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ABSTRACT

We report a combined experimental and theoretical study on the formation of dumbbell
silicene structures on Ag(110). High-resolution scanning tunneling microscopy (STM) reveals a
rich tapestry of adatom-free and -decorated bidimensional silicene phases covering the whole
Ag(110) surface. The most thermodynamically stable silicene models obtained from density-
functional theory (DFT) perfectly reproduce all features observed by STM. These phases
correspond to different Si buckled honeycomb reconstructions ((13x4), c(18x4) and c(8x4))
composed of two periodic motifs common to all structural models. DFT calculations show that
these reconstructions are stabilized by the presence of ordered arrays of Si adatoms adsorbed on
top of silicene in a dumbbell configuration. Grazing incidence X-ray diffraction (GIXD)
measurements confirm the growth of a dumbbell silicene layer. The structure factor values are well
reproduced by a (13x4) model with 4 Si adatoms per unit cell and a slight distortion of the
hexagonal unit cell. Our STM-DFT-GIXD study demonstrates the formation of dumbbell silicene,
a theoretically predicted two-dimensional Si allotrope. This opens up perspectives for tuning the

peculiar properties of silicene.



INTRODUCTION

Since the graphene breakthrough, two-dimensional (2D) materials have become a major field
in materials research, largely motivated by their outstanding electronic and optoelectronic
properties that foresee their integration in a wide range of next-generation devices.! 2D materials
beyond graphene made of elements of Group 14 such as silicon and germanium have experienced
a renewed interest in the last decade due to the similarity between their valence electronic
configuration and that of graphene as well as the widespread use of Si and Ge in the semiconductor
industry. Indeed, theoretical studies have predicted metastable configurations of free-standing
silicene and germanene, the Si- and Ge- based counterpart of graphene, consisting of 2D
honeycomb low buckled structures associated with the presence of a Dirac cone in their band
structure.” The considerable interest in these Group 14 2D materials, from a theoretical and
experimental point of view, has been reinforced by the prediction of a much stronger spin-orbit
coupling than in graphene, favoring more prominent quantum spin Hall effects and by the
possibility of energy band gap engineering.’* These peculiar electronic properties are related to the
presence of a mixed sp?-sp® hybridization, which results in a low-buckled 2D structure, contrary
to the sp? electronic configuration and flat geometry of graphene.> As widely reported, a key issue
for these materials lies in their synthesis. As silicene and germanene cannot be obtained by
exfoliation of the bulk material, a substrate that generally dictates the structure of the monolayer
is necessarily required for the epitaxial growth of Si and Ge 2D sheets.

Although synthesis of silicene has been attempted on several different substrates, including
ZrB>(0001),5 Ir(111),” ZrC(111),8 MoS,,° Ru(0001),'° Au(111)!! and very recently NaCl/Ag(110),
12 silver surfaces have by far achieved the most success. Indeed, the synthesis of silicene has been

reported on Ag(111) in 2012,13:14151617 tooether with the observation in angle-resolved



photoelectron spectroscopy (ARPES) spectra of electronic dispersion similar to the one of
graphene.'® Although it was later shown that the linear features revealed in ARPES measurements
were actually due to the interaction of the Si overlayer with the silver substrate rather than to the
presence of Dirac cone electronic structure,'®!%29-2! these pioneering works have boosted the
experimental and theoretical investigations of silicene on silver substrates in the years to follow.??

The possibility to tune the electronic properties of graphene and especially to open a band gap
has been intensively studied and demonstrated through the formation of graphene nanoribbons
(NRs)»2* or doping of the 2D layer.”>?*® In contrast, very few experimental studies have
demonstrated similar trends for silicene, in spite of the wide number of theoretical studies. In
particular, although silicene NRs were widely believed to form on Ag(110),272%2 the observed
NR reconstruction was later shown to be composed of pentamer chains of Si lying in the missing
rows (MRs) of the substrate.’® As a result, the surface electronic properties are far from those
expected for lateral confinement of a silicene sheet.’3! An alternative way to tune
the silicene properties is via the formation of dumbbell (DB) like structures. These configurations
are built from the original 2D honeycomb structure by adding adatoms at selected lattice sites. DB
structures have been theoretically predicted for honeycomb 2D layers of silicon, germanium, tin
or phosphorus 3233343536 Remarkably, they have been shown to possess a stronger cohesive energy
than their pristine counterparts. In particular, DB silicene has recently been predicted to constitute
the true ground state of 2D silicon.?* Interestingly, the predicted electronic properties of DB
silicene differ from those of free-standing silicene with a gap opening, a spin-polarized ground
state and a very low thermal conductivity 323337 Although dumbbell-like units have been proposed
to form on an exotic 2D Si allotrope with a Kagome-like lattice different from the honeycomb

structure expected for silicene,*® an experimental confirmation of the formation of DB silicene is



still lacking. Indeed, it must be noted that although DB silicene has been proposed to explain the
V3xV3 phase of Si/Ag(111),* a recent scanning tunneling microscopy (STM) and density-
functional theory (DFT) study demonstrated that the observed phase corresponds to thicker films.*

In this article, we evidence the formation of DB silicene. We show that by adding Si atoms to
the Si pentamer chain superstructure grown on Ag(110), this phase transforms into a silicene
single-layer which covers the whole Ag surface and is stabilized by regular DB-like atomic units.
Through a combination of STM, DFT and grazing incidence X-ray diffraction (GIXD), we
demonstrate that the silicene overlayer is composed of honeycomb structures exhibiting different
buckling patterns stabilized by the presence of the adatoms. Our findings give a comprehensive

demonstration of the existence of DB silicene structures.

