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As the Si counterpart of graphene, silicene may be defined as an at least partially s p>-hybridized, atom-
thick honeycomb layer of Si that possesses 7r-electronic bands. Here we show that two-dimensional,
epitaxial silicene forms through surface segregation on zirconium diboride thin films grown on Si wafers.
A particular buckling of silicene induced by the epitaxial relationship with the diboride surface leads to a
direct 7-electronic band gap at the I' point. These results demonstrate that the buckling and thus the
electronic properties of silicene are modified by epitaxial strain.

DOI: 10.1103/PhysRevLett.108.245501

While silicon is right below carbon in the periodic table
of elements, valence orbitals do not s p> hybridize as easily
as for its smaller counterpart. Although it is difficult to
form, freestanding silicene has been predicted to be stable
[1-4]. Astonishing electronic properties, such as the pres-
ence of a Dirac cone, are expected to prevail even in its
predicted, slightly-buckled form where neighboring Si
atoms are displaced out of plane [1-4]. Because it can be
easily buckled, silicene may exist with a variety of lattice
constants, atomistic structures and with a varying sp?/sp>
ratio. In contrast to graphene, this structural flexibility may
give rise to altered electronic properties, which no one has
imagined so far.

While freestanding silicene could not be produced up to
now, experimental evidence even for the existence of epi-
taxial silicene is rather limited but does exist. Honeycomb-
like Si structures occur in disilicides [5-8]. Recently,
silicene ribbons obtained by deposition of silicon atoms on
the Ag(110) surface have been well characterized [9-12]. On
the other hand, evidence for the formation of epitaxial
silicene sheets on Ag(111) based on scanning tunneling
microscopy (STM) images alone [13] may be insufficient.

In this Letter, we demonstrate that epitaxial, two-
dimensional silicene forms spontaneously on (0001)-
oriented thin films of zirconium diboride (ZrB,), a
conductive ceramic, that are grown epitaxially on Si(111)
wafers. Through a detailed characterization of the struc-
ture and electronic properties, we further show that a
particular buckling induced by the epitaxial relationship
with the diboride surface causes the opening of a direct
m-electronic band gap. While graphene is robust in terms
of its crystal structure, our results show that silicene is
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more flexible which allows an engineering of the band
structure through epitaxy.

Thin ZrB, films were grown by ultrahigh vacuum
(UHV) chemical vapor epitaxy [14]. Prior to each experi-
ment in separate UHV setups, native oxide was removed by
annealing at 750 to 800 °C for ten hours under UHV
conditions [14,15]. For STM, chemically etched Pt-Ir tips
were used. Si 2p photoelectron spectra were recorded at
BL-18A of the KEK-PF synchrotron radiation facility
(Tsukuba, Japan), using third-order light (hv = 130 eV).
Angle-resolved ultraviolet photoelectron spectroscopy
(ARUPS) was carried out in a home-based setup using
He I light (hv = 21.2 eV) [16] with the samples held at
approximately 140 K. The total energy resolution was
better than 130 and 30 meV, for the two setups, respec-
tively. The density functional theory (DFT) calculations
within a generalized gradient approximation [17] were
performed by the OpenMX code [18,19] which is based
on norm-conserving pseudopotentials generated with multi
reference energies and optimized pseudoatomic basis func-
tions. The slab consisted of seven Zr and six B layers
composed of the experimentally determined (2 X 2) unit
cell (UC) of ZrB,(0001) and were terminated by Si layers
on both sides. The structure was fully optimized until the
maximum force became less than 10~ % Hartree/Bohr.
Core-level energy differences were calculated within the
framework of noncollinear DFT including spin-orbit cou-
pling using fully relativistic pseudopotentials where the Si
2p states were explicitly treated as valence states.

