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Using ab initio methods, we have investigated the structures and stabilities of Siy clusters (N < 24) on
Ag(111) surface as the initial stage of silicene growth. Unlike the dome-shaped graphene clusters, Si clusters
prefer nearly flat structures with low buckling, more stable than directly deposition of the 3D freestanding Si
clusters on Ag surface. The p-d hybridization between Ag and Si is revealed as well as sp> characteristics in
Sin@Ag(111). Three types of silicene superstructures on Ag(111) surface have been considered and the
simulated STM images are compared with experimental observations. Molecular dynamic simulations show
high thermal stability of silicene on Ag(111) surfaces, contrast to that on Rh(111). The present theoretical
results constitute a comprehensive picture about the interaction mechanism of silicene on Ag(111) surface
and explain the superiority of Ag substrate for silicene growth, which would be helpful for improving the
experimentally epitaxial growth of silicene.

timulated by the graphene boom, silicon monolayer (ML) with honeycomb geometry, namely, silicene, has

been theoretically predicted' and experimentally synthesized®'”. Similar to its graphene counterpart,
%t freestanding silicene sheet is also composed of hexagonal rings but with a slight buckling of about 0.44
A according to density functional theory (DFT) calculations®. Very excitingly, the band structures of low-buckled
silicene resemble those of graphene, that is, 7 and 7* bands cross linearly at the Fermi level of the Brillouin zone,
forming the so-called “Dirac cones”"*'*"'*, Hence, the charge carriers in silicene behave like Dirac massless
fermions with ultrahigh Fermi velocity of the magnitude of 10°~10° m/s">'>'**°, Besides, it was recently demon-
strated that silicene with topologically nontrivial electronic structures can realize the quantum spin Hall effect in
an experimentally accessible low temperature regime®'. Though pristine silicene is a semimetal, tunable band gap
in silicene monolayer can be opened up at the Fermi level by either applying external electric field**"* or chemical
functionalization with hydrogen®* and halogen elements®**. In addition to the infinite silicene sheet, fascin-
ating electronic and magnetic properties for the silicene nanoribbons have been predicted by first-principles
calculations's. With these outstanding electronic and transport properties, integration of silicene into microelec-
tronic devices is rather tempting since it is compatible with the mature silicon-based semiconductor technology.

Experimentally, silicene in the form of nanoribbons has been synthesized on Ag(001)°and Ag(110)”"" surfaces,
respectively. Especially, the silicene nanoribbons on Ag(110) surface presented a magic width of 1.6 nm and
aligned parallelly with each other in a well distributed way’'°. Reflection electron energy loss spectroscopy
(REELS) measurement attested sp’-like hybridization of valence orbitals in the silicene nanoribbons'’, whereas
graphene-like band dispersion in the silicene nanoribbons has been testified by angle-resolved photoelectron
spectra (ARPES)®. Moreover, these silicene nanoribbons on Ag(110) substrate show strong resistance towards
oxidation’.

Beyond the nanoribbons, Vogt et al. have epitaxially synthesized large area silicon monolayer on Ag(111)
surface”, making the theoretical predicted silicene ML comes true. With ARPES measurement, they demon-
strated that the Dirac cone, which is the most intrinsic property of silicene distinguishing from common silicon,
exists in the epitaxially silicene on Ag(111). Besides, compelling evidences for silicene honeycomb lattice, such as
the Si 2p and Ag 4d core level emission, the STM images, and the LEED pattern, were provided. Based on the
experimental observations and DFT calculations, they proposed a superstructure of (3X3) silicene on (4X4)
Ag(111) surface (which is usually called Ag(111)—(1X1) lattice).

In addition, several other groups also synthesized silicene monolayer on Ag(111) surface and revealed the
(4X4) superstructure, separately'"'>'. Wu’s group observed one-atom-thick silicene sheet across the step edges
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of the Ag(111) surface without losing continuity of the atomic
lattice'?, and they further proved the existence of massless Dirac
fermions in silicene@Ag(111)*°. Besides, several other probable
superstructures of silicene monolayer on Ag(111) surface were also
proposed, such as (v/13 x v/13)R13.9 ' and(2v/3 x 24/3)R30 "4, im-
plying that the interaction mechanism of silicene on Ag(111) surface
is rather complicated and still unclear. Except for the Ag(111) sub-
strate, Fleurence et al. obtained epitaxial silicene ML through surface
segregation on the ZrB, thin films grown on Si wafers'. The suc-
cessful synthesis of silicene ML opens a new opportunity towards
many potential applications, such as field effect transistor, ultra-
sensitive chemical sensors, and solar cells*"*.

