Large-Scale Patterning of Zwitterionic
Molecules on a Si(111)-7 X 7 Surface
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ABSTRACT The formation of a large scale pattern on Si(111)-7 X 7 reconstruction is still a challenge. We

report herein a new solution to achieve this type of nanostructuration by using of zwitterionic molecules. The

formation of a large-scale pattern is successfully obtained due to the perfect match between the molecular

geometry and the surface topology and to electrostatic interactions between molecules and surface. The

adsorption is described by high-resolution scanning tunneling microscopy (STM) images and supported by density

functional theory and STM calculations.
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or forty years, the top-down ap-

proach has led to an impressive

amount of industrial and scientific re-
sults in the field of all-silicon microelectron-
ics. Since the 1980's, m-conjugated mol-
ecules with large electronic conjugation
paths and many remarkable designs have
been developed by chemists to tune their
electronic properties.'? According to
Moore's law, the scale of the next genera-
tion of semiconductor devices will be re-
duced to the nanometer range.> ° To reach
these objectives, many techniques have
been recently elaborated to converge both
top-down and bottom-up approaches into
the facile creation of low-dimensional sys-
tems on semiconducting surfaces that are
based on m-conjugated molecules. Nowa-
days, the position and the dimension of the
assemblies can be tuned and controlled
with high precision, i.e., down to the
atomic level on metals”'° or
semiconductors.”’ ~'® There are still sev-
eral challenges in controlling the elec-
tronic properties of adsorbed assemblies
since they can be deeply modified by
strong molecules/semiconductor interac-
tions. Developing new families of ad-
sorbed assembly for semiconductor sur-
faces can overcome this problem,
because the electronic skeleton of mol-
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ecules is slightly altered after the
adsorption.'”'® Despite many attempts,
the formation of a nearly complete mo-
lecular layer on a semiconductor surface
without creating covalent bonds be-
tween molecules and substrate is rare, ex-
cept for the few cases of halogen deriva-
tive adsorption on Si-based surfaces'® or
when boron atoms are inserted in the
Si(111) surface.?® In this paper, we pro-
pose a new, selective, and noninvasive
way to achieve the first large-scale ad-
sorbed molecular pattern at room tem-
perature on Si(111)-7 X 7. The nature of
the interactions has been elucidated by
density functional theory (DFT) and by
scanning tunneling microscopy (STM)
calculations.

RESULTS AND DISCUSSION

STM experiments were performed with a
VT-STM Omicron microscope installed in an
ultrahigh-vacuum chamber with a base pres-
sure lower than 2 X 107'° mbar. STM images
were acquired in constant-current mode at
room temperature (RT). The 4-methoxy-N-(3-
sulfonatopropyl)pyridinium (MSP) molecule
was synthesized as a model of zwitterion,
with a sulfonato group (SO; ™) as the anionic
site. The length of the molecule is 1.1 nm (Fig-
ure 1).

Deposition of the MSP molecules from
a Mo crucible onto the sample at RT was
performed at 333 K with a base pressure
lower than 107" mbar. Then, high-
resolution STM images of MSP/Si(111)-7
X 7 interface recorded at RT for two sub-
monolayer coverages are shown in Fig-
ure 2.

In both cases, all protrusions are located
on the faulted half-cells. For 0.1 monolayer
(ML) coverage (Figure 2a), 49% of protru-
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Figure 1. (a) Corey—Pauling—Koltun (CPK) model of the
more stable conformation of isolated MSP optimized at DFT-
local density approximation (DFT-LDA) level and (b) chemi-
cal structure of the MSP molecule.

sions is isolated (white arrow), 16.5% is coupled (white
circle), and 34.5% has a triangular shape. For 0.21 ML
coverage (Figure 2b), the number of isolated and paired
protrusions decreases to 23.1 and 10.3%, respectively,
whereas the number of triangles strongly increases to
66.6%.

The periodicity pattern (Figure 3a) is highlighted by
the profile recorded along the black line in Figure 3b
and corresponds to the surface periodicity. The diam-
eter of each protrusion is nearly 0.8 nm, and its appar-
ent height is around 1.1 nm.

Triangular nanostructures start to desorb from the
surface at around 375 K, as proved by the STM image re-
corded (Figure 4).

