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Bottom-Up Fabrication of Carbon-
Rich Silicon Carbide Nanowires by
Manipulation of Nanometer-Sized
Ethanol Menisci**
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The development of nanometer-scale lithographies is the
focus of intense research activity because progress on nano-
technology depends on the capability to fabricate, position,

[*] Prof. R. Garcia, Dr. M. Tello, N. F. Martinez, Dr. M. S. Martin-

Gonziélez
Instituto de Microelectrénica de Madrid, CSIC
E-28760 Tres Cantos, Madrid (Spain)
E-mail: rgarcia@imm.cnm.csic.es
Dr. J. A. Martin-Gago
Instituto de Ciencia de Materiales de Madrid, CSIC, Campus
Cantoblanco
E-28049 Madrid (Spain)
Dr. L. Aballe, Dr. A. Baranov, Dr. L. Gregoratti
ELETTRA, Sincrotrone Trieste S.c.p.a.
1-34012 Trieste (ltaly)

[**] This work was supported by Ministerio de Educacion y Ciencia (Spain)
contract number MAT2003-02655 and the European Commission, con-
tract number NAIMO Integrated Project No NMP4-CT-2004-500355.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

DOI: 10.1002/adma.200401466

and interconnect nanometer-scale structures.!! The unique
imaging and manipulation properties of atomic force micros-
copy (AFM) has prompted the emergence of several scan-
ning-probe-based nanolithographies.>>! Here we describe an
atomic force nanolithography based on the spatial confine-
ment of an electrochemical reaction within a nanometer-sized
ethanol meniscus. The meniscus is induced by the application
of an electrical field. The end result is the formation of a
nanometer-sized electrochemical cell (nanocell) that contains
about 5x10* molecules. The reduced number of molecules
and the reaction kinetics allows a bottom-up fabrication of
several types of nanostructures. We show, using spatially re-
solved photoemission spectroscopy, that the nanostructures
are made of carbon-rich SiC. The nanolithographic possibili-
ties are illustrated by the fabrication of nanowires with widths
and positioning below 45 nm, both singly or forming arbitrari-
ly shaped networks.

AFM nano-oxidation® (local oxidation nanolithography)
has allowed the fabrication of a variety of nanometer-scale
devices such as 0.2 terabit cm™ memories,*” superconducting
quantum interference devices,® or templates for driving the
growth of organic molecules."” Parallel patterning based on
local oxidation has also been demonstrated by replacing the
AFM tip with a stamp with multiple lines or protrusions.['"!?!
AFM local oxidation is based on the spatial confinement of
the electrochemical oxidation between the tip and the sample
surface.*'3! This requires the formation and manipulation of
tiny water bridges.[“’ls] The directly fabricated structures are
oxides of the sample surface that may serve as a tunnel bar-
riers in nanoelectronic devices, templates, or masks for further
processing.“é'zo] The local oxidation process is robust, low-
cost, and compatible with ambient operation. However, it is
severely limited because it only generates oxides of materials
that are amenable for anodic oxidation.

We have developed a method to obtain a variety of nano-
meter-sized carbide structures. The method is based on the
ability to form and manipulate the properties of ethyl alcohol
nanometer-sized bridges. The ethanol bridge is formed by
the application of an electrical field between an n-doped sili-
con tip and a silicon surface. Once an ethanol nanocell has
been formed, a voltage pulse drives the ethanol molecules to
a Si(100) interface where the electrochemical reaction occurs.
The experimental set-up consists of a conductive dynamic
AFM which is enclosed in a chamber filled with N, and
CH;CH,OH vapor. A voltage pulse applied between tip and
sample condenses the vapor underneath the AFM tip, giving
rise to the formation of a nanometer-sized liquid bridge. Tip—
surface separation, voltage strength, and pulse duration con-
trol the meniscus size and hence the electrochemical cell’s
size, which in turns will control the nanostructure size.

Some elements of the experimental set-up and the steps in-
volved in the formation of nanometer-sized liquid bridges are
shown schematically in Figure 1. The instantaneous motion
of the AFM tip is recorded in an oscilloscope screen. Before
the application of a voltage pulse, the tip oscillates above the
sample surface. The electrostatic interaction deflects the tip’s
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Figure 1. Experimental set-up for the formation and monitoring of nano-
meter-sized ethanol liquid bridges. a) AFM environmental control cham-
ber with dry N, and ethanol vapor pipelines. b) Cantilever-tip oscillation
(deflection) before, during, and after the application of a voltage pulse.
Each dot represents the instantaneous AFM-tip amplitude. Once the
pulse is off, the ethanol meniscus holds the cantilever; however, because
the capillary force is smaller than electrostatic force, the cantilever moves
its average position away from the surface. The dashed line represents
the voltage pulse. Deflection full range is 11 nm. c) Physical interpreta-
tion of the changes in the oscillation amplitude displayed in (b). The ar-
rows depicts the tip oscillation.

equilibrium position and changes the AFM resonant fre-
quency which leads to a reduction of the oscillation ampli-
tude. Once the pulse is off, the oscillation amplitude remains
reduced because the capillary force of the ethanol bridge
holds the tip. Finally, the tip is retracted, which causes the
bridge to stretch and eventually break; the tip then recovers
its initial amplitude (Fig. 1b).

