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Abstract: We report on the initial stage of growing of silicon nanostructures on Pb-induced v/3 x /3
and v/3 x /7 reconstructed Si(111) surfaces. The deposition of 0.75 monolayer of Si at a temperature
of around 200 K results in Si nanoribbons a few-nanometers in length running in three equivalent
high symmetry directions of Si(111) surface, as revealed by low temperature scanning tunneling
microscopy measurements. The nanoribbons are predominantly 1.6 nm wide and show local v/3 x /3
reconstruction. These findings are interpreted within the framework of silicene nanoribbons grown
on a bare Si(111) surface.
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1. Introduction

The discovery of graphene and the observation of its remarkable properties [1] have boosted
an intensive search for similar materials with a two-dimensional (2D) honeycomb geometry, mainly
composed of group-1V elements [2—4]. Among them, silicene—a silicon counterpart of graphene—has
attracted increasing attention, owing to its promise of being easily integrated with the present Si-based
electronics [5-9]. Indeed, the first silicene-based field effect transistor operating at room temperature
was recently demonstrated [10].

The planarity of a single layer of Si atoms, named as silicene [11], was predicted theoretically in
1994 by Takeda and Shiraishi [12], and its dynamical stability has been confirmed [13]. In contrast to
graphene, silicene is not completely planar, and features a low buckled geometry with two vertically
displaced sublattices. The physical origin of the buckling comes from the orbital hybridization of
silicon, with sp® being preferred. In spite of this geometry, the outstanding electronic properties,
characteristic of graphene, are also preserved in silicene. Moreover, silicene has several advantages
over graphene. It has stronger spin-orbit coupling, which may lead to detectable non-trivial topological
phases [14-18], and it can easily be functionalized [19-25].

Despite the theoretical predictions, the synthesis of silicene continues to be a significant challenge.
So far silicene has been successfully grown on only a few substrates, either as a 2D layer on Ag(111),
ZrBy, Ir(111), Al(111), ZrC(111), and MoS; [26-34], or in the form of nanoribbons on Ag(110) and
Au(110) [35-40]. Beyond monolayer silicene, multilayer silicene films and nanoribbons have also been
grown on Ag substrates [41-44].

However, the substrate usually introduces substantial modifications to structural and electronic
properties of silicene, altering its free-standing characteristics. Indeed, in the case of Ag, two different
bond angles between Si atoms can be identified, characteristic of sp? and sp® hybridization. As a result,
an almost-flat silicene layer with Si atoms sticking out is observed. Such a peculiar arrangement of
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atoms is a consequence of the electronic mechanism protecting the Dirac spectrum from degradation,
as was theoretically discovered [18,25]. However, there are firm arguments for strong hybridization
between the silicene and the Ag substrate states. The protecting mechanism fails, since the interaction
is very strong—it is too strong to maintain the linear electronic spectrum or even the 2D character of
the silicene layer [45—47]. On the other hand, if the silicene—substrate interaction is weak, it might
be impossible to grow silicene, due to the preferred sp® bonding of Si atoms, and their tendency
for clustering.

Searching for substrates on which to grow silicene is an important issue. Though silicene has
only been grown on very few surfaces, a number of candidates have been theoretically predicted and
proposed as potentially suitable for silicene formation [25,48-51]. Recently, lead was proposed as a
potential candidate to grow silicene [51]. The calculated binding energy of silicene to a Pb(111) surface
is three times lower than for silicene on Ag(111), and an order of magnitude higher than in the case
of silicene on a typical weakly-interacting substrate. As a result, the Dirac spectrum is only slightly
modified, with the main contribution of the 3p, orbitals of S5i atoms.

