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Scanning tunneling microscopy has been used to real-time study the growth of silicene on Ag(111) in the
200–533-K temperature range. We show that the growth mode depends strongly on the deposition temperature
T . At T = 300 K and above, the formation of silicene results from the exchange between surface Ag atoms
and Si atoms, which are inserted in the substrate top layer. Density functional theory calculations confirm that
Si insertion is thermodynamically favored, and we propose an energetic model for explaining the observed
growth processes as a function of T . For T � 400 K, ordered structures are observed as soon as silicene domains
are large enough. With increasing coverage, disordered and dotted phases progressively transform into stable
(
√

13 × √
13)R13.9◦ and (4 × 4) structures.

DOI: 10.1103/PhysRevB.92.045415 PACS number(s): 81.07.−b, 68.37.Ef, 71.15.Mb, 68.47.De

I. INTRODUCTION

The synthesis of bidimensional silicon films that would
display electronic properties analog to those of graphene today
attracts considerable interest, in particular for applications
in microelectronics [1]. So-called silicene layers have been
claimed to grow on various substrates, such as MoS2,
ZrB2, ZrC2, or Ir(111) [2], although, up to now, most of
the studies have been performed on Ag(110) and Ag(111)
substrates [3–18]. The interest for Ag substrates for silicene
growth is related to: (i) the complete miscibility gap in the
solid phase of the Ag-Si phase diagram, (ii) to a very good
lattice matching since there is a ratio of 3/4 between the lattice
constants of Si and Ag, and (iii) to a similar electronegativity
of 1.9, leading to a small charge transfer between the layer
and the substrate. Until recently, it was thus assumed that Si
should grow on Ag substrates with negligible interactions.
A structure identified as a "graphitic silicon layer" was first
identified on Ag(100) [19]. Si stripes grown on Ag(110)
where then described as silicene nanoribbons [3]. Finally,
different structures observed on Ag(111) were described as
silicene planes with various epitaxial relationships with the
Ag(111) substrate, depending on substrate temperature and
Si coverage. The best organized structure displays a (4 × 4)
symmetry with respect to the Ag(111) [6–11,13–15,17]. Other
ordered phases corresponding to (

√
13 × √

13)R13.9◦ [5–
7,9,11,14,15,17,18], (2

√
3 × 2

√
3)R30◦ [4,6,8,17],

(3.5 × 3.5)R26◦ [11], (
√

7 × √
7)R19.1◦ [6], and

(
√

133 × √
133)R4.3◦ [20] reconstructions have been

also identified. These structures have been described as Si
atomic single layers organized in a honeycomb lattice on
top of a (111) Ag plane with Si-Si interatomic distances
close to the one predicted for free-standing silicene [8,10].
Additionally, a (4/

√
3 × 4/

√
3) phase has also been observed

and attributed to the presence of two Si layers [5,11]. This
superstructure also called (

√
3 × √

3) with reference to the
Si(111) (1 × 1) surface remains for thicker deposits [21,22].

*Corresponding author: prevot@insp.jussieu.fr

However, recent experiments have shown that the Ag(110)
surface reconstructs upon Si adsorption, even at room
temperature [23], and facets at high Si coverage [24]. This was
interpreted as a natural tendency for Ag(110) to reconstruct,
Ag(110) being intermediate between Au(110) that sponta-
neously reconstructs and Cu(110) that does not [25].

On Ag(111), density functional theory (DFT) calculations
have also shown that the interaction between Ag and Si
leads to a strong modification of the electronic structure of
silicene as compared to the one calculated for free-standing
silicene [26]. In recent experiments, we have found that similar
to the Ag(110) surface, the Ag(111) surface is not stable
upon Si adsorption [27]. When silicene growth is performed
for substrate temperatures around 460 K, Si incoming atoms
exchange with Ag surface plane atoms, and these ejected
Ag form new Ag terraces growing from the step edge.
These findings indicate that, during deposition, the interaction
between the Si and the Ag substrates is much more important
than what was originally thought. Indeed, the formation of a Si-
Ag surface alloy during growth is now also considered [20,28].