A prerequisite for future utilization of silicene-based materials and
devices is the mass production of silicene of high-quality. Clearly,
elucidating the growth mechanism of silicene is imperative for the
rapidly growing silicene research. Indeed, the growth behaviors of
graphene on various transition metal (TM) substrates have been
recently explored using ab initio calculations®** and molecular
dynamics (MD) simulations***'. The behaviors of metal supported
carbon clusters in the very initial stage of graphene growth, such as
the ground state structures and the critical size for sp to sp> transition
(i.e., from linear chain to 2D island), were found to be quite different
from those of freestanding carbon clusters®***. On metal surfaces,
graphene nanoclusters form dome-shaped islands spontaneously
because the carbon-metal interaction mainly occurs at the edge
atoms of the graphene patches™. In addition, the metal surfaces have
significant influence on the diffusion and dissolution behaviors of
carbon atoms***, as well as the edge reconstruction of graphene™.
Unlike carbon preferring sp> bonding, silicon favors sp* hybridiza-
tion and there is no graphite-like sp® allotrope for silicon solids.
Intuitively, there must be some differences in the growth behaviors
of silicene and graphene on the metal substrates. Hence, exploring
the structures and stabilities of the TM-supported silicene clusters (as
the early stage of growth) and silicene ML of different superstruc-
tures is of key importance. However, to the best of our knowledge, no
such study was reported yet.

In this paper, we systematically investigate the interaction mech-
anism and stability of silicene clusters and monolayers on Ag(111)
surface using ab initio calculations. We show that the energetically
unfavorable two-dimenstional (2D) honeycomb silicon clusters (up
to 24 atoms) in vacuum can be stabilized by Ag substrate. Due to
hybridization between silicene cluster and metal surface, no dome-
shaped silicon island is found on Ag(111) surface, in contrast to the
metal-supported carbon clusters. The buckling of small silicene clus-
ters on Ag(111) surface is lower than periodic silicene sheet either in
vacuum or on Ag(111) surface. Analysis of electronic structures
demonstrates that the 2D Si,4 cluster on Ag(111) surface retain cer-
tain sp® character. Ab initio molecular dynamics (AIMD) simula-
tions at 500 K confirm high stability of silicene ML on Ag(111)
surface, but not on Rh(111) surface. Our theoretical results not only
illustrate why Ag(111) surface is superior for epitaxial growth of
silicene but also provide some useful insights into the synthesis of
high-quality silicene on other probable metal surfaces.

Results
To characterize the stability of a silicon cluster on metal substrate, its
formation energy is defined as:

er=(er—N X &5 —&sup) /N (1)

where ey is the total energy for the silicon cluster and the metal
substrate, N is the number of atoms in the silicon cluster, &g; is the
energy per atom of silicon solid with diamond lattice, &g, is the
energy of the substrate. In the case of freestanding clusters in
vacuum, &p becomes the total energy for the silicon cluster only,
and the &g, term vanishes.
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Figure 1| (a) Most stable structures and their formation energies (eV per
atom) for Siy clusters (N=6, 10, 13, 16, 19, 22, 24) in vacuum; (b) planar
Siy clusters constructed by hexagonal rings (left) and their spontaneous
transformation into severely distorted structures (right) after relaxation in
vacuum.

Structures of Siy clusters in vacuum and on Ag(111) surface. Pre-
viously, Zeng’s group has extensively explored the lowest-energy
structures of freestanding Siy clusters (N = 30)***. Smaller Sig
and Sij, with sphere-like octahedron and tetracapped trigonal prism
configurations are the magic clusters with exceptional stability**. The
most stable configurations for the larger Siy clusters can be then
obtained from the small clusters (like Sis and Sijo) as building units
by adding atoms, fusing two clusters*, or assembling two clusters via
some bridge atoms®. These ground state (abbreviated as GS in the
following) structures are adopted here and their geometries and for-
mation energies are presented in Fig. la. To examine the stability of
sp’ silicene fragments without TM substrate, we constructed a series
of 2D Siy clusters (N=6, 10, 13, 16, 19, 22, 24) as aggregates of six-
membered rings (6MRs), which can be viewed as embryos of silicene
ML. However, none of them are even metastable on the potential
energy surface. After relaxation, these planar Siy clusters transform
into severely buckled configurations spontaneously (see Fig. 1b). In
vacuum, these highly distorted Siy clusters are less stable than the
lowest-energy GS structures, with formation energy difference of
about 0.25 ~ 0.52 eV/atom.