METHODS

STM. The STM measurements were carried out both at CINaM in Marseille and at ISM in
Rome using the Scienta Omicron STM systems operating in ultra-high vacuum (UHV) (base
pressure 107!% Torr) at T = 77 K or at room temperature (RT), respectively. No significant
differences were observed by probing full or empty states in the applied bias range, or by
modifying the tunneling current or measurement temperature. The STM images were successfully
replicated independently in the two laboratories, demonstrating the robustness of
the measurements. Sample cleaning was achieved by repeated cycles of Ar" sputtering and
annealing at 780 K. Si was evaporated from a direct current heated piece of silicon wafer kept at
1520 K, after preoutgassing at 1070 K for several hours, on the Ag substrate maintained at ~ 483
K. The Si flux was ~ 1.5 monolayer (ML)/h, where 1 ML corresponds to the Ag(110) surface atom

density. All images were subsequently calibrated using atomically resolved images of the



(5%2)/c(10x2) Si superstructure with an accuracy of + 5%. The lattice parameters of Ag(110) are
s, in the [001] direction and aAg/\/Z in the [110] direction where a4, = 4.085 A. The STM data
were processed using Gwyddion software.*' Standard plane subtraction, 1D fast Fourier transform
(FFT) filter and punctually Gaussian averaging were applied to the images.

GIXD. GIXD experiments were performed at the SIXS beamline of SOLEIL synchrotron. The
Ag(110) sample was prepared by repeated cycles of Ar+ sputtering and annealing at T=780 K. Si
was evaporated in the diffraction chamber from a Si rod using a commercial Scienta Omicron e-
beam evaporator with a sample kept at ~ 483 K. The Si flux was kept constant during evaporation
with deposition rate of ~ 2 ML/h. The sample was analyzed with 18.46 keV x-rays at a grazing
incidence angle of 0.2°. The diffracted x-rays were detected by an Adaptive Dynamics hybrid pixel
detector.*> Diffracted intensity was measured by performing rocking scans around diffraction
conditions. We used the "binoculars" software to produce three-dimensional (3D) intensity data in
the reciprocal space from the raw data.** The intensity was further integrated along the direction
parallel to the surface to get the structure factors. For this purpose, the data were fitted with the
product of a Lorentzian lineshape with a Gaussian lineshape, using a home-made software.

In the STM and GIXD chambers, the substrate temperature was carefully determined by
calibrating the sample heater with a thermocouple. The accuracy of the temperature measurement
is + 10 K. The substrate temperature during Si deposition (483 K) was chosen to avoid the
formation of the massive nanostructures called nanodikes and nanotrenches that start to appear
above 490 K and completely replace the pentamer chain phase at 550 K.** As shown in Figure S1
(Supporting Information), the LEED patterns acquired in the different set-ups and associated with

the Si reconstructions presented here are very similar.



Theory. DFT calculations were performed within a plane wave and norm-conserving
pseudopotential framework using Quantum-ESPRESSO.** The local density approximation
(LDA) was used as in previous successful studies on Si/Ag(110) and Si/Ag(111).314547 The kinetic
energy cutoff was 30 Ry. The theoretical Ag lattice constant of 4.075 A was used (experiment:
4.085 A). Si/Ag slabs were modeled using asymmetric slabs containing 5 layers of Ag whose
backmost two layers were fixed to the bulk positions. Structural relaxations followed a tight force
threshold of 2.5 meV/A. Gaussian smearing (0.04 eV) was used to treat metallic occupancy.
Supercells of size (13x4), c(18%4), (8x4), (5%4), and c(8x4) were used along with I'-centred k-
point grids of (2x8), (2x8), (4x8), (8x8), and (8%8), respectively. These yield formation energies
converged to ~1 meV/(1x1) cell. The pentamer chain reconstruction was modeled with 6 Ag layers
(to accommodate the missing Ag row) in a (5%4) unit cell. Constant-current STM images were
simulated using the Tersoff-Hamann approach.*® The surface formation energy y of each Si/Ag

slab of area A containing Ng; (N,4) atoms of Si (Ag) was computed with respect to the Si chemical
potential ug; using

¥ = [Esijag(Nag, Ns;) — Nag EZ™ — No;ug|/A.

Here Eg;/ 44 18 the total energy of the (relaxed) Si/Ag heterostructure, and E j’g”‘ is the energy of a
Ag atom in the bulk. With the exception of the pentamer chain model, the number of Ag atoms
N, is the same in each case. Relative formation energies with respect to that of the clean Ag(110)
surface were then computed for each cell size. In this way, errors related to inequivalent A-point

sampling along the [001] direction in different cells were minimized via cancellation.