In the present paper, in order to understand the elementary
steps involved in the growth of Si layers, we have used
scanning tunneling microscopy (STM) for real-time follow-up
Si/Ag(111) growth for substrate temperatures in the 200–
533-K range, and we have compared the results to DFT
calculations. We show that whereas a pseudo-layer-by-layer
growth is observed at T = 200 K, Si atoms insert within
the Ag(111) surface plane for T � 300 K. DFT calculations
indicate that this atomic exchange is energetically favored.
Released Ag atoms incorporate into step edges at low Si
coverage or form additional islands at high Si coverage. From
the evolution of the Si island density, we propose a growth
mechanism for Si/Ag(111).

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

Sample preparation and STM experiments have been
performed in an ultra-high-vacuum system with a base
pressure less than 1 × 10−10 mbar equipped with an Omicron
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variable temperature STM. The Ag(111) single crystal was
prepared by several cycles of Ar ion sputtering (P = 7 ×
10−5 mbar, 600 eV) and annealing (T = 870 K). Silicon was
evaporated using an Omicron Nanotechnology e-beam evapo-
rator installed in front of the STM with a flux F ≈ 0.1 ML/h.
Here, 1 monolayer (ML) corresponds to the coverage of a
single (4 × 4) silicene layer, i.e., 1.125 times the atomic
density of a Ag (111) plane, assuming the standard model of
a silicene structure [10]. Note that this is also very close to the
coverage of the (

√
13 × √

13)R13.9◦ and (2
√

3 × 2
√

3)R30◦
structures [8]. STM imaging was performed in real time
during Si evaporation. The pressure was always below 1 ×
10−10 mbar during the experiments. Because of shadowing by
the tip, we alternatively scanned two different regions of the
sample, separated by approximately 1 μm. Thus, when one
region was being scanned, the other one was fully exposed
to the Si beam, which allowed us to follow the evolution of
both regions during the growth process. Surface morphologies
obtained in this way were identical to those observed on
regions far from the shadow of the tip for similar coverage.
Comparison between images of the same area performed at
different times have been made by carefully correcting the
STM images from the drift using a homemade procedure [29].

DFT calculations were performed with the two dif-
ferent approximations known as local density approxima-
tion (LDA) [30] and generalized gradient approximation
(GGA) [31] by using the QUANTUM ESPRESSO package [32].
We used projector augmented-wave pseudopotentials from
Ref. [33] and plane waves up to 30-Ry energy cutoff (240 Ry
for the charge). A smearing approach [34] with broadening of
0.05 Ry was used. The Ag (111) surface was simulated with
a supercell with four atomic layers and a vacuum thickness
equivalent to six atomic layers. The in-plane periodicity
was (4 × 4) and (

√
13 × √

13) for the corresponding ordered
structures, otherwise it was (2 × 2). Electronic integration was
performed on a grid equivalent to the 12 × 12 × 1 grid on
the (1 × 1) cell. All these parameters were carefully tested
for convergence (the reported energetics do not substantially
change for larger supercells and thicker slabs). The in-plane
lattice spacing was fixed at the theoretical equilibrium bulk
lattice spacing (2.837 Å for LDA and 2.935 Å for GGA). The
reported energetics corresponds to the structures obtained after
full atomic relaxation (only the two bottom layers remained
fixed at the bulk value).

III. RESULTS

A. Nucleation and growth

In this paragraph, we report STM observations of the
nucleation and growth of the silicene layer as a function of
the substrate temperature. In Fig. 1 is presented the evolution
of the Ag surface with increasing Si deposition for T = 200 K.
At low coverage, flat two-dimensional (2D) islands grow in the
center of the terraces and at step edges. Their apparent height
is 0.21 nm. They do not display any ordered structure (the
reconstructions typically associated with Si are not observed).
In addition to these islands that appear brighter on the image,
some dark clusters are also visible, covering a much smaller
fraction of the surface, as can be seen in the inset of Fig. 1(a).
These minority dark clusters are likely due to inserted Si atoms,

FIG. 1. (Color online) Growth of Si/Ag(111) at T = 200 K for
increasing coverage. Size of the images (a) 86 × 86 nm2 and (b)
43 × 43 nm2. The size of the inset in (a) is 21 × 21 nm2. Tunneling
conditions: (a) −1.0 V and 30 pA and (b) 1.8 V and 30 pA.

which are predominantly observed at higher temperatures (see
below). As the coverage increases, the islands coalesce. A
second layer begins to grow before completion of the first layer
as can be seen in Fig. 1(b) with a slightly larger apparent height
(0.23 nm). This is much smaller than the interlayer spacing
between biplanes of Si in the diamond structure (0.31 nm).
However, the measured height could be different from the
interlayer spacing, being affected by the different electronic
structures of the successive layers.

