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The (110) crystal plane of SnO, was found by X-ray diffraction, atomic force mi-
croscopy and X-ray photoelectron spectroscopy to grow preferentially in the direction
of short-chain sulfonate self-assembled monolayer (SAM) formed from in situ oxidation
of 3-mercaptopropyltrimethoxysilane (MPS) treated Si substrates. Molecular simula-
tions were performed to study the optimal packing structure of MPS SAMs on Si (100)
surface as well as its induced deposition mechanism to the SnQO, crystal. Molecular
mechanics calculations showed that the MPS molecules self-assembled on Si (100) sur-
faces with a coverage ratio of 50% and a zigzag-like packing pattern. Molecular
dynamics calculations reflected that oxidation of the —SH of MPS contributed to uni-
form —SO;H-terminated SAMs with narrower distribution of dihedral angles. Density
functional theory calculations suggested the existence of strong interactions between
the —SO;H groups of SAMs and SnO, (110) plane, which was due to the structural
and electrical match between the —SO;H group and the unsaturated atoms on SnO,
(110) plane. These results consistently confirmed that the ordered SAMs with —SO;H
terminal group are beneficial to the epitaxial growth of crystal SnO,. © 2007 American
Institute of Chemical Engineers AIChE J, 53: 2957-2967, 2007
Keywords: crystal growth, self-assembly, simulation, quantum mechanics, SnO- films

Introduction

Self-assembled monolayers (SAMs) of organic molecules
provide a convenient way to tailor the properties of the sur-
face and the interfaces of solid-state materials. Applications
of SAMs have attracted attention in diverse areas including
surface modification,' lubricant coatings,2 chemical sensors/
biosensors,”® electrochemical studies,’ immobilization of
DNA,® and especially preparation of nanocrystal materials.
For instance, crystalline SnO, film have been successfully
prepared on substrates modified by long-chain SAMs such as
octadecyltrimethoxysilane™'® and 1-thioacetato-16-(trichloro-
sily)hexadecane.'' Highly oriented microrods of ZnO crystals
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were synthesized on Si wafers with the SAMs of SiCly
(CH,);;—O—C¢H,—COOH."? Calcite plane (0112) was
induced to grow under the orientation of 16-mercaptohexade-
canoic acid SAMs.!>™13 Crystalline TiO, (anatase)thin films
were deposited onto organic alkylsilane SAMs of 1-trifluoro-
acetato-16(trichlorosilyl) hexadecane and 1-thioacetate-16-
(trichlorosilyl) hexadecane with —OH and —SOsH terminal
groups.'®!”

So far, most investigations on the metal oxide film growth
have concentrated on utilizing SAMs of long-chain mole-
cules because short-chain molecules are considered to form
self-assembled layers with poorly ordered structures. Ito
et al.'"® studied the SAMs structure of two COOH-terminated
alkanethiols [11-mercapto-undecanoic acid (MUA) and 6-
mercapto-hexanoic acid (MHA)] on Au (111), and found the
longer alkyl chain (MUA) formed a well-ordered monolayer,
while the shorter-chain (MHA) formed a nonuniform film. In
Nuzzo and coworker’s research,'® Fourier transform infrared
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spectroscopy results indicated that the longer chain alkane-
thiols HS(CH,),,CH; (n = 15, 17) form well-defined SAMs
with crystalline-like conformations, and there is less confor-
mational order present in the monolayers of short-chain (n =
7) molecules. Prathima et al.*® compared the SAM of C8 and
C18 alkanethiols on the Au (111) surface, and concluded that
the SAMs of short-chain C8 alkanethiols had more defects
than those of the long-chain C18 alkanethiols. However, no
report was found to illuminate the effect of terminal groups
on the packing structure of SAMs.

Micro-structures of SAMs are important to understand the
interaction mechanism at deposition interfaces. Advanced ex-
perimental techniques have been used to characterize the
structure of SAMs, such as Atomic Force Microscopy
(AFM), Infrared Spectroscopy, contact angle goniometry,
ellipsometry, X-ray Diffraction (XRD), X-ray Photoelectron
Spectroscopy (XPS), and surface plasmon resonance. %212
More recently, computational simulations, including molecu-
lar mechanics (MM),>*** molecular dynamics (MD),” and
quantum mechanics (QM)*® calculations, have proven useful
to explore detailed information of the SAMs structure, which
can be difficult to measure by experimental techniques. For
example, Zhang et al.*® studied the packing structures of C18
alkyl SAMs on the Si (111) using MD simulation, and found
that C18 alkyl groups arranged uniformly with a tilt angle
about 28°.

