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ABSTRACT

Silicon oxide nanowires hold great promise for functional nanoscale electronics. Here, we investigate the oxidation of straight, massively
parallel, metallic Si nanowires. We show that the oxidation process starts at the Si NW terminations and develops like a burning match. While
the spectroscopic signatures on the virgin, metallic part, are unaltered we identify four new oxidation states on the oxidized part, which show
a gap opening, thus revealing the formation of a transverse internal nanojunction.

Si NWs could be the building blocks of many functional
nanoscale electronic devices. In this respect, a number of Si
NWs—based transistors have been already demonstrated'~
and a strong endeavor to exploit such nanowire structures is
pursued.>® Elevated synthesis temperature has been used to
generate defect free SiO, saturated crystalline silicon nanow-
ires through a mixture of Si—Si0,.”# Furthermore, straight,
aligned silica nanowires with an helical SiO, internal
structure have been produced through a Co—catalyzed
process.’

For decades, the oxidation of silicon has been an issue of
paramount importance in many areas of physics and technol-
ogy since the interface between silicon and silicon dioxide
plays a crucial role in microelectronics devices.!*?3 With
their continuous down-sizing to the nanoscale, the role played
by this interface becomes prevalent.>* From the theoretical
point of view, recent ab initio calculations®* have been used
to study the influence of doping on the conductance of
surface-passivated Si NWs. Clearly, the role of the surface
dangling bond defects becomes of crucial importance when
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the surface to bulk ratio in the NWs increases as a result of
their size reduction.

In spite of the numerous studies on the Si—SiO; inter-
face'2* it is still very difficult to give a consistent description
of the nanoscopic bond arrangement at this interface, mainly
because of the fact that the interface is buried and has only
short-range order. Numerous experimental techniques includ-
ing X-ray scattering,'® photoelectron spectroscopy,'! and
scanning probe microscopy,'? as well as theoretical calcula-
tions'>!7 have been used to model the still controversial
microscopic structure of the thermally grown Si(001)— and
Si(111)—Si0O, interfaces.''* Up to now, core-level
PES!118-23 has been the most successful tool for the
investigation of the Si—SiO, interfaces; indeed, the Si 2p
CL from clean or oxidized silicon surfaces is undoubtedly
the most widely scrutinized spectral feature in PES. It is well-
known that the Si 2p spectrum of this interface comprises
five distinct peaks; three of them are assigned to interfacial
silicon atoms!!'-23 while the other two are assigned to bulk
silicon and bulk SiO,. So, there is a large consensus to
attribute the various suboxide peaks to Si atoms with a
different number of nearest-neighbor O atoms: one, two,
three, or four and to refer to formal oxidation states as Si'™,
Si%*, Si** and Si**. This empirical assumption, based on a
charge-transfer model, is generally accepted and gives the
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Figure 1. Filled-states STM images of Si NWs on Ag(110) at different oxygen doses. (a) 22 x 22 nm? at 15 L. (b) 27.3 x 27.3 nm? at 30

L. (c) 30 x 30 nm? at 60 L. (d) 100 x 100 nm? at 300 L.

four well-separated chemically shifted components on the
Si 2p PES spectrum.

Diverse interpretations suggest a chemically graded in-
terface with all Si'™, Si**, Si’* suboxides and Si*' silica
distributed over a thickness ranging from about 0.2 to 3.0
nm.'"1*18 Others propose a silicon—silica interface consisting
of a single layer of silicon atoms in a +2 oxidation
state,'®1720 with Si3* and Si't fragments only present at
steps.?> Comparatively, in the case of the Si(111)—SiO,
interface, the proposed model?! is based on the concept of
statistical cross-linking between the dangling bonds from the
two sides of the interface plane. Finally, by transmission
electron microscopy, it was observed that the transformation
of crystalline Si to amorphous SiO, occurs via an ordered
crystalline oxide layer of trydimite, the stable bulk form of
Si0,, with a typical thickness of about 0.5 nm.?®