RESULTS

STM measurements

We start the experiments by preparing the well-known Si NR superstructure obtained upon Si
deposition on Ag(110) held at 483 K (see 49! for the earliest articles). This 2D layer is composed
of double-strand nanoribbons (DNRs) arranged in an extended (5x2)/c(10x2) superstructure.*-2 It
has been demonstrated that these DNRs correspond to twin Si pentamer chains with 12 Si atoms
per 5 x 2 unit cell (see Figure S4g in the Supporting Information).** This atomistic model was
confirmed by combining GIXD measurements with STM imaging and DFT formation energy
calculations and also supported by a combined high-resolution noncontact atomic force
microscopy (nc-AFM) and tip-enhanced Raman spectroscopy (TERS) study.*¢>* After completion
of the (5x2)/c(10x2) Si overlayer, additional Si deposition at the same temperature leads to the
progressive transformation of the (5x2)/c(10x2) domains into new 2D structures. As described in
the Supporting Information (see Figure S2), our STM observations strongly suggest that during
this process the MR Ag(110) reconstruction associated with the (5x2)/c(10x2) structure is lifted
and the new structures grow on an unreconstructed Ag(110) surface. It should be noted that these
structures appear as nanostripes running along the [110] direction, i.e, parallel to the initial
pentamer chains. Thus, the pentamer chain structure acts as a guide for the growth of the new
structures. Even if the nanostripes do not all have the same pattern, they all appear as a beaded
surface (in blue in Figure 1) with some bright protrusions (in yellow in Figure 1) on top of it,
forming locally ordered domains all having a x4 periodicity along the [110] direction. Considering
their relative apparent height above the other atoms (~ 0.7 A), these bright protrusions can be
assigned, as demonstrated later, to the adsorption of extra atoms on top of the grown nanostripes

and they will be thus denoted adatoms hereafter. As can be seen in Figure 1, the adatoms do not



randomly cover the surface. Firstly, they almost exclusively form pairs (less than 10% of the
adatoms are isolated); secondly, the surface separates into domains where the pairs of adatoms
have formed ordered motifs, and domains free of adatoms.

In domains free of adatoms, the nanostripes display two different widths associated with three
different motifs (see Figure 1 and 2). A “Ladder” motif is associated with a stripe width of 4a,, or
Say, (denoted hereafter Ladder x4 and Ladder x5). The high-resolution STM image displayed in
Figure 2a shows that the Ladder x4 and Ladder x5 motifs have a similar structure. They show
alternating groups of two moderately bright protrusions along the [110] direction. They differ by
a line of three protrusions that appears on the right side of the Ladder x5 motif, resulting in an
extra p2 symmetry axis in the unit cell. The STM images resemble some models of zigzag silicene
NRs on Ag(110) predicted by DFT .24 A second kind of adatom-free domain is shown in the high-
resolution STM image in Figure 2b, characterized by an octagon motif and by a width of 4ay,
(denoted hereafter Octagon). In these adatom-free domains, consecutive Ladder x5 nanostripes are
never found, while alternating Ladder x4 and Ladder x5 nanostripes are often found. At first
glance, these STM images suggest an adlayer reconstruction composed of wide Si stripes or NRs.
However, we note here that, taking a,, =4.085 A and ag; =3.847 A for silicene (see Table S1 and
Figure S3 in the Supporting Information), there is good matching for silicene (5x3) reconstruction
on Ag(4x4) (misfit of 1.9%) and silicene (6x3) on Ag(5x4) (misfit of -2.1%), as well as excellent
matching for silicene (11x3) on Ag(9x4) (misfit of -0.3%) and (16x3) on Ag(13x4) (misfit of
0.4%). As it will be demonstrated below, the observed structures indeed correspond to an epitaxial
silicene layer on unreconstructed Ag(110).

Concerning the domains covered with adatoms, if one assumes that the Ladder and Octagon

motifs correspond to a honeycomb organization of Si atoms, the observed bright features would



correspond to Si adatoms on top of a silicene plane. Indeed, such silicene+adatom sheets have been
first theoretically hypothesized for free-standing silicene and silicene on Ag(111).3>%* It has been
proposed that, similar to Si adatoms on top of the (7x7) reconstruction of Si(111), adatoms form a
DB configuration in which two Si atoms are vertically aligned and equidistant from the mean
silicene plane. Interestingly, it has been shown that the formation of DBs is stabilizing for silicene.
In principle, it cannot be excluded that these adatoms may correspond to Ag adatoms, as it has
been shown for Si growth on Ag(111) that Ag plays the role of a surfactant layer.>* However,
because of the low diffusion barriers computed for Ag on Si(111),> one expects a very high
mobility of Ag adatoms on a silicene sheet, which would be in contradiction with the observation
of very stable STM images of the adatoms-covered domains at room temperature. We anticipate
here that this evidence will be confirmed by DFT calculations (see Figure 4b) reported in the
following section.

As illustrated in Figure 1, the pairs of adatoms are associated to local ordered reconstructions:
a c(8x4) reconstruction with 4 adatoms per unit cell (denoted c(8x4)+4adatoms hereafter), already
reported by some of us,* a (13x4) reconstruction with 4 adatoms per unit cell (hereafter denoted
(13x4)+4adatoms), and a c(18x4) reconstruction with 4 adatoms per unit cell (hereafter denoted
c(18x4)+4adatoms). The presence of a 13x4 phase is interesting and not unexpected, given the
excellent matching between silicene (16x3) on Ag(13x4). Figure 2c suggests that the
(13x4)+4adatoms structure corresponds to Ladder motifs covered with adatoms. From Figure 1, it
seems that this is also the case for the c(18x4)+4adatoms structure. Finally, the adatom pattern that
covers the c(8x4)+4adatoms structure makes it difficult to resolve the atomic structure of the

underlying layer (see Figure 2d).
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To demonstrate the formation of silicene on Ag(110) and to precisely determine the atomic
configurations of the different observed reconstructions, it is however necessary to compare the