Evidence for a honeycomb structure.—As discussed
previously [14,15], the oxide-free single-crystalline
ZrB,(0001) thin film surface consists of a few hundred
nanometer-wide terraces exhibiting a (2 X 2) reconstruc-
tion specific to the films grown on silicon [14]. Since the
hexagonal-close-packed Zr layer at the surface is intact
[14], the (2 X 2) reconstruction may be related to ad-atoms
most likely segregating from the Si substrate.
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Figure 1(a) shows a large-scale STM image. Stripes with
domain boundaries run along (1120) directions. These
domains are offset with respect to each other toward
(1120) directions that differ from those of the orientation
of the domain boundaries. The repetition of the spacing
between boundaries and the alternation of the direction of
the offsets are signature of the spontaneous formation of
stress domains [20] as a result of large-scale interactions
within a two-dimensional layer of these ad-atoms. The
constant-current STM image in Fig. 1(b) reveals fine de-
tails of this layer, which correspond to a honeycomb mesh
with the lattice constant of approximately 3.65 A. The
layer is compressed by 5% with respect to a bulk Si(111)
bi-layer with the in-plane epitaxial relationship of
Si[112] || ZrB,[1120] such that its (+/3 X +/3) UC is ad-
justed to that of the ZrB,(0001)-(2 X 2) UC.

Atomic-scale buckling of a Si layer.—Proof for the pres-
ence of Si atoms at the surface comes from the surface-
sensitive Si 2p photoelectron spectrum obtained at normal
emission, shown in Fig. 2(a). The sharpness of the features
is a clear indication of Si atoms in well-defined chemical
environments different from those at the Si(111)-(7 X 7)
surface [21]. As quantified by a peak fitting [22], the Si 2p
doublet consists of three components labeled «, 8, and v,
which are related to three different chemical environments
of the Si ad-atoms, denoted Siy, Sip, and Si.. Relative to
the main peaks which have major contributions from the 8
chemical state, v and « are shifted 140 =5 meV and
260 = 5 meV, respectively. The respective areal weights
for peaks «, B, and vy are 0.32 = 0.05, 0.55 = 0.05 and
0.13 = 0.05. The single in-plane position of a Si honey-
comb structure matching the ratio between atomic sites

FIG. 1 (color). STM images of the (2 X 2)-reconstructed
ZrB,(0001) surface with different length scales: (a) 20 nmX
9.5 nm, I =55pA, V,=700mV, (b) 42nm X2 nm, [ =
600 pA, V, = 100 mV. The white lines emphasize the direction
of offsets between successive domains. The (2 X 2) UC and the
honeycomb mesh are emphasized by green and blue solid lines,
respectively.

derived from the spectrum within the error bars is pre-
sented in Fig. 2(b). In the ZrB,(0001)-(2 X 2) UC, two Siy,
atoms are sitting on hollow sites of the Zr lattice, three Sip
atoms are located at the intermediate position between top
and bridge sites, and one Sic atom is on the top of a Zr
atom. This Si honeycomb structure may then be considered
to be an atom-thick, epitaxial Si layer.

Geometrical information with regard to the height of the
three components may be found by diffraction of Si 2p
photoelectrons [6,23]. As shown in Fig. 2(c), the & com-
ponent maintains its intensity up to the polar emission
angle of # = 60° along the [1100] direction of the
ZrB,(0001) layer, while it decreases by about 30% with
increasing € along the [1120] direction. The latter reduc-
tion can qualitatively be attributed to diffraction of Si,
photoelectrons by Sip atoms in the particular direction. It is
thus understood that Siy atoms are in a lower position
compared to Sip atoms proving atomic-scale buckling
within the honeycomb Si layer. On the other hand, such
an effect is not observed between Siz and Si- atoms. The
result indicates that Si- atoms are located at a height
different from Si, atoms while these two types of atoms
form one of the two sublattices of the honeycomb struc-
ture: a (\/§ X ﬁ)—reconstructed Si layer.

Band structure of the epitaxial Si layer—The Brillouin
zones (BZs) of the (2 X 2)-reconstructed ZrB,(0001)
surface, which corresponds to that of the (\/?; X \/§)-
reconstructed Si honeycomb layer, and the unreconstructed
silicene are shown in Fig. 3(a). Note that the Kg; and Mg;
points coincide with the T'and M points of the repeated BZ
of the reconstructed surface, respectively.
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FIG. 2 (color). Chemical states and structural details of epi-
taxial Si layer on ZrB,(0001). (a) Surface-sensitive Si 2p photo-
electron spectrum recorded at normal emission. Chemical states
identified by a peak fitting procedure are labeled «, 8 and y. The
position of vertical lines A, B, and C indicate the relative binding
energies calculated for Siy, Sig, and Sic. The length of the lines
is proportional to the number of chemically distinguishable
atoms. (b) Model of the Si honeycomb structure on the topmost
Zr layer of ZrB,(0001). Chemically different types of Si atoms
Si,, Sig and Si, are indicated together with the (2 X 2) UC of
ZrB,(0001). (c) Intensity ratios a/8 and y/B as a function of
the polar photoelectron emission angle 6, along the [1100] and
[1120] directions of the ZrB,(0001) thin film.
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Experimental valence electronic structure of epitaxial Si layer on ZrB, thin film. (a) BZs of the (2 X 2)-reconstructed

ZrB,(0001) surface and of an unreconstructed silicene layer. (b) ARUPS spectra along the T'-K-M and T-M-T" high symmetry
direction. Features S, and X, relate to surface electronic states of diboride and those of epitaxial Si layer, respectively.

ARUPS spectra along the I'-K-M and T'-M-T" directions
of the (2 X 2)-reconstructed ZrB,(0001) surface as a func-
tion of the in-plane electron wave number k|, are shown in
Fig. 3(b) in form of intensity plots. Features denoted *“S;”
and “S,” as well as “S3” are related to the surface states
characteristic for the (1 X 1) Zr-terminated ZrB, single
crystal [14,24]. Since the Zr-derived surface states are
robust, the outermost Zr layer must be considered to be
structurally intact. It is also consistent with only a minor
degree of hybridization between the epitaxial Si layer and
the mentioned diboride surface states since strong interac-
tions between adsorbates and substrates modify or destroy
surface electronic states [25]. Other features, denoted
“X,”, “X,” and “X}”, which follow the symmetry of
the (2 X 2) lattice, do not have a counterpart in the calcu-
lated band structure of the ZrB, single crystal [24,26] and
are therefore related to the presence of the Si layer. The
intense feature X, approaches the Fermi level by up to
about 250 meV at the I' point of the repeated BZ and,
owing to back-folding, is mirrored as X} with weak inten-
sity in the 1st BZ. Note that the emission intensity pattern
is typical for 7 orbitals oriented in the direction normal to
the surface [27]. The upward curvature of X, bears some
resemblance to the predicted Dirac cone of 7 bands of
freestanding, nonreconstructed silicene at Kg; [1-4]. While
partial s p* hybridization caused by the buckling and inter-
actions with the underlying metallic ZrB, substrate are
expected to occur, the existence of a w-electronic band
structure itself proves that the bonding within the Si layer
has a large degree of sp? character. This Si honeycomb
structure may then be considered epitaxial silicene.

Buckling-induced band gap opening.—First-principles
calculations of a silicene layer on a ZrB,(0001) slab con-
verge to two Si honeycomb structures with in-plane atom
positions described in Fig. 2(b) and with different buck-
ling. Their energy difference is 0.28 eV per Si atom. The
metastable structure depicted in Fig. 4(a) is consistent with
the structural information obtained from the experiments.
Note that strain relief at the boundaries of stress domains
was not considered in the calculations, and may actually
decrease the amount of buckling and affect the relative