Tin oxide (SnO,) is a type of wide band-gap n-type semi-
conductor that is widely used in dye-sensitized solar cells,”’
Li-ion batteries,?®%° transparent conductive electrodes,® and
gas sensors.>*? Although many groups have grown the
SnO, films on SAMs-coated substrates through liquid phase
deposition®*~** or liquid flow deposition,® the influence of
self-assembled layers on the subsequent deposition of tin ox-
ide remains elusive, especially for the short alkoxyl-chain
SAMs. In a previous work, we have successfully synthesized
compact crystalline SnO, films on substrates coated with
self-assembled layers of a short-chain alkylsilane molecule,
3-mercaptopropyltrimethoxysilane (MPS), and found that the
kind of terminal group of MPS-SAMs greatly influenced the
morphology of deposited SnO, films.*® However, it is not
well understood yet how the packing structure of MPS-
SAMs affects the epitaxial growth of metal oxide crystals.

In this article, we investigated the structure of the short-
chain MPS SAMs as well as its influence on the oriented
growth of SnO, crystal films using experimental characteriza-
tions and computational calculations. The distinctness of
SnO, crystals precipitated homogeneously in precursor solu-
tions was compared with those deposited on the SO;H-
terminated MPS SAMs. According to experimental results,
simulation models were established and then MM and MD
simulations were performed to study the optimal packing
structures of MPS SAMs on a Si (100) plane. The radial distri-
bution of sulfur atoms and dihedral angles variations were
investigated using dynamic simulations before and after oxi-
dizing the terminal —SH groups of MPS. Finally, DFT calcu-
lations were adopted to study the interaction of the SO;H-
terminated monolayer and SnO, crystal. Both the experimental
and the simulation results revealed the main reason behind the
observation that the short alkoxyl-chain SO;H-terminated
MPS-SAMs influences the SnO, crystal orientation during
the deposition process. This work provides us with a poten-

2958 DOI 10.1002/aic

Published on behalf of the AIChE

tial route to adjust crystal growth on substrates, which has
promising applications in the design and production of desir-
able semiconductor films and catalysts.

Experimental and Modeling Methods
Deposition of Sn0O; films on MPS-coated substrates

The square silicon wafers (1 cm X 1 cm) were cleaned
ultrasonically in ethanol and in deionized water for 20 min
respectively, to remove possible contaminants on the surfa-
ces. Then the wafer pieces were immersed in a freshly pre-
pared “piranha” solution of 1:3 (v/v) mixture of 30% H,O,
and concentrated sulfuric acid at 80°C for 30 min to become
oxidated and hydroxylated. Self-assembled layers of MPS
were formed on the hydroxylated substrates at room tempera-
ture through dipping the clean wafers into 5 mM MPS cyclo-
hexane solution. Then the MPS-coated substrates were
treated in a mixture solution of H>,O, and acetic acid, to oxi-
dize the —SH groups of MPS layers into the desired
—SO3H groups. The sulfonic functionalized substrates were
immersed into the fresh precursor solution of 2 mM SnCly
and 0.4 M HCI to deposit SnO, films. The detailed procedure
of the film deposition was reported in the previous report.>

The zeta potential of colloidal particles was measured with
a Malvern ZetaSizer 3000HSA (Malvern Instruments). The
particle morphology was observed using a NanoScope Illa
MultiMode Scanning Probe Microscope (Digital Instruments)
in the tapping mode. All the AFM images were recorded
with the tip scanning from the bottom of the imaged area in
air at room temperature. The deposited tin oxide films were
characterized using XRD and XPS. The powder X-ray dif-
fraction patterns of oxide films were obtained for phase iden-
tification using a D/MAX 1I-2038 diffractometer (Philips)
with a Cu Kua radiation at 40 kV. The elemental composition
of the films was determined using XPS (PHI 1600 ESCA
System). XPS measurements were operated at a power level
of 300 W with an Mg Ko X-ray source. Electron binding
energies were calibrated against the alkyl C 1s emission peak
at 284.6 eV.

Modeling methods

All the calculations including QM, MM, and MD studies
were performed with a DELL workstation using the Materi-
als Studio package (version 3.1) from Accelrys.’” The QM
calculations were based on the Dmol3 module, and the
MM&MD simulations were performed using the Discover
module with the COMPASS*® force field. Two points were
the focus of this work, one was the SAMs structure of short
chain molecules (MPS) on a hydroxyl-terminated Si surface
at a molecular level; the other was the selective deposition
mechanism of these MPS SAMs to the SnO, crystal films.