When an ethanol meniscus bridges tip and sample surface,
another voltage pulse is applied to initiate the electrochemical
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reaction. The application of a single pulse generates a dot the
size of which depends on the voltage strength, pulse duration,
and bridge size.””"! Figure 2a shows several dots fabricated by
the application of a series of 16 V pulses for 1 s (sample posi-
tive). In this case, each dot has required the formation of a
nanocell. The dot size is 30-60 nm in width and 2 nm in

Figure 2. AFM images of nanostructures fabricated in an ethyl alcohol
nanocell. a) A series of nanodots spaced 220 nm apart; width range
40-60 nm. Scale bar: 1 um. b) A single nanowire. Scale bar: T um. ¢) A
parallel array of nanowires. The wires are placed 70 nm part with an aver-
age width of 45 nm. d) Interconnected nanowires. The average height of
the above structures is 2 nm.

height. The sequential application of voltage pulses in the sit-
uation where the size of the individual nanostructure is larger
than lateral distance between pulses allows the fabrication of
continuous wires. A wire of 5.5 um length and 60 nm width is
shown in Figure 2b. Similarly, several nanowire structures can
be fabricated such as arrays of parallel or interconnected
wires.

The strength of the voltage pulses applied here (15-24 V
range) is relatively small; however, the associated fields are
quite large, ~3-10 Vnm™, because tip and sample are very
close, ~5-10 nm. Furthermore, the field could be significantly
enhanced owing to the presence of nanometer-sized asperities
at the end of the tip. This implies that the external energy is
high enough to activate the diffusion of the relevant chemical
species to initiate and sustain the chemical reaction.
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The presence of four different chemical
elements in the nanocell (C, O, H, and Si)
gives some uncertainty over the chemical
composition of the structures formed. Simi-
larities with AFM nano-oxidation experi-
ments would suggest the formation of a sili-
con oxide.* However, exposure of the
nanostructures to HF vapor did not remove
them, which indicates the absence of silicon
oxide. To determine quantitatively the
chemical composition we have performed
photoemission spectromicroscopy experi-
ments in a synchrotron radiation facility.[23]
A series of rectangular structures of several
micrometers in size were generated. AFM

images of those structures reveal two major (©)
rectangles surrounded by smaller struc-
tures, all of them fabricated under the same
conditions (Fig. 3a). The height of the struc-
ture varies from 6 nm at the edges to 14 nm
at the center. Photoemission microscopy
images of those structures are shown in Fig-
ure 3b. To record them, the electron analyz-
er was tuned to the kinetic energy of the
C1s core-level orbital. The lighter regions
(more emission from Cl1s orbitals) match
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tures while the darker regions correspond
to the silicon surface. This image was taken
with a spatial resolution of about 200 nm
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The XPS spectra recorded on the center
of the upper structure reveals two well-de-
fined peaks (Fig. 3c). The higher signal is
centered at the C 1s core-level binding ener-

Figure 3. Topographic and spectroscopic images of the fabricated structures. a) AFM image of
two rectangular structures. The height of each structure varies from 6 nm at the edges to
14 nm at the center. b) X-ray photoemission spectroscopy (XPS) image of the fabricated struc-
tures taken at the energy of the C1s core level. c) XPS spectrum recorded in the middle of the
upper rectangle. Similar spectra were obtained in the other points of upper and lower rectan-
gles. d) C1s core-level photoemission spectrum of a nanostructure. The three deconvolutions
are also plotted. The thick solid line represents the fit, and the points the experimental data.

gy (~284 eV) while the smaller peak corre-

sponds to the emission from the Si2p core

level (~101 eV). The other minor features

in the spectra are easily associated with other core levels or
multiple-electron excitations.”!! A higher-resolution spectrum
on the Cls emission shows the peak is centered at 284.2 eV
(Fig. 3d). The experimental data points were fitted and de-
convoluted into three components, which are shown together
with the best fit obtained. In the deconvolution process,
Lorenztian and Gaussian widths of 190 meV and 1 eV, respec-
tively, were used. The binding energies of the components are
284.8,284.1, and 283.4 eV. Those components can be assigned
to C—C sp” orbitals such as those in graphite, hydrogenated
SiC®! (SiC-H environment), and SiC,**?”) respectively. The
formation of SiC and the incorporation of hydrogen in the
compound is also supported by the study of the core-level-
shifted components of the Si2p photoemission peak (not
shown). The broad and symmetric peak at 2.3 eV-higher bind-
ing energies than the Si2p peak in bulk silicon corresponds
to the SiC energy.[zs’m Furthermore, we have performed some
in-situ measurements of some reference samples during the

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

same experimental run. For instance, C1s emission from a
highly oriented pyrolitic graphite sample was measured and
found to give a sharp peak at 284.8 eV.

