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Abstract

Single molecular layers of 2-(4-pyridylethyl)triethoxysilane have been deposited on native oxide surfaces of silicon, with
the triethoxysilylethyl groups towards the silicon oxide interface and pyridine at the surface. It is possible to “shave” or me-
chanically break the molecular bonds at the alkoxy-silane (Si-C) bond using scanning atomic force microscope, leaving large
swaths of surface area cut to a depth of 0.64 + 0.06 nm, exposing the silicon of the alkoxy-silane ligand. Mechanical cleavage
of the pyridine ligand alone is also possible, but more difficult to control selectively.

Keywords: nanoshaving, self-assembled monolayers, 2-(4-pyridylethyl)triethoxysilane, atomic force microscope, electronic

structure of organic layers

1. Introduction

While selective bond breaking of a variety of chemical species is
known and has been demonstrated, the mechanical breaking of spe-
cific chemical bonds in an adsorbed species is more of a challenge.
Nanometer scale lithographies, using an atomic force microscope
(AFM) tip have been successfully demonstrated in the removal of
material [1-7, often a self-assembled organic layer. Such examples
are sometimes accompanied by replacement with another organic
species [1, 2, 8-11]. The former type of processing is nanoshaving
[1-7] and the latter is “dip pen” nanolithography or “nanograft-
ing” [1, 2, 8-11]. Selective oxidation of a self-assembled monolayer
is also possible [2]. While this type of nanoshaving can lead to well
defined “nanoscale” features in a monolayer molecular film [1-11],
selective mechanical “cutting” or bond breaking within the mole-
cule, for only part of the molecular film, has not been demonstrated.
Over-cutting or etching using an AFM tip is certainly possible [3-
7, 12], but mechanically engineering the organic surface selectively
within the monomolecular layer opens up new vistas for selective
nanoscale surface modifications and surface chemistry.
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Selective mechanical bond breaking of an adsorbate, using
an atomic force microscope, has several requirements: an adsor-
bate well anchored to the substrate and a rigid molecular back-
bone with at least one fairly “weak” bond where the AFM tip
can “shear” off part of the molecule. In addition, if the cleaved
fragment is either volatile or “sticky”, then the shaved area can
be prepared largely free of fragment debris. The complications
that need to be avoided in the selective mechanical “shearing”
process are the removal or displacement of all of the adsorbate
species (as opposed to shaving off a portion of the molecule), or
the mechanical canting or “tipping” the orientation of the adsor-
bate species. Layers made from alkoxy silane species, with var-
ious end group ligands, have unique merits as these molecu-
lar complexes form strong bonds with an oxide surface and can
be used to modify both the dielectric properties and the optical
properties of the surface [13]. In this paper we focus on 2-(4-pyr
idylethyl)triethoxysilane molecules, schematically shown in Fig-
ure 1, to demonstrate a selective mechanical cutting of molecular
layers on SiO,.
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0.68 nm

Figure 1.The structure of 2-(4-pyridylethyl)triethoxysilane. The
HOMO-LUMO band gap is dominated by states originating from pyr-
idine terminal of the 2-(4-pyridylethyl)triethoxysilane molecule as in-
dicated by the HOMO (a) and LUMO (b). The calculated structure and
vertical distance along the surface normal for 2-(4-pyridylethyl)trietho
xysilane adsorbed on silicon oxide (c). Worth noting are the width of
pyridine at 0.28 nm and vertical distance of 0.68 nm between N of the
pyridine and the Si.

2. Experimental

The polished p-type Si(100) wafers were pre-cleaned to remove
organic contamination and particles and immersed in piranha solu-
tion (H,SO,:H,0, — 1:1 by volume) to hydroxylate the silicon wa-
fer surfaces, making them extremely hydrophilic. The native oxide
surface was untouched by this procedure. The hydrophilic wafers
were then immersed in a toluene solution of 2-(4-pyridylethyl)trieth
oxysilane (Gelest), and the excess molecules were removed by rins-
ing and sonicating in a fresh toluene solvent. After repetition, the
wafers were annealed at 50 °C in high humidity (~ 80% relative hu-
midity) for 8 h and immersed once more in the same silane solution
and rinsed and sonicated and then finally baked at 115 °C. The lat-
ter step aims to convert the hydrogen bonds of the adsorbed 2-(4-
pyridylethyl)triethoxysilane to the silicon oxide surface to covalent
bonds. The process from the first immersion until baking was re-
peated twice more leading to a more complete filling of the mono-
layer molecular film, as characterized in AFM.

Nanostructuring and imaging were both carried out using a
Digital Instruments AFM with a Nanoscope IIla controller. Af-
ter one complete deposition cycle, as described above, the 2-(4-p
yridylethyl)triethoxysilane film thickness was measured to be 0.9
to 1.1 nm from atomic force microscope (AFM) height profiles. A
film thickness of 1.0 £ 0.1 nm was also determined from variable
angle ellipsometry of a complete 2-(4-pyridylethyl)triethoxysilan
e monomolecular films (3 cycles as described above). These two
measurements make it clear, after taking into account the molecu-
lar geometrical considerations (Figure 1), that the long molecular
axis is roughly parallel with the silicon oxide surface normal.

Combined photoemission (UPS) and inverse photoemission
(IPES) spectra were taken for different coverages of 2-(4-pyridyl
ethyl)triethoxysilane deposited on the silicon oxide substrates,
for coverages nominally up to one monolayer. Both photoemis-

sion and inverse photoemission spectroscopy measurements were
made in the same ultrahigh vacuum (UHV) chamber [14-16]. The
photoemission spectra were taken with a hemispherical electron
energy analyzer using He I radiation of 21.2 eV, with the photo-
electrons collected along the surface normal. The inverse photo-
emission spectra (IPES) were obtained by using electrons with
variable incident energy while measuring the emitted photons at
a fixed energy (9.7 eV) using a Geiger-Miiller detector (isochro-
mat mode), as described elsewhere [7-9]. In both photoemission
and inverse photoemission measurements, the binding energies
are referenced with respect to the Fermi edge of UHV chamber, in
contact with the sample surface.

Measurements were taken of the self-assembled monolayer at
substrate temperatures of 150 K (and below). There are strong in-
dications of either decomposition or desorption of the 2-(4-pyrid
ylethyl)triethoxysilane during inverse photoemission experiments
at substrate temperatures of 300 K and above. The lower tempera-
tures in the region of 150 K were found to suppress electron stim-
ulated desorption and/or decomposition and thermal desorption
of 2-(4-pyridylethyl)triethoxysilane during the measurements.

3. Electronic structure

The combined ultraviolet photoemission spectroscopy (UPS)
and inverse photoemission spectroscopy (IPES) measurements pro-
vided an indication of the molecular orbital placement of both oc-
cupied and unoccupied orbitals of 2-(4-pyridylethyl)triethoxysilan
e, as indicated in Figure 2. With repeated cycles of 2-(4-pyridyleth
yl)triethoxysilane exposure to the silicon oxide, as described above,
the highest occupied molecular orbital (HOMO) to lowest unoccu-
pied molecular orbital (LUMO) gap is seen to increase and features
associated with the 2-(4-pyridylethyl)triethoxysilane molecular or-
bitals are evident.

Indeed, the results from the combined ultraviolet photoemis-
sion spectroscopy and inverse photoemission spectroscopy of
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Figure 2. The electronic structure of 2-(4-pyridylethyl)triethoxysilane
from combined photoemission and inverse photoemission spectros-
copy, as a function of 2-(4-pyridylethyl)triethoxysilane coverage. The
clean silicon oxide (SiO,) substrate formed on p-doped silicon (d) can be
compared to the half surface coverage (1 cycle) of 2-(4-pyridylethyl)trie
thoxysilane (c) and the full surface coverage (3 cycles) of 2-(4-pyridylet
hyl)triethoxysilane (b). The experimental electronic structure (b) is also
compared with the calculated density of states based on a single isolated
molecule (a). The theoretical Eigenvalues are shown below the expected
density of states, uncorrected for solid state and matrix element effects.
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Figure 3. Nanoshaving of 2-(4-pyridylethyl)triethoxysilane monomo-
lecular films. An AFM image of a 100 nm x 100 nm nanoshaved region
of 2-(4-pyridylethyl)triethoxysilane is shown in (a), with the height
profile or cross-section of nanoshaved area or patch indicated in (b).
A compilation AFM nanoshaving experiments for 2-(4-pyridylethyl
)triethoxysilane thin films, as a histogram of the cut depth measure-
ments taken from height profiles (c). The histogram was fitted with
two Gaussians with peak centers at 0.28 nm and 0.64 nm, as indicated
in panel (c).