The MPS SAMs model and simulation methods

The Si (100) surface is the most important reconstructed
surface.>*%° In all kinds of Si (100) reconstruction surfaces,
the 2 X 1 reconstruction is the most stable structure.*'™ In
our simulation, we created the Si (100) 2 X 1 reconstructed
surface including four layers of silicon atoms as the
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Figure 1. The structure of SnO, crystal planes (110), (101), (211) and the simplified MPS.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

substrate. The bottom two layers of silicon atoms were fixed
at their bulk crystal positions during all the calculations. The
silicon atoms in the upmost layers were initially terminated
with hydroxyl groups to describe the starting surface treated
by the first step in the experimental process.”’ And then a
vacuum slab of 30 A was added onto the surface to avoid
the interaction between different slabs. Thus the basic Si
(100) 2 X 1 cell has a dimension of 3.08 A X 7.68 A X
35.00 A. This (2 X 1) unit cell was then extended in two
dimensions via the use of periodic boundary conditions to
generate other simulation cells such as (2 X 2), (2 X 4), (4
X 4), and (16 X 16). MPS molecule was optimized using
MM calculation for nearly 2000 steps, and then replaced the
surface hydroxyl groups at the appropriate positions via a
Si—O linkage, to obtain the models used to describe the
modified surfaces. The thiol groups (—SH) in the SAMs
were subsequently replaced by the sulfonic group (—SO;H)
to describe the oxidized surfaces onto which metal oxide
films were deposited. The resulting surfaces were subjected
to a MM optimization with the “smart minimizer” method,
which consisted of three cascade-minimized methods
(Steepest Descent, Conjugate Gradient, Newton). An “ultra-
fine” convergence criterion (10> kcal/mol) was adopted in
the simulation with Ewald summation for van der Waals
(vdW) and electrostratic (Coulomb) nonbond calculations.

The optimal packing structure of MPS on Si (100) surface
was obtained through comparing the average packing energy
per chain of all different structures. The average packing
energy per chain of the MPS molecule (E,,.) was calculated
using the following equation

Eave - (Etotal - ESi)/N (1)

where E,, represents the total energy of the Si (100) sur-
face binding the MPS molecule, Eg; is the energy of the
hydroxyl-terminated Si (100) surface, and N is the number of
substituted MPS molecules. A lower E,,. value corresponds
to a stable packing structure.

Then MD simulations were further performed on both
energy-minimized systems with —SH and —SO;H groups
using an NVT ensemble. Three-dimensional periodic bound-
ary conditions (PBC) were applied in the MD simulation.
The MD temperature was set at 298 K, which was controlled
by the Berendsen et al.** thermostat. The step time was 1 fs.
The equilibration time was 100 ps, The resulting trajectory
files were then viewed and analyzed by a variety of proper-
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ties such as the angle, dihedral, and the distribution of func-
tional groups on the surface.

The crystal deposition model and simulation methods

To explore the reason that MPS SAMs influence the crys-
tal growth of SnO,, we studied the interactions between the
SAMs and SnO, crystal planes that exhibited major peaks in
XRD patterns, such as the planes (110), (101), (211). The
surface atoms located in these three different crystal planes
can be classified according to their coordinate behavior. The
coordinately unsaturated atoms, such as fivefold-coordinated
Sn (5¢Sn) and twofold-coordinated O (2cO), provide most of
the promising sites interacting with MPS molecules. On the
other hand, the coordinately saturated atoms involving 6¢cSn
and 3cO are relatively inert in terms of interacting with MPS
molecules. A simplified model was adopted to simulate the
oxidized MPS molecule, including a single methyl group
(CH3) and the function group (—SO3H) as shown in Figure
1. In the following section, this simplified model was named
as MPS-mod. Except for this CH3SOs;H model, the other
simplified model, CH;CH,SO3H, was also considered in this
work.

The Perdew—Burke-Enzerhof (PBE) function® based on
the generalized gradient approximation (GGA) method with
double numerical plus d-functions (DND) base was used, and
the all electron method was chosen to treat the nuclear inter-
actions. The energy convergence was set to 1 X 107° Ha (1
Ha = 2625.5 kJ/mol). The binding energy AE was defined as
below to depict the binding probability and stability between
the MPS-mod and SnO, crystal planes,

AE = E(total) — E(SnO,) — E(MPS — mod) )

where E(total) was the energy of the complex including
MPS-mod and SnO, plane, E(SnO,) and E(MPS-mod) were
the sole energy of SnO, crystal plane and the MPS molecule
model, respectively. A negative value of AE suggests a stable
structure of the complex as well as preferable interactions
between the MPS-mod and the crystal plane.

Results and Discussion
Crystal orientation of heterogeneous deposited films
Hydrolysis reaction of SnCly resulted in the formation of

colloidal particles, of which zeta potential were measured as
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Figure 2. X-ray diffraction patterns.