High-resolution STM images of the same area ob-
tained in the two polarities and at different bias volt-
ages are described in Figure 5. In the empty states and
for a bias voltage of Vs = +1.9 V (Figure 5a), the ob-
served protrusions are located exactly over the three
silicon rest-atoms marked as black points onto faulted

Figure 2. RT STM images showing triangular nanostructures consti-
tuted by MSP on a Si(111)-7 X 7 surface by increasing the molecule
coverage from: (a) 0.1 ML to (b) 0.21 ML. Images were recorded in the

same conditions (Vs = +1.7 V, It = 0.013 nA, 40 X 40 nm?).

a) 373K

b) 376 K

c) 383K

Figure 4. High-resolution STM images of the same area (40
X 17nm? Vs = +1.6V, It = 0.013 nA) of MSP deposited onto
faulted half-cells of Si(111)-7 x 7 at: (a) 373, (b) 376, and

(c) 383 K.

half-cells. For a lower bias voltage [Vs = +0.9 V (Figure
5b)], the protrusions disappear, and a perfect Si(111)-7
X 7 is visible. In the filled states, the 7 X 7 reconstruc-
tion is observed again, but the six adatoms of faulted
half-cells, containing protrusions in the empty states,
are brighter than those of uncovered half-cells (black
arrow, Figure 5c). We can also clearly see the presence
of darker regions located in the vicinity of unfaulted
(uncovered) half-cells that are due to a depletion of
electron charge density.

On the basis of experimental data, an empirical
model for MSP adsorption on Si(111)-7 X 7 can be pro-
posed. As shown in Figures 2, 3, and 5a, the di-
ameter of each protrusion, always located
over rest-atoms, is close to 0.8 nm, whereas
the length of a MSP molecule is 1.1 nm. There-
fore, one protrusion is attributed to one ad-
sorbed MSP molecule normal to the substrate
over the rest-atoms. Due to its lateral dimen-
sion (distance O—0O ~ 0.2 nm), a sulfonato
group fits well between Si adatoms (distance
Si—Si = 0.78 nm). Gas-phase zwitterions are
more usually considered neutral,’ ~2* which
suggests an absence of negative charge accu-
mulation on the sulfonato group (SO;7). Due
to this electron lack, SOs;~ should be more eas-

0 2 4 68 8 10 12 nm

Figure 3. (a) STM image of MSP adsorbed onto faulted half-cells of Si(111)-7 X 7 (Vs = +1.9V, It = 0.013 nA, 15 X 8 nm?).
(b) Apparent height in the profile recorded along the straight black line shown in (a).
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Figure 5. High-resolution STM images of the same area (10 X
5 nm?) of MSP deposited onto faulted half-cells of Si(111)-7 x
7: (a and b) in the empty states, respectively, at Vs = +1.9V, It
=0.013nAand Vs = +0.9V, It = 0.013 nA and (c) in filled
states at Vs = —1.0 V, It = 0.013 nA. The black points corre-
spond to the rest-atoms of the 7 X 7 reconstruction.

Figure 6. (a) High-resolution STM images of MSP molecules depos-
ited on Si(111)-7 X 7 (Vs = +1.9V, It = 0.013 nA, 8 X 5 nm?). Opti-
mized model of MSP triad adsorbed on a faulted half-cell of a
Si(111)-7 x 7: (b) top and (b’) side views. (c) High-resolution simu-
lated image (Pt(111) tip, Vs = +1.9 V, It = 0.01 nA) corresponding
to a faulted half-cell of the supercell shown in (b).
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ily attracted by electron-rich Si atoms located in faulted
regions. Finally, to support an upright geometry for ad-
sorbed MSP and a relatively high-desorption tempera-
ture, we can assume that the three O atoms of SO;~ are
significantly interacting with the adjacent surface Si
adatoms.

In previous work, we demonstrated that zwitterions
are adsorbed on a Si(111)-7 X 7 surface at RT. How-
ever, the nanostructures covered lower than 10% be-
cause the molecular design did not match the surface
topology well enough.?*?* In the present case, a cover-
age close to 21% is obtained with remarkable organic
pattern of adsorbed MSP. The higher coverage is justi-
fied through the proposed empirical model, which
shows a perfect match between the molecular geom-
etry and the surface topology.

In order to support this empirical model, the adsorp-
tion of MSP on a Si(111)-7 X 7 surface was investigated
with DFT calculations using the Vienna Ab-Initio Simu-
lation Package (VASP).?°~ 28 The calculated adsorption
energy is 0.37 eV by molecule in the supercell model
shown in Figure 6b and b’), while it is 1.04 eV when a
single MSP molecule is adsorbed. The calculated equi-
librium bond distances are 0.27 and 0.30 nm for
sulfur—silicon rest-atom and oxygen—silicon adatom,
respectively (see Figure 6b’). Such large distances are
incompatible with the presence of covalent bonds'>'®
and suggest that the MSP-substrate interaction is
driven by electrostatic forces. Moreover, DFT calcula-
tions show that the presence of a triangle nanostruc-
ture in the faulted half-cell is favored over the unfaulted
one by 0.35 eV. This result is in accordance with the
well-known preferences of many adsorbates for the
faulted half-cells.?

