NANO 45

pubs.acs.org/NanolLett

Buckled Silicene Formation on Ir(111)
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ABSTRACT: Silicene, a two dimensional (2D) honeycomb
structure similar to graphene, has been successfully fabricated
on an Ir(111) substrate. It is characterized as a (\/ 7><\/ 7)
superstructure with respect to the substrate lattice, as revealed
by low energy electron diffraction and scanning tunneling
microscopy. Such a superstructure coincides with the
(\/ 3X \/ 3) superlattice of silicene. First principles calculations
confirm that this is a (1/3x4/3)silicene/(/7x/7)Ir(111)

configuration and that it has a buckled conformation. Importantly, the calculated electron localization function shows that the
silicon adlayer on the Ir(111) substrate has 2D continuity. This work provides a method to fabricate high quality silicene and an

explanation for the formation of the buckled silicene sheet.
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ilicene, wherein silicon atoms are substituted for carbon

atoms in graphene, has recently created considerable
interest among scientists, since such a new two dimensional
crystalline material, with a honeycomb structure similar to that
of graphene,” is expected to have extremely useful physical
properties.” "' Before silicene was conceived as a possible
material, theorists and the experimental physicists had already
analyzed in some detail very thin and narrow silicon
nanostructures/nanowires.">~"” Subsequently, theoretical mod
els based on free standing single layer silicon and the
conception of silicene were considered.* Also silicene strips
have been studied experimentally."®”>* Most recently,
Cahangirov et al. conducted theoretical calculations and
proposed that silicon atoms prefer to form a corrugated sheet
structure.” In addition, a quantum spin Hall effect is predicted
to be observable on silicene.”

Currently, the preparation of silicene in experiments is
extremely difficult. As is widely known, graphene, a flat single
layer of sp’ bonded carbon atoms, can be exfoliated from
graphite easily because of the weak interlayer interactions of
graphite. However, silicene cannot be exfoliated from bulk
silicon because silicon in the bulk is sp* hybridized. Breaking
the covalent Si—Si bonds is too difficult to realize
experimentally. Therefore, obtaining a 2D silicon sheet through
exfoliation is impossible. Hence the primary method to
fabricate silicene sheets is via epitaxial growth of silicon on
solid surfaces. Only recently, the fabrication of such a sheet was
reported on Ag(111) surface.”>373° Apart from an Ag(111)
substrate, silicene has been reported on zirconium diboride
(ZrB,) thin films grown on Si wafers.'® The silicene on ZrB, is
almost consistent with a structure referred to above.”® Both
studies observed a (\/ 3X \/ 3) superstructure of silicene. These
experimental findings are very interesting and attractive.
However, only two kinds of substrates have been used in
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silicene growth so far. An in depth analysis of controlled growth
of silicene on other substrates, investigating its intrinsic physical
properties in atomic detail, is thus still of great importance.

In the present work, we fabricated graphene like silicon layer
on an Ir(111) substrate. We deposited silicon on the Ir(111)
surface and annealed the sample to 670 K, whereupon a distinct
well ordered structure appeared. Such structure was charac
terized as a (\/ 7)(\/ 7) superstructure with respect to the
substrate by means of low energy electron diffraction (LEED)
and scanning tunneling microscopy (STM). We then
performed first principles calculations based on density func
tional theory (DFT) and confirmed this superstructure as a
(\/ 3% \/ 3)silicene/( \/ 7% \/ 7)Ir(111) configuration. Consider
ing our experimental observations together with the calculated
results allows the conclusion that silicene fabricated on this
surface is a two dimensional continuous layer with a buckled
conformation.

Experiments were performed in an ultrahigh vacuum (UHV)
system with a base pressure about 2 X 107'° mbar. The Ir(111)
substrate was cleaned by several cycles of sputtering and
annealing until it yielded a distinct Ir(1X1) diffraction spot in a
LEED pattern and clean surface terraces in STM images.
Silicon was deposited on Ir(111) at room temperature under
UHV conditions from a piece of silicon heated by a direct
current. After deposition, the sample was annealed at 670 K for
30 min. To characterize its properties, we employed LEED to
identify the superstructures macroscopically and STM to image
the surface in atomic scale detail. Our DFT based first
principles calculations were performed using the Vienna ab
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Figure 1. LEED patterns and the corresponding schematic diagrams of the silicon superstructure formed on the Ir(111) surface. (a) The outer six
bright spots, highlighted by the dashed circles, originate from the 6 fold symmetry of the Ir(111) substrate. The additional diffraction spots are
ascribed to the silicon adlayer. (b) LEED pattern obtained with lower incident electron beam energy. (c) Sketch of the diffraction spots shown in
part a, where the reciprocal vectors of each group of spots are indicated by white, red, and blue arrows, respectively. (d) Schematic diagram of the
diffraction spots in real space. These data reveal a (\/ 7X \/ 7) superstructure of the silicon layer [lattice vectors (a;, b;) or (a,, b,)] with respect to
the Ir(111) lattice [lattice vectors (ag, by)]. Parts a and b were obtained at 47 eV and 29 eV, respectively.