For the purpose of comparison, we have explored selected free-
standing planar Cy clusters with the same 6MR-based configura-
tions*. The detailed results are given in Supplementary Fig. S1 of
the Supporting Information (SI) online. Except for C;4, which trans-
forms from a double-hexagon configuration into a ten-membered
ring after relaxation, the hexagon rings in all other freestanding Cy
clusters are well preserved upon optimization, even though they may
not be the ground state configurations for these cluster sizes. The
distinct difference between Si and C clusters suggests that the free-
standing silicon clusters can not form stable sp” structures sponta-
neously. However, low buckled 2D silicene sheets have been syn-
thesized on Ag(111) surface in experiments''~**. Clearly, Ag(111)
surface must be responsible for the stability of these 2D silicene
structures and thus significantly affect the nucleation and growth
behaviors of silicene clusters.

Fig. 2 depicts the equilibrium geometries and formation energies
of silicon monomer, dimer and 6MR-based silicene-like clusters on
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Figure 2 | Geometries and formation energies (eV per Si atom) of 2D Siy
clusters on Ag(111) surface.

Si,, 0.42

Ag(111) surface. For reference, the geometries and formation ener-
gies of Cy clusters on Ag(111) substrate are computed and shown in
Supplementary Fig. S2 online. Different from the Ag-supported Cg
cluster which retains its hexagon ring structure well, a hexagonal ring
of Si¢ placed on the Ag(111) surface is distorted into triangle-based
configuration upon relaxation. In sharp contrast to severe deforma-
tion in vacuum, starting from Si,, the planar Siy clusters (N=10, 13,
16, 19, 22, 24) formed by multiple hexagons remain stable after
optimization; only Si;; (with three hexagons) undergoes moderate
deformation at the periphery. Certainly, Ag(111) surface as the only
external factor is responsible for preserving the 2D structure of sili-
cene clusters, similar to the improved stability of silicon cages and
nanotubes by metal stuffing*”**. This effect will be discussed in details
later. Nevertheless, the well persevered six-membered rings in silicon
clusters on Ag(111) substrate imply the existence of sp> bonding
character, which has been evidenced by experiments with STM,
REELS, and ARUPS techniques'*'>'>%

The observation of triangle-based Si¢ cluster suggests a possible
competition between hexagonal and triangular structural motifs for
Ag-supported Si clusters. To examine the stability of the larger tri-
angle-based silicon clusters, we have constructed one Si;o and two
Si3 configurations composed by triangular networks on Ag(111)
surface. Their atomic structures before and after optimization are
shown in Supplementary Fig. S3 online. After relaxation, none of
them can retain the initial triangular structures, and they all trans-
form into some irregular shapes with higher formation energies
(AE=0.10 eV for Si;p, AE=0.13 eV or 0.26 eV for Si;3) compared
to the hexagon-based structures. In particular, for the Si;;-t1 isomer
with initial triangular structure, a hexagon would be formed sponta-
neously upon structural relaxation, implying the tendency of struc-
tural transformation from triangles to hexagons. The transition from
triangular to hexagonal motif at Si;o may play an important role in
nucleation of silicene patch, beyond which honeycombed silicene
lattice can be synthesized on Ag(111) surface.

Formation energies of Siy clusters and interactions with Ag(111)
surface. To explore the early stage of silicene nucleation, we considered
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Figure 3 | Formation energies of Siy clusters in vacuum and on Ag(111)
surface: (a) freestanding Siy clusters with ground state configurations in
vacuum (GS-Siy); (b) direct deposition of GS-Siy clusters on Ag(111)

surface (GS-Sin-Ag); (¢) 2D silicene-like clusters on Ag(111) surface
(2D-Six-Ag).

