses,
which was not observed in our case.

The mentioned characterizations verify a thin film on a
silanized substrate, but yield no information on the chemical
identity. We found that Fourier transform infrared (FTIR)
spectroscopy in reflection mode and also in attenuated total
reflection configuration suffers from low signal/noise ratios.
Considering the extremely low sensitivity of a polarized IR
beam reflected from a silicon wafer [40], this is not very
surprising, although some results are available in the literature
[41,42]. When IR spectroscopy in transmission is impossible,
SFG is a very good alternative, which additionally offers
extreme surface sensitivity. We tested not only silicon
substrates, which have the same drawback as in FTIR

experiments, but also borosilicate glass substrates. The
composition on the top layer of a silicon wafer, which is
actually native silicon oxide, is very similar to that of glass. The
native silicon oxide layer is typically 1.5 to 2.0 nm thick,
sufficient to restrict the silanization reaction to the surface.
Therefore, we used glass to mimic silicon wafers in SFG
studies, assuming that the monolayers are equivalent on the
surface of these two different materials.

Fig. 2 shows SFG spectra of all silane films, obtained for
four different polarization combinations. Several groups
reported the SFG spectra for silane monolayers prepared from
silane solutions [43,44]. Albeit the SFG beam was not analyzed
with respect to its polarization, the VIS—IR (visible—infrared)
combinations pp, ps and sp yield spectra that compare nicely
with our analogues in Fig. 2 (ppp, sps, and ssp, respectively)
[43,44]. The results on glass compare very well with spectra
presented here: OTS with ssp polarization shows two main
peaks at 2875 cm™ ' and 2936 cm ™', which correspond to vg
(CH3) and its Fermi resonance [45]. Smaller intensities at
2850 cm” ! and 2961 cm™ ! are due to CH, modes and vas(CH3),
respectively. The SFG spectra here indicate an ordering that is
close to that in films formed by solution methods. Further
confirmation comes from the sps and pss cases: Now vy
(degenerate) appears at 2958 cm ™ ', and CH, resonances are not
visible, again suggesting the picture of a relatively ordered film.

The PTS films prepared from solution [44] and ours show
similar spectra: ssp polarization yields two main features at
2875 cm ! and 2936 cm™ !, which correspond to v¢(CH3) and
its Fermi resonance. v,5(CH;) and CH, modes show relatively
small intensities. In the case of sps mode, the v,, (degenerate)
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Fig. 3. Ellipsometry and contact angle measurements of OTS (A—C) and DTS (D-F) films. A and D: ellipsometric thickness d vs. time #; B and E: cosine of contact
angle cosf vs. time #; and C and F: cosine of contact angle cosf vs. ellipsometric thickness d.

appears at 2958 cm ', while CH, and CHj; display weak
intensity between 2860—2880 cm ™ '. These data indicate some
order of the packing in the silane film. DTS presents, as
expected, an intermediate case. Since the CHj; resonance is
comparable with the case of OTS, the DTS packing properties
should be similar. DPES yields spectra that are more
challenging to interpret. The weak CH, and CHj vibrations at
2950 cm™ ' and 2875 cm™ ! in the spectra indicate that there may
be some contaminants or unreacted ethoxy groups of the silane
present on the surface. This makes it difficult to justify if the
weak CH, resonance originates from the carbon chain or from
unreacted ethoxy groups; here isotopic labeling (with deuteri-
um) would be required for unambiguous assignments. Never-
theless, the most important conclusion is the presence of a clear
w(C—H) resonance from the phenyl groups at 3064 cm ™ '. This
compares well with the case of phenylsilane on silicon [46],
where v7, and v, of the C—H (phenyl) vibrations were detected
at 3038 cm ' and 3059 cm™ ', respectively. It was also found
that the ssp signal yields best results [46]. Hence SFG here
proves the presence of the phenyl groups.

Taking all the ellipsometry, contact angle data and AFM
images together, we can conclude that the silanized surfaces are
nearly fully covered with a thin film of single molecular
thickness of the respective silane. For PTS and DPES, the films
are poorly ordered. In contrast, DTS and OTS present relatively
ordered self-assembled monolayers, although of slightly
inferior quality, compared to the solution method.

3.2. Growth mechanisms for OTS and DTS CM—-SAMs

Only knowing how to fabricate SAMs is not sufficient,
knowledge of the growth mechanisms is essential to control the
quality and properties. Much effort was directed at understanding
the growth mechanism in SM and VM [42,47-50]. As stated
above, the CM attracted little attention [8,25], let alone its growth
mechanism. In the following we show how ellipsometry, contact
angle measurements and AFM complementarily provide insight
on growth kinetics for the cases of OTS and DTS.