Here, we report on the first attempt to grow silicene nanostructures on a substrate containing Pb
atoms. We have chosen v/3 x v/3 and v/3 x 1/7 reconstructions of Pb—in short, v/3-Pb and v/7-Pb—on
a Si(111) surface. The deposition of a 0.75 monolayer of Si at a temperature of around 200 K, followed
by annealing, results in Si nanoribbons a few-nanometers in length running in three equivalent
high-symmetry directions of the Si(111) surface, as revealed by low temperature scanning tunneling
microscopy and spectroscopy (STM and STS) measurements. The nanoribbons are predominantly
1.6 nm wide and show local v/3 x /3 reconstruction. These findings are interpreted within the
framework of silicene nanoribbons on a bare Si(111) surface. The deposited Si atoms directly bind to
the surface Si atoms, expelling Pb atoms, and form pure Si nanoribbons. This scenario is corroborated
by first-principles density functional theory (DFT) calculations. Pb atoms play an important role in
this process, as they stabilize the Si(111) surface and control the growth of silicene nanoribbons. These
findings open new routes for the creation of silicene nanostructures on silicon surfaces.

2. Materials and Methods

All experiments were performed under ultrahigh vacuum (UHV) conditions with a *He-cooled
scanning tunneling microscope (Omicron, Taunusstein, Germany) working at 4.5 K. An n-type Si(111)
single crystal with a resistivity of 1-5 m{)-cm was used as the substrate crystal. A clean Si(111) surface
was obtained by flashing the sample to 1420 K under UHV conditions. Then, the sample was annealed
at 1140 K for a few minutes and slowly cooled down to room temperature (RT). This procedure leads
to the formation of a spatially extended well-ordered Si(111)7 x7 phase [52]. The Pb was evaporated
from a crucible on the Si(111)7 x 7 surface held at RT. Subsequently, a little more than a monolayer of Pb
was first evaporated at RT, followed by a post-annealing at 560 K for 1 min. This led to the desorption
of Pb in excess of the first layer [53], and a Pb wetting layer with patches of v/3-Pb and v/7-Pb structure
was obtained [54]. In order to get extended +/7-Pb structure, the sample was annealed at 560 K for
3 min. Next, the Si layer was evaporated by direct current heating of a pure silicon chip on to the
sample held at 200 K within 20 min. We have performed the deposition of around 0.75 monolayer
(ML). To obtain the presented Si structures, the sample was first annealed at room temperature for 1 h,
and next, by direct current heating, at around 400 K for 5 min. The amount of the evaporants (Pb and
Si) was measured during deposition by quartz crystal balance monitor.

The STM and STS measurements were done with electrochemically-etched W tips. The tunneling
conductance spectra (dI/dV) were acquired using a lock-in technique with a root mean
square modulation amplitude of 12 mV at frequency 3.3 kHz.

Density functional theory calculations were performed within Perdew—Burke-Ernzerhof
(PBE) [55] generalized gradient approximation (GGA) using projector-augmented-wave potentials,
as implemented in VASP (Vienna ab-initio simulation package) [56,57]. The plane wave energy cutoff
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for all calculations was set to 340 eV, and the Brillouin zone was sampled by a 5 x 5 x 1 Monkhorst-Pack
k-points grid [58]. The spin—orbit interaction was omitted.

The Si(111)-Pb system has been modeled by eight Si double layers and the reconstruction layer.
A vacuum region of 20 A was added to avoid the interaction between surfaces of the slab. All of
the atomic positions were relaxed, except the bottom layer, until the largest force in any direction
was below 0.01 eV/A. The Si atoms in the bottom layer were fixed at their ideal bulk positions and
saturated with hydrogen. The lattice constant of Si was fixed at the calculated value, 5.47 A.

3. Results and Discussion

Figure la shows an STM topography image of Si(111)y/3 x v/3-Pb surface. Typical v/3-Pb
patches—known as a dense Pb phase (10.44 Pb atoms/nm?)—separated by domain walls are observed.
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Figure 1. Scanning tunneling microscopy (STM) topographic images of (a) v/3 x /3-Pb and (b)
/3 x /7-Pb reconstructions on Si(111) surface, recorded at U =18V, [ =02nA,and U=1.0V, =05
nA, respectively. Insets show enlarged (7 x 7 nm?) STM images with marked unit cells; (¢,d) d1/dV
point spectroscopy data acquired in points marked by crosses in (a,b).