two competitive structural motifs for Siy clusters (N=6, 10, 13, 16,
19, 22, 24) on Ag(111) substrate: (i) 2D silicene-like configurations
as aggregates of up to seven 6MRs (Fig. 2); (ii) 3D structures that
are the ground state geometries in vacuum (see Supplementary Fig.
S4 online). The formation energies of these two kinds of metal-
supported silicon clusters are compared in Fig. 3, along with those
for freestanding clusters. When a gas-phase GS silicon cluster is
deposited on the Ag(111) surface, its formation energies drops
substantially by about 0.07 ~ 0.31 eV/atom. This can be easily
attributed to the passivation effect of metal surface, that is, the
dangling bonds in the unsaturated atoms of isolated Siy clusters
being passivated by the free electrons of the metal. Very interes-
tingly, the 2D silicene-like clusters on Ag(111) surface are more
stable than those 3D GS isomers, entirely opposite to the vacuum
situation discussed above. Again, this finding can be explained by
the passivation effect of Ag(111) surface. As shown in Supplemen-
tary Fig. S4, the metal surface only interacts with the bottom part
of a 3D GS silicon cluster, leaving the top Si atoms unsaturated.
On the contrary, for a 2D silicene cluster lying on the metal sur-
face, all these under-coordinated Si atoms (with typical vertical dis-
tance of 2.2 A~2.5 A from the Ag substrate) can be passivated. In
other words, 2D Siy cluster has a larger contact area with the Ag
surface than the 3D one. As a natural extension of 2D Si,, clusters
with seven 6MRs, one can speculate that an appreciably large silicene
patch should be stabilized by the metal surface.

As shown in Fig. 3, the formation energy of silicon cluster in-
creases from Sig (0.50 eV/ Si atom) to Si;, (0.53 eV/ Si atom).
After Sij, the formation energy of Ag(111)-supported Siy cluster
reduces smoothly as cluster size increases (see Fig. 3b). Thus, Sijo
composed of two 6MRs can be considered as the nucleation size from
thermodynamic point of view, which is very crucial to the growth of
2D silicene crystal. As shown in Supplementary Fig. S5a online, the
diffusion barrier of silicon monomer on Ag(111) surface is only
0.031 eV; in other words, motion of Si adatoms on Ag substrate is
nearly barrierless at room temperature. Thus, once overcoming the
critical size of S, silicene patch would grow continuously until the
concentration of silicon atoms from the source is not sufficient.

To gain deeper insight into the interaction mechanism between
silicon clusters and silver surface, the side view of selected 2D Siy
clusters (N=10, 13, 22, 24) are shown in Fig. 4a, along with the height
difference AZ between upper and bottom Si atoms for each cluster.
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Figure 4 | Side view plots for atomic structures of (a) selected Siy clusters
on Ag(111) surface. Charge differential densities of hexagon-based (b) C,4
and (c) Sipq on Ag(111) surface, respectively. In (b) and (c), the cleaved
planes are along the red line, and red (blue) zone loses (gains) charge.

The detailed buckling information of these 2D Siy clusters is pro-
vided in the Supplementary Fig. S6 online. To explore the difference
between silicene and graphene, we considered a series of 6MR-based
carbon clusters on Ag(111) surface. Their equilibrium geometries
and formation energies are shown in provided in the Supplemen-
tary Fig. S2 online. On Ag(111) surface, the smaller C;y and C;;
clusters prefer upright standing, while the larger ones (C,, and
C,4) form dome-like shape, similar to the previous observation of
carbon nanoislands on Ir(111) surface®. Different from carbon clus-
ters, silicon clusters explored here sit more flatly on Ag(111) surface
with slight buckling of less than 0.33 A (see Fig. 4a and Fig. S6). The
geometry difference between Siy and Cy clusters implies that their
interactions with Ag(111) surface must be rather different.

As shown in Fig. 4 (b) and (c), the interactions of Siy, and C,4
clusters with metal surface are visualized by charge differential den-
sity. No charge density is found between the six inner carbon atoms
of Cy4 and Ag(111) surface, implying weak van der Waals (vdW)
interaction rather than strong chemical bonds. Strong charge distri-
bution between the edge of carbon cluster and Ag(111) surface illus-
trates that carbon clusters bond to metal surface mainly at the edge™.
As for Siry@Ag(111), Si-Ag charge transfer occurs both at the peri-
phery and inner regions of Sip, cluster, suggesting that every silicon
atoms interact with Ag(111) surface. Note that the standard DFT
method used here is only able to distinguish the interactions between
Cand Si clusters with Ag(111) surface qualitatively, whereas accurate
description of the vdW interaction between the dome-like carbon
clusters and Ag(111) surface requires more elaborate methods such
as DFT-D2 and vdW-DF approaches.