initio simulation package (VASP).*"** The projector aug

mented wave (PAW) potentials were used to describe the core
electrons, and the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) were used for exchange
and correlation.>® The periodic slab models include four layers
of iridium, one layer of silicene, and a vacuum layer of 15 A. All
atoms were fully relaxed except for the bottom two substrate
layers until the net force on every atom was less than 0.01 eV/
A. The energy cutoff of the plane wave basis sets was 250 eV,
and the K points sampling was 9X9X1.

The structural characterization of the silicon layer formed on
Ir(111) surface was first identified macroscopically by the
arising LEED pattern, as shown in Figure la. The outer six
bright spots, highlighted by the dashed circles, can easily be
assigned to the Ir(111) substrate with 6 fold symmetry. The
additional distinct diffraction spots then originate from the
silicon superstructure. To detect this superstructure more
clearly in this LEED pattern, we decreased the incident electron
beam energy. This allows for a clearer imaging of the inner
diffraction spots, as shown in Figure 1b. For clarity, we show a
sketch map of the diffraction spots of the superstructure in
reciprocal space (Figure 1c), where the reciprocal vectors of
each group of spots are indicated by lines of different colors.
Aside from the (1x1) diffraction spots of the Ir(111) lattice,
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two symmetrically equivalent domains exist, identified by red
and purple spots, respectively. Aiming to understand these
LEED patterns more thoroughly, a schematic diagram in real
space consistent with the diffraction patterns is provided in
Figure 1d. This diagram directly reveals the commensurability
relation between the silicon adlayer and the substrate lattice.
The silicon adlayer can easily be identified as a (1/7X1/7)
superstructure with respect to the Ir(111) substrate. The matrix

of this (\/ 7><\/ 7) superstructure is [12 52] or the equivalent

[% 51], and the corresponding angles between the close

packed direction Ir[1—10] and the high symmetry direction of
(4/7%4/7) superstructure can be obtained simultaneously; they
are 40.9° and 19.1°.

To characterize the silicon adlayer in real space, we
subsequently used STM to investigate its geometric and
electronic properties. The STM images in Figure 2a and b
are obtained in different scanning areas on the same sample
surface. The large scale STM image in Figure 2a shows a long
range order of the silicon superstructure. Comparing the
directions between the superstructure in Figure 2a (indicated
by a yellow arrow) and the one in Figure 2b (indicated by a
blue arrow), it is noteworthy that they have different
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Figure 2. (a) STM topographic image (U = —1.45 V, and I = 0.25 nA), showing a (\/ 7X \/ 7) superstructure of the silicon adlayer formed on the
Ir(111) surface. The direction of this reconstruction is indicated by the yellow arrow. The close packed direction of Ir[1—10] is indicated by the
white arrow. The angle between the yellow and white arrows is around 41°. (b) STM image (U = —1.5 V, and I = 0.05 nA) of the silicon
superstructure with another orientation, indicated by the blue arrow. The rotation angle between the blue and white arrows is about 19°. (c) Line
profile along the black line in b, revealing the periodicity of the protrusions (0.72 nm) and a corrugation of around 0.6 A for the silicon adlayer.

orientations with respect to the substrate Ir(111) lattice, with a
relative rotation of 22°. This is consistent with the two
equivalent domains detected in (1/7x1/7) LEED patterns (see
Figure 1). Figure 2c shows the line profile along the black line
in Figure 2b, revealing that the periodicity of the bright
protrusions in the STM image is about 0.72 nm. This distance
is equal to the dimension of (1/7x4/7) superlattice of Ir(111)
(the lattice constant of Ir(111) is 0.271 nm, /7 X 0.271 nm =
0.72 nm). It is apparent that both, the orientations and the
periodicity of the silicon superstructure detected by STM are in
good agreement with the analysis of the LEED patterns,
confirming that a (1/7x4/7) silicon superstructure was formed
on the Ir(111) surface. In addition, the profile reveals a
corrugation of around 0.6 A in the silicon adlayer. The
corrugation implies that different silicon atoms in the adlayer
have different apparent heights with respect to the underlying
iridium surface, which will be analyzed by DFT calculations.
Apart from the brightest protrusions observed in Figure 2b,
we note that there are two other regions showing different
image contrast, marked by upward and downward triangles
(Figure 3a), respectively. Obviously, the region inside the
upward triangle is brighter than the one in the downward
triangle. Considering the contrast differences in these regions, a
honeycomb like configuration of the silicon superstructure can
be proposed and is depicted in Figure 3a: the darkest regions
are the centers of the honeycomb lattice; the brightest
protrusions are the vertexes (indicated by yellow dots) of the
honeycomb. This honeycomb like configuration is, in fact, a
superlattice of the silicene structure. According to the
prediction of previous theoretical studies,”’ the lattice
constant of low buckled free standing silicene is about 3.8—
39 A. In that case, the lattice constant of the (1/3x4/3)
superlattice of the silicene is about 6.75 A. This value is close to
the periodicity of our observed structure (7.2 A), the
(1/7%1/7) silicon superstructure on Ir(111). Thus, we propose
the following model to account for our observations: a single
layer silicon sheet is on top of the Ir(111) surface at a certain
rotation angle. As the rotation angle between the close packed
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direction of Ir[1—10] and the high symmetry direction of
(W/7x4/7) silicon superstructure is determined as 19.1°
(Figure 2b) and the one between the lattice direction of
(1x1) unit of silicene and its (\/ 3X \/ 3) superlattice is 30°, we
can deduce a rotation angle of 10.9° between the lattice
direction of (1X1) unit of silicene and the substrate Ir[1—10].
In this model, the (\/ 7><\/ 7) supercell of Ir(111) substrate
nearly matches the (\/ 3x4/3) superlattice of the silicon layer.

To prove our assumption and gain a deeper understanding of
the silicene/Ir(111) system, we conducted DFT calculations
and simulations of the STM observations using the Tersoff
Hamann approach.** During our calculations, several kinds of
models (different locations of silicon atoms with respect to the
substrate) were calculated. It turned out that the relaxed model
in Figures 3c (top view) and 3d (perspective view) is the most
stable configuration. The binding energy of this configuration is
about 1.6 eV per silicon atom. The simulated STM image is
shown in Figure 3b and the brightest protrusions in the
formation of the hexagonal arrangement are indicated. In the
simulations there is distinct contrast between the two triangular
regions in a unit cell. These features are in excellent agreement
with the STM observations in Figure 3a, verifying that the
model of the (\/3)( \/3)silicene/(\/7x \/7)Ir(l 11) configu
ration fundamentally resembles what we observed in experi
ments. The consistence between the STM simulation of the
single silicon layer on Ir(111) and experimental STM image
suggests that the silicon adlayer is a single layer. Figure 3c
shows the top view of the relaxed lowest energy configuration.
It reveals that there are six silicon atoms in one (\/ 7X \/ 7) unit
cell (the black rhombus): one silicon atom (the yellow one) is
located directly on top of an iridium atom; two atoms are
located at the hcp hollow and fec hollow sites of the Ir(111)
lattice as indicated in the rhombus; and the other three atoms
are located at the bridge sites. These findings indicate that
different silicon atoms are situated in different chemical
environments with respect to the iridium surface, which are
responsible for the buckled conformation of the silicon layer as
analyzed below.
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Figure 3. (a) Zoomed in STM image of the silicon layer. Besides the
brightest protrusions, two other regions showing different contrast are
indicated by the upward and downward triangles. The honeycomb
feature is indicated by the black hexagon. (b) Simulated STM image,
showing features identical with the experimental results in the same
triangles and hexagons. (c) Top view of the relaxed atomic model of
the (\/3)( \/3)silicene/( \/7)( \/7)Ir(1 11) configuration. (d) Perspec

tive view of the relaxed model in ¢, showing an undulated silicene on
Ir(111) surface.