This communication reports a unique combined study of
the oxidation process at the atomic scale on a prototypical,
well-characterized system, namely, a massively parallel array
of Si NWs, just 1.6 nm in width and about 0.2 nm in
height?”?® by scanning tunneling microscopy/spectroscopy
(STM/STS) and high-resolution (HR) Si 2p core-level
photoelectron spectroscopy (PES). At the early stages of
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oxygen adsorption, the oxidation process takes place only
at the Si NW terminations; at increasing doses, this process
develops like a burning match along the [—110] direction,
keeping the one-dimensional orientation of the NWs.

In excellent agreement with STM measurements, the HR
photoemission spectroscopy shows the presence of all
components related to the virgin SINWs, Si’, in addition to
the oxidation components, Si'*, Si>*, Si**, and Si** on the
features of the Si 2p core—levels. STS measurements indicate
a metallic behavior on the virgin part of the SINWs and a
gap opening of ~0.35 V on the oxidized part, revealing the
formation of an internal nanojunction.

The HR—PES experiments were carried out at the VUV
beam line of the Italian synchrotron radiation facility
ELETTRA in Trieste, whereas the STM and STS observa-
tions of the SiNWs were performed at the CINaM in
Marseille. In both laboratories the same procedure has been
used for sample preparation, silicon evaporation and Si
oxidation. The Ag(110) substrate was cleaned in the UHV
chamber (base pressure: 8.5 x 107! mbar) by repeatedly
sputtering with Ar T ions and annealing the substrate at 750
K, while keeping the pressure below 2 x 107!° mbar during
the heating. Silicon was evaporated at a rate of ~0.03 ML/
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Figure 2. Convoluted Si 2p core levels. Oxygen exposure of SINWs
grown on Ag(110) at 10 L, 20 L, 40 L, and 80 L. The colored
components (ST, $>*, $3*, and §*7) related to the different oxidation
states (+1 to +4) grow at the expense of the four initial components
(S1, Sz, S3, Sy) of the clean SINWs.

min from a silicon source in order to form the Si NWs?"-28
while the Ag substrate was kept at room temperature (RT).

The oxidation was obtained upon exposing the so-formed
Si NWs at several increasing total doses expressed in
Langmuir (1 L =1 x 107® Torr per 1s) 10, 20, 40, 80, and
300 L of pure molecular oxygen (99.999%) also at RT.

The photoemission spectra were acquired using an electron
energy analyzer with an acceptance of 8°, set at an emission
angle of ¢ = 45°. The angle between the photon beam and
the normal to sample surface was also 45°. The photon
energy was 132.5 eV, while the total energy resolution was
better than 50 meV. All STM images presented were
recorded at RT in constant-current mode at a bias voltage
of —1.8 V and a tunneling current of 1.2 nA.

Figure la displays a 22 x 22 nm? filled-states STM image
of ~0.5 ML Si deposited at RT on the Ag(110) surface
exposed to a 15 L dose of oxygen. This high resolution STM
image shows the massively parallel Si NWs, all aligned along
the [—110] direction of the Ag(110) surface with a x2
periodicity, that is, 2ase—110). We directly see the termination
sides of the clean Si NWs drastically modified, showing
apparently some black voids or hollows (circled images in
Figure 1a) that announce the onset of the oxidation process.
These termination sides are involved at first in the oxidation
process, whereas the almost totality of the Si NWs is not
affected by the O, atoms.

At higher oxygen exposure, the oxidation of the Si NWs
proceeds progressively from their extremities along the
[—110] direction maintaining an atomic structure preferably
developed along the one-dimension of the wires. This is
clearly observed in the Figure 1b,c, which display respec-
tively 27.3 x 27.3 nm? and 30 x 30 nm? filled-states STM
images at 30 L and 60 L of oxygen exposure. The oxidation
behaves according to a match-burst process, where the
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Figure 3. Fractional intensities of the convoluted Si 2p components. S9, S'*, §2+, §3* and $** relative intensities, measured at 132.5
eV photon energy, are plotted versus the oxygen exposure of the clean Si NWs. S is the intensity sum of the Sj, S», S3, and Sy

components.
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Figure 4. Scanning tunneling microscopy of Si NWs exposed to 30 L O, and I—V curves. (a) 14.3 x 14.3 nm? filled-states image. (b) [—V
on clean Si NWs. Selected areas on the STM image indicate where the /(V) curves are collected. (¢) /—V characteristics of oxidized Si

NWs.

extremities of the Si NWs are considered as the head of a
match, which reacts with the oxygen atoms. This behavior
implies that the termination sides of the Si NWs comprise
several extremely reactive dangling bonds, able to be rapidly
saturated by the oxygen atoms. In this way, the oxidation
propagates along the [—110] direction, like a flame front,
which is the interface, which separates the clean and the
oxidized parts of the Si NWS. Subsequently, at 300 L of O,
exposure, we observe in Figure 1d, which shows a large 100
x 100 nm? filled-states STM image, the massively oxidized
Si nanostructures on different terraces of the Ag(110) surface.

These characteristic features discovered through the HR
STM observations of the oxidized Si NWs find their
corresponding signatures in spectroscopy measurements.
Figure 2 reports the Si 2p core-level spectra measured on
the Si NWs, after 10, 20, 40, and 80 L of O, exposure.
Noticeably, the figure shows that the Si peak is strongly
modified during the O, exposure at increasing doses. The
clean Si NWs on Ag(110) have been recently characterized
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by HR core-level photoemission spectroscopy?® by convolut-
ing the spectra with spin—orbit (S—O) split, asymmetric
Doniach—Sunijch functions. A least-squares fitting procedure
after a Shirley background subtraction revealed four doublets,
S1, S2, S3, Sa, each with a S—O splitting of 609 4+ 5 meV, a
branching ratio (BR) of 0.53 and, especially, an asymmetry
parameter of 0.122, which indicated that the Si NWs exhibit
a strong metallic character.

After oxidation, further quantitative information is obtained
by convoluting the Si spectra at their higher binding energy
(BE) regions with new additional spin—orbit split symmetric
Voigt function doublets (still, S—O splitting = 609 meV and
BR = 0.53). Here, the BE is considered relative to the
position of the S; core level of the clean silicon NWs (set at
0eV).

Thus, we identify on the Si 2p PES spectra of the Si NWs
at higher BE four new peaks S'*, $?*, $3*, and $** located
at +0.95, +1.71, +2.42, and +3.85 eV. We assign them to
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the +1, +2, +3 and +4 oxidation states of Si, in perfect
agreement with the chemically shifted components found at
the Si(001)— and Si(111)—SiO, interfaces.!' For these
chemically shifted components, we found full widths at half-
maximum (fwhm) of 0.65, 0.9, 1.15, and 1.26 eV in good
agreement with the previous measurements by Himpsel!! and
Lu,' the core-hole lifetime, the dynamical phonon broaden-
ing, and the static disorder being the main ingredients that
contribute to the fwhm enlargements. A point to notice is
that each of the Si 2p components of the clean Si NWs as
well as their relative weights is preserved.?®

The behavior of the S't, $**, $3*, and S$*" relative
intensities with increased O, exposure is shown in Figure 3
for the Si 2p spectra. Note that the measured intensity of
S3 has been corrected by a factor of 1.7, since it has been
shown that the intensity is enhanced at the photon energy of
132.5 eV used, mainly due to a cross-sectional resonance.'!