Previous DFT calculations predicted a slight buckling of about
0.44 A in freestanding silicene sheet?, which was also experimentally
confirmed in Ag-supported silicene ML with buckling amplitude of
about 1 A"''*, Here we also observed low buckling in 2D silicene
clusters, as shown in Fig. 4a and the Supplementary Fig. S6 online.
However, the buckling heights for silicene clusters (0.2~0.33 A for
Sij0,13,22 and only 0.08 A for Si,,) are less pronounced than those for
the free-standing and Ag(111)-supported silicene sheet. This phe-
nomenon can be explained by the following picture. In vacuum, as
the m bonding is weakened, puckering of silicene sheet would intro-
duce dehybridization. Hence, the perpendicular p, orbital combining
with the s orbital is crucial to stabilize the freestanding silicene. While
on Ag(111) slab, metal passivation helps reduce the buckling of
silicene on the one side; but lattice mismatch of periodic superstruc-
tures of silicene and Ag(111) would introduce more seriously undu-
late patterns on the other side. The latter effect is dominant for

LDOS

Energy (eV)

Figure 5| Atomic structures (upper) and local density of states (LDOS,
lower) of C,,@Ag(111) (left) and Si,;@Ag(111) (right) systems. The
LDOS comes from the central six carbon atoms (2p orbital) or silicon
atoms (3p orbital) highlighted by red balls as well as the Ag atoms (4d
orbital) highlighted by green ball right underneath the C or Si hexagon.
Two characteristic bond angles (o, ) for central Sis hexagon are labeled:
o= 120°-121° B = 115° - 118°.

periodic silicene superstructures; thus high buckling of AZ ~ 1 A
is observed experimentally''~'*. In contrast, the small silicene clusters
without constraint of periodic boundary condition can accommod-
ate the Ag(111) surface better since the edge atoms have more degree
of freedom for adjusting the adsorption position.

Moreover, the population analysis of Mulliken charge* of Si,4 on
Ag(111) surface is shown in the Supplementary Fig. S7 online. The
on-site charges of Si atoms in Si,;@Ag(111) system range between
—0.13 |e| and —0.08 |e|. The slight variation of on-site charges can be
associated with small height difference due to low buckling of silicene
cluster (see Supplementary Fig. S6d online). Nevertheless, the nearly
homogeneous charge transfer between Si atoms and Ag surface (and
consequently the Si-Ag interaction) is surely beneficial for continu-
ous growth of silicene patch on Ag substrate.

To further illustrate the interaction between Si clusters and
Ag(111) surface, we calculated the LDOS for selected atoms of
Si,s@Ag(111) and C,,@Ag(111), respectively, which are displayed
in Fig. 5. Clearly, the 3p states of Si atoms coincide with the Ag-4d
states in the vicinity of the Fermi level, suggesting the p, electrons of
silicon atoms hybrid with the 4d electrons of Ag(111) surface. In
contrast, there is no such correspondence between 2p orbitals of
carbon atoms and 4d orbitals of Ag(111) surface, in line with the
charge differential density plot (Fig. 4c) which implies vdW inter-
action between inner carbon hexagon and Ag substrate. This is
because that the hybridization between C 2p and Ag 4d states will
break the delocalized m bonds in the graphene sheet that are very
stable; on the contrary, strong interaction between Si 3p states and Ag
4d states is expected for silicene because of the reluctance of Si in
forming m bonds. In addition, the bond angles of the inner hexa-
gon in Siy, split into two staggered angles: @ = 120°~121° and
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Figure 6 | Atomic structures and simulated STM images of three types of
silicene@Ag(111) superstructures. (a), (d), (g) are the top views; (b), (e),
(h) are the side views; (c, f, h) are the STM images with a constant height of
2 A to the topmost Si and a bias of —1.5 V. The topmost Si atoms are
highlighted by red balls.

p = 115°~118°, corresponding to sp® and sp*/sp® hybridization,
respectively. Similar distribution of bond angles was found in a
recent study on silicene sheet on Ag(111) surface'’. Moreover, the
LDOS of 3p states of silicon exhibits a distinct pseudogap at the
Fermi level like the freestanding graphene and silicene, implying that
the partial sp? characters'®'****°, In short, the p, orbital of Si interacts
substantially with Ag substrate while sp” hybridization still exists in
these 2D silicene-like clusters on metal. Different from graphene
with mainly sp” states, the partially sp>-hybridization characteristics
in Ag(111)-supported silicene might lead to some novel applications.