The relaxed model and the simulated STM image here
provide a clear picture of the silicon arrangements in the
adlayer corresponding to observations in the actual STM
images. The silicon atoms at the top sites of the iridium lattice
(the yellow balls in Figure 3b—d) correspond to the brightest
protrusions (every other vertex of the honeycomb feature)

exhibited in the STM image (Figure 3a). The less bright
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protrusion in the center of the upward triangle region (the
other three vertexes) can be interpreted as the silicon atoms at
fcc hollow sites, showing lower electron density of states
compared with the silicon atoms on atop sites. The dim feature
in the center of the downward triangular region is silicon atoms
located at the hep hollow sites with the lowest electron density
of states. Figure 3d shows a perspective view of Figure 3c. It
clearly exhibits the corrugation of the silicon adlayer on the
Ir(111) surface. The silicon atoms are located at two different
heights with respect to the substrate: the distance between the
top silicon atoms (yellow balls) and the iridium substrate is
about 2.83 A; and the distance between the other silicon atoms
(orange balls) and the substrate is around 2 A. This height
difference (0.83 A) is to some degree consistent with the
reported results of silicon sheets on Ag(111), where the height
difference is 0.75 A.° The undulation here clearly reveals a
undulated silicon layer on Ir(111).

Although the silicon layer has a buckled structure with an
undulation, implying an interaction between silicon layer and
the substrate, we still infer that it is a continuous layer rather
than an accumulation of fragments with several silicon atoms.
To prove this argument, it needs to be established that
interactions between silicon atoms in the sheet are much
stronger than that of silicon atoms with the underlying
substrate. To analyze these interactions, we have calculated
the electron localization function (ELF),*>*¢ which directly
allows one to gauge chemical interactions from the charge
localization between individual atoms. Figure 4a shows the top
view of the overall ELF within the silicon layer with an ELF
value of 0.6. Here, we see that chemical interactions exist
between each pair of silicon atoms. This means the silicon
atoms are well bonded to each other, showing a continuity of
the silicene layer. To identify the bonding characteristics within
each silicon pair clearly, the ELFs along the cross section of
each silicon pair (annotated in Figure 4a) are displayed in
Figure 4b—d. The value of the ELF is shown by the color
scheme, where red represents the electrons that are highly
localized and blue signifies electrons with almost no local
ization. It is clearly seen that electrons are localized to a large
degree at the top bridge and fcc bridge silicon pair (the
magnitudes of ELF values are in the range of 0.82, as shown in
Figure 4b and c, respectively), identifying a covalent bonding
between Si atoms. The hcp bridge pair (Figure 4d) has slightly
lower degree of electron localization in their intermediate
location (ELF value is about 0.66). In conclusion, the ELFs
presented here provide evidence for the covalent interaction
existing between each silicon pair.

Considering now the interaction between the silicon layer
and the underlying substrate, the extension of the silicene sheet
on the substrate could be affected by the interplay between Si—
Si interaction and Si—Ir interaction. For comparison, the ELF
of the cross section between the silicon atom at the hep site and
its nearest iridium atom is shown in Figure 4e. The distance
between such a silicon—iridium pair is the shortest one, and this
is the position with the strongest interaction between the
silicon layer and the substrate. However, the ELF value in this
case is only 0.38, which is much smaller than those of any
silicon pairs. ELF values of less than 0.5 correspond to an
absence of pairing between electrons. Therefore, it can be
concluded that the interaction is mainly of an electrostatic
origin. This electrostatic interaction is not strong enough to
affect the formation of Si—Si bonds and the extension of the
silicon sheet. In short, the combined evidence as above
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Figure 4. (a) Top view of the overall electron localization function
(ELF) of the relaxed model with an ELF value of 0.6, demonstrating a
continuity of the silicene layer. (b—d) The ELFs of the cross section
between silicon pairs: (b) top bridge pair; (c) fcc bridge pair and (d)
hep bridge pair, showing the covalent interaction existing between
each pair of silicon atoms. The pairs are depicted by the dashed line
ellipses. (e) ELF of the cross section between the silicon atom at hcp
hollow site and its nearest iridium atom. The ELF value here is at the
range of green blue region (about 0.38), indicating an electrostatic
interaction. The color scale is shown at the bottom.

mentioned demonstrate that a two dimensional continuous
silicon layer—silicene—was indeed successfully fabricated on
Ir(111).

In summary, we report the formation of silicene on Ir(111)
and the corresponding geometric and electronic properties.
The silicon adlayer shows a ( \/ 7X \/ 7) LEED pattern and has a
honeycomb feature in STM images. This (\/ 7><\/ 7) super
structure coincides with the (\/ 3X \/ 3) superlattice of silicene,
which is confirmed by DFT calculations. The location
differences of the silicon atoms with respect to the substrate
lattice are mainly responsible for the buckled conformation of
the silicene sheet. By analyzing the electron localization
function, covalent bonding is demonstrated to exist throughout
the silicene layer. This work provides an effective method to
produce high quality silicene which allows us to investigate
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quantum phenomena of this novel two dimensional material,
and it may link up with potential applications in nano
electronics and related areas.
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