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Abstract

Silicene, the two-dimensional (2D) allotrope of silicon, is a promising material for electronics. So
far, the most direct synthesis strategy has been to grow it epitaxially on metal surfaces; however,
the effect of the strong silicon-metal interaction on the structure and electronic properties

of the metal-supported silicene is generally poorly understood. In this work, we consider the

(4 x 4)-silicene monolayer (ML) grown on Ag(111), probably the most illustrious representative of
the 2D silicon family, and show that our experimental results refute the common interpretation of
this system as a simple buckled, honeycomb ML with a sharp interface to the Ag substrate. Instead,
the presented analysis demonstrates the pervasive presence of a second silicon species, which we
conclude to be a Si-Ag alloy stacked between the 2D silicene and the silver substrate and
scaffolding the 2D silicene layer. These findings question the current structural understanding of

the silicene/Ag(111) interface and may raise expectations of analogous alloy systems in the
stabilization of other 2D materials grown epitaxially on metal surfaces.

1. Introduction

Graphene has captivated the world’s attention for its
various outstanding physical and electronic proper-
ties. However, the lack of a band gap limits graphene’s
utilization within electronics. There has been extens-
ive research aimed at inducing a band gap [1-3], but
these efforts often affect the ‘outstanding’ properties
[4]. Silicene, the silicon analogue of graphene, was
predicted to exhibit an electrically tunable band gap
[5, 6], with similarly attractive properties [7]. Mul-
tiple silicene phases have been discovered, first on
Ag(111) [8, 9] and subsequently on other substrates
[10], yet the most studied is the (4 x 4) phase on
Ag(111) [11]—the first phase claimed to exhibit a

© 2022 The Author(s). Published by IOP Publishing Ltd

Dirac-like dispersion [11]. While this claim was later
refuted [ 12], the presence of Dirac cones was observed
for other silicene phases [13]. Nevertheless, the issue
remains controversial for the Ag-supported monolay-
ers (MLs) [14] due to strong interactions with the sil-
ver substrate, which are invoked for both the appear-
ance [15] orabsence [12, 16, 17] of the cone structure.
Understanding the nature of the interaction between
the silicene and the surface is therefore essential to
develop silicene-based electronics.

The currently accepted structure of the (4 x 4)
phase has the Si atoms laterally arranged in a hon-
eycomb lattice with one third of the atoms displaced
above the lower two thirds with an atomic buckling
of 0.75 —0.84 A [18-21] (figures 1(a) and (b)). This
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Figure 1. Literature model (a), (b), LEED (c), and HR-XPS signature (d) of investigated (4 x 4)-silicene/Ag(111). (a) Top and
(b) side view of the buckled honeycomb model that is currently accepted in literature (Si atoms are represented as blue spheres,
Ag atoms as grey spheres). (c) LEED patterns demonstrating the purity and long-range order of the (4 X 4) superstructure
investigated by HR-XPS and NIXSW at the Diamond Light Source. (d) Si 2p HR-XP spectrum (photon energy: 250 eV). The
assignment of the two spin—orbit doublets at higher (blue, Si 2p3/; at 99.4 eV) and lower BE (light blue, Si 2p3/, at 99.1 eV) to
2D-Si and alloy species is discussed in the text. Coverage is estimated to be roughly 0.3 ML (vide infra) based on the 2D-Si: Si-Ag

B 2D-si
[ Si-Agalloy

structure was repeatedly predicted by density func-
tional theory (DFT) [11, 21-24] and experimentally
determined using quantitative low-energy electron
diffraction (LEED-IV) [19], reflection high-energy
positron diffraction (RHEPD) [18], surface x-ray
diffraction (SXRD) [20], and atomic force micro-
scopy (AFM) [21]. However, our work demonstrates
that this model is too simplistic and a silicon—silver
alloy beneath the two-dimensional (2D) silicene layer
needs to be considered.

Strong interactions between silver and silicon are
well established (e.g. [25-27]), with some reports of
Ag-Si intermixing in silicene [28, 29]. Furthermore,
alloying between silver and most group IV elements
is well established (e.g. [30-33]). Thus, it is surpris-
ing that no Si—Ag alloy has been explicitly considered
in the structural models of silicene MLs on Ag(111),
in particular because the insertion and the exchange
of Si atoms into or with Ag has been demonstrated
[34-36]. Strikingly, tin’s silicene-analogue, stanene,

was revealed to grow on an alloyed, rather than bulk-
terminated, Ag(111) surface [32].

