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ation of silicene nano-ribbons
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We report on the oxidation of self-assembled silicene nanoribbons

grown on the Ag (110) surface using scanning tunneling microscopy

and high-resolution photoemission spectroscopy. The results show

that silicene nanoribbons present a strong resistance towards oxida-

tion using molecular oxygen. This can be overcome by increasing the

electric field in the STM tunnel junction above a threshold of +2.6 V to

induce oxygen dissociation and reaction. The higher reactivity of the

silicene nanoribbons towards atomic oxygen is observed as expected.

The HR-PES confirm these observations: even at high exposures of

molecular oxygen, the Si 2p core-level peaks corresponding to pristine

silicene remain dominant, reflecting a very low reactivity to molecular

oxygen. Complete oxidation is obtained following exposure to high

doses of atomic oxygen; the Si 2p core level peak corresponding to

pristine silicene disappears.
Silicene is a new two-dimensional (2D) material with a gra-
phene-like structure.1 Silicene is a highly promising material
because it has the advantage of being compatible with existing
semiconductor technology. Substantial effort has focused on 2D
silicene to discover and understand its chemical and physical
properties in comparison with those already known for gra-
phene.2–4 Indeed, because of the similarity of the electronic
properties of silicene with those of graphene, a number of
theoretical studies have been made over the last few years.1,5–7

These studies have found that the band structure of free-
standing silicene exhibits a semi-metallic character,7 and
a linear dependency at the high symmetry points of the Bril-
louin Zone reecting a massless Dirac fermion character.6,7
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From an experimental point of view, a 2D silicene sheet was
synthesized rst on a silver surface.8 Honeycomb structures
forming either a parallel assembly of one-dimensional nano-
ribbons (NRs) on Ag (100) and Ag (110)9–13 or a highly ordered
sheet of silicene on Ag (111) have been observed.14–21 On Ag
(111), at least three ordered phases were synthesized.14–20

Recently, silicene sheets have also been grown successfully on
other substrates; Ir,22 ZrB2,23 Au,24,25 and Pt.26 Recent studies
have also considered the formation of small Si nano-islands on
the graphite surface that are quite stable.27,28

Even though the electronic properties of silicene are now
understood reasonably well, only a few studies have reported
the chemical reactivity of silicene towards hydrogenation29 or
oxidation.30,31 Understanding the reactivity of silicene towards
oxygen is of particular importance for two reasons; its stability
in air and its possible integration into CMOS technology.32 The
oxidation of silicon has been studied for many decades.33 With
the advent of Scanning Probe Microscopies, it was possible to
elucidate the initial reactions of oxygen at the atomic scale on
many different silicon substrates.34–36 Oxidation proceeds
through dissociative adsorption via a molecular precursor.37 In
the case of silicene, only one investigation of the oxidation of
isolated silicene nanoribbons (NRs) using molecular oxygen has
been reported.38 The study showed that oxidation is initiated at
the ends of the Si NRs before propagating along the [�110]
direction like a burning match. This indicates that the edges of
the NRs are less reactive to molecular oxygen.38 The present
study is different in that here, the substrate was annealed before
oxygen exposure to obtain a dense array of nanoribbons that
completely cover the metal substrate surface.

In this paper, we report on the reactivity of self-assembled
silicene NRs towards molecular and atomic oxygen. Insight
into the electronic properties is obtained from Scanning
Tunneling Microscopy (STM) and High-Resolution Photoemis-
sion Spectroscopy (HR-PES). We show that silicene NRs are less
reactive to molecular oxygen compared to atomic oxygen,
pointing to its relative stability toward oxygen compared to
other silicon substrates. The deposition of one silicon
Nanoscale Adv., 2020, 2, 2309–2314 | 2309
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Fig. 3 Filled states STM images of silicene NRs recorded before (a) and
after (b) molecular oxygen exposure (50 L), (15� 15 nm2,�0.95 V, 0.35
nA).

Fig. 1 Filled-states STM image of silicene NRs grown at 200 �C on the
Ag (110) surface (15 � 15 nm2, V ¼ �0.9 V, I ¼ 0.5 nA) the (2 � 5)
superstructure of the self-assembled NRs is visible inside the
rectangle.
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monolayer on the Ag (110) surface induces self-assembly of
silicene NRs showing a 2 � 5 LEED superstructure.10,11 Fig. 1
presents a topographic STM image corresponding to the 2 � 5
superstructure showing self-assembled silicene nanoribbons
with a very low density of defects. All silicene NRs are aligned
along the Ag [�110] direction, and their length is limited only by
the surface steps. The 2 � 5 rectangle indicated on Fig. 1 shows
the �5 periodicity along Ag [100] direction, with the NRs having
a width of 1.6 nm. The �2 periodicity is shown along the Ag
[�110] direction. The structure of silicene nanoribbons has
been extensively studied and several structures have been
proposed. While studies based only on STM, and calcula-
tions12,13,39 suggest that silicene nanoribbons have a honey-
comb-like structure, others based on STM, AFM, XPD, SXRD,
and DFT calculations conclude that the structure is composed
of pentamers.40–42

Fig. 2 presents topographic STM images of the same area of
silicene NRs recorded before (Fig. 2(a)) and aer exposure
(Fig. 2(b)) to 10 L of molecular oxygen (1 L ¼ 1 � 10�6 mbar per
1 s). During the exposure to oxygen, the tip was retracted about 2
microns away from the surface to avoid shadowing effects from
the tip apex. Aer exposure to 10 L of molecular oxygen, the
Fig. 2 Filled states STM images of silicene NRs recorded before (a) and
after (b) molecular oxygen exposure (10 L), (25 � 25 nm2, �0.94 V,
0.36 nA).

2310 | Nanoscale Adv., 2020, 2, 2309–2314
same small bright spots seen beforehand on the bare silicene
NRs are still visible (Fig. 2(a)).

There is no apparent evidence for the adsorption of molec-
ular oxygen with the surface, even when the dose of oxygen is
increased beyond 50 L (see Fig. 3). This clearly suggests that the
Si atoms do not react with molecular oxygen. No difference was
observed in the STM images before and aer oxygen exposure,
even up to 50 L. In comparison, oxidation of Si (111)-7 � 7
occurs at very low oxygen dose (0.05 to 1 L).34–36,43 Therefore, the
silicene nanoribbons are more stable in comparison to the Si
(111)-7 � 7 surface. This is also consistent with the oxidation of
isolated silicene NRs, where only the ends of the silicene NRs
were observed to react to molecular oxygen and not the edges.38

Here, the dense array of nanoribbons completely covers the
metal substrate surface. This reduces both the active ends of the
nanoribbons and any metal activation of the oxygen reaction.

However, we were able to induce localized oxidation of the
nanoribbons using the STM tip as an electron source. By posi-
tioning the STM in the middle of the image and then switching
off the feedback loop, a single voltage pulse of +2.7 V, 2 nA, and
100 ms duration was applied to the surface.

The effect of a voltage pulse from the STM tip on the local
structure prior to the oxidation is a necessary issue to address.
Thus Fig. 4(a and b) show the impact of a voltage pulse applied
to the silicene NRs in oxygen-decient conditions. We were
consistently able to nd well dened and reproducible atomi-
cally resolved self-assembled NRs. Consequently, no difference
Fig. 4 Filled states STM images of pristine silicene NRs recorded
before (a) and after (b) +2.7 V pulse, (16� 16 nm2,�0.981 V, 0.482 nA).

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Filled states STM image of silicene NRs after atomic oxygen
exposure (10 L), (30 � 30 nm2, �1.5 V; I ¼ 0.158 nA).