Fig. 3 shows ex-situ ellipsometry and contact angle
measurements of OTS and DTS during assembly. In case of



Y. Yang et al. / Thin Solid Films 516 (2008) 3948-3956 3953

nm

2.0
-2.0 T T
0.0 1.0 2.0 3.0 um
nm
1.51
-1.51
1 1
0.0 1.0 2.0 3.0 um
nm
2.0
2.0 . :
0.0 1.0 2.0 3.0 um
nm
1:5
- Wwﬂwwﬂuﬂup
-1.5
T T
0.0 1.0 2.0 3.0 um
nm
2.0
M.\.MIJ\A Aﬂr‘hm fla 4 Aug .n!‘u'\ll 4 A’L.M by foad H
0.0 KA A LA IR AR Ty A | uvwwvvul
-2.0 T T
0.0 1.0 2.0 3.0 pm

Fig. 4. Tapping mode AFM images of OTS-modified oxidized silicon surface with increasing immersion time, A) 20 s, B) 20 min, C) 60 min, D) 240 min and E)
480 min. Scale bar=1 pm. Z-axial range=4 nm.



3954

Y. Yang et al. / Thin Solid Films 516 (2008) 3948-3956

A B C
LU L L 2 L s el
D E

Fig. 5. Cartoons describing the growth mechanism of OTS SAMs.

OTS, both thickness (Fig. 3A) and contact angle (Fig. 3B) vs.
silanization time approximately show a first order exponential
behavior (see supporting information), which corresponds to
Langmuir kinetics [47,51,52]. Clearly such a simple adsorption
mechanism is only qualitative. One should also consider that, at
any stage of film formation (see discussion below), one can
assume a mixture of organic matter and silicon oxide on the
wafer surface. Then the Cassie equation [53]

costl = xjcos0; + xcos6,

describes how the measured contact angle 6 depends on the
relative coverages of organic matter, x;, and silicon oxide, x,
(with their respective contact angles 6,). The predicted linear
relationship between cosf and x; corresponds to the linearity
between cosf and the film thickness in Fig. 3C, since the
coverage is directly proportional to the measured thickness.
DTS behaves in a similar way. The slightly larger deviation
from the Langmuir-like behavior may be due to additional
processes such as physisorption [54].

AFM is a powerful tool to visualize the morphology of
substrate surfaces and adsorbed films [48—50,55,56]. We
preferred ex-situ AFM (and hence “quenching” of the assembly
process) because we are interested in stable SAMs, covalently
bound to the surface, rather than in weakly bound (physisorbed)
molecules, which can easily be removed by rinsing, but might
interfere with AFM.

The AFM images in Fig. 4 characterize the growth of an OTS
monolayer as a function of immersion time. The rms roughness
values, see Table 2, show dramatic changes from 0.13+£0.02 nm
(Fig. 4A),100.67£0.02 nm (Fig. 4D), and back to 0.14+0.02 nm
(Fig. 4E). The line profiles in the right column also show a
change of roughness value from small (<0.3 nm) through large
(~2.3 nm) to small (~0.3 nm). The roughness analyses can be
used to infer the packing properties of the SAMs [42,48]. In
detail, for Fig. 4A (20 s silanization) we do not observe any
distinct features, but a flat surface. Comparing Fig. 4A with
Fig. 1A, and combining it with the ellipsometry (0.3 nm) and
contact angle results (50°), one can verify the existence of silane
molecules on the surface. However, the coverage of OTS is low,
and the molecules should lie flat on the surface. After 20 min, see
Fig. 4B, the surface rms roughness increases to 0.16+0.02 nm
from 0.13+0.02 nm (Fig. 4A). The few tiny bright dots can be

assigned to residual polycondensated aggregates [39]. Note that
the distance A/ (the height difference between the apices and pits
in the profiles) of 0.4 to 0.8 nm in Fig. 4A and B, is comparable
with the cross section of alkylsilanes (~0.5 nm) [57]. After
60 min, a significant change of the surface morphology was
observed, see Fig. 4C. The surface is overall uniform and of
nearly full coverage, with A/ varying from 1.0 to 1.4 nm. The
rms roughness increase to 0.34+0.03 nm, see Table 2. Since the
ellipsometric thickness is (1.2+0.2) nm, we assign the dark pits
to the silicon/silicon oxide substrate, on which OTS molecules
might reside in gauche (kinked) conformations, with stretching
lengths of only 1.0 to 1.4 nm.

Within the period from 60 min to 240 min, the surface
changes dramatically, illustrated by the newly emerging bright
patches in Fig. 4D. The rms roughness increase to 0.67+
0.04 nm. The heights of these fractal islands are 0.8—2.5 nm. If
the dark areas are considered as bare substrate areas, the bright
patches cannot account for the total film thickness of (1.9+
0.2) nm, found ellipsometrically. Thus the pits should be
covered by silane molecules, similar to the state in Fig. 4B.
Taken together, it is reasonable to assign the bright patches and
dark pits to ordered and disordered domains of a SAM,
respectively [42].