In this light, we re-investigated the atomic struc-
ture of (4 x 4)-silicene using a suite of techniques
with structural and chemical sensitivity and con-
clude that there is only one natural explanation for
our observations: a Si—Ag alloy underpins silicene
growth. High resolution x-ray photoelectron spec-
troscopy (HR-XPS) demonstrates two distinct silicon
species, one attributed to silicene, the other domin-
ant at low coverage, both of which persist after the
(4 x 4) phase forms. Comparative Ge studies hint
that this second species is a Si—Ag alloy. Normal
incidence x-ray standing wave (NIXSW) experiments
are not consistent with the literature (4 x 4)-silicene
models and necessitate an additional structural motif:
surface-incorporated Si. Scanning tunneling micro-
scopy (STM) identifies a new Si/Ag(111) phase near
(4 x 4)-silicene, suggesting Si—Ag alloy intrusions
upon which the (4 x 4) phase grows. Finally, DFT
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calculations demonstrate that literature models can-
not explain our results, underlining the need to re-
evaluate the current understanding of the (4 x 4)
phase, and perhaps all silicene phases, on the Ag(111)
surface.

2. Methods

2.1. Preparations

Sample preparation was conducted by repeated cycles
of Art sputtering at 1 kV and annealing in vacuo at
725 K. For Si evaporation, a high-quality Si wafer
was resistively heated using a custom-built evapor-
ator, generating a flux of elemental Si. The evaporator
consists of two water-cooled Cu electrodes, between
which the Si wafer is mounted, and a current is passed
through. Ge was evaporated using a similar custom-
built evaporator, modified to heat a Ta crucible filled
with small Ge flakes, thus yielding a pure Ge flux. The
Ag(111) substrate was kept at 550 K during Si evapor-
ation and 450 K during Ge evaporation. The prepar-
ation conditions (i.e. substrate temperature, evapor-
ation rate and evaporation time) were optimized to
obtain largely single-phase silicene with (4 x 4) peri-
odicity, and the rectangular ¢ (/3 x 7) superstruc-
ture of quasi freestanding germanene, respectively,
as judged by LEED or STM. The measured evap-
oration rate for the silicene evaporation during the
growth of the (4 x 4) overlayer was ~4 pm min~!,
based on a quartz microbalance placed approxim-
ately equidistant to the sample, behind the evapor-
ant. This rate was obtained after an extensive growth
study. The measurements were performed in three
different experimental stations, all with base pres-
sure in the low 107! mbar range. Note that the syn-
chrotron endstations (see below) lack a thermocouple
mounted directly at the sample, hence, there is an
unavoidable uncertainty in the precise substrate tem-
perature. Comparability of the samples at different
experimental stations was ensured via a quartz crys-
tal microbalance monitoring the deposited amount
and verified via LEED. The difficulties in the precise
reproducibility of the distance between the sample
and the evaporator yields an uncertainty of about
+10% on the evaporated amount.

In the following, the coverage is assigned in frac-
tions of MLs, where we use the same definition of
1 ML as [37], namely corresponding to the comple-
tion of the Si wetting layer.

2.2. Experimental techniques

The high-resolution XPS measurements for the cov-
erage dependence of the Si 2p core-level signatures
were performed at the X03DA beamline (PEARL) of
the Swiss Light Source (SLS) in Switzerland [38]. The
HR-XPS data were acquired at room temperature in
normal emission geometry, and the binding energy
(BE) scale was calibrated against the Fermi edge. The
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curve-fitting analysis was performed using a convo-
lution of Doniach-Sunjic and Gaussian line shapes
superimposed on a background built of a constant,
a linear component, and a step-function. For each Si
2p spin—orbit doublet, a spin—orbit splitting of 0.6 eV
[39, 40] and a branching ratio I(2ps/;):1(2p12) = 2:1
(defined in terms of peak areas) were used. For all
individual components the full-widths at half max-
imum (FWHM) were fixed at a similar value of
0.32 eV and only slightly optimized for distinct spin—
orbit doublets. The determined ratio between the
two-dimensional Si species (2D-Si) and Si—Ag alloy
components (vide infra) reflects a convolution of the
actual amount of 2D-Si present on the surface and
the attenuation of the lower-lying Si—Ag alloy phase.
However, we do not expect this attenuation to have
a significant impact on the precise ratio at normal
emission. In any case, it does not change the trend of
the increasing ratio.