For 300-K deposition, the evolution of the surface is
completely different and is shown in Fig. 2. As soon as
deposition begins, isolated dark spots are visible on the STM
images [see the inset of Fig. 2(b)]. Successive images taken at
2-min intervals show that at this temperature, they are not very
mobile: Almost all the spots are found at the same position.
However, some of them have moved a few nanometers from
their initial positions. Upon further Si exposure, the dark spots
act as nucleation centers for the growth of 2D Si islands visible
in Fig. 2(b). From the topographic images acquired at positive
gap voltages (in the 0.5–1.8-V range), Si islands appear below
the Ag(111) terrace on which they form. Depending on the tip
termination, they are either found 0.06 or 0.13 nm below the Ag
terrace plane. Such islands nucleate mainly within the terraces
and less at step edges. In parallel, the step edges also show a

FIG. 2. (Color online) Growth of Si/Ag(111) at 300 K. (a) Bare
surface, the size of the image is 150 × 150 nm2. (b) The same
region after deposition of a small coverage of Si. The inset shows a
(21 × 21)-nm2 area at the beginning of Si evaporation. Tunneling
conditions: 1.8 V and 20 pA.
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FIG. 3. (Color online) Growth of Si/Ag(111) at 300 K. The ver-
tical color scale goes from blue (lower terrace) to red (upper terrace).
The size of the image is 200 × 180 nm2. Tunneling conditions:
1.8 V and 20 pA.

significant modification. The comparison between Figs. 2(a)
and 2(b) shows that simultaneous to the growth of Si islands,
fingers appear at step edges. They are at the same height as the
upper terrace and display the same atomic structure, indicating
that they are constituted by Ag. The comparison between con-
secutive images performed at the same position demonstrates
that these fingers issue from the growth of the upper terrace at
the expense of the lower terrace. This phenomenon was already
observed during Si deposition on Ag(110) at room tempera-
ture [23] and on Ag(111) at 440−480 K [35]. Such features
result from the exchange between Si atoms and Ag atoms of
the surface plane. Ejected Ag atoms diffuse towards the steps
and contribute to the advance of the step edges. Thus, the dark
spots observed at the beginning of the growth are Si atoms
inserted within the Ag surface plane, which act as nucleation
centers for the growth of inserted Si islands. As the coverage
increases, both Ag fingers and Si inserted islands grow with
a dendritic shape, and additional Ag islands form within the
terraces (see Fig. 3). As can be seen in Fig. 3, these growing Ag
structures fill the gaps between the Si islands on the terraces.

For deposition at substrate temperatures equal or higher
than 400 K, the evolution of the surface in the very first
stages of Si evaporation is quite different (Fig. 4). As soon
as evaporation begins, Ag step edges facet towards 〈110〉
directions as already reported [27]. Along these step edges,
the periodicity is equal to twice the Ag-Ag distance (0.58 nm)
as can be seen in the inset of Fig. 4(a). We have never
observed this faceting at 300 K. These observations are in
agreement with STM studies after Si deposition on Ag(110)
which showed faceting of the (110) surface into a (211)
surface composed by small (111) terraces with the same
×2 periodicity along the [11̄0] step edges separating the
terraces [24]. Figure 4(a) shows the evolution of such a step
edge at the beginning of Si evaporation. In the upper part of
the image, the step is free to move and appears frizzy due
to the motion of the edge in the time interval between the
acquisitions of two consecutive lines. In the lower part of

FIG. 4. (Color online) (a) Faceting and ×2 reconstruction of a
Ag step at the beginning of Si growth on Ag(111) at T = 400 K.
The inset shows a detailed view of the step reconstruction. The size
of the image is 43 × 43 nm2. (b) The growth of the Si domain at a
step edge at 533 K. The size of the image: 160 × 160 nm2. Tunneling
conditions: (a) 1.5 V and 30 pA and (b) 1.5 V and 50 pA.

the image, the presence of Si atoms has induced the step ×2
reconstructionwith a few defects, and the step edge motion is
completely blocked.