STM results with DFT simulations and to perform quantitative surface diffraction measurements.
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Figure 1. STM image (77 K), (370x330) A2, of the Ag(110) substrate after Si deposition at 483
K, above completion of the pentamer chain overlayer. Ladder x4, Ladder x5 and Octagon motifs
are observed in domains free of adatoms, while c(18x4)+4adatoms, (13x4)+4adatoms and
c(8x4)+4adatoms structures are observed on the rest of the surface (the white dashed rectangles
highlight the unit cells). The primitive unit cell of the c(8x4)+4adatoms and c(18x4)+4adatoms
structures are indicated by yellow parallelograms. I = 20 pA, Vmpe = 100mV.
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a) Ladder x5 Ladder x4 N (13x4)+4 ad

b) Octagon c(8x4)+4ad

Figure 2. High-resolution STM images of adatom free motifs: (a) Ladder x5 and Ladder x4 motifs
(I=100 pA, Vsample = 100 mV), (b) Octagon motif (I =5 nA, Vsmple = 200 mV). High-resolution
STM images of adatom-covered structures: (c¢) (13x4)+4adatoms structure (I = 460 pA, Vsample =
-570 mV), (d) c(8x4)+4adatoms structure (I =460 pA, Vsample =-570 mV). The STM images were
acquired at 77 K in (a), (¢), (d) and at RT in (b).

DFT simulations

The STM measurements reveal a variety of surface reconstructions with apparently different
periodicities along [001], making atomistic simulations difficult. Guided by the aforementioned
matching conditions along both [001] and [110] as well as the presence of distinct c(8x4), c(18x4),
and (13x4) domains in the STM images, we performed DFT calculations of periodic silicene
adlayers placed atop c(8x4), c(18x4), and (13x4) slabs of bulk-truncated Ag(110). Due to their

number and size, we report the full set of models in Figure S4 (Supporting Information). They
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correspond to Si coverages of 1.83—1.88 monolayers (ML) in Ag(110) surface atom density. By
varying the in-plane offset of the silicene layer on the Ag(110) substrate, we obtained, following
geometry optimization, the variety of stable structural models shown. For comparison, we also
consider the pentamer double nanoribbons (P-DNR) model (1.2 ML Si) that forms on a MR Ag
substrate,*® and a silicene-like nanoribbon (5x4)-Si NR (1.4 ML Si) discussed elsewhere 284

Our STM simulations for silicene on Ag(110) reveal the presence of two periodic motifs
common to all structural models (Figure S4 in the Supporting Information). These “Ladder” and
“Octagon” motifs span 4 or 5 Ag lattice constants along the [001] direction, depending on the cell
size, and clearly echo the experimental findings. In Figure 3a-c we compare simulated and
measured STM images for typical motifs in adatom-free domains. The agreement is excellent.
Both Ladder and Octagon motifs are found to arise from Si atoms that are buckled upwards due to
their position atop Ag atoms. Dark lines along [110] are revealed to be due to flat Si zigzag chains
lying in the shallow Ag(110) troughs (see black arrows). Thus, the apparent 1D nanopattern
observed by STM is due to local alignments of the continuous silicene layer with the atomically
corrugated Ag(110) surface. The intensity of the corrugation alongside the troughs is also well
reproduced in the calculations. Note that although isolated NRs (see Figure S4h in the Supporting
Information) also naturally produce dark lines, their widths are considerably larger than those
observed experimentally and theoretical STM images of these NRs do not reproduce the
experimental observations. On the contrary, the silicene models reproduce all features observed.
In particular, the high-resolution image in Figure 3b also reveals weaker spots among the rungs of
the Ladder motif. These are well explained by the DFT simulations as arising from lower-lying
Si atoms in the buckled silicene sheet. The calculations also suggest two kinds of Ladder structure:

besides the symmetric motifs shown in Figure 3a, we also identify asymmetric Ladder x5 motifs
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as indicated in Figure 3¢ by crooked lines. It has to be noted that the observation of these patterns
in STM images is based on the presence of a slight contrast between Si atoms inside the Ladder
motif, making them difficult to resolve.

These results strongly suggest the presence of a complete silicene sheet on the Ag(110) surface
at high Si coverages (1.83—1.88 ML). As discussed above, the STM measurements in Figure 1
also reveal a rich tapestry of adatom-decorated domains. For epitaxial silicene, one expects that
these adatoms preferentially adsorb on top of Si atoms that are already below the mean silicene
plane, i.e. those located in four-fold hollow site of the Ag(110) lattice (see Figure 3f). Theoretical
studies on free-standing silicene have shown that the pairs of adatoms located at opposite ends of
the hexagon ring yield a stable geometry.® We thus considered gradual increase in adatom density
via addition of adatom pairs from the lowest coverage possible in our simulations (2 adatoms per
(13x4) cell) to the highest observed experimentally (4 adatoms per c(8x4) cell). For the sake of
completeness, we have also computed similar structures where Ag adatoms replace Si adatoms.

Optimized geometries for the various models studied are shown in Figure S5 (Supporting
Information). The presence of adatom pairs reduces the number of possible silicene geometries
because they indeed lock the DBs into the four-fold hollow sites of Ag(110) (see Figure 3f).
Simulated STM images are compared in Figure 3d and 3e with high-resolution experimental scans
of the (13x4) and c(8x4) domains. The agreement is again excellent, providing a clear confirmation
that the pair of bright spots derive from adatom pairs on the silicene sheet forming DBs above the
Ag(110) hollow sites. Underneath the adatom layer, the simulation shows that silicon atoms appear
to align in Ladder formation rather than as Octagons. We note here that, from the STM simulations

alone, it is not possible to determine the chemical nature of the adatoms: compare for instance
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Figure S5i and S5j in the Supporting Information). However, in the following we will demonstrate
that models with Ag adatoms are energetically unfavored.

Final confirmation of our proposed models is provided by considering their thermodynamic
stability. For each model we calculated the surface formation energy and compared it with those
of the bare Ag(110) substrate and the pentamer DNR model (P-DNR, Figure S4g in the Supporting
Information) known to be stable at low Si coverages. Results for the adatom-free models are shown
in Figure 4a and demonstrate that all models of silicene on Ag(110) become more favorable than
P-DNR above a certain Si chemical potential (higher Si coverage). A quasi-degeneracy is found:
the energy differences between the different models are very small (< 7 meV/(1x1) cell) and close
to the precision of the calculations (~1 meV/(1x1) cell). The larger c(18x4) and (13x4) models
containing Ladder motifs appear slightly more stable, in alignment with the superior lattice
matching demonstrated above for these cells, and correctly reflecting the relative paucity of
Octagon motifs seen experimentally. The results imply that several silicene phases could coexist
on the surface under Si-rich conditions. In contrast, Figure 4a confirms that broken NRs of silicene
[(5x4)-Si NR structure, Figure S4h in the Supporting Information] are completely unfavored. Our
calculations also show that the MR reconstruction of Ag(110), as found in the P-DNR model, is
energetically unfavored to support an unbroken silicene sheet and also leads to a strongly
corrugated overlayer and STM pattern [(5x4)-MR-Si structure, Figure S4i in the Supporting
Information].

The phase diagram for adatom-decorated phases is reported in Figure 4b. Comparison with
Figure 4a shows, above a certain Si chemical potential, a clear gain in energy for the adatom-
decorated phases with respect to the adatom-free phases (delimited by the shaded regions). There

is also a well-defined increase in stability as the adatom coverage increases. The most stable

15



reconstruction overall is the adatom-covered c(8x4) phase on a Ladder-reconstructed silicene sheet
[c(8x4)-L+4adatoms]. In fact, for each cell size, models based on Ladders are more stable, in
agreement with the STM observations (Figure 1 and 2¢,d). Models with Ag adatoms (grey lines
on Figure 4b) instead of Si are proven to be thermodynamically unstable and can be definitively
ruled out. It is instructive to track the change in formation energy (at fixed ps;) for the most stable
phase of each cell size as a function of adatom coverage, as shown in Figure 4c. As the coverage
(per unit cell) increases, the most stable phase alternates between c(18x4) and 13x4 before finally
stabilizing at c(8x4). Curiously, adding adatoms to the 13x4 cell does not result in a monotonic
(negative) increase of formation energy. In fact, for coverages above 0.077 adatoms/(1x1) cell, the
diagram suggests a phase separation into local c(8x4)+4adatoms and (13x4)+4adatoms domains,
as indicated by the dotted line. Nonetheless, the difference in energy between the various models
is very small, and again supports a co-existence of phases. The sample region shown in Figure 1,
for example, has a mean coverage of 0.064 adatoms/(1x1) cell (neglecting isolated adatoms).
According to Figure 4c, this predicts formation of c(18x4)-L+4adatoms and (13x4)-L+4adatoms

structures, both of which are specifically found in ordered patterns in Figure 1.
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Figure 3. Experimental (blue-yellow colormap, top) and simulated (greyscale, center) STM

images and corresponding structural models (bottom). Simulated images are computed at the

experimental bias. The contrast of the experimental STM images has been magnified with respect
to Figure 2. (a) c(18x4) phase showing Ladder motifs. Dotted circles indicate a “rung” due to pairs
of up-buckled Si atoms. (b) A high-resolution image of a Ladder x4 region. Dotted features
indicate weaker spots from lower Si atoms. (c) Partial (13x4) image showing the Octagon motif
alongside a Ladder structure. Note the presence of asymmetric features indicated by crooked lines.
(d) Full (13x4) image with 4 adatoms per cell. (e) c(8x4) pattern at maximum adatom coverage (4

per cell). (f) Local adatom geometry showing DB pair formation at 4-fold hollow site. Unit cells
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are indicated in each panel. The experimental STM images were acquired at 77 K in (b), (c), (d),

(e) and at RT in (a).

a Silicene on Ag(110) b Silicene with adatoms c Adatom phases
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Figure 4. Phase diagram of silicene reconstructions on Ag(110). See Figure S4 and S5 (Supporting
Information) for a full explanation of each geometry. Formation energy Y is plotted with respect
to that of clean Ag(110). The Si chemical potential Y is given with respect to a suitable reference
value, here taken to be the average energy per atom in an isolated Si pentamer nanoribbon. (a)
Pure silicene phases. The range of stability of the pentamer double nanoribbon phase (P-DNR) is
indicated by the left shaded area. (b) Silicene phases decorated with adatoms. (¢) Dependence of
formation energy on adatom coverage for the most stable phase of each cell size at a typical value
of Ap=-1.19¢V. Energy range is indicated by the blue double arrow within inset of (b). The

pathway that maximizes the formation energy for increasing coverage is indicated by dotted lines.

GIXD measurements

Confirmation of the long range ordered geometry of the silicene overlayer is provided by
GIXD measurements. GIXD 1is indeed a powerful technique for the discrimination of
superstructure models and for the refinement of atomic positions. It has been used to confirm

silicene growth on Ag(111) and precisely determine the atomic positions in the unit cells of the
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various superstructures formed.”’*® The (h, k, [) indices used for indexing a reflection in reciprocal
space refer to the Ag(110) surface basis (a,; =4.085 A, b,, =2.889 A, c,, =2.889 A, a = =
¥y = 90°). During Si evaporation at T=483 K, we have followed the evolution of the diffracted
intensity along the h direction at (k = 0,1 = 0.1). The corresponding scans are shown in Figure
5a. The peak at h=1 observed before evaporation corresponds to the crystal truncation rods. As
soon as evaporation starts, diffraction peaks at h = n/5 are observed which are associated with
the formation of (5x2)/c(10x2) domains of Si DNRs.*? When the intensity of these peaks starts
to decrease, another peak appears at h = 1.232 + 0.005 ~ 16/13. The evaporation was stopped
when the maximum of intensity for this peak was obtained, i.e. for around twice the evaporation
time corresponding to the maximum of intensity of the (5x2)/c(10x2) peaks.

At this point, the intensity of the peaks at h = n/5 (n integer) has almost completely vanished.
This indicates that the new structure does not form on top of the Si pentamers of the DNRs, but
that it replaces them. Moreover, it has been shown (see *) that the MR reconstruction of the
substrate significantly contributes to the intensity of the h = n/5 peaks. The vanishing of these
peaks demonstrates that the substrate MR reconstruction is lifted. This conclusion is in agreement
with the growth mechanism suggested by the STM observations of coexisting (5x2)/c(10x2) and
silicene phase domains (see Figure S2 in the Supporting Information). Assuming that the
maximum of intensity of the peak at h=1.4 corresponds to 1.2 ML, the reconstruction measured
would correspond to 2.4 ML. This is higher than the coverage range [1.83—1.88 ML] of the
silicene and DB silicene structures computed by DFT. However, we cannot exclude the fact that
the second structure starts to form before completion of the first one, or that the Si sticking

coefficient is not the same for both structures.
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After the Si deposition, structure factors were measured for both in-plane and out-of-plane

conditions. All measured structure factors could be indexed on the basis of a (13x4) Ag(110)
reconstruction. The full width at half maximum (FWHM) of the peak at (g ,0,0.1) is Ah = 0.023.

Note that this small value excludes the fact that the signal may arise from the superimposition of
diffraction from c(18x4) and c¢(8x4) domains, since they would correspond to peaks at h =1.222
and h =1.25, which are separated by Ah = 0.028. However, we cannot totally exclude the presence
of a low density of c¢(18x4) and c(8x4) domains, having a small size. The FWHM of the peaks is
given by the size of the domains and the dispersion of the lattice parameter Aa/a. From the
different peaks, we estimate the domain size to be 400 A and the lattice parameter dispersion to be

0.01. Along k, the FWHM is smaller (for example, Ak = 0.008 for the (0,2,0.1) peak) and other

contributions to the FWHM, such as the sample size, cannot be neglected.

In the following, the (H,K,L) indices refer to the (13x4) Ag(110) reconstruction
(@y3x4 =53.105 A, bygyy =11.556 A, c,; =2.889 A, @ = f =y = 90°). For in-plane conditions,
excluding substrate spots, significant intensity was only detected for a few set of values, namely
for (H,K) = (16n + 8p, p) (see Figure 5b). From the corresponding measured in-plane structure
factors, we have computed the 2D Patterson map, shown in Figure 5c, which is the electron
density-density autocorrelation function within the surface unit cell:%

P(x,y) = 2Xux|F(H,K)|*cos (2n(Hx + Ky))

The Patterson map is very similar to that of the honeycomb structure: the intensity, normalized to
its value at the origin, is close to 1.0 at the node of the hexagonal unit cell drawn in green, and to
0.25 at the closest interatomic distance, corresponding to the correlation between half of the atoms

of the unit cell. The hexagonal unit cell parameters are a = 3.837 A, b = 3.852 &, y = 120.1°.

20



This is very close to the silicene unit cell theoretical lattice constant ag;jicene = 3.847 A, but also
to the surface unit cell of Si(111) : ag; = 3.840 A. The small distortion of the hexagonal unit cell,
as compared to the one of free-standing silicene, is favored by the good lattice matching with the
Ag(110) substrate. Importantly, we can exclude that the layer corresponds to a diamond-like thin
Si film, such as the one measured on Ag(111), since the Patterson map would be different (see

Figure S7 in the Supporting Information).>*

1 616 7 h
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Figure 5. (a) Evolution of the diffracted intensity measured along the h direction at
(k = 0,1 = 0.1) during Si evaporation. From blue to red: scans at t = 0 s, 18 min, 36 min, 59
min and 76 min. The peak at h = 1 is indicated with a dashed line, the peaks at h = 6/5 and
h = 7/5 are indicated with a dotted line while the peak at h = 16/13 is indicated with a
continuous line. The maximum of intensity of the h = 7/5 and h = 8/13 peaks are obtained for
t =38 min and t =78 min, respectively. (b) In-plane structure factors. Comparison between
experimental (red half-disks) and simulated (black half-disks) structure factors (the substrate
structure factors for integer values of 4 and k have not been drawn for clarity). (¢) Experimental
Patterson map of the (13 x 4) Si/Ag(110) structure. A quasi hexagonal unit cell (a = 3.8374,
b = 3.852A,y = 120.1°) is drawn in green.
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In order to determine the vertical positions of the atoms, we have acquired diffracted intensity
along 25 superstructure rods, corresponding to 16 non-equivalent rods. In addition to the rods
corresponding to the honeycomb cell ((H,K) = (16n + 8p,p)), measurable intensity was also

obtained for satellite rods at AH = +3. This indicates that the honeycomb cell exhibits a periodic
vertical modulation with a period along Ag[001] equal to 13—3 X 4.085 A = 17.70 A, in good

agreement with STM observations of 3 nanostripes per (13x4) unit cell. The rods display weak
modulations, excluding the presence of several Si layers. However, the modulations measured
show that all atoms are not at the same z value. Moreover, the rod profiles display strong
differences from one rod to another, which indicates that the layer buckling cannot correspond to
that of free-standing silicene. Indeed, in the latter case, the modulation of the different rods should
be similar.

We have compared the measured structure factors to theoretical structure factors simulated
from various atomic configurations relaxed by DFT calculations. For this purpose, we have used
only 7 free parameters: a scale factor and two sets of Debye-Waller factors for Si and Ag atoms

along the H, K, and L directions. The agreement between experimental (F4,) and simulated (Fy,)

2
. . 1 Fn—F, .
structure factors is estimated by the value of y2 = ——Y (M) where N is the
Npts—Npar Pts Oexp

number of experimental structure factors, Ny, is the number of free parameters and oy, is the
experimental uncertainty, which takes into account the statistical uncertainty given by the number
of counted photons and an overall 10% uncertainty. We have first tested the most stable (13x4)
configurations identified by DFT. Whereas a good agreement is already obtained with the two
adatom-free silicene configurations tested, Figure S8 (Supporting Information) shows that the best

fit is obtained for the (13x4)-L+4adatoms structure, with y? = 4.7. It corresponds to a R-Factor
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value Rp = = 0.19. The comparison between experimental and simulated structure

SN ps Fexp
factors is shown in Figure 6. The (13x4)-L+4adatoms model reproduces well all variations of
intensities along the diffraction rods, whereas the fit is poorer for the (13x4)-LO configuration.
The intensities of the simulated in-plane structure factors, plotted in Figure 5b, are in excellent
agreement with the experimental ones. Finally, we have verified that no better agreement could be
obtained with the other configurations computed by DFT and having a higher formation energy.
For instance, a model of an incomplete honeycomb stripe in a (13x4) cell, i.e. a wider NR than
that shown in Figure S4h (Supporting Information), does not correctly fit the experimental
structure factors, with y? = 19.2.

The main and most important conclusion from this part is that GIXD demonstrates that the Si
layer formed on Ag(110) corresponds to a DB silicene structure with a small density, equal to

0.077 adatoms per (1x1) cell, predicted by our DFT calculations and observed by STM.
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DISCUSSION

We obtain an excellent agreement between STM observations and simulated images of
silicene and DB silicene phases as well as between the DFT calculation for the (13x4)L+4adatoms
structure and the diffraction data. This demonstrates that the Ag(110) surface is entirely covered
with a silicene layer, which is itself partially covered with adatoms in DB configurations. The
ordering of the observed structures originates from both a local registry between the silicene lattice
and the substrate along Ag[110] with a ratio equal to 3/4 and along Ag[001] with ratios equal to
5/4, 11/9 or 16/13 for the c(8x4), c(18x4) and (13x4) reconstructions, and a periodic organization
of adatom pairs. Moreover, the different structures are shown to have a very similar formation
energy, in agreement with the coexistence of various domains of small size observed by STM.
DFT computations show that the formation energy of the silicene adlayer is lowered by adding
adatoms up to a maximum density which depends on the unit cell (see Figure 4c). The simulations
also show that the silicene layer is distorted to accommodate the DBs on top of four-fold hollow
sites of the Ag substrate. The gain in cohesive energy from DB formation is thus balanced by the
energy of deformation of the silicene layer. This is clearly visible for the (13x4) reconstruction for
which the most favored number of adatoms is 4 per unit cell instead of 6, implying a larger
deformation penalty in the latter case. It also explains why we find a low DB density compared to
the density of host sites on the silicene sheet (see the FDS or LHDS silicene phases proposed by
Cahangirov et al.* or the Si-VI phase of Borlido et al.**), as DBs prefer to form at the fourfold
hollow sites of the Ag substrate. This finding is in agreement with both STM observations and
GIXD measurements. While we cannot rule out that better models of the system exist, they should
only be refinements of the proposed geometries as the presence of a single-layer honeycomb

geometry is demonstrated by GIXD.
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From an experimental point of view, the density of the deposited Si results from the balance
between the incoming Si atom flux and the flux of Si atoms involved in the transformation of the
pentamer NRs into silicene sheets. Ultimately, the geometry that forms locally during the Si
deposition would be determined by the local coverage of Si atoms. Contrary to STM experiments,
we observe only one structure by GIXD. These differences observed between STM and GIXD
measurements could result from the inherently different growth conditions in the two experimental
setups. In particular, a slightly higher substrate temperature, not exceeding 15 K, may have been
used for the Si deposit analysed by GIXD. Indeed, the size of the observed domains is around 400
A, significantly higher than the average domain width measured by STM, as shown in Figure 1.
As aresult, the surface is better ordered with a large majority of (13x4)-L+4 adatoms domains.

It has been demonstrated that Si atoms strongly interact with the Ag substrate upon deposition,
causing Ag atom ejection from the first layer on both the Ag(111) and Ag(110) substrates.>2:0:61.62
Our GIXD measurements clearly show that the MR reconstruction is lifted when the (5x2)/c(10x2)
NR structure is converted into the honeycomb structure. It is not surprising since this MR
reconstruction is intimately linked to the Si NR superstructure and becomes thermodynamically
unstable when this superstructure is removed, as shown by our DFT calculations. Based on our
STM observations, a mechanism is proposed, where Ag atoms of the MR reconstruction are
released, leaving bare unreconstructed Ag(110) areas, and new Ag(110) terraces are concomitantly
formed (see the Supporting Information). It cannot be excluded that additional Ag atom ejection
occurs during the growth of the Si honeycomb structure, as observed for Si deposited on Ag(111)
with the formation of novel Ag(111) terraces.®® Nevertheless, it is important to note that our GIXD
experiments and DFT calculations clearly show that the Si honeycomb structure grows on an

unreconstructed Ag substrate, as for the Si/Ag(111) interface.®’
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We have thus demonstrated the growth of DB silicene sheets on Ag(110). Although quite
challenging, these layers would be of great interest if decoupled from the Ag substrate. Several
approaches have been reported, both experimentally and theoretically, to achieve such decoupling.
For instance, first-principles calculations have shown that hydrogenation and calcium intercalation
can be employed to break bonds between a silicene overlayer and a silver surface.%> A combined
STM, X-ray photoemission spectroscopy (XPS), angle-resolved photoelectron spectroscopy
(ARPES) and first-principles calculations study reveals that the interaction with Ag(111) of the
top layer of a bilayer silicene can be weakened by oxygen intercalation into the Si underlayer.5 It
has also been reported that an epitaxial silicene layer could be detached from the silver substrate
and transferred onto target substrates.®>% We point out that the demonstrated higher stability of
DB silicene compared to pristine silicene will favor the decoupling process of the DB silicene
layer from the substrate. Since both pristine silicene? as well as higher-density DB phases of
silicene®-? are reported to be dynamically stable according to phonon dispersion calculations, we
expect the lower density DB phases identified here will exhibit comparable stability in their free-
standing form.

The synthesis of DB silicene opens new routes to tune the peculiar properties of silicene. For
instance, it has been predicted that DB configuration attributes Si coverage-dependent electronic
and magnetic properties to bare silicene, such as a spin-polarized semiconducting behavior with a
band gap of ~ 80 meV .32 We thus performed band structure calculations to study the effect of the
DBs on a free-standing layer with the atomic configurations identified in our study (see Figure S6
in the Supporting Information). As compared to the pristine free-standing silicene, the electronic

structure for the c(8x4)-L reconstruction shows a small gap opening of 80 meV. Interestingly, a

small gap value (60 meV) is also obtained for the c(8x4)-L+4 adatoms DB silicene. State
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projections onto p, orbitals and DB atoms show that p, contributions are located near the Fermi
level while states localized on DB atoms give contributions at -1.3 eV and -1.5 eV below the Fermi
level. Thus, DB atoms appear as good candidates for tuning the electronic properties of silicene
by charge doping through the DB atom dangling bonds pointing outward from the silicene layer.
More generally, DB silicene structures open new perspectives for tailoring the chemical,
physical and mechanical properties of silicene sheets with molecular attachment. Indeed,
numerous experimental and theoretical works have been devoted to the reactivity of silicene
towards molecular adsorption.t”-%%° For example, the adsorption of NO, O,, NH3, and SO, opens
the band gap of silicene, rendering silicene a narrow gap semiconductor.® The possibility of tuning
the electronic properties of silicene by molecular adsorption makes silicene a promising candidate
as molecular sensor.”®’! From a mechanical point of view, adsorption of H and F reduces the
Young's and bulk moduli of silicene.” Whereas a silicene sheet already presents a high reactivity,
it has been shown that its reactivity is enhanced at defects sites, such as Stone-Wales defects.®’
Interestingly, the high reactivity of DB silicene to hydrogen has already been noted and thus one
should expect an equally strong molecular adsorption on the Si adatoms of the Si layer.”> One may

expect enhanced detection performances for DB silicene deriving from specific adsorption sites.

CONCLUSION

In conclusion, our combined STM-DFT-GIXD study demonstrates the formation of silicene
phases on Ag(110), stabilized by DBs adsorbed at four-fold hollow sites of the Ag substrate. DFT
calculations show that the different structures have similar formation energies, in agreement with

the coexistence of various 2D domains of small size observed by high-resolution STM.
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Nevertheless, GIXD measurements indicate that the control of the growth conditions can lead to
the formation of an extended DB silicene structure whose orientation is guided by that of the Si
pentamer chain domains initially grown on Ag(110). This opens up interesting perspectives for
practical applications such as gas sensing and may offer a realistic platform for exploring predicted
novel topological properties of DB silicene.” Finally, we stress that our work describes a realistic
pathway for synthesizing or identifying DB-stabilized geometries on other 2D

monoelemental Xene materials.
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