Fig. 5 Filled states STM images of silicene NRS recorded after
molecular oxygen exposure followed by a tip pulse of +2.7 eV during
the scan; (a) two pulses, (b) several pulses, (c) large area showing the
zone where the tips pulses were applied.
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is discernable between the region before and aer the tip pulses
and no bright protrusions appeared. We can also exclude the
possibility that a direct pulse of +2.7 V on the NRs alters their
uniformity or induces the formation of defects.

Interestingly, when the same experiment was repeated aer
the surface had been dosed with molecular oxygen, we
produced remarkably different results. In the subsequent scan,
we observed the appearance of pairs of bright protrusions
(Fig. 5(a)). This is a clear indication that the STM tip induces the
dissociation of molecular oxygen, which then reacts with the
silicene NRs. The slight variations in the angle of the bright
pairs with respect to the NR indicate that there is no double tip.
Aer the application of a second pulse, the number of bright
protrusions increased. This shows that the amount of oxygen
adsorbed has increased (Fig. 5(b)). Fig. 5(c) is a large STM area
showing clearly the zone where pulses were performed. We
applied a number of pulses using a range of voltage conditions
(from +2.0 to +3.5 V). We observed a threshold for the tip-
induced dissociation at around 2.6–2.7 V. Above 3 V, the
dissociation process is not only very efficient but instabilities
occurred regularly making a quantitative analysis difficult.
When the exposure to molecular oxygen is stopped, the disso-
ciation also stops, and no further adsorption is observed. The
non-local nature of the tip-induced oxidation indicates that
dissociation of the molecules is induced by the electric eld
between the tip and the surface. The electric eld acts on the
molecular dipole44 by reducing the barrier to dissociation.45

This has been used to create well-dened nanostructures on
passivated silicon surfaces by desorption.46,47 In contrast, an
electron-attachment process would produce an atomically
precise and selective dissociation48 or desorption.49,50 As an
additional control test, pulses were applied to the bare Ag (110)
surface prior to O2 exposure, and no such effect on the surface
was observed. This would indicate that the dissociation of
This journal is © The Royal Society of Chemistry 2020
oxygen is an electronic effect induced by the electric eld
between the STM tip and the surface.51

To understand the nature of these results, we exposed the
silicene NRs directly to a source of atomic oxygen. Atomic
oxygen is obtained by thermal dissociation of O2 with a tung-
sten lament held at T ¼ 1400 �C. The hot lament is placed at
a distance of 5 cm from the surface. Fig. 6 shows a topographic
STM image recorded aer exposure to 10 L of atomic oxygen on
the silicene NRs. The gure clearly shows the appearance of
bright protrusions similar to those observed when the voltage
pulses were applied during the exposure tomolecular oxygen. In
addition, with this low coverage, the adsorption sites are pref-
erentially on edge or in the middle of the ribbons. We have
shown previously that molecular oxidation of isolated Si NRs
propagates along the [�110] direction.38 As mentioned before,
isolated Si NRs reacted initially to molecular oxygen at their
ends where there are unsaturated dangling bonds, and not the
sides. Now, these 1.6 nm wide NRs are composed of two inter-
locked ribbons, with curved proles.12 Thus, reaction with
atomic oxygen occurs at the outer edge atoms of the Si NRs and
is favorable due to the release of strain in the NR. We also
observe a tendency for the bright protrusions to line up along
the [�110] direction. This can be explained by the progression
of the oxidation reaction. Once the atomic oxygen has reacted
with a Si atom, neighboring atoms have a modied environ-
ment with unsaturated bonds that give rise to an increase in the
density of states near the Fermi level.52 In other words, the
neighboring atoms become activated, facilitating the reaction
and leading to its propagation (as clusters or along the NR). This
is a particularly efficient way of reducing the barrier to further
oxidation36 and has been observed during the oxidation on
a number of silicon-terminated surfaces.36,53–55 The reactivity of
the Si NRs can be compared quantitatively with other silicon
surfaces. The Si (111), Si (001) and SiC (001) surfaces are
signicantly more reactive, because of the presence of highly
reactive adatoms, and Si dimers, respectively. The Si NRs are
less reactive because they have electronic states further away
from the Fermi level compared to the conventional silicon (100)
and (111) surfaces.56–58

In the perspective of the reactivity of the NRs in ambient
conditions, the presence of water is a crucial ingredient because
Nanoscale Adv., 2020, 2, 2309–2314 | 2311
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Fig. 8 Si 2p core level spectra (dots) and their deconvolutions (solid
line overlapping the data points) with two asymmetric components
(S1) and (S2) recorded at 147 eV for (a) the pristine (2 � 5) and ((b)–(f))
after exposure to 55 L, 155 L, 655 L, 1655 L, 3155 L of atomic oxygen.

Fig. 9 Fractional intensities of silicene and SiO2 versus the oxygen

Fig. 7 Si 2p core level spectra (dots) and their deconvolutions (solid
line overlapping the data points) with two asymmetric components
(S1) and (S2) recorded at 147 eV for (a) the pristine (2 � 5) and ((b)–(e))
after exposure to 60 L, 160 L, 660 L, 1160 L of molecular oxygen.
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it forms hydroxyl radicals (OH). These are known to play a key
role in the propagation of reactions on surfaces.58

To probe further the nature of the interaction between
oxygen and the silicene NRs, we have performed HR-PES
measurements of the Si 2p core-levels before and aer expo-
sure to molecular and atomic oxygen. The evolution of the Si 2p
core level peaks with increasing oxygen exposure is displayed in
Fig. 7 and 8. The spectrum corresponding to the pristine sili-
cene nanoribbons is shown on Fig. 7(a). The Si 2p core level can
be reproduced with only two spin–orbit split doublets (S1) and
(S2) located at E 2p3/2(S1) ¼ 98.9 eV and E 2p3/2(S2) ¼ 99.14 eV
binding energies. When we increased the amount of molecular
oxygen to 60 L, no change is observed of the Si 2p (Fig. 7(b)).
Additional peaks appear only when the amount of O2 reaches
160 L (Fig. 7(c)).

At this exposure, only the Si+ and Si2+ oxidation states are
present. At higher O2 exposure (1160 L and above) additional
components corresponding to Si3+ and Si4+ oxidation states
appear at the expense of the two Si+ and Si2+ oxidation states
(see Fig. 7(d) and (e)). In addition, the Si 2p corresponding to
pristine silicene not only remains visible but continues to
dominate the spectra. This implies that silicene NRs were not
fully transformed into SiO2, which is consistent with the STM
results (Fig. 5(a)). The SiOx peaks are located at binding energies
of +0.95 eV, +1.81 eV, +2.41 eV, and +3.65 eV corresponding
respectively to: Si+, Si2+, Si3+ and Si4+ oxidation states of silicon.
Fig. 8 shows the Si 2p core level spectra recorded on the silicene
NRs before and aer exposure to atomic oxygen. In contrast to
the molecular oxidation results, the oxidation starts early aer
exposure of only 55 L of O. The components S1 and S2 corre-
sponding to the pristine silicene decrease continuously as
2312 | Nanoscale Adv., 2020, 2, 2309–2314
a function of increasing atomic oxygen dose. However, as in the
case of molecular oxidation, the Si 2p corresponding to the
pristine silicene is still observed even at high oxygen doses. One
can notice from the PES results, a more prominent reactivity
toward atomic oxygen compared to molecular oxygen. The Si4+

component has a much higher contribution in the case of
atomic oxygen aer exposure to the same quantity of oxygen.

A quantitative analysis of the XPS data conrms that silicene
NRs grown on Ag (110) are much less reactive toward molecular
oxygen than atomic oxygen (Fig. 9). From the plot, the
percentage of SiO2 increases faster during atomic oxygen
exposure compared to molecular oxygen. The decrease in the
percentage of clean Si remaining follows the same trend. These
results agree with the conclusions from the STM images.
exposure.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

To summarize, scanning tunneling microscopy and photo-
emission spectroscopy experiments show that the functionali-
zation of silicene with oxygen can be controlled by using either
molecular or atomic oxygen. We nd that silicene NRs grown on
Ag (110) are much less reactive toward molecular oxygen than
atomic oxygen. The silicene NRs could be oxidized in two ways.
Firstly, by dissociating adsorbed molecular oxygen using STM
voltage pulses, and the second, by exposing the NRs directly to
an atomic oxygen ux. HR-PES data revealed the appearance of
the Si+ and Si2+ components at moderately high molecular
oxygen doses, while the Si3+ and Si4+ components only began to
appear aer a very large dose to molecular oxygen. The SiOx is
dominated by the presence of the Si4+ component at very high
oxygen doses. Even at very high molecular oxygen doses, the Si
2p corresponding to pristine silicene NRs stays present.
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B. Ealet and G. Le Lay, Appl. Phys. Lett., 2010, 96, 183102.

12 A. Kara, S. Vizzini, C. Leandri, B. Ealet, H. Oughaddou, B. Aufray
and G. LeLay, J. Phys.: Condens. Matter, 2010, 22, 045004.

13 M. R. Tchalala, H. Enriquez, A. J. Mayne, A. Kara,
G. Dujardin, M. A. Ali and H. Oughaddou, J. Phys.: Conf.
Ser., 2014, 491, 012002.

14 C.-L. Lin, R. Arafune, K. Kawahara, N. Tsukahara,
E. Minamitani, Y. Kim, N. Takagi and M. Kawai, Appl.
Phys. Express, 2012, 5, 045802.
This journal is © The Royal Society of Chemistry 2020
15 B. Feng, Z. Ding, S. Meng, Y. Yao, X. He, P. Cheng, L. Chen
and K. Wu, Nano Lett., 2012, 12, 3507–3511.
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H. Oughaddou, J. Phys.: Condens. Matter, 2013, 25, 225301.

18 M. R. Tchalala, H. Enriquez, H. Yildirim, A. Kara,
A. J. Mayne, G. Dujardin, M. A. Ali and H. Oughaddou,
Appl. Surf. Sci., 2014, 303, 61–66.

19 H. Enriquez, A. Kara, A. J. Mayne, G. Dujardin,
H. Jamgotchian, B. Aufray and H. Oughaddou, J. Phys.:
Conf. Ser., 2014, 491, 012004.

20 H. Oughaddou, H. Enriquez, M. R. Tchalala, H. Yildirim,
A. J. Mayne, A. Bendounan, G. Dujardin, M. A. Ali and
A. Kara, Prog. Surf. Sci., 2015, 90, 46–83.

21 P. Vogt, P. De Padova, C. Quaresima, J. Avila,
E. Frantzeskakis, M. C. Asensio, A. Resta, B. Ealet and
G. Le Lay, Phys. Rev. Lett., 2012, 108, 155501.

22 L. Meng, Y. Wang, L. Zhang, S. Du, R. Wu, L. Li, Y. Zhang,
G. Li, H. Zhou andW. A. Hofer, Nano Lett., 2013, 13, 685–690.

23 A. Fleurence, R. Friedlein, T. Ozaki, H. Kawai, Y. Wang and
Y. Yamada-Takamura, Phys. Rev. Lett., 2012, 108, 245501.

24 S. Sadeddine, H. Enriquez, A. Bendounan, P. K. Das,
I. Vobornik, A. Kara, A. J. Mayne, F. Sirotti, G. Dujardin
and H. Oughaddou, Sci. Rep., 2017, 7, 44400.

25 M. Rachid Tchalala, H. Enriquez, A. J. Mayne, A. Kara,
S. Roth, M. G. Silly, A. Bendounan, F. Sirotti, T. Greber and
B. Aufray, Appl. Phys. Lett., 2013, 102, 083107.
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