The domain walls are composed of a striped Pb phase—a less dense phase (9.40 Pb atoms/nm?)
with /7-Pb reconstruction—which appears darker in the constant current STM image [59,60]. The STM
topography of the striped Pb phase is shown in Figure 1b [61]. The one-dimensional character of
the reconstruction is clearly visible. Corresponding STS characteristics are shown in Figure 1c,d.
The resonances observed at U = 1.3 V in panel (c) and at U = 2.0 V in (d) are the signatures of the
v/3-Pb and /7-Pb phases, respectively [62].

The inset of Figure 1a is a close view STM of the single layer Pb/Si(111). Bright spots in the
STM image are resolved here as triangular structures. The v/3-Pb structure features four Pb atoms for
every three Si atoms—i.e., a coverage of 4/3 ML. Another one-atomic-layer film of Pb (presented in
Figure 1b) has a smaller coverage of 6/5 ML. In a unit cell of the \ﬁ—Pb phase, there are six Pb atoms
per five surface Si atoms. These reconstructions were used as templates to grow Si nanostructures.

Before presenting the results of our experiments, it is instructive to learn about theoretical
predictions regarding silicene on a Pb-decorated Si(111) surface. Figure 2 shows the calculated
structural model of silicene on a Si(111)v/3 x /3-Pb surface.

At first sight, it seems that after relaxation of atomic positions, the silicene layer retains its
free-standing buckled form. It features a hexagonal honeycomb lattice with neighboring Si atoms
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displaced alternatively perpendicular to the surface, forming two sublattices. Indeed, this structure
differs from silicene on a typical metallic substrate, where the arrangement of atoms features two
different characteristic angles, as discussed in Section 1. In the present case, all the angles are
approximately equal to 112°, which suggests a mixed sp?/sp® hybridization of silicene electron
states with stronger sp> contribution than in the freestanding case. The impact of the substrate on the
atomic structure of silicene is only to increase the buckling by 0.21 A from its freestanding value of
0.45 A. The mean silicene-substrate separation yields 3.27 A. These structural findings are reflected
in quite low binding energy of silicene to the substrate (E;). The binding energy is the energy gain
per Si atom after the deposition of the silicene on the Si(111)v/3 x /3-Pb surface, and in the present
case, it yields 140 meV. The value of E, is around three times lower than in the case of the silicene on
Ag(111) [63], and comparable to the silicene on a hydrogenated Si(111) surface [46]. It is worth noting
that the binding energy of silicene on Si(111)y/3 x v/3-Pb is only slightly lower than in the case of
Pb(111) surface [25,51]. In view of completely different atomic structures of silicene on both substrates,
this is somehow a surprising result, and can be explained in terms of the passivation of Si(111) surface
bonds by Pb atoms, similar as for a hydrogenated surface [46].

Figure 2. Perspective view of a structural model of silicene on a Si(111)v/3 x +/3-Pb surface. Silicene
atoms are shown in blue, Pb in green, and Si bulk atoms in light green.

Since the binding energy of silicene to v/3-Pb is rather low, it is natural to ask about the growing
possibility. Calculated cohesive energy (E.)—the energy gain to from silicene on the v/3-Pb from
isolated Si atoms—is lower than the cohesive energy of Si in diamond structure by 0.49 eV, and only
slightly higher than for free-standing silicene. Note that in the case of the Ag(111) surface, where
silicene was successfully grown, the E. is close to the cohesive energy of Si in diamond structure.
Thus, growing silicene may be challenging due to the tendency of Si atoms for clustering. Another
problem is related to the high mobility of Pb atoms on Si surfaces, even at room temperature [64-66].
Therefore, experimental attempts to grow silicene on Pb-induced Si(111) reconstructions should be
done at low temperatures.

To tackle the problem of silicene growth in the presence of Pb, we deposited 0.75 ML of Si on
/3-Pb reconstruction at various temperatures. The deposition of Si at temperatures higher than 215 K
always resulted in rather small in diameter and 3.13 A high atomic islands. Comparing STM and STS
characteristics of the islands with corresponding characteristics recorded on v/3-Pb, we concluded
that the islands are covered by Pb atoms. During the deposition process, Si atoms bond directly to the
surface Si atoms, and expel Pb atoms from their original positions. This scenario is supported by the
high mobility of Pb atoms on Si surfaces, and it naturally explains the height of the islands, which is
close to the distance between (111) planes in bulk Si. Note that diffusion processes for Pb atoms on Si
surfaces start to play a significant role at temperatures higher than 200 K [65].
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At lower temperatures (T < 200 K), Si atoms self-assemble into irregular islands of different
shapes and heights. Of course, this behavior is a manifestation of the tendency of silicon toward
clustering. In this case, Si adatoms also bond directly to the Si surface, expelling Pb atoms. However,
since the Pb atoms are now less mobile, they are not expected to be on top of the Si islands. Although
we cannot unambiguously confirm this scenario for V/3-Pb, we can deduce this conclusion from
the adsorption of Si on the \/7-Pb surface, since Si islands grow only in the domain regions (i.e.,
between patches of the 1/3-Pb reconstruction). Annealing the sample results in the same structures as
obtained previously during the deposition of Si at higher temperatures (i.e., with Pb atoms on-top of
the Si islands).

To shed additional light on the growth of Si nanostructures on Pb-induced surface reconstructions,
we investigated v/7-Pb as a substrate. Basically, the situation is very similar to the case of the v/3-Pb;
at high temperature (I' > 215 K), Pb-covered Si islands are observed, while at low temperature
(T < 200 K), irregular Si nanostructures appear. However, we can now prove Pb-free Si islands grown
at low temperature. Namely, after the deposition of Si, the original v/7-Pb phase evolved into the
\/E—Pb phase in areas between Si islands. Recalling the fact that the \/7-Pb phase is less dense than the
\/3-Pb, this suggests that, expelled from Si islands, Pb atoms accommodate in the surface between
the islands, forming the v/3-Pb phase. The 1/3-Pb phase is clearly visible in Figure 3a, where the STM
topography of the v/7-Pb covered by Si atoms deposited at T = 200 K is shown.
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Figure 3. (a) STM topography (U = 1.8 V, I =0.3 nA) of Si(111)v/3 x v/7-Pb surface after the deposition
of 0.75 monolayer (ML) of Si at T = 200 K; (b) STM topography after annealing the sample (U =2.0V,
I'=0.5nA); (c) Line profile along the black arrow marked in the inset of (a); (d,e) Line profiles along
green and light blue arrows marked in the inset of (b), respectively; (f) The proposed tentative structural
model of a silicene nanoribbon on the Si(111) surface. Silicene and the underneath Si surface lattices
are shown as black solid and cyan dashed hexagons, respectively. The sticking-out silicene atoms are
marked as gray balls; (g) Scanning tunneling spectroscopy (STS) characteristics; (h) Calculated density
of states of the Si(111)y/3 x v/3-Pb and silicene on the bare Si(111) surface.
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The Si nanostructures formed at T = 200 K are irregular and feature different diameters and
heights (Figure 1b). The temperature is too low to induce more regular Si structures and possibly
to cover them by Pb. Surprisingly, when we left the sample for one hour at room temperature,
the originally disordered structures evolved into new phase with very short nanoribbons. Further
annealing at T = 400 K for 5 min led to very regular nanoribbons, as Figure 3b demonstrates.
The nanoribbons are a few nanometers long and 1.6 nm wide. As is evident, they run in three
equivalent high-symmetry directions of the Si(111) surface. At first sight, the nanoribbons look like
pairs of two Si chains separated by 0.86 nm (Figure 3d). However, as shown below, these structures are
wide nanoribbons, not just separated chains. Note that similar (albeit shorter) nanoribbons also form
on the v/3-Pb, but only in the domain regions, where the v/7-Pb phase originally developed.

The observed nanostructures are unlikely to be separated Si chains, for at least three reasons.
First, the separation between chains is expected to be commensurate with some Si-Si distance on the
Si(111) surface. However, it is difficult to assign any Si-Si distance to the measured value of 0.86 nm
(Figure 3d). Second, the modulation of STM topography across and along these nanostructures is very
similar, ~0.4-0.5 A—compare Figure 3d,e. Third, it is difficult to justify why the chains always grow
in pairs. Therefore, we suggest that the observed structures are single nanoribbons. Moreover, they are
silicene nanoribbons grown on a bare Si(111) surface. Such interpretation is supported by following
facts. First of all, the observed 1/3 periodicity along the nanoribbons is characteristic for Si growth
on a Si(111) surface [67,68], as well as for multilayer silicene [44]. The V/3 x /3-Si reconstruction
features a single Si atom within the unit cell sticking out of the layer, with other Si atoms forming
almost a flat structure. This is a consequence of sp® bonding, similar to the previously discussed
silicene on Ag or Pb surfaces. Furthermore, the apparent height of nanoribbons measured with respect
to the neighboring v/3-Pb phase, 0.15 nm, is reproduced well by present DFT calculations, 0.1 nm.
Note that the theoretical value has been obtained only from geometrical considerations, neglecting the
electronic contribution to the apparent height, always present in STM measurements [69]. The next
point concerns the electronic properties as measured by STS (Figure 3g). The dI/dV characteristics
acquired on top of nanoribbons substantially differ from the data collected on the /3-Pb surface, as
one can notice comparing, for example, positions of resonances. This is also an additional argument
against Pb-composed nanoribbons. Importantly, the STS characteristics are qualitatively reproduced
well by the calculated density of states of the v/3-Pb surface and silicene deposited on the bare Si(111)
surface, shown in Figure 3h. Thus, in view of the above discussion, the observed nanostructures can
be regarded as silicene nanoribbons grown on the bare Si(111) surface.

Now, a question appears about the internal structure of the nanoribbons. We can deduce a
tentative structural model considering all the facts known from the STM measurements. First of all,
the /3 periodicity along a nanoribbon can be easily achieved assuming its armchair edges with
sticking-out Si atoms. Then, four Si hexagons fit well with the width of a nanoribbon. The proposed
model is shown in Figure 3f. The model consists of silicene on a Si(111) surface with a slide-AA
stacking, known from multilayer silicene [70]. This stacking features a honeycomb lattice shifted in
one armchair direction with respect to the underneath layer. In the present case the, the silicene lattice
has been divided into two parts and shifted in both directions other than nanoribbon edges. This
results in deformed hexagons in the middle of the nanoribbon, as Figure 3f illustrates. This operation
is required in order to match a width of the nanoribbon as well as distance between protrusions
(sticking out Si atoms) observed in the STM experiment. Thus, the present model accounts for all the
experimental findings regarding the nanoribbon structure.

Although the nanoribbons are composed of only Si atoms, it seems that Pb atoms play an
important role in the present case. They stabilize the Si(111) surface, but also control the growth
of silicene nanoribbons. Further analysis is required to understand the role of Pb atoms and to
determine details and the energetic stability of the proposed model, which has been postponed for
future DFT investigations.
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4. Conclusions

In conclusion, we have studied the formation of silicene nanoribbons on a Pb-induced Si(111)
surface. The deposition of 0.75 ML of Si at temperature around 200 K followed by annealing results
in 1.6 nm wide and a few-nanometers long silicene nanoribbons running in three equivalent Si(111)
high-symmetry directions. The nanoribbons feature local V3 ordering, and are interpreted in the
framework of silicene nanoribbons grown on a bare Si(111) surface. A structural model has been
proposed, and is related to the slide-AA stacking, known for silicene multilayers. These findings open
new routes to creating silicene nanostructures on silicon surfaces.
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