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Epitaxial silicene, which forms spontaneously on ZrB,(0001) thin films grown on Si(111) wafers,
has a periodic stripe domain structure. By adsorbing additional Si atoms on this surface, we find that
the domain boundaries vanish, and a single-domain silicene sheet can be prepared without altering
its buckled honeycomb structure. The amount of Si required to induce this change suggests that the
domain boundaries are made of a local distortion of the silicene honeycomb lattice. The realization
of a single domain sheet with structural and electronic properties close to those of the original

striped state demonstrates the high structural flexibility of silicene. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945370]

Even though silicene and graphene share similar elec-
tronic properties,’ silicene differs from its carbon counterpart
by the mixed sp®/sp’ hybridization of silicon atoms, which
originates from its larger atomic radius. Exotic topological
properties™ and new functionalities® are expected to stem
from the resulting buckled honeycomb structure of free-
standing silicene. Experimentally, silicene has been found to
exist only in epitaxial forms on a limited number of metallic
substrates—including Ag(110),> Ag(111),"* ZrB,(0001),'*"
Ir(111),'® ZrC(111)""—and is stabilized by non-negligible
interactions with the different substrates. These interactions
cause variations in the atomic-scale buckling that are different
from that of free-standing silicene. This structural flexibility
allows epitaxial silicene to have a variety of structures with
correspondingly different electronic properties.

Epitaxial silicene on the (0001) surface of ZrB, thin
films grown on a Si(111) surface forms spontaneously by the
self-terminating segregation of Si atoms from the silicon
substrate.'* The commensuration of the (y3 % y3) unit cell of
the Si honeycomb lattice with the (2 x2) unit cell of
ZrB,(0001) forces epitaxial silicene to be compressed by
approximately 5% with respect to the free-standing silicene
and to adopt a specific buckling in such a way that the sili-
cene is (3 x 3)-reconstructed.'® This reconstruction turns
the Dirac cones into parabolic 7-electronic bands separated
by an electronic band gap.'*'® Furthermore, this silicene
sheet is systematically textured into a domain structure con-
sisting of a highly ordered array of stripe domains'*'? that
density functional theory (DFT) calculations suggest occurs
in order to avoid a phonon instability.”® Epitaxial silicene
formed on ZrB,(0001) single crystal surface through Si dep-
osition seems to have similar domain structure.'> On the
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other hand, silicene formed on a ZrC(111) single crystal sur-
face, which is better lattice-matching to free-standing sili-
cene, seems to lack domain structure.'>'” It is likely that the
stripe domain structure has been introduced to reduce epitax-
ial stress. The formation of a periodic domain structure that
releases the stress of surfaces is also known to lower the free
energy of the surfaces.”’ The robust structural flexibility of
the silicene lattice may therefore be used to fine-tune its
properties between different regimes. The regular striped do-
main structure of the silicene/ZrB, surface can be advanta-
geously used to template linear chains of organic
molecules,?* yet in other applications, such as those that uti-
lize the transport properties of silicene,” it may be more
beneficial to produce single-domain surfaces.

In this letter, we demonstrate that the epitaxial silicene
with striped domain structure can be turned into a single-
domain silicene sheet upon deposition of a small amount of
Si atoms. The comparison of the structural and electronic
properties between both silicene sheets indicates that the
domain structure introduces very little change to the atomic
structure. This is another demonstration of the structural
flexibility of silicene, suggesting the possibility of tuning
domain structure without altering its intrinsic properties.

ZrB,(0001) thin films were grown on Si(111) by ultra-
high vacuum (UHV)-chemical vapor epitaxy, as described
elsewhere.'® Following exposure to air and transfer to sepa-
rate UHV systems, silicene is generated by annealing for a
few hours under UHV conditions at 800 °C."* The resulting
surface consists of atomically flat few hundreds nm-wide ter-
races.'”** In order to determine the amount of Si in this
spontaneously formed silicene sheet in a precise and quanti-
tative manner, medium-energy ion scattering (MEIS)*® was
carried out. The measurement used 100keV protons, chan-
neling in the [1123] direction of the ZrB,(0001) thin film,
while the backscattered protons were detected at a 70° scat-
tering angle. The dynamic evolution of the surface structure

cO 2016 AIP Publishing LLC
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during the deposition of Si atoms on the domain structure
was investigated using the spectroscopic low-energy electron
microscopy (Elmitec SPE-LEEM) end-station located at BL
USUA of the National Synchrotron Light Source (NSLS,
Brookhaven National Laboratory, Upton, NY, USA). The
change in surface structure upon Si deposition was also char-
acterized by scanning tunneling microscopy (STM) and low-
energy electron diffraction (LEED), performed at the
authors’ facilities. STM images were recorded at room tem-
perature. In order to characterize the change in bonding and
electronic structure upon Si deposition, core-level photoelec-
tron spectroscopy and angle-resolved photoelectron spectros-
copy (ARPES) were carried out at BL13B of the Photon
Factory synchrotron radiation facility located at the High-
Energy Accelerator Research Organization (KEK, Tsukuba,
Japan), using photon energies (hv) of 130eV and 43eV,
respectively. For ARPES, the total energy resolution was
better than 35 meV as determined from the broadening of the
Fermi level. At this end-station, the electric field vector of
the light was at the fixed angle of 25° with respect to the
photoelectron analyzer. In these experiments, Si atoms have
been deposited using a well-outgassed, resistively heated Si
wafer as a source.

The STM image shown in Fig. 1(a) is typical of sponta-
neously formed epitaxial silicene covering the whole
ZrB,(0001) thin film surface.'* The ({3 x |3)-reconstruction
of silicene appears as a single protrusion per unit cell. In
addition, a large-scale ordering is observed as stripe domains
oriented along ZrB,(1120) directions. The same ordering is
reflected in the LEED pattern shown in Fig. 1(b) as the split-
ting of fractional spots into 6 different side spots. As shown
in Fig. 1(d), this pattern is well reproduced by the Fourier
transform (FT) of the structure model shown in Fig. 1(c),
where each unit cell is represented by a Dirac function. The
boundaries result from shifts of the size of a single
ZrB5(0001) unit cell, along one of the (1120) directions dif-
ferent from that of the stripe domain orientation. The width
of the boundaries is then L, = (3./3/2)a, where a is the lattice
parameter of ZrB,(0001). The width of the domain is given
by Ly=N x d, where N is the number of (1120) row of pro-
trusions in the domain and d= 3q is the distance along
(1100) between two successive rows. A good agreement
between FT and LEED patterns is obtained for N =35, which
in the previous study®' gave the lowest formation enthalpy.

............‘ /5
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The results of MEIS measurements on this surface are
shown in Fig. 1(e). The channeling configuration used in this
study efficiently suppresses the number of protons backscat-
tering from Zr atoms in the deeper part of the film, and thus
the Si peak at about 95keV in Fig. 1(e) is well separated
from the Zr peak at ~98keV. The data can be fitted using
the Moliere scattering potential for both Si and Zr, and using
standard calibration procedures for the absolute scattering
intensities.”” The best fit (shown by solid lines for both Si
and Zr in Fig. 1(e)) yields an areal density of Si atoms of
(1.77 £ 0.08) x 10"3 cm 2, which corresponds to 1.02 = 0.05
monolayer (ML) silicene, assuming the honeycomb structure
with a lattice constant of 3.65 A.'*

Silicon deposition on this spontaneously formed silicene
was monitored in real-time by LEEM operating in the pu-
LEED mode using the 2—um-selected-area aperture. The
whole deposition sequence was carried out with a Si flux cor-
responding to 2 MLs of silicene per hour as calibrated using
the contrast change in the dark field LEEM image of the
Si(100) surface during the (2 x 1) — (1 x 2) transition upon
Si deposition at the sample temperature of about 450 °C.
Silicon depositions were repeated at several temperatures on
the domain structure surface, generated and regenerated after
Si deposition by annealing at 800 °C. The u-LEED patterns
shown in Fig. 2(a) were recorded prior to (left side) and soon
after the start of the deposition, upon which the splitting of
the fractional spots totally disappeared (right side). This
change was observed in the temperature range from 210 °C
to 370 °C. The amount of Si required for the complete disap-
pearance of the splitting as estimated from the deposition
time was in between 3% (60s at 210°C) and 5% (90s at
370°C) of a silicene ML (1.73 x 10" cm™?), depending on
the temperature. The disappearance of the splitting of the
spots associated with the ({3 x |3) reconstruction suggests
the gradual loss of ordering of the stripe domains. On the
other hand, the constant position of the fractional spots indi-
cates that the ({3 x 3) lattice parameter remains unchanged.
As shown in Figs. 2(a) and 2(b), STM observations follow-
ing the deposition of an amount of Si (at a higher deposition
rate of ~1.5 ML/min.) slightly above the transition (approxi-
mately 0.1 ML) at 320°C show that the evolution of the
LEED pattern is associated with the formation of a single-
domain silicene layer while the surface reconstruction
remains the same.
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FIG. 1. Spontaneously formed silicene on ZrB,(0001). (a) STM image (14nm x 7nm, V= 1.0V, I=50pA). (b) LEED pattern (E =40eV). (c) The model do-
main structure with N =5. (d) FT of (c). Blue and red spots correspond to the structure of panel (c) and to the two other equivalent orientations, respectively.
The size of the spots correlates with their intensity and the green circles on the right side indicate the expected positions of the diffraction spots of a single-
domain silicene with the same lattice parameter. (e) Measured (dots) and simulated (line) MEIS spectra for pristine silicene on ZrB, thin film.
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FIG. 2. Si deposition on spontaneously formed silicene. (a) u-LEED (E'=30¢eV) and STM images (7nm x 7nm, V=1.0V, I =50pA) recorded before (left
panel) and after (right panel) the formation of single-domain silicene. (b) STM image (40nm x 50nm, V=1.0V, /=50pA) of epitaxial silicene after 0.1 ML
Si deposition. (c) Si 2p core-level spectra before (black line, grey-filled) and after (red line) the deposition of Si atoms. Results of curve fitting for pristine sili-
cene considering Si atoms in three different environments (inset figure: A, B, and C) are shown in purple (A), dark blue (B), and light blue (C) lines.

Core-level photoelectron spectra were recorded prior to
and following the deposition of Si atoms. Silicon atoms were
deposited in a stepwise manner until the splitting of the frac-
tional spots in LEED pattern disappeared. The most relevant
spectra are shown in Fig. 2(c): these are the spectrum of the
spontaneously formed silicene (black line) and of that
obtained just after the disappearance of the splitting (red line).
The former is very similar to those reported previously for
epitaxial silicene on ZrB, thin films, which can be decom-
posed into three doublets associated with the three different
environments experienced by the Si atoms in the ({3 x 3)-
reconstructed unitcell.'*?% At a glance, the spectrum recorded
following the deposition of Si atoms appears to be almost
unchanged. The spectra are dominated by two well-shaped
doublets separated by 260 meV corresponding to the so-called
“A” and “B” atoms sitting, respectively, on the hollow and
near-bridge sites (see the inset figure of Fig. 2(c)). In the spec-
trum recorded before deposition, the full-widths at half-
maximum (FWHM) are about 170 meV and 200 meV, respec-
tively. After deposition, while the peak corresponding to “B”
atoms is at the same binding energy that of the “A” atoms is
shifted towards lower binding energy by about 20 meV. With
the FWHM of about 150 meV and 170 meV, for the “A” and
“B” components, respectively, both peaks become narrower
after Si deposition. This might well be explained by the
increased structural homogeneity once domain boundaries
have been removed. The binding energy shift related to the
“A” atoms might indicate an increased valence electron den-
sity at these sites and/or could be related to a binding energy
shift of the “C”-atomic component, which can only be esti-
mated with fitting procedures.'**°

The small change in the core-level photoelectron spec-
troscopy results suggests a minor change in the buckling of
the Si honeycomb layer. This is further demonstrated by the
comparison of the ARPES results of silicene sheets with and
without domain boundaries which are shown in Fig. 3. This
result indicates that the domain boundaries are not affecting
the intrinsic band structure of epitaxial silicene on
ZrB,(0001)."*® The influence of the structural changes on
the low-energy electronic band structure of the surface is
derived from the ARPES spectra obtained prior to (Fig. 3(a))
and following (Figs. 3(b) and 3(c) with guides to eye) the Si
deposition.

As discussed previously,'® features denoted X, and X;
relate to bands with major contributions from Si p, orbitals
and minor ones from Si s, py, and py. These states are there-
fore of partial © character. Non-negligible hybridization with
Zr d orbitals was found in the DFT calculation.® On the other
hand, the feature marked as S; in the ARPES spectra is
derived from a diboride surface state'*'® that is almost com-
pletely composed of contributions from d orbitals of the out-
ermost Zr layer.'®

When comparing the spectra in Figs. 3(a) and 3(b), their
close similarity is striking. This confirms that the structural
changes are minor indeed and relate only to the rearrange-
ments at the domain boundaries, while the overall pattern
of the local buckling is not affected. The spectra, and in
particular, features X, and X3, obtained from the single-

r K

Binding energy (eV)

0 02 04 06 08 1.0 1.2

k(A"

FIG. 3. ARPES spectra measured along the I'-K direction of (1 x 1)-
silicene. (a) Before and (b) after Si deposition on spontaneously formed
silicene. Spectrum in (c¢) is the same as (b). The bands related to the
diboride surface states and to silicene are indicated.
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domain silicene sheet are, however, sharper than those from
that with the domain structure. This is certainly related to a
higher coherence of the electrons at low binding energies in
electronic states with long-range order, while changes for S
are not as pronounced. Note that X, and X3 shift slightly up
by about 50 meV at the K point of (1 x 1)-silicene. This may
be related to a change in the stress distribution within the Si
network®’ associated with the vanishing of the domain
structure.

The growth of the single-domain silicene sheets on the
ZrB,(0001) thin film surface indicates that, at least up to a
few percent of a monolayer, Si atoms prefer to be incorpo-
rated into the domain boundaries of the spontaneously
formed silicene layer. As suggested by theoretical considera-
tions accompanied by first-principles calculations,”® the total
energy per Si atom increases such that the single-domain
layer is not the ground-state of silicene on ZrB,(0001) sur-
face. Accordingly, when the system is heated at temperatures
high enough to reach its thermodynamic equilibrium, addi-
tional Si atoms are removed, and the domain structure recov-
ers. In a similar manner, the amount of Si required to
suppress the splitting of the fractional spots is higher for dep-
osition at 370 °C than for 210 °C can be explained by the hin-
drance of Si incorporation into domain boundaries upon
temperature increase, reflecting the metastable character of
the single-domain silicene compared to the one with the do-
main structure.

The experimental results reported here show that in the
range of coverage and temperature considered, this increase
of total energy does not lead to the clustering of the addi-
tional Si atoms or to the formation of the proposed
“dumbbell”?® or “MoSz-like”29 structures.

The boundaries are made of a local distortion of the Si
honeycomb structure such as the one proposed in Ref. 20,
and the density of Si atoms is locally decreased from
1.73% 10" em™ to 1.54 x 10" cm™2. Assuming that the
vanishing of the splitting of the fractional spots in the LEED
pattern corresponds to the completion of a monolayer and
that at 210 °C, the trapping rate of the adatoms at the domain
boundaries is close to 1, and the amount of deposited Si
atoms required to reach 1 ML corresponds to an averaged
width of the domain of N=15.0 = 0.1. This is in good agree-
ment with the STM image in Fig. 1(a). Then, the correspond-
ing areal density of Si atoms of the spontaneously formed
silicene can be estimated to be 1.68 x 10'°>cm ™2, which is in
good agreement with the value determined by MEIS.

The incorporation of Si adatoms into domain boundaries
involves two processes related to the movement of Si atoms:
(1) the diffusion of adatoms to the boundaries and (ii) the
collective displacement of all the atoms of at least one of the
neighboring domains. The absence of Si islands on the sur-
face suggests that the diffusion length of the Si adatoms is
much larger than the distance between domain boundaries.
The collective displacement of domains and the integration
of adatoms at the boundaries might be the limiting processes
of the formation of single-domain silicene.

In conclusion, we have demonstrated that a silicene
sheet without domain structures can be stabilized on
ZrB,(0001) thin films grown on Si wafers. This is done
through depositing a slight amount of Si atoms on

Appl. Phys. Lett. 108, 151902 (2016)

spontaneously formed epitaxial silicene. The required
amount of Si atoms of less than 5% of a ML verifies that the
boundaries are created from a local distortion of the silicene
honeycomb lattice. The stability of this single-domain epi-
taxial silicene sheet with structural and electronic properties
very similar to that with stripe domains indicates that the do-
main structure is not a requisite to stabilize silicene on
ZrB,(0001), but is introduced to lower the total energy per Si
atom. This highlights the remarkable structural flexibility of
epitaxial silicene to accommodate substrate-induced stress,
which makes a vivid contrast to rigid graphene.*®
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