Silicene monolayer superstructures on Ag(111) surface. To further
understand the interaction between silicene and Ag(111) surface and
to directly compare with available experiments, we considered three
types of co-periodic silicene@Ag(111) superstructures: (I) (3X3)
silicene on (4X4) Ag(111) surface (usually named Ag(111)—(1X1)
surface or (4X4) silicene"); (I1)(v/7 x v/7)silicene on (2v/3 x
2\/§)Ag(111) surface'; (III)(v/7 x /7)silicene on (/13 x v/13)
Ag(111) surface'. The atomic structures as well as the simulated
STM images are shown in Fig. 6. The detailed structural informa-
tion such as the supercell dimension, mismatch, bond length, are
summarized in the Supplementary Table S8 online.

As displayed in Fig. 6, due to passivation of metal surface and
lattice mismatch, the buckling behavior of Ag(111)-supported sili-
cene sheet is quite different from the freestanding ones. In the fre-
quently found superstructure of type I, there are only 1/3 of Si atoms
at the top (highlighted by red balls), resulting a wheel-shaped double
ring STM pattern (Fig. 6¢) composed by six spots on the internal ring
and twelve spots on the external ring, in excellent agreement with
experimental images'' . Within the silicene@Ag(111) supercell of
type II, there are only two Si atoms (1/7 of Si atoms) on the top sites,
resulting a honeycombed STM image (Fig. 6f); however, the nearest

distance between two spots is about 5.76 A'. In the superstructure of
type III, there is only one topmost Si atom per cell corresponding to
the lightest spot in STM image (Fig. 6i). The present theoretical result
for type III can be related to recent experimental STM image by Lin et
al.", in which they observed one spot per rhombus supercell of 10.4 A
in dimension.

The heights of buckling in these three types of silicene superstruc-
ture are 0.85 A, 1.19A and 1.39 A, respectively. Considering the
corresponding lattice mismatches of —0.86 %, +2.73 % and —1.24
%, no clear correlation is found between the buckling amplitude and
the lattice mismatch. As listed in the Supplementary Table S8 online,
the Si-Si bond lengths of these three types of superstructures range
between 2.285 A and 2.436 A, in accordance with previous theor-
etical calculations and experimental data''*'*. The average Si-Si bond
length of Ag(111)-supported silicene ML superstructures are 2.351 A
for (4X4), 2.322 A for (21/3 x 24/3) and 2.357 A for (/13 x /13),
respectively. Interestingly, the variation of Si-Si bond length is
roughly proportional to the mismatch between silicene superstruc-
ture and Ag(111) surface.

Thermal stability of silicene monolayers on Ag(111) and Rh(111)
surfaces. The above analyses indicate that the 2D silicene-like
clusters are stabilized by Ag(111) surface due to passivation of the
unsaturated edge Si atoms and p-d hybridization between inner Si
atoms and Ag substrate. Due to the lattice mismatch between
Ag(111) and silicene lattice as well as the energy difference be-
tween different adsorption sites on metal surface, deposition of
large-scale silicene sheet on the metal substrate would introduce
extra local tension on silicene. At finite temperature, thermal pertur-
bation would trigger some structural defects associated with such
local tension and thus disturb the geometry integrity of silicene
sheet. This effect must be considered during the fabrication and
processing of the silicene-based materials and devices. Previously,
phonon calculations have been conducted to assess the stability of the
freestanding silicene ML but such simulation is unable to examine
the finite-temperature behavior and the thermal stability.

To assess the thermal stability of silicene on metal substrates, we
preformed AIMD simulation on the type I silicene@Ag(111) super-
structure as a representative. The initial geometry of silicene ML on
Ag(111) was fully optimized (see Fig. 6a,b and Fig. 7a). AIMD simu-
lations were then carried out at 500 K (experimental growth tem-
perature) for more than 7.5 ps. Interestingly, the silicene monolayer
is found to be very stable on Ag(111) surface. At 500 K, no topo-
logical defect was ever generated during the entire simulation time of
7.5 ps (Fig. 7b), confirming its high thermal stability on Ag(111)
surface. This can be attributed to the passivation effect as well as
low local tension of silicene network on the metal surface. As shown
in Supplementary Fig. S6 online, the local energy difference of silicon
monomer on different sites of Ag(111) surface is lower than
0.031 eV, implying a very small local tension.