stability of possible structures. Within this structure, at a
height of z = 2.124 A with respect to the topmost Zr layer,
Si, atoms on hollow sites occupy the lowest position,
followed by Si atoms (z = 2.727 A) and Siy atoms (z =
3.026 A). The calculated Sis-Sip and Si-Sic bond lengths
are 2.266 A and 2.242 A, respectively, and as such match
closely to the predicted bond lengths for freestanding
honeycomb structures of Si (2.24-2.25 A) [1,3] which is
noteworthy smaller than the bond length for purely
sp3-hybridized Si with diamond structure (2.35 A) This
is also in good agreement with average calculated nearest
Si-Si distance for silicene nanoribbon on Ag(110) (2.24 A)
[10], in which the Si atoms are hybridized in between sp?
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FIG. 4 (color). Calculated structure and band dispersion of
epitaxial silicene. (a) Height profile of silicene on Zr-terminated
ZrB,(0001). (b) Band structure of the freestanding, (/3 X /3)-
reconstructed silicene. High symmetry points correspond to
those in BZ of (2 X 2)-reconstructed ZrB,(0001) shown in
Fig. 3(a).
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and sp® [12]. The calculated bond angles Sig-Sic-Sig,
Sip-Sis-Sip, Siy-Sip-Siy and  Siy-Sip-Sie of 117.8°,
104.1°, 104.9°, and 115.2°, respectively, indicate that the
hybridization of Si atoms is varying from one atom to
another. It seems that in order to accommodate the com-
pressive epitaxial strain, a relatively large buckling as
compared to that of freestanding silicene [3] is induced
while the Si bond lengths are maintained to similar value.

As shown in Fig. 2(a), calculated shifts in initial-state
core-level energies are in good agreement with the core-
level photoelectron spectrum. Atoms closer to the Zr plane
are electron-rich, with energies related to Siy and Sic
atoms shifted with respect to Siz atoms by 315 and
150 meV, respectively. In order to understand if differences
in the chemical environment of the Si atoms derive from
structural properties of the silicene itself or are related to
the electronic coupling to the substrate, these calculations
have been repeated for a freestanding silicene layer main-
taining the same internal structure which resulted in shifts
of 160 and 20 meV, respectively. Since the order of relative
positions of chemical states is unchanged, it is concluded
that the existence of electron-rich or -poor atomic sites are
primarily caused by the structure rather than by the cou-
pling to the ZrB, film. However, core-level energy shifts
are larger for the coupled case, which indicates that inter-
actions with the ZrB, substrate play a significant role for
the stabilization of the particular buckling.

Similarly, the gap opening may also originate from the
structural properties of the layer itself, as demonstrated for
rippled graphene [28], and/or from electronic coupling
with the substrate, as shown for graphene on SiC [29]. To
address if the particular atomistic buckling by itself can
cause the opening of a gap, band structure calculations
were carried out for a freestanding silicene layer with the
structure shown in Fig. 4(a). The results plotted in Fig. 4(b)
show a clear 77 band structure with a band gap in agreement
with the features X, and X} in Fig. 3(b). The calculation
verifies that the opening of a m-electronic gap results
primarily from the particular buckling. Additionally, the
presence of 77 bands proves s p? hybridization even for this
relatively large degree of buckling. Given the relatively
small experimental band width of feature X,, it may pos-
sibly be conceived that feature X; in Fig. 3(b) is also
related to a state involving silicene 7 orbitals. Obviously,
in future work, it is then important to elucidate the role of
silicene-diboride interactions for electronic properties like
the splitting and dispersion of 7-electronic bands, and also
in the formation process of epitaxial silicene.

In summary, the combination of experimental and theo-
retical data provides evidence for the presence of buckled,
epitaxial silicene on the diboride surface. The buckling
induced by epitaxy determines the electronic properties
that are different from those so far predicted for freestand-
ing silicene. These results imply that the atomistic struc-
ture and thus the electronic properties of silicene can be

tuned by the application of an external stress. This can be
realized, for instance, through epitaxial growth on an
appropriate substrate with selected lattice parameter. The
results show that (\/§ X ﬁ)—reconstructed silicene is so
far the only crystalline silicon allotrope with a direct
mr-electronic band gap. This is likely to be fundamentally
relevant for future applications of silicene in optoelectronic
and transistor applications, in particular, and for the min-
iaturization of Si-based electronics in general.
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Note added.—Recently, new results for silicene sheets
on Ag(111) were published [30-32].
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