The figure shows that at the early oxidation stages (10 L)
only the S'* state takes place; next from 20 L O, exposure
all the Si oxidation states are present but the intensities of
S+, §2*, §3* stay constant. The S° intensity (sum of S; + S,
+ S3 + Si) decreases monotonically as a function of
increasing O, doses, while the S** oxidation state continues
to grow. In view of this behavior, it is reasonable to presume
that silica develops like a wake behind the suboxides present
at the oxidation front, which propagates along the wires. This
unexpected oxidation process resembles a fuse burning on
the ground; in other words, it spreads like wildfire. The
decline of the S° contribution together with the increase of
the $** one is in perfect agreement with the evolution of the
STM images as a function of the oxygen exposure (see
Figure 1d).

We stress one fundamental point: Si 2p components of
the virgin portion of the Si NWs rest unaffected upon the
0O, exposure. Recently, He? investigated in a theoretical
study the adsorption of Si on the Ag(110) surface with the
intent of elucidating the atomic structure of the SINWs. The
author found various adsorption geometries for Si coverage
up to two monolayers (MLs). Whereas Si—Ag bonds are
stronger than Si—Si bonds at low Si coverages, at higher Si
coverages, the formation of Si dimers becomes instead more
favorable yielding stable Si NWs on the Ag(110) surface at
a coverage of 1.2 ML, in the derived ground-state structure.
This ground-state structure presents strong similarity to that
of the clean Si(001)-2 x 1 reconstructed surface.’® Two Si
layers would be involved in the formation of these Si NWs:
the top Si layer is formed by Si dimers; the second layer
below is constituted of Si atoms in contact with the first and
the second Ag layers beneath. On the basis of this atomic
model for the bare Si NWs, we could have anticipated a
vertical growth of the oxides; clearly the horizontal formation
of such one-dimensional silica appears to be remarkably
original.

Figure 4a shows a 15.8 x 15.8 nm? filled-state high-
resolution zoom STM image at 30 L of O,, while Figure
4b,c displays corresponding /(V) spectra measured respec-
tively on both clean and oxidized parts of the Si NWs. On
the virgin part, the metallic character is demonstrated by the
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I(V) spectra with high currents in the nanoampere regime
(Figure 3c). On the contrary, the /(V) curve acquired on the
oxide parts shows a semiconducting behavior revealing a
gap of 0.35 V and smaller tunneling currents in the
picoampere regime. Hence, it is worth noting that the
intensity of the current signal collected on the Si NWS is a
factor 10? higher than that collected on the oxidized parts,
which explains that these parts appear in STM imaging as
black voids.

We further stress that the behavior of the curve in Figure
4c can be related to the formation of a junction between the
clean and the oxidized Si NWs parts, along the [—110]
direction (i.e., along the nanowires). However, we can not
exclude a vertical current coming from the tunneling between
the oxidized Si NWs and the Ag substrate (along the [110]
direction) since a thick SiO, film is an insulator (SiO, gap
~ 9 eV), whereas in this case, we have just a small gap of
0.35 V.

In conclusion, during the oxidation of the Si NWs, a very
peculiar process takes place along the lengths of the wires,
similar to a propagating flame front. All oxidation states (+1,
+2, +3, and +4) are present, which is reflected by four
oxidation components, S'*, $?*, $3*, and $** on the Si 2p
core level spectra in addition to those related to the still virgin
part of the Si NWs. However, the lower oxidation states are
confined in the close vicinity of the Si—SiO, NWs interface.
In perfect agreement with the spectroscopy results, the STM
observations reveal the simultaneous coexistence of clean
and oxidized parts of the Si NWs. Initially, the oxidation
sites are localized at the extremities of the Si NWs.
Subsequently, at increasing O, doses, they move along the
[—110] direction: the oxidation process develops like a
burning match. Tunneling spectroscopy measurements con-
firm the transition from a metallic behavior of the virgin Si
NWs to a semiconducting one upon oxidation, with just a
narrow gap because of the extreme thinness. The formation
of such a transverse internal junction opens up interesting
perspectives for future functional nanowire devices at the
nanoscale, once the issue of the short-circuiting metallic
underlying substrate will be solved; in this respect, work is
in progress to encapsulate and extract the massively parallel
Si NWs from their silver template.
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