(a) Homogeneous precipitate in a precursor solution at 80°C
for 12 h, and heterogeneous deposited film on MPS-coated
substrates with the immersion time of (b) 8 h and (c) 24 h.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

a function of reactive time. The zeta potential was 5.02 mV
at 0.5 h and increased with time (as shown in Figure S1 of
Supporting Information). The fresh precursor solution con-
taining 2 mM SnCl, and 0.4 M HCI had a pH value about
0.82 and kept clear in the first 4 h at 80°C, which suggested
a low hydrolysis rate of this solution. AFM images reflected
that small amount of colloidal particles existed in the fresh
solution with the largest diameter about 16 nm, and the
amount of particle increased and the largest size was larger
as 70 nm at 4 h. When the time was up to 12 h, the aggre-
gate of particles were observed (as shown in Figure S2 of
Supporting Information), which were filtrated and washed so
as to analyze its crystal structure. These particles separated
from the solution were named as the homogeneous precipi-
tates to differentiate them from the film deposited onto the
substrate.

Figure 2 showed XRD patterns of homogeneous precipi-
tates and the films deposited on the —SO;H-terminated MPS
SAMs with a immersion time of 8 and 24 h, which are typi-
cal of crystalline SnO, (cassiterite). Comparing these XRD
patterns, it is intriguing to find that the crystal orientation of
the films deposited on the functionalized substrates is obvi-
ously different from that precipitated homogeneously in the
precursor solution. It is suggested that during the heterogene-
ous deposition the (110) crystal plane of SnO, preferentially
grew on the MPS-coated substrates, while the growth of the
(101) and (211) planes appeared to be constrained. SEM
image of the deposited SnO, film was shown in Figure S3 of
the Supporting Information, which displayed the uniformly
deposited SnO, films. These results reflected the fact that the
—SO5H terminal of short-chain MPS SAMs play an impor-
tant role in the epitaxial growth of the SnO, crystals. In pre-
vious reports,g_ll SnO, films were synthesized on the long-
chain alkylsilane SAMs, however, they did not report the
influence of the SAMs on the crystal orientation.

Understand the packing structure of MPS SAMs and inter-
actions between this SAMs and the deposited tin oxide is
fundamental to not only the deposition of desirable crystal-
line semiconductor films but also for the adjustment of cata-
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lyst activities. Senkevich et al.*¢ suggested two potential

pathways for MPS growth on the surface, one is the so-called
“lying pathway” in which the two terminals of the MPS
molecules kept almost the same distance to the substrate, and
the other is the “vertical pathway” in which the trimethoxy
terminal of MPS located close to the substrate so that the
molecule was approximately perpendicular to the substrate.
The high-resolution XPS spectra were compared with various
take-off angles for the substrate treated in 5 mM MPS solu-
tion (as shown in Figure 3). Intensity of Si2p obviously
increased as the take-off angle of the X-ray beam changed
from 10° to 90°, which suggested that the probed depth
increased at larger take-off angle. Meanwhile the intensity of
C 1s decreased significantly and the intensity of S 2s only
slightly decreased as the take-off angle increased. The atomic
concentration of C Is and S 2p, characterized by XPS spec-
tra, was 10.7% and 2.6% respectively at the 45° take-off
angle.*® According to the XPS spectral variations along with
the take-off angles and the atomic concentration distribution
of element species, it is reasonable for the MPS molecules to
adopt the “vertical pathway” on the substrate, i.e., its trime-
thoxy group connected directly with the substrate surfaces
while its thiol group located beyond the surfaces.

Additionally we investigated the possibility of any cross-
linking between MPS molecules, e.g. Si—O—Si bonds form-
ing between two MPS molecules. Assuming a crosslinking of
Si—O—Si bond forming between two MPS molecules at the
initial state, the —SH terminal groups of MPS molecules run
in the opposite direction after the optimization. As shown in
Figure S4 (see the supporting information), the distance
between sulfur atoms of —SH groups increased from 5.2 to
11.3 A if there existed a Si—O—Si bond. The departure of
the terminal groups was due to the fact that the covalent
bond lengths of Si—O—Si are shorter than van der Waal
diameters of C and H atoms in the alkyl chains.*” As shown
in Figure 8, the radial distribution of sulfur atom in the SH-
terminated SAMs is around 4.75 A. The large difference of
two adjacent sulfur atoms’ distance suggest against the exis-
tence of crosslinking of Si—O—Si bond between two MPS
molecules. Therefore, in the following simulation studies the
model of MPS SAMs was established according to the “ver-
tical pathway” location of MPS without cross-linking on the
substrate.

Molecular mechanics calculations of the self-assembled
MPS monolayer

The PBC model of MPS on Si (100) surface was estab-
lished for the DFT and MM calculations (shown in Figure
4). Firstly the accuracy of the COMPASS force field was
validated for this studied system. Table 1 lists the optimized
geometric parameters of the PBC model obtained by using
DFT, PCFF, and COMPASS. It is shown that no significant
variations were resulted from using different DFT functions
(PWO91, BLYP). Comparing the geometric parameters opti-
mized using COMPASS and PCFF, it is obvious that the
COMPASS force field is superior over the PCFF for provid-
ing accurate predictions of geometries, as the bond lengths of
C4—Si5, Si5—06, and O6—Si7 obtained using COMPASS
were 1.89, 1.64, and 1.67 A respectively, which is in good
agreement with the related DFT values. The bonding angle
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Figure 3. High-resolution XPS spectra of C 1s: (a), S 2s (b) and Si 2p (c) with various take-off angles for the sub-

strate treated in 0.005 M MPS for 3 h.

Figure 4. The 2 x 2 sized PBC model of MPS on Si
(100) surface for the DFT and MM calcula-
tions.

Yellow is Si, red is O, white is H, gray is C. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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/Si5s—0—Si; (152.5°) from COMPASS calculations was
also close to the DFT results. In contrast, the PCFF calcula-
tion predict a bonding angle /Sis—O¢—Si; of 130.6°
instead. Thus, the COMPASS force field was adopted to sim-
ulate this model system.

Surface coverage ratio and coverage pattern are two
important factors to be considered in the SAM system. For a
specific surface coverage ratio except for the full coverage of

Table 1. Bond Lengths and Bond Angles of the Model of
MPS Adsorbed on Si (100) Surface, Calculated Using DFT
with Different Function and MM with PCFF and COMPASS
Force Field, Respectively

DFT MM
Optimized Geometries PW91 BLYP PCFF COMPASS
S1—C2, A 1.84 1.86 1.83 1.83
S1—C2—C3, deg 114.1 1147 1104 114.1
C2—C3, A 1.53 1.54 1.53 1.53
C2—C3—C4, deg 113.1 1125 1133 1127
C3—C4, A 1.54 1.56 1.53 1.54
C3—C4—Si5, deg 1123 113.8 1113 113.3
C4—Si5, A 1.87 1.88 1.90 1.89
C4—Si5—06, deg 113.0 1126 1132 112.1
Si5—06, A 1.64 1.65 1.66 1.64
Si5—06—$i7, deg 1573 1568  130.6 1525
06—Si7, A 1.67 1.69 1.61 1.67
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Figure 5. (a) Three different molecular patterns placed
on the Si (100) surface with the simulation
cells of 4 x 1,2 x 2, and 4 x 2; red balls rep-
resent unsubstituted site, black balls repre-
sent substituted site; (b) average packing
energy per chain for MPS adsorption on Si
(100) surface with different coverage ratios.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

100%, different coverage patterns could be formed when the
MPS molecules substituted hydroxyl groups on the surface.
A number of different molecular patterns were placed on the
Si (100) surface to generate initial structures at the specified
surface coverage ratio ranging from 12 to 100%. MM simu-
lations were performed on these structures of different substi-
tution patterns so as to compare the corresponding molecular
packing energies per chain. Figure 5a depicts the representa-
tive simulation cells of 4 X 1,2 X 2, and 4 X 2 with differ-
ent substitution patterns. Figure 5b shows the average pack-
ing energies per chain (E,,.) as a function of the surface cov-
erage ratio of MPS using different simulation cells. As
shown in Figure 5b, the lowest E,,. value located around
the point with 50% coverage ratio for all these substitution
patterns.

We estimated the theoretical maximum coverage ratio of
MPS molecules bound to a Si (100) 4 X 4 surface by using
the van der Waals volume calculations. Figure 6 indicates a
sketch of one MPS molecule located perpendicularly on a Si
(100) 4 X 4 surface. The projected largest section of the
MPS molecule is highlighted by a green dashed-lined trape-
zium, and the boundary of the Si surface is marked by a
black-lined square. The trapezium area approximates 26 A2,
while the square area is 236 A2 for Si (100) 4 X 4 surface.
Accordingly, nine perpendicular molecules of MPS are
enough to cover the entire Si (100) 4 X 4 surface, although this
surface could provide sixteen potential binding sites. Thus the
maximum coverage ratio of MPS is estimated to be 56%. In
view of the average packing energies shown in Figure 5b, the
coverage ratio was fixed at 50% in the following calculations.