The observation of large-scale images shows that straight
portions of step edges with ×2 reconstruction may extend
over 100 nm. The fact that the large fluctuations in the step
edge position (observed prior evaporation) are blocked by Si
indicates that each straight portion of a step is related to the ×2
reconstruction developing from a single nucleus. This implies
that Si atoms can easily diffuse along the step edges, thereby
contributing to the propagation of the ×2 reconstruction.

The faceting and reconstruction of step edges are also
observed on the Ag fingers and Ag islands which grow during
Si deposition. They display faceted shapes, which are less and
less dendritic as temperature increases and grow until their
sides are entirely covered by Si, forming the ×2 reconstruction.
Thus, they form and grow during a limited time. From the
observation of large-scale images (500 × 500 nm2, not shown
here), we conclude that the growth duration of a given Ag
domain (finger or island) decreases with temperature: At high
temperatures, large Ag domains form during a short interval of
time whereas the density of growing Ag domains decreases.
This indicates that Ag atoms diffuse over long distances to
grow these domains, and this is compatible with the very small
activation barrier for Ag diffusion on Ag(111) [36].

At 400 K, the dark spots which correspond to inserted Si
atoms are found to be mobile. We have taken successive images
of (50 × 50)-nm2 areas that show that almost all spots have
moved during the time interval of 2 min. At 440 K and above,
such spots are rarely observed.

As already observed at 300 K, Si-inserted islands form
within the terraces. At 400 K and above, Si domains also
grow from step edges in the upper terrace and form strips
[see Fig. 4(b)]. We always observed that there exists, on the
upper terrace, a region near the step where no isolated Si island
nucleates [see also Fig. 5(b)]. This can be interpreted by the
fact that since Si domains act as sinks for Si atoms, there
exist, near these domains, a region for which the density of Si
atoms is lower and for which the probability of nucleation is
reduced. Conversely, in the lower terraces, islands are observed
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FIG. 5. (Color online) Morphology of small Si domains at dif-
ferent temperatures: (a) 300 K, (b) 400 K, (c) 440 K, and (d) 480 K.
The size of the images is 43 × 43 nm2. Tunneling conditions: (a) 1 V
and 20 pA, (b) and (c) 1.5 V and 30 pA, and (d) 1.5 V and 70 pA.

to nucleate near the step. This indicates that the Si strips at step
edges are formed by Si atoms coming from the upper terrace.

As the temperature increases, the proportion of Si domains
that have grown from a step (i.e., strips) increases and reaches
100% at 533 K. Even on terraces that are 200-nm wide, no Si
islands nucleate within the terraces [see Fig. 4(b)].

B. Structure of the Si domains

Figure 5 presents high-resolution STM images of Si
domains for different substrate temperatures. The comparison
shows that the islands become larger and more ordered at
higher temperatures and adopt a more triangular shape with
boundaries along 〈111〉 directions.

At 300 K, no ordered structure can be found in the Si
islands, but protrusions around 1 nm apart are clearly visible
within the islands. For a growth temperature equal or higher
than 400 K, ordered structures form in the Si islands and strips.
Three kinds of structures are clearly identified (see Fig. 6 for
a detailed view). From the angle and distance measurements,
regions with (4 × 4) and (

√
13 × √

13)R13.9◦ structures are
deduced. A structure formed by apparent dots also appears with
a period around 1.00 ± 0.02 nm, in agreement with possible
(
√

13 × √
13)R13.9◦ of a different type [6,8,18,37] or (3.5 ×

3.5)R26◦ [11] reconstructions previously proposed. However,
no specific orientation with respect to the substrate is clearly
found for this latter structure. In addition to these ordered
structures, some parts of the Si islands do not display long-
range ordering.

The temperature dependence of the ordered structures
observed has already been related. For a substrate temper-
ature below 533 K and coverage less than one monolayer,

(a) (b)

(a) (b)

dots

( 13x 13)(c) (d)

FIG. 6. (Color online) (a)–(c) Evolution of Si domains at T =
480 K during Si growth. The (4 × 4) and (

√
13 × √

13)R13.9◦ do-
mains are stable. The positions of the dots that move from one image
to another are indicated by circles. The size of the images is 13 ×
13 nm2. The positions of the ordered domains are indicated in (d).
Tunneling conditions: 1.5 V and 150 pA.

(4 × 4) and (
√

13 × √
13)R13.9◦ structures are usually ob-

served [8,11,17]. The question of whether a single structure
can cover the whole substrate is still open. It has been assumed
that a pure (4 × 4) layer could be obtained if the sample
temperature was 423 K [8] or 493 K [10]. We have never
obtained a single phase of silicene on Ag(111). The proportion
of the different regions as a function of temperature is given
in Table I for the completion of the monolayer.

The relative proportion between the different regions
depends not only on the sample temperature, but also on
the coverage. For 533 K, nearly only (

√
13 × √

13)R13.9◦
and (4 × 4) structures form during deposition. The Si strips
are well ordered up to their boundaries. For T = 480 K,
the Si islands begin to order as soon as their size is larger
than a few tens of nanometers [Fig. 5(d)]. Dotted phase and
disordered regions are also present for submonolayer coverage.
They are progressively replaced by (

√
13 × √

13)R13.9◦ and
(4 × 4) structures. At the completion of the monolayer, ordered
structures cover practically all the surface. At T � 440 K,

TABLE I. Proportion of the structures observed at the completion
of the monolayer for growth at different substrate temperatures.

Temperature (4 × 4) (
√

3 × √
3)R13.9◦ Dotted Disordered

(K) (%) (%) (%) (%)

533 40 60 < 1 < 1
480 32 64 1 3
440 28 41 21 10
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FIG. 7. (Color online) Atomic configurations tested by DFT. (a)
Clean Ag(111) surface, (b) one Si atom adsorbed on the top of the
surface, (c) one Ag atom on the top of the surface, and (d) one Si
atom inserted in the surface.

dotted and disordered regions remain up to the completion
of the monolayer.

The observation of (
√

13 × √
13)R13.9◦ and (4 × 4) re-

gions shows that, once formed, these structures are stable dur-
ing evaporation. They do not evolve towards disordered or dif-
ferently ordered structures. However, it may happen that they
are replaced with additional Ag terraces formed during the Si
growth, but such modifications are scarce [27]. On the contrary,
the dotted phase evolves continuously during evaporation. For
example, dots can be replaced with (

√
13 × √

13)R13.9◦ and
(4 × 4) structures [27]. Between consecutive STM images,
some dots have appeared, whereas other have disappeared.
Such modifications are visible in Fig. 6 where the moving dots
are indicated by circles. The appearance and disappearance of
these dots are related to the mobility of one or several atoms,
and thus they question the nature of this dotted phase.

C. Simulation results

The various reconstructions found for silicene
layers on Ag(111) have been intensively studied by
DFT [5,7,9–12,18,26], and we have first checked that for the
monolayer coverage, we could recover the stability of the
(4 × 4) and (

√
13 × √

13) structures. We have then focused
our calculations on the energetics of Si atoms in the initial
stage of deposition. The different configurations computed
are shown in Fig. 7.

We have first calculated the energy of the clean surface EN
cl

(N is the number of atoms in the slab) [Fig. 7(a)] and the
energy E1

blk of one Ag atom in the bulk, i.e., the Ag cohesive
energy. We have then considered: (i) one Si atom adsorbed
on the top of the surface [Fig. 7(b)], (ii) one Ag atom on the
top of the surface [Fig. 7(c)], and (iii) one Si atom inserted in
the surface [the Si atom substitutes one Ag atom of the first
surface layer, Fig. 7(d)]. The energies of the three systems are
called EN+1

Si , EN+1
Ag , and EN

Si , respectively (in the third case
there are N − 1 Ag atoms and one Si atom). In both cases (i)
and (ii), the most stable configuration is obtained by setting
the adatom on the hollow fcc site.

By using DFT, we have calculated the energy difference
between the atomic configuration before and after insertion of
a Si atom on the surface by exchanging with a Ag atom:
�E = (EN+1

Si − EN
Si ) − (EN+1

Ag − EN
cl ). From GGA calcula-

tions, which are expected to provide the most reliable results,
we have Ead = 0.67 and �E = +0.11 eV. The positive sign
of �E means that the insertion of a Si atom on the surface
is favored with respect to a Si atom lying on the top of the
surface. On the other hand, according to LDA calculations,
Ead = 0.97 and �E = −0.08 eV. The difference between the

GGA and the LDA results gives an idea of the precision of
DFT for this kind of energy difference.

The insertion of a Si atom on the surface is also favored by
the fact that the resulting Ag adatom thus created can diffuse
towards a kink on a step edge, leading to a reduction in the
system energy by Ead . The creation energy of one Ag adatom
on the surface is defined as Ead = EN+1

Ag − EN
cl − E1

blk . One
thus obtains an energy difference between a configuration
with a Si adatom on the surface and a Si atom inserted on the
surface of Ead + �E = 0.78 eV (GGA) or 0.89 eV (LDA).
This large energy difference is in good agreement with the
experimental observations.

IV. DISCUSSION

A. Alloy formation

Both STM experiments and DFT results show that the
formation of a Si-Ag surface alloy is thermodynamically
favored for low Si coverage. Such alloy formation has been
observed for monolayer coverage on surfaces of metals that
form bulk silicides. For example, room-temperature deposition
of Si on Cu(110) leads to the formation of a c(2 × 2) surface
alloy [38]. A (

√
19 × √

19)R23.4◦ surface alloy has also been
observed after Si deposition on Pt(111) at 750 K [39]. In this
case, DFT calculations also show that the protrusions visible
in STM images correspond to Pt atoms, not to Si ones.

Surface alloy formation has also been observed during Si
deposition on metals for which no ordered bulk silicide exists.
This is the case for example for Si/Au(110) for which a c(2 ×
2) phase, corresponding to an ordered surface alloy, forms
during deposition at 673 K [40]. However, in this case, the
substrate temperature during deposition is above the eutectic
temperature so that alloying is not surprising. The Si/Ag(111)
system can also be compared to Ge/Ag(111). Despite a low
solubility of Ge in Ag at 300 K, Ge deposition on a Ag(111)
surface at room temperature has been shown to induce the
formation of a Ag2Ge surface alloy with a (

√
3 × √

3)R30◦
structure [41]. This is very similar to what is observed for Si
deposition, except that, for Si/Ag(111), ordered structures are
only found if the substrate temperature is above 440 K.

As already reported, various ordered Si/Ag(111) super-
structures have been identified. These structures have been
described as Si atomic single layers organized in a honeycomb
lattice on top of a (111) Ag plane with Si-Si interatomic
distances close to the one predicted for free-standing sil-
icene [8,10]. Structural analyses performed on the (4 × 4)
structure by reflection high-energy positron diffraction [42]
and low-energy electron diffraction [16] confirm the proposed
model. On the contrary, a surface alloy model has been recently
proposed for the (

√
133 × √

133)R4.3◦ [20] reconstruction
that forms at 620 K, based on DFT calculations and Auger
measurements. Thus, some of the observed ordered phases
could correspond to surface alloys. In particular, this might be
the case for the dotted phase which appears to be not stable
upon further Si evaporation.

B. Nucleation and growth

In the following, we discuss our STM results in relation
with the theory of nucleation and growth. Quantitative infor-
mation can be obtained from the evolution of island density
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FIG. 8. Evolution of the island density as a function of the inverse
of the temperature.

with temperature. In the classical theory of nucleation and
growth [43], atoms adsorb on a surface, diffuse, and nucleate
with other atoms to form stable clusters. Up to a critical size,
clusters are unstable, i.e., they have a larger probability to
decrease than to increase. Above the critical size, they have
a larger probability to increase. Using analytical mean-field
equations for describing diffusion, nucleation, and growth, the
evolution of the island density can be determined. After a short
initial rise (nucleation regime), the island density becomes
nearly constant (growth regime) up to the coalescence regime.
The island density in the growth regime is proportional to
(F/D)n/(n+2), where D is the diffusion coefficient and where
F is the atomic flux [43]. n is the number of atoms in the
critical nucleus, i.e., the largest unstable cluster. Assuming
that diffusion is thermally activated with the activation energy
Ej , the diffusion coefficient can be written in the form
D = a2ν0 exp(−Ej/kT ) where a is an interatomic distance
and where ν0 is an attempt frequency. Thus, the evolution of
the island density on an Arrhenius plot should be linear as a
function of 1/T with a positive slope related to the activation
energy of the diffusion coefficient: The higher the temperature,
the lower the island density.

Figure 8 shows the evolution of the Si island density on
the terraces in the initial stage of growth as measured from
the STM images as a function of the growth temperature in
the 200−480-K temperature range. For T = 533 K, no islands
are observed, Si domains nucleating only at step edges. The
density does not increase exponentially with the inverse of
temperature in the complete temperature range studied but only
for temperatures higher than 300 K. The observed behavior
with a "� shape" is thus far from the prediction of the classical
theory. In particular, for low temperatures, the curve increases
with increasing temperature, reaching a relative maximum for
300-K deposition. This unexpected behavior must be related
to the fact that for low-temperature deposition (T = 200 K),
Si atoms likely remain above the Ag surface plane, contrary

to what is observed at 300 K and above where Si atoms insert
within the surface plane.