When the silanization time reaches 480 min (see Fig. 4E),
island patches cannot be observed any more, and the OTS layer is
uniform and clean The contrast between the apices and pits
decreases markedly to 0.1 to 0.4 nm (Fig. 4E), which is also
supported by the rms roughness value of 0.14+0.04 nm. Since
there are no aggregates on the OTS film, and since the surface is
fully covered, the nominal thickness is totally due to the
contribution from the SAM. Comparing with Fig. 4D, we
postulate that the thickness increase is mainly from changes in the
dark areas, where the OTS molecules all or partially rise up (still in
gauche conformation) from the lying-down state in the previous
snapshot. After 12 h silanization, we did not observe significant
differences in terms of morphology, nominal thickness and
contact angle. This indicates that the molecules in gauche and/or
lying-down conformation in the pits do not change their vertical
stretching length. Non-active OH sites and confinement on the
molecular level might be responsible for that.

From the above-mentioned considerations, we can outline a
growth scenario for OTS SAMs, shown in Fig. 5A-E
(corresponding to Fig. 4A—E). In the first stage, only small
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amounts of silane molecules are anchored at the most active sites
on the silicon surface. Although overall the silane/silicon oxide
surface is uniform and smooth (as characterized by AFM,
ellipsometry, and contact angle measurements), the local activity
on the molecular scale is certainly not ubiquitously uniform. In the
quasi-equilibrium 2D-phase diagram of thiol SAMs, this state is
termed as vapor (V) or gas (G) phase, as the thiol molecules are
very mobile on the surface [58]. In the case of silane SAMs, silane
molecules are usually thought to be irreversibly anchored, i.e.,
reactively chemisorbed [3,59,60]. However, some researchers
reported that the adsorbed silane molecules are mobile and can
diffuse laterally on the surface [35,61,62]. The coverage in Figs.
4A and 5A is apparently quite low and the interactions among
silane molecules would be rather weak. The mobile property and
the weak intermolecular interaction of these silane molecules at
this stage are bit analogous to the gas molecules. Thus for
simplicity, the term “gas (G) phase” is adopted to describe Fig. SA
[1]. Subsequently, Fig. 5B shows a surface completely covered
with lying-down molecules. Compared to Fig. SA, nominally, the
difference is only the molecular coverage. But intrinsically, the
interaction among molecules becomes significantly strong, and in
turn the molecular movement remarkably confined. Thus it is
termed as “liquid (L)”, correspondingly; again, this does not
simply imply surface diffusion. In the following (Fig. 5C), it
appears that the lying-down molecules raise by taking on
extended conformations while other molecules from the bulk
silane react with surface OH groups to form a more densely
packed layer. Its packing density is still well below that of a “solid
phase”. Thus “liquid-expanded (LE)” is coined to describe this
state. Note that the nominal thickness of the LE phase can span a
wide range from ca 1.0 to 2.0 nm in our case, depending on the
stretching extent. With further silanization time (Fig. 5D), the LE
molecules extend fully in the vertical direction, corresponding to a
conformational change from gauche to all-trans. Consequently,
they form highly ordered patches, termed as “liquid crystalline
(LC)”, comparable to condensed islands. Surrounding these
islands are some gas- or liquid-like OTS molecules. Such a
coexistence of two phases in the growth process of silane SAMs is
well known [63—-65]. If the silanization proceeds to 8 h or more, a
more uniform and dense monolayer is acquired, see Figs. 4E and
SE. The remarkable change is the rising of the molecules in the
dark areas where they form either an L phase or an LE phase.
Longer time does not increase the film thickness significantly,
indicating that the final state is a mixture of LC and LE (and/or L).
Note that all the terms (G, L, LE, LC) are borrowed from the
terminology of Langmuir films [1]. In analogy to such films, one
can expect highly ordered layers below a certain temperature 7,
and disordered layers above 7. [65—68]. Considering the
influence of kinetics, the OTS behavior can be qualitatively
interpreted well in this regime [48]. Note that a similar evolution
scenario was also observed in the SAMs growth of DTS
(Supporting Information).

4. Conclusion

Fabrication of self-assembled monolayer films by simply
casting neat silane reagents in ambient environment was

demonstrated. The films were systematically studied via
chemical and structural characterization by means of SFG,
AFM, water contact angles and ellipsometry. Films with shorter
carbon chains (PTS), or branched (DPES) silanes showed poor
ordering. In contrast, longer carbon chain silanes (OTS and
DTS) assembled to ordered monolayers. For OTS and DTS, a
Langmuir-type kinetics of the film formation was revealed by
time evolution studies. The film growth experienced a transition
from lying-down to standing-up geometries, similar to observa-
tions for the solution method.

Supporting Information Available: AFM images of PTS,
DTS and DPES; AFM images of DTS growth with time;
roughness analyses of AFM images, fitting parameters for the
dynamics of the ellipsometric thickness; water droplet contact
angles.
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