From the molecular coverage statistics up to 0.21
ML, we observe a decrease in the number of single
structures and an increase of triangular ones, while the
amount of paired protrusions remains nearly constant
and low. Since MSP is deposited at 333 K, the preferen-
tial formation of triangle nanostructures can be de-
scribed by the following scenario: (i) A single MSP is ran-
domly adsorbed and then diffuses on more stable sites
centered on faulted half-cells; (ii) the adsorption of MSP
reduces the charge density of Si atoms near the adsorp-
tion site and in the unfaulted half-cell (see Figure 5);
(iii) such decreasing electron density strongly hinders
the adsorption of MSP in the unfaulted region and fa-
vors single molecule adsorption in the faulted half-cells;
and (iv) due to an increasing amount of electron poor
regions, the attractive intermolecular forces between
MSP become more important than the MSP surface at-
tractions, and this provokes a preferential formation of
energetically more favorable triangle nanostructures.

STM simulations (see Figure 6¢) on the opti-
mized DFT adsorbed MSP/Si(111)-7 X 7 model were
performed with the strongly parallel adaptive grid
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solvers scanning tunneling microscope (SPAGS-
STM) software.®® The simulated current constant im-
age (Figure 6¢) with this electron-scattering method
reproduces the main experimental STM features,
such as the three protrusions associated to the MSP
triad as well as the surface structure of Si(111)-7 X 7
(see Figure 6a).

METHODS

Synthetic Method. MSP molecules have been synthesized by
condensation of 4-methoxypyridine and 1,3-propane sultone
(See Figure 7).

4-methoxypyridine was treated at 0 °C with 1 equiv of 1,3-
propanesultone, leading to crystalline MSP. The white solid was
purified by column chromatography (silica gel, acetone, R close
to 0.5). The pure MSP was isolated as a white powder after
evaporation of the solvent. RMN spectra were recorded on a AC-
300 Bruker spectrometer: '"H NMR (300 MHz, DMSO-Ds, 25 °C):

8 = 2.14 (quint, *J = 7.3 Hz, 2H), 2.36 (t, ) = 7.3 Hz, 2H), 4.07
(s, 3H), 4.54 (t,3J = 7.3 Hz, 2H), 7.61 (d, 3J = 8.7 Hz, 2H), 8.86

(d, 3J = 6.7 Hz, 2H). '*C NMR (80 MHz, DMSO-Dg, 25 °C): § = 27.5;
47.3; 57.9; 58.4; 113.7; 146.5; 170.8.

STM Experiments. The Si(111) substrate was heated under ultra-
high vacuum by direct current. Clean Si(111)-7 X 7 surface recon-
struction was obtained by repeated cycles of heating at 1200 °C
and slow cooling to RT. Deposition of the MSP molecules from an
Mo crucible onto the sample at RT was performed at 60 °C and
a base pressure lower than 107'° mbar. STM experiments were
performed with a VT-STM Omicron microscope installed in an ul-
trahigh vacuum chamber with a base pressure lower than 2 X
107'% mbar. STM images were acquired in constant-current
mode at RT.

Simulations. Electronic Structure Calculations. DFT calculations were
carried out using the Vienna Ab Initio Simulation Package
(VASP).26728

The structure (slab) contained 333 atoms (200, Si; 3, N; 27, G;
3,5; 12, O; 88, H) separated by a vacuum spacer (15 A) to form
a periodic computation cell with a 7 X 7 unit cell of 249 atoms
(200 Si atoms and 49 back-face H atoms). The accepted model for
this surface is the dimer adatom stacking (DAS) fault model pro-
posed by Takayanagi et al.3' It contains 102 Si atoms related at
the surface and one bilayer of the bulk Si(111)-1 X 1 (98 Si at-
oms). H atoms were used to saturate the silicon dangling bonds
at the bottom of the slab structure.

The atomic positions of the MSP molecules as well as the
whole Si(111)-7 X 7 slab were fully optimized using the force
and the total-energy minimum RMM-DIIS minimization algo-
rithm until a numerical accuracy better than 5 X 102 eV/A for
the total forces and an energy variation lower than 10~* eV were
reached.? The generalized gradient corrected approximation
functional Perdew—Burke—Ernzerhof and a plane wave cutoff
of 400 eV were used.>® The Monkhorst—Pack k-point grid was
used corresponding to the y point in the unit cell.3*

STM Simulations. STM simulations were performed with the
strongly parallel adaptive grid solvers STM (SPAGS-STM) soft-
ware to evaluate topographic mode images and scanning tun-
neling spectra (STS). The software includes several algorithmic
strategies such as parallel computation of the tunnel currents>°
and adaptive grids that minimize the probing sites needed to ob-
tain a high-resolution image.>*3¢ In STM simulations, the tunnel
current was computed within a scattering approach based on
the Landauer—Biittiker formalism>” along with an extended
Hiickel theory Hamiltonian.®

N@ong + g\:\i”;

Figure 7. Synthesis of MSP.
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CONCLUSIONS

To sum up, a large molecular organic paving has
been achieved at RT by two-dimensional template ef-
fects of the highly reactive Si(111)-7 X 7. We have high-
lighted that the adsorption without covalent bonds on
silicon substrates can be achieved through electrostatic
interactions by adequately designed molecules.
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