Such a transition between different temperature regimes
has already been observed for homoepitaxy and heteroepitaxy
on metal surfaces [44–47]. Also in these systems, deposited
atoms may remain above the surface or may insert, depending
on the deposition temperature. For example, the Co/Cu(100)
system displays a "N shape" of the Arrhenius plot of the
island density [35]. We suggest that the � shape observed
here for Si/Ag(111) corresponds to the high- and middle-
temperature regimes observed for Co/Cu(100). In another
system, Ni/Ag(111), a "V shape" of the Arrhenius plot
is obtained, which corresponds to the middle- and low-
temperature regimes in Co/Cu(100) [46]. This latter behavior
is explained by the competition between two alternative
nucleation mechanisms in which the nucleation center is
associated with: (i) two diffusing atoms meeting on the top of
the surface and (ii) one atom inserted within the surface. The
inserted atom is assumed to be immobile. At low temperatures,
the first mechanism is dominant, and the island density
decreases with increasing temperature as expected from the
classical nucleation theory. In the high-temperature regime,
insertion occurs easily, and the second mechanism is dominant.
Since inserted atoms are immobile, the island density increases
with increasing temperature.

In the present case at T = 200 K, Si atoms diffuse on the
surface by performing jumps which are thermally activated. At
this low temperature, we can assume that Si dimers which form
when two Si atoms meet are stable and act as nucleation centers
for further growth (n = 1). Using D = a2ν0 exp(−Ej/kT )
where a is the Ag-Ag interatomic distance and where ν0 is on
the order of 1013 Hz [48], from the Si island density we obtain
Ej ≈ 0.26 eV [activation energy for Si diffusion by jumps on
Ag(111)]. On the contrary, at 300 K, inserted isolated atoms
are observed at the very initial stage of the deposition, whereas
no Si clusters are visible above the surface, meaning that all
Si atoms are inserted in the Ag surface in the submonolayer
regime. This indicates that insertion occurs before nucleation
of stable dimers, leading to a higher island density. At higher
temperatures, the mechanism is similar with mobility of the
inserted Si atoms, leading to a classical Arrhenius law with a
positive slope.

From the transition temperature between these two regimes,
we estimate the activation barrier for insertion. Since insertion
(Si exchange with Ag atoms) does not occur at low temper-
atures, the energy barrier for insertion Ein must be higher
than Ej . A schematic of the different involved processes is
presented in Fig. 9. Thus, an isolated Si atom can perform
several jumps before exchanging with a Ag atom. Assuming

ΔE

Ead

Eout
EinEj

Ed

FIG. 9. (Color online) Schematic of the energy landscape for a
Si atom adsorbed on the Ag(111) surface.
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that the jump and the insertion process have the same attempt
frequency, the mean number of jumps N̄j performed before
insertion is [49] as follows:

N̄j = exp

(
Ein − Ej

kT

)
, (1)

and the distance traveled on the surface is proportional to
√

N̄j .
At T = 200 K, Si atoms nucleate above the surface before

inserting. This indicates that the number of jumps needed to
reach a nucleation center is less than the mean number of
jumps performed before insertion. From the measured island
density, we obtain that the mean distance between islands that
have nucleated is equal to 23 nm, i.e., 80 interatomic distances.
We thus obtain that exp(Ein−Ej

2kT
) > 80, which corresponds to

Ein − Ej > 0.15 eV, hence Ein > 0.41 eV.
At T = 300 K, inserted Si atoms are observed before

clusters can form on top of the surface. Moreover, from the
STM observations, inserted Si atoms do not move. Thus, the
islands grow due to the incorporation of diffusing Si adatoms
which are eventually trapped at their edges and inserted on
the surface. This indicates that for Si adatoms, the barrier for
detachment from a Si island is higher than the barrier for
insertion in this island. This is corroborated by the fact that
the few dark clusters visible at T = 200 K and interpreted as
inserted Si islands contain several Si atoms [inset of Fig. 1(a)].
It has already been proposed for Fe/Cu(100) that the barrier
for insertion of an adatom in an inserted island could be lower
than Ein, the one found for an isolated atom [44].

In the stationary regime, the number of jumps performed
before insertion is roughly the number of jumps needed to
reach a nucleation center. From the measured island density,
we obtain that the mean distance between islands that have
nucleated is 7 nm, i.e., 25 interatomic distances. We thus obtain
exp(Ein−Ej

2kT
) = 25, which corresponds to Ein − Ej = 0.17 eV,

hence Ein = 0.43 eV. This is coherent with the previous
evaluation.

For growth at a substrate temperature equal or higher than
400 K, our STM observations show that the inserted Si atoms
are mobile. Thus, we observe a decrease in island density
with increasing temperature. This corresponds to the classical
regime of the nucleation and growth theory (and is contrary
to what is expected when inserted atoms are immobile). The
evolution of island density for temperatures equal to or higher
than 400 K can be fitted by an Arrhenius curve with apparent
activation energy Eapp = 0.84 ± 0.05 eV. In the classical
nucleation theory, it corresponds to Eapp = n

n+2Ed , where Ed

is the activation energy for diffusion of the inserted Si atoms.
Thus, 0.84 eV � Ed � 2.52 eV, depending on the value of n,
from infinite to 1.

Whatever the value of n, the value of Ed is quite large
and could correspond to the barrier needed for removal of
Si atoms from the Ag surface plane. In that case, Si-inserted
atoms would diffuse by a three-step process: exchange with Ag
adatoms, jumps on the surface, and reinsertion. For N̄j � 1,

the diffusion coefficient associated with this process can be
written as [35,49] D = a2N̄j ν0 exp(−Ead

kT
) exp(−Eout

kT
), where

Eout is the activation energy for an exchange between an in-
serted Si atom and a Ag adatom and Ead is the creation energy
of a Ag adatom on the surface. Using Eq. (1), one thus obtains

D = a2ν0 exp

(
−Ead

kT

)
exp

(
−Eout

kT

)
exp

(
Ein − Ej

kT

)
.

(2)
From DFT calculations, we have obtained Ead = 0.67 eV.

Moreover, Ein and Eout are related through: Eout = Ein + �E

where the energy difference between the atomic configuration
before and after insertion is �E = 0.11 eV. This leads to
D ≈ a2ν0 exp(−Ed

kT
) with Ed = Ead + �E + Ej = 1.04 eV.

This value is thus in the range experimentally determined
and, from the expression of the apparent activation energy,
indicates that n is large, on the order of a few units. This
value is also very coherent with the measured mobility of
inserted Si atoms. At T = 300 K, ν0 exp(−Ed

kT
) ≈ 3.10−5 s−1.

During the time interval between two consecutive images
(≈120 s), inserted Si atoms, most likely, do not move. At
T = 400 K, ν0 exp(−Ed

kT
) ≈ 0.8 s−1, and during the same time

interval, all inserted Si atoms have moved through the three-
step process mentioned above. There is thus a remarkable
agreement between our energetic model and the experimental
observations.

V. CONCLUSION

In conclusion, we have performed an extensive STM
investigation of the growth of silicene upon the Ag(111)
surface at different temperatures. Our real-time observations
demonstrate that during deposition the interaction between the
Si atoms and the Ag substrate is much more important than
was previously thought. At 300 K and above, the Si atoms are
exchanged with Ag atoms and are inserted within the top Ag
layer, whereas at lower temperatures they remain above the
Ag surface. The released Ag atoms diffuse on the surface and
eventually attach to the step edges or form new Ag islands.
Such exchange behavior is confirmed by DFT calculations
which show that Si insertion is energetically favored. We have
furthermore developed an energetic model which allowed us
to explain the experimentally observed nucleation and growth
processes at the different temperatures. This model shows
the competition between two modes of growth, resulting in
a specific variation in the island density with temperature.

Finally, at high temperatures, Si islands are progres-
sively developing with some parts displaying the (

√
13 ×√

13)R13.9◦ and (4 × 4) structures, which are stable during
evaporation, and other parts displaying a disordered phase
and a dotted phase, which are not stable and progressively
transform into the two more stable phases. In particular, some
of the observed dots appear to be slightly mobile on the
surface. Our results therefore question the exact structure of
the different phases of silicene on Ag(111) for which possible
alloying with Ag should be considered.
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