To understand the role of Ag(111) surface, the Rh(111) surface,
which has relatively stronger interaction with Si, was assumed as
substrate of silicene monolayer. A silicene@Rh(111) superstructure,
including (4X4) silicene cells and (6X6) Rh(111) cells with 3.7%
mismatch, was constructed. Upon DFT relaxation, silicene on Rh
(111) surface can retain its honeycomb lattice well (Fig. 8a). Com-
parative AIMD simulation at 500 K was then carried for this sili-
cene@Rh(111) superstructure up to 2.3 ps. In sharp contrast to that
on Ag(111) surface, the silicene lattice on Rh(111) surface start col-
lapsing via breaking up two Si-Si bonds after only 0.7 ps simulation
time (Fig. 8b). Once such a defect is created, silicene monolayer
became more and more unstable on Rh(111) surface. After the entire
duration of 2.3 ps, an amorphous Si-Rh interface is formed (Fig. 8c).

The thermal instability of silicene ML on Rh(111) may be inter-
preted by the larger local energy difference of Si atom on Rh surface.
As shown in Supplementary Fig. S5b online, the diffusion barrier of
silicon monomer on Rh(111) surface is 0.306 eV, about ten times
than that on Ag(111) surface. However, the co-periodic silicene@
Rh(111) supercell considered here has a large lattice mismatch of
3.7%, which might also account for the instability of silicene ML. To
exclude this factor, we further adopted a (5X5) silicene on (7X7)
Ag(111) surface (Fig. 7c) with 3.8 % lattice mismatch for AIMD
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(3X3) silicene on (4X4) Ag(111),
3o o—

0.8% mismatch

(5 X 5) s1|1cene on (7 X 7) Ag(lll), 8% mlsmatch

(c) 0.0 ps

(d) 5.6 ps, 500 K

Figure 7 | Snapshots from AIMD simulation of silicene monolayers on
Ag(111) at 500 K. (a) initial configuration and (b) structure after 7.5 ps
for (3% 3) silicene on (4X4) Ag(111) surface (i.e., type I defined above); (c)
initial configuration and (d) structure after 5.6 ps for (5X5) silicene on
(7X7) Ag(111) surface with 3.8% lattice mismatch. For each graph, Ag
atoms are not shown in top view.

simulation. During the simulation time (5.6 ps), silicene lattice is
well preserved on Ag(111) surface and not even a defect is produced
at 500 K. Interestingly, even at a higher temperature of 900 K, the
topological structure of silicene lattice is still retained for 5 ps (see
Supplementary Fig. S9 online for details). Thus we can conclude that
the instability of silicene on Rh(111) surface is mainly originated
from high local energy difference. These results suggest that the local
energy difference of silicon atoms on surface might be a key factor to
justify whether a metal substrate is suitable for epitaxial growth of
silicene.

(a) Rh 0.0 ps

(b) Rh 0.7 ps; 500K (c) Rh 2.3 ps; 500K

Figure 8 | Snapshots from AIMD simulation of silicene on Rh(111) at
500 K. (a) initial structure; (b) structure at 0.7 ps with two Si-Si bonds
broken; (c) structure after 2.3 ps, showing an amorphous Si-Rh interface.
The important local disruptions of silicene 2D lattice are labeled by red
dash rings for guide of eyes.

Discussion

In summary, using ab initio calculations, the structures and stabilities
of Siy clusters (N = 24) in vacuum and on Ag(111) surface are
investigated and compared with those of Cy clusters. Planar config-
urations based on aggregates of hexagons are highly unstable for the
isolated silicon clusters in vacuum and will be severely reconstructed
to 3D distorted structures spontaneously. However, due to passiva-
tion effect of metal surface, these 2D silicon clusters as embryo of
silicene patch can be stabilized by Ag(111) substrate. No dome shape
is found for Ag(111)-supported Siy clusters, in contrast to graphene
nanoclusters on TM surfaces. Analysis of electronic structures
reveals significant p-d hybridization between Si and Ag surface,
and sp” characteristics in silicone clusters. Three types of silicene
superstructures on Ag(111) surface are investigated and the simu-
lated STM images agree well with available experimental observa-
tions. Compared to the buckling of about 0.44 A in freestanding
silicene sheet, the buckling heights in 2D silicene clusters (0.08~
0.33 A) on Ag(111) substrate are smaller and those in Ag(111)-sup-
ported silicene sheet (0.85~1.39 A)are larger. AIMD simulations on
two kinds of silicene@Ag(111) superstructures and comparing with
that on Rh(111) surface confirm excellent thermal stability of silicene
monolayer on Ag surface, which can be attributed to the passivation
effect by Ag and low local energy difference of silicon adatoms on
different sites of Ag(111) surface. These theoretical results not only
are very helpful for understanding the atomic structures, the initial
growth behaviors, and the interaction of silicene on Ag(111) surface,
but also provide some useful guidelines for finding new appropriate
substrate for epitaxial growth of silicene beyond Ag surface.