To analyze the optimal packing pattern of the MPS mono-
layer on a Si (100) surface, a number of different cells were
calculated with various molecular packing patterns at the
specified 50% coverage ratio by using a MM minimization
method. As in previous studies,”° two types of surface
packing patterns, i.e., the linear pattern and the zigzag
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Figure 6. The sketch of one MPS molecule located per-
pendicularly on Si (100) 4 x 4 surface.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

pattern, were investigated in the present study. Figure 7
depicts the simulation cells, in which the cells of (a), (c), (e),
and (g) represent the linear packing pattern, while the cells

o v

g

Figure 7. Different simulation cells with various pack-
ing pattern at 50% coverage ratio.
The red balls represent unsubstituted sites, and the black
balls represent substituted sites. [Color figure can be viewed

in the online issue, which is available at www.interscience.
wiley.com.]
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Table 2. Average Packing Energy per MPS Molecule on
Si (100) Surface for Different Simulation Cells at 50%
Coverage Ratio

Pattern Simulation Cell E ., kcal/mol
a 4 X 4 —85.4106
b 4 X 4 —89.0887
c 4 X 4 —79.8274
d 4 X 4 —89.6948
e 2 X 4 —86.4878
f 2 X 4 —88.3074
g 2 X 4 —83.8929
h 2 X 4 —90.1833

of (b), (d), (f), (h) are the zigzag patterns. Table 2 lists the
values of the average packing energy per MPS molecule
(E.ye) for each of these simulation cells. Compared to cells
(a), (c), (e), and (g), the values of E,. of cells (b), (d), (f)
and (h) are much lower, with the (h) structure has the lowest
E.,., which indicated that the zigzag packing pattern is pref-
erable for a MPS monolayer on Si (100). Comparing cells
with the same packing pattern but different size, e.g., (a) and
(e), (d) and (h), it is noted that the value of E,,. slightly
depends on the simulation cell size. Such kind of size-de-
pendent behavior was also reported for the packing of long
alkyl molecule C18 assembled on Si (111) surface.'® As far
as the small difference between two different zigzag patterns
is considered, for instance, (b) or (f) versus (d) or (h), it is
possible that these two conformations may coexist in real re-
active conditions. In the following simulations, the zigzag
packing pattern (h) was adopted as the primary structure.

Molecular dynamics calculations of the MPS
monolayer packing structures

Our experimental results indicated that original MPS
SAMs with the terminal group of —SH was not beneficial to
form uniformly deposited SnO, films on the substrate. How-
ever, upon the —SH group was transferred into —SOs;H
group after being oxidized, the uniform SnO, films prefera-
bly grew at the interface. Therefore it would be very interest-
ing to study the packing structure of MPS monolayer with
the terminal group of —SH and —SO;H. Toward the goal,
we carried out MD simulations on the Si (100) 16 X 16 sur-
face, the extended cell with the packing pattern (h). Such a
cell consists of nearly 4000 atoms including 128 MPS mole-
cules and four layers of Si atoms.

Figure 8 showed the radial distribution of sulfur atoms of
the terminal groups of MPS before and after oxidation. The
modal distribution of sulfur atoms in the SH-terminated
SAMs was located around 4.75 A, while the main radial dis-
tribution peak of sulfur atoms after oxidation shifted to 5.25
A with higher intensity and narrower width. In addition,
there exist a shoulder at 7.45 A and a small peak at 11.25 A
for sulfur atoms in the SO;H-terminated SAMs. These results
suggest that the sulfur atoms in the MPS-SAMs exhibit inter-
mediate-ranged order (up to 1.1 nm) after oxidation.

Figure 9 displays the detailed molecular packing structure
of the MPS-SAMs after 100 ps dynamic simulation at 298
K. Both the top and the side view of the 16 X 16 surface
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before and after oxidation indicate that the distance among
adjacent sulfur atoms and their tilt angle tend to be more
orderly in SO;H-terminated SAMs than those in SH-termi-
nated SAMs. It is worthwhile to mention that the distributed
sites of sulfur atoms in SOs;H-terminated SAMSs consists of
an approximate square array with each side of length about
5.2 A, which can be attributed to the main peak at 5.25 A
shown in Figure 8. Moreover, the diagonal distance of the
sulfur atom square is in accordance with the shoulder peak at
7.45 A in Figure 8, and the double length of one square line
is close to the value of 11.25 A.

The distribution of dihedral angles in the assembled mono-
layer further revealed the more ordered structure of SO;H-
terminated SAMs, compared with that of SH-terminated
SAMs. Figure 10a suggests that the dihedral angle
C4Sis06Si; of the thiol-terminated MPS monolayer, closest
to the substrate surface, has a wide distribution ranging from
—100 to 100° with 0° as the median. Three other dihedrals
also show a similar three-peak distribution; the only distinc-
tion is that the intensity of the middle peak becomes higher
as the dihedral goes beyond the surface. The fluctuant dihe-
dral angles in Figure 10a suggested a poorly ordered mono-
layer of thiol-terminated MPS, which is consistent with a
common conclusion from previous findings that short-chain
silanes can not form ordered SAMs; for instance, short-chain
alkanethiol (C = 7) showed the disordered SAMs***° and the
short-chain molecule 6-mercapto-hexanoic acid resulted in
non-uniform SAMs.?"

Upon oxidation of the terminal groups of MPS SAMs into
—SOsH groups, the dihedral angles of the monolayer estab-
lished a narrower distribution (Figure 10b). Not only the out-
most dihedral S;C,C5C,4 tends to be lumped around 0°, but
also the bottom C4SisOgSi; reduced to a double-peaked dis-
tribution. Apparently, oxidation of the thiol group caused ter-
minal atoms of the monolayer to rearrange uniformly even
though the —SH terminated MPS SAMs were not well-

5.25 [——.SH

g(r)

o 2 4 8 8 10 12 14 18
r (Angstroms)

Figure 8. Radial distribution functions of sulfur atoms
on the Si (100) 16 x 16 surface for 50 ps
dynamic simulation.

The black line is corresponding to the thiol group, and the
red line is to the sulfonate group. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 9. Packing structures of sulfur atoms on Si (100) 16 x 16 surface at 50% coverage ratio after 100 ps

dynamic simulation.

(a) —SH, top view; (c) —SH, side view; (b) —SOsH, top view; (d) —SOsH, side view. The blue balls are sulfur atoms of the functional
group, —SH or —SO;H. Other atoms are shown using the stick model, the yellow is the silicon substrate, the red is oxygen, and the gray
is carbon atom. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

ordered initially. It is the steric hindrance effect of the
—SO3H groups that constrains an arbitrary distribution of
terminal atoms, consequently the order fashion of the SO;H-
terminated SAMs induces the formation of uniform SnO,
films at the interface.

DFT calculations for interfacial interactions

To explore the main reason behind SAMs’ influence on
the crystal orientation during the deposition process, we
adopted the DFT calculation method to study the interaction
of the sulphonic-terminated monolayer with a SnO, crystal.
A simplified self-assembled molecular model (MPS-mod) is
comprised of one sulphonic group (—SO5;H) and one methyl
group (—CHj). The interactions of these two functional
groups with major SnO, crystal planes, such as (110) (101)
(211), were investigated using the PBE function based on the
GGA method. The binding energy was calculated to discrim-
inate the interactions of the SAM with different crystal
planes.”®!

Table 3 showed the binding energies between the sul-
phonic group (—SO3H) of the MPS-mod and three SnO,
crystal planes. The binding energies of MPS-mod with SnO,
(110) and (101) planes are negative, and the absolute value
of AE on (110) plane is more than twice that on (101) plane.
In combination with the XRD patterns characterization
shown in Figure 2, the DFT calculations reasonably illumi-
nate the facilitating effect of SO;H-terminated SAMs on the
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SnO, (110) plane. The positive binding energy on plane
(211) suggests an obstructive effect of the —SOs;H group on
the growth of SnO, (211) plane.

Further calculations were performed to study potential
interactions between the —CHj; groups of the MPS-mod and
the major SnO, planes. As illustrated in Figure 11, the bind-
ing energies are positive for all three SnO, planes approach-
ing to the —CHj terminal. These results confirm that SnO,
planes prefer interactions with the —SOz;H group to the
—CHj; group, which is in accordance with Supothina et al.’s
report, i.e., discontinuous SnO, films formed on methyl-func-
tionalized SAMs.>>

To establish validity of the above findings using MPS-mod
(CH3SO3H), another MPS molecular model (CH3;CH,SOsH)
was also adopted in our work and the interactions between
the modified MPS model, CH;CH,SO3;H, and SnO, planes
were also calculated. As shown in Figure 11, CH;CH,SOszH
showed the interaction with selected SnO, planes that was
similar to that of the CH3SOsH model. The interactions
between CH3;CH,SO;H and three SnO, planes through
—SO5H terminal group are obviously stronger than through
—CH; group. And the strongest binding also occurred
between the SnO, plane (110) and —SO;H group. These
results verified that the established simple model (CH;SOsH)
of MPS molecule is accurate enough to describe the interac-
tion between the MPS-SAMs and SnO, planes.

Figure 12 showed the structure of one MPS-mod adsorbed
on the SnO, plane (110) via the —SO3zH terminal before and
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Figure 10. The distribution of torsion (S;C>C3C,,
0203C4Si5, C3C4Si506, C4Si5063i7) in a 100
ps equilibrium dynamics.

(a) —SH group, (b) —SO3;H group. [Color figure can be

viewed in the online issue, which is available at
www.interscience.wiley.com.]

after the optimization. The initial state of the MPS-mod was
perpendicular to the SnO, (110), with the sulfur atom located
beyond the center of two 2¢ oxygen and two 5c tin atoms of
the SnO,. After energy minimization, the position of the
MPS-mod not only shifted in the horizontal direction but
also tilted about 45° in the vertical direction. Two oxygen
atoms (02,03) of the —SO3;H group shifted from the center
to the top of two 5c Sn atoms (Sn2, Sn3) and hydrogen atom
(H1) of the —SO3H moved to the top of the 2c oxygen atom
(O1) in the SnO; (110) plane. As shown by the dashed trian-
gle in Figure 12d, the projected area of atoms H1, O2, and

Table 3. The Binding Energy Between the —SO;H Group
and Three SnO, Crystal Planes

(110) (101) 211)

E (total) —50067.403 —50067.152 —74768.385
E (SnO,) —49403.214 —49403.029 —74104.459
E (MPS-mod) —664.084 —664.084 —664.084
AE (Ha) —0.106 —0.040 0.046
AE (KJ/mol) —2717.516 —102.908 98.635
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Figure 11. Potential energy diagram for the adsorption
of CH3SO3H and CH3CH2303H on SnOz
planes (110), (101), (211).

The red lines indicate the adsorption of —SOsH group,
and the blue lines are due to —CHj; group. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 12. Adsorbed structures of CH3SO3;H on SnO,
plane (110).

Side view [(a), (b)] and the top view [(c), (d)]. (a) and (c)
correspond to the initial structure, (b) and (d) are the opti-
mized structure. Atom O is denoted as the red color,
atom H is white, atom Sn is gray and atom C is blue.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Table 4. Mulliken Charges of the Key Atoms in the
Adsorption System of CH3SOsH on SnO, plane (110)

Initial (e) Optimized (e) Ae
H1 0.488 0.573 0.085
02 —0.408 —0.559 —0.151
03 —0.381 —0.557 -0.176
0Ol —0.989 —1.075 —0.086
Sn2 2.035 2.111 0.076
Sn3 2.035 2.186 0.151
S 0.728 0.866 0.138

O3 in the —SO3H group was entirely overlapped with the
area of atoms 02, Sn2, and Sn3 in the bottom SnO, (110)
plane. Figure 12b indicates that the O—H bond length of the
hydroxyl in the —SO3;H group increased to 2.353 A, while
the distance between atom H1 in the —SO;H group and
atom Ol in the SnO, (110) was as close as 0.980 A. Further-
more the distance between atom O2 and atom Sn2 was 2.197
A, and it was 2.223 A for atom O3 and atom Sn3. Compared
with the ionic bond length of Sn—O (2.054 1&) in bulk,> it
is suggested that atoms HI1, O2, and O3 in the —SO;H
group interact strongly with the (110) plane of SnO,, while
atom HI1 interacts weakly with the oxygen atom of the
hydroxyl in the —SO3H group. Table 4 showed the Mulliken
charge transfer for the atoms involved in the above three major
interacting pairs, i.e., HI—O1, O2—Sn2, and O3—Sn3. The
increased charge of H1 (0.085¢) is nearly equal to the lost
charge of Ol (—0.086¢). For two other pairs (O2—Sn2,
03—Sn3), the charge transfer are not so simple as that of
H1—O1 because the sulfur atom of —SOz;H group also
influences the charge transfer of atoms O2 and O3.

Conclusions

Experimental results indicated that crystal SnO, films epi-
taxially grew at the interface modified by the short-chain sul-
fonate terminated MPS-SAMs without calcination. System-
atic molecular simulations including molecular mechanics,
molecular dynamics and quantum mechanics-DFT methods
disclosed that the SO;H-terminated short-chain MPS can
self-assemble into relatively ordered monolayer that plays a
dominant role in adjusting the crystal orientation of the
deposited SnO, film at the interfaces.

Molecular mechanics calculations showed that the optimal
packing structure of MPS on Si (100) surface had a coverage
ratio of 50% and a zigzag-like pattern. Molecular dynamic
simulations reflected that upon the —SH terminal groups of
MPS SAMs were oxidized into —SO3H groups, the distribu-
tion of sulfur atoms in the SAMs arranged in a ordered array
that induced the formation of uniform SnO, films at the
interface. Finally the binding energies of simplified MPS
model with different SnO, crystal planes were obtained using
DFT calculations. The lowest binding energy suggested the
existence of strong interactions between the —SO3;H groups
of SAMs and the (110) plane of SnO,, which was due to the
structural and electrical match between the —SO;H group
and the unsaturated atoms in the SnO, (110) plane.

Combining experimental results with molecular calcula-
tions, it is concluded that not only the length of alkyl chain
but also the terminal group significantly influence the pack-
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ing structure of SAMs. The SO;H-terminated MPS can self-
assemble into relatively ordered monolayer that plays a dom-
inant role in adjusting the crystal orientation of the deposited
SnO, film at the interfaces. These results provide us with a
useful route to induce epitaxial growth of metal oxides at the
interfaces, which is an attractive point to produce desirable
crystal semiconductor films and catalysts.
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