2-(4-pyridylethyl)triethoxysilane self-assembled on SiO, substrates
are consistent with expectations, if the molecule is aligned with the
long molecular axis along the surface normal. As seen in Figure 2c,
the highest occupied molecular orbital (HOMO) to lowest unoccu-
pied molecular orbital (LUMO) gap for 2-(4-pyridylethyl)triethox
ysilane is somewhat smaller (about 8.5 eV) than expected (which
would be about 10 eV) from semi-empirical method NDO-PM3
(neglect of differential diatomic overlap, parametric model num-
ber 3) model calculations based on Hartree-Fock formalism [17].
Although PM3 is a simplistic semiempirical calculation, density
functional theory (DFT) is notorious for underestimating the band
gap sometimes by a factor 2 or more [18], particularly for molecu-
lar systems, and must be rescaled for comparison with experiment
[19], particularly final state spectroscopies like photoemission and
inverse photoemission. To compare the model calculations with
experiment (Figure 2), we applied Gaussian envelopes of 1.8 eV

full width half maximum to each calculated molecular orbital en-
ergy (Eigenvalue) to account for the solid state broadening in pho-
toemission and then summing. This model density of state calcu-
lations is rigidly shifted in energy by 3.4 eV and then compared
with the combined photoemission and inverse photoemission
data, as indicated in Figure 2. The 3.4 eV energy shift which is, for
the most part but not completely, representative of work function
® equal to the difference of vacuum energy E . and Fermi level
Ep, is applied to the calculated electronic structure uniformly. No
corrections were made for final state effects or matrix element ef-
fects in either calculation, so the comparison with experiment is
simplistic, but nonetheless still often successful [14, 20, 21].

The intermolecular interactions within the 2-(4-pyridylethyl)t
riethoxysilane molecular film and the strong molecular (covalent
bond) interaction with the silicon oxide substrate (i.e. solid state
effects [22]) are the likely origin of the differences between the ex-
perimental HOMO-LUMO gap, based on the combined photo-
emission and inverse photoemission, and expectations based on a
single molecule model semi-empirical calculations.

The experimental inverse photoemission is dominated by the
pyridine molecular orbitals closer to the Fermi level, and thus dif-
fers significantly from the model calculations, which are uncor-
rected for matrix element effects and molecular orientation. The
greater intensity of these pyridine weighted molecular orbitals is
consistent with an “upright” molecular orientation. Such strong
dependence of the inverse photoemission spectra on molecular
orientation has been seen for copper phthalocyanine (CuPc) [7]
and polyphenyl thiols [20], and tends to be more significant than
in the case of photoemission [7], as is observed here. The proxim-
ity of the pyridine molecular orbitals to the Fermi level will tend
to make this ligand “sticky” and enhance possible adherence to
the AFM tip.

4. Nanoshaving the SAM layer to different depths

The process of nanoshaving has been described extensively
elsewhere [1-7]. Here, an AFM tip was used with a SiN cantile-
ver and a 0.58 N/m spring constant so that in the low force con-
tact mode the surface morphology could be imaged (Figure 3a).
To perform nanoshaving, load forces of 50 nN to 110 nN were ap-
plied by the tip to the SAM layer surface. In this force range, a
complete scraping off of the 2-(4-pyridylethyl)triethoxysilane mo-
lecular film was not observed, rather nanoshaving cut depths of
0.64 nm were seen and to a lesser extent cut depths of 0.27 nm.
As illustrated in the AFM image in Figure 3, a 100 nm x 100 nm
nanoshaved region of 2-(4-pyridylethyl)triethoxysilane film can
be imaged showing sharp boundaries. The height profile or cross-
section of nanoshaved area or patch indicated (Figure 3b) provides
no indication of molecular canting induced mechanically.

The compilation AFM nanoshaving experiments (Figure 3c)
for 2-(4-pyridylethyl)triethoxysilane thin films suggest that there
is selective mechanical cleavage of the 2-(4-pyridylethyl)triethoxy
silane molecular film at 0.64 + 0.06 nm depth (Figure 3c) or at the
Si-C bond as indicated in Figure 1, with a minority of nanoshav-
ing experiments of a cut depth of 0.28 + 0.05 nm. At 50 nN applied
force, cut depths were observed to all be near the value of 0.28 nm.
At 100 nN applied force the preponderance of nanoshaving cut
depths observed was at 0.68 nm.

The bond energies at the pyridine to ethyl “neck” at a depth
of 0.28 nm and at the siloxy-ethyl bond at an expected depth of
0.68 nm are relatively weak at 71 and 76 Kcal/mol [23], so these
are both likely mechanical cleavage points of a molecule oriented
with long molecular axis perpendicular to the shear direction
(as is the case here). Since the molecular orbitals of the pyridine
end group dominate the highest and lowest molecular orbitals,
the pyridine end group should dominate the interaction with the
AFM probe tip, thus aiding the mechanical nanoshaving process.
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5. Summary

What is clear is that chemically selective nanoshaving can be
achieved, with the correct choice of an anchor end group to the
substrate, linking groups and well chosen applied force to the
AFM tip. We do not at present have an accurate assessment of the
shear forces needed for this selective mechanical bond breaking
and this remains a matter of some interest.
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