Methods

Ab initio calculations were performed by using density functional theory (DFT) and
plane wave basis, as implemented in the Vienna Ab-initio Simulation Package
(VASP) °"*. Generalized gradient approximation (GGA) with the RPBE functional
was adopted to describe the exchange-correlation interaction, which was elaborately
developed for the calculations of surface systems™. The core electrons were described
by the projected augmented wave (PAW) method**. The kinetic energy cutoff of
400 eV for the plane wave basis was used.

In this study, we chose the Ag(111) surface as substrate since it was the major metal
surface for growing large-scale silicene sheet till now''~'*. The Ag(111) surface was
modeled by a three-layer slab model within periodic boundary condition, which was
cleaved from bulk fcc silver solid with the experimental lattice constant of 2.89 A. The
validity of this three-layer slab model was assessed by our previous studies*’** as well
as our test calculations on a five-layer slab. To avoid the interactions between adjacent
periodic images, a large (7X7) supercell with dimension of 20.22 AX20.22 A was
used for the slab model, while the supercell dimension perpendicular to the Ag(111)
surface was chosen as large as 30 A. With fixed supercell parameters, the three-layer
slab model was further relaxed with the fixed bottom layer to mimic the semi-infinite
solid. Then, different sized Siyy and Cy clusters (up to N=24) were placed on the
optimized (7X7) slab model of Ag(111) surface and the entire cluster-substrate
systems were fully relaxed (also with the bottom layer of Ag atoms fixed). During the
geometry optimization, a (2X2) k-point mesh including the I" point was used to
sample the reciprocal space due to the large supercell. For LDOS calculation, the k-
point mesh was increased to (7X7) in order to obtain more accurate information on
the electronic structures. To simulate the diffusion behavior of Si atom on Ag(111)
and Rh(111) surface, the climbingnimage nudged elastic band (cNEB) method with
convergence criterion of 0.02 eV/A for force was used to find the diffusion path®.

The structure of Silicene@Ag(111) were investigate by three selected silicene
superstructures on Ag(111) surface by compressing silicene lattice slightly to fit the
metal surface™. The k-point meshes are divided into smaller than 0.03 A" for silicene
metal superstructures. The STM images of silicene superstructures were simulated by
using the Tersoff—Hamann approximation®” with a constant height of 2 A above the
topmost Si atoms. To examine the thermal stability of silicene ML on Ag(111) sur-
faces, ab initio molecular dynamics simulation within the NVT ensemble*® were
performed using VASP. The system for AIMD simulation refers to the most observed
superstructure composed of (3X3) silicene cells and (4 X 4) Ag(111) cells with only
—0.86 % mismatch. AIMD simulation at 500 K (which is the typical experimental
growth temperature) lasted for 7.5 ps. To shed light on the role of Ag(111) surface, a
comparative AIMD simulation of silicene ML on a strongly interacting Rh(111)
surface was carried out and the simulation supercell included (4X4) silicene cell on
(66) cell of Rh(111) surface (3.7 % mismatch). Furthermore, to distinguish whether
the large mismatch or Rh(111)’s self caused worse thermal stable of silicene, a larger
silicene@Ag(111) co-periodic superstructure, including (5X5) silicene cells on (7X7)
Ag(111) cells (3.8% mismatch) was used to compare that of 3.7 % mismatched
silicene@Rh(111) superstructure upon more than 5.0 ps AIMD simulation. The time
step for all AIMD simulations was 1.0 fs. In all situations, the convergence criterion of
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total energy for self-consistent ﬁelOd (SCF) calculations was set as 10™* eV and the
convergence criterion of 0.02 eV/A for force was used during geometry optimization.
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