In Figure 3d the intensity ratio C/Si deviates from the 1:1
stoichiometry towards a C-rich SiC/H (2.5:1) stoichiometry.
This could be a result of either a C-rich surface termination or
a substitution of some Si atoms by H. The presence of oxygen
in the structures has been disregarded because of the low
intensity of the oxygen O 1s peak. Furthermore, the presence
of oxygen in SiC gives components at 104-106 eV?®! which
have not been observed in these experiments.

The overall chemical reaction leading to the formation of a
carbon-rich SiC could be as follows:

Si+x/2 CHs~CH,OH — SiC, + xH, + x/2 H,O (1)
where the variable x reflects the non-stoichiometric character

of the formed SiC compound.
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Silicon carbide is a wide-bandgap semiconductor with good
thermal conductivity and high electrical breakdown field.”*”!
The nanolithographic process developed here allows the fabri-
cation of carbon-rich silicon carbide structures that in combi-
nation with silicon oxide barriers could allow the develop-
ment of high-performance nanometer-sized transistors and
Sensors.

In summary, we have demonstrated a process for the fabri-
cation of ordered low-dimensional structures of SiC, on Si
substrates. The process is based on the field-induced forma-
tion of nanometer-sized ethyl alcohol menisci between a sharp
conductive surface and a silicon surface. This is accomplished
by using a dynamic AFM operating in a chamber exposed to
ethyl alcohol vapor. Meniscus size and kinetic parameters
control the nanostructure size. The method yields dots or
wires, the width of which ranges from few tens up to a few
hundred nanometers. These low-dimensional structures are
fabricated at predetermined positions on the substrate. The
accuracy of the nanolithographic process allows the fabrica-
tion of arrays of nanowires placed 70 nm apart and with diam-
eters below 45 nm. The process is fully compatible with mac-
roscopic processing so the precise chemical composition of
the nanostructures can be determined. Finally, we would like
to emphasize that this process opens a general method for the
bottom—up fabrication of nanomaterials based on the spatial
confinement of a chemical reaction within a nanometer-sized
meniscus. Menisci of different liquids can be formed, which
would allow the production of a large variety of nanostruc-
ture compositions that are easily addressed and positioned
and amenable to precise electrical and chemical characteriza-
tion.

Experimental

Nanofabrication: The experiments were performed with a dynamic
AFM operating in the low-amplitude solution (non-contact) mode
[30] and with additional circuits to perform the oxidation [6]. The mi-
croscope was placed into a closed box with inlets for dry nitrogen and
alcohol vapor. First, the chamber was purged of water vapor by flush-
ing it with dry N; for about 30 min. This reduced the relative humidity
below 2 %. Then, the chamber was filled with ethyl alcohol vapor.
Non-contact AFM oxidations were performed with doped n*-type sili-
con cantilevers (Nanosensors, Germany). The force constant k. and
resonance frequency f, were about 25 Nm™ and 280 kHz, respective-
ly. The cantilever was excited at its resonance frequency. The semicon-
ductor samples were p-type Si(100) with resistivities of 0.1-1.4 Q cm.
Because of exposure to air, the sample surface is covered by a native
silicon oxide of about 1 nm thickness. The alcohol menisci bridging
tip and sample were field-induced by applying an external voltage be-
tween tip and sample. The sample (anode) is biased positive with re-
spect to the tip. The protocol is similar to the one previously applied
to the field-induced formation of water bridges [6,15].

Spectromicroscopy: The spectromicroscopy measurements reported
here were performed with the scanning photoemission microscope of
the electron spectroscopy for chemical analysis (ESCA) microscopy
beamline at the Elettra Synchrotron Light Source. The photon beam
was demagnified to a micro-spot of ~200 nm diameter by means of a
Fresnel zone plate and the photoelectrons produced were collected by
a hemispherical electron energy analyzer with a multi-channel detec-
tor. A detailed description of the microscope and associated facilities

Adv. Mater. 2005, 17, 1480-1483 www.advmat.de

MATERIALS

has been reported elsewhere [23]. Two-dimensional maps of the sam-
ple surface were obtained by scanning the sample with respect to the
focused X-ray beam and collecting the photoelectrons with a selected
kinetic energy at each scan step. Spectra were acquired from small
regions with the X-ray micro-spot dimensions. The electron take-off
angle was 30° to the sample surface, which enhanced the surface con-
tribution in the data collected. A photon energy of 645 eV was used
for all the photoemission measurements with an overall energy reso-
lution of ~220 meV.
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