NIXSW and HR-XPS spectra of the (4 x 4) phase
of silicene were recorded at the beamline 109 [41]
of the Diamond Light Source (United Kingdom),
which can deliver both hard (2.1-20 keV) and soft
(120-2100 eV) x-rays to the same spot on the sample.
The NIXSW technique exploits the standing wave-
field generated by the interference between the incid-
ent and reflected x-rays at the Bragg condition. The
period of this standing wave matches the interplanar
spacing (dhi) between the Bragg diffraction planes
[42]. In the case of Ag(111), the Bragg diffraction
planes of the (111) and the (111) reflections are coin-
cident with the atomic planes with a layer spacing of
dy11 = 2.36 A. Importantly, the phase of the standing
wave, and thus the location of its maximum intens-
ity with respect to the Bragg diffraction planes, varies
as the photon energy is scanned through the Bragg
condition. Any atom immersed in this standing wave-
field will experience a varying electromagnetic field
intensity as a function of the photoelectron energy
and depending on its position between these diffrac-
tion planes, resulting in a characteristic x-ray absorp-
tion or photoelectron intensity profile. The measured
profile is then fitted uniquely, using dynamical dif-
fraction theory [43], by two dimensionless structure
parameters [44]: the coherent fraction, fhkl, and the
coherent position, phkl. These broadly correspond to,
respectively, the degree of order and the mean pos-
ition (in units of dyy) of the absorber atoms relative
to the Bragg diffraction planes. By measuring NIXSW
data at different Bragg reflections (h,k,I), one can
use the values of ¥ and p”¥ to triangulate the pos-
ition of emitter atoms with respect to the underlying
crystal [44]. Here, we use the (111) reflection (70.5°
inclination from the surface plane) for triangulation.
In particular, the NIXSW experiments were conduc-
ted by monitoring the Si 1s core level while scan-
ning the photon energy across the Bragg reflection of
the (111) and (111) planes at 2.639 keV. Prior to the
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scan, the x-ray reflectivity was measured to determ-
ine the Bragg energy, which was varied in the range
of £5 eV to acquire the scan. The measurements were
taken at four unique spots for each reflection, the res-
ults averaged to improve the signal-to-noise ratio, and
the uncertainty determined by taking the standard
error in the fit at two standard deviations. As with the
XPS, the peaks of individual spectra of the NIXSW
were fitted using a convolution of Doniach-Sunjic
and Gaussian profiles on a background consisting of
a constant, a linear slope, and a step-function. All fit-
ting parameters, beside the intensity and the back-
ground, were optimized before the final fitting and
then fixed, to allow only the intensity to be varied
over the photon energy range. As the FWHM is fixed,
the intensity of each peak was assumed to be directly
proportional to the area and therefore to the pho-
toemission yield. To account for non-dipolar effects
in the angular dependence in the NIXSW an asym-
metry factor, Q, was used. Q was calculated theor-
etically using the average angle 0 as defined in [45]
and weighted by the emission intensity at an off-Bragg
energy (6 = 18° for the (111) reflection and 0 = 15°
for the (111) reflection). The vibrational amplitudes
were calculated using the Debye temperatures of Si
(692 K) and Ag (221 K) and the experimental temper-
ature (100 K) to be 0.033 A for Si and 0.053 A for Ag.
Assuming that the two vibrations are uncoupled res-
ults in a net root-mean-square vibrational amplitude
of 0.062 A; this yields an estimated Debye-Waller
factor of Fpw = 0.986 [46]. The ordered fraction (C)
of the substrate is assumed to be 1. The corrected
coherent fractions are then calculated from the exper-
imentally extracted value as foh = fextracted/ (Fow - C)
[44]. At oft-Bragg energies, the Si 1s core level appears
as a single broad peak, however, as we scan across the
Bragg peak, it becomes clear that the line shape of
the Si 1s changes as a function of the photon energy
(cf. supplementary information, SI, §1, figure S1),
which clearly indicates the presence of two chemically
unique species in the Si 1s, as are observed in the Si 2p
XPS. Additionally, it also shows that the two species
differ structurally, as they result in significantly dif-
ferent yield profiles. Importantly, the chemical shift
of 0.25 eV matches the XPS analysis for the Si 2p core
level.

Both PEARL and beamline 109 utilize a Scienta
EW4000 hemispherical analyzer to detect photoelec-
trons. At beamline 109 the analyzer is mounted per-
pendicular to the incident light in the plane of the
photon polarization (linear horizontal), with the ana-
lyzer entrance slit also parallel to this plane. At PEARL
the analyzer is mounted at a 60° angle with respect
to the incident light (linear horizontal), also in the
plane of the photon polarization, with the analyzer
entrance slit perpendicular to this plane. Section 2 in
the SI details which XP spectra were acquired at either
PEARL or beamline 109.

J T Kiichle et al

The STM measurements were conducted using a
CreaTec instrument in a custom-designed UHV sys-
tem at the Physics Department E20 of the Technical
University of Munich (Garching, Germany). Electro-
chemically etched tungsten tips were used, and all
images were acquired at 6 K in the constant-current
mode of operation. The Ag(111) crystal close-packed
directions were determined with an accuracy of ~4°
by atomically resolving the crystal lattice, imaging
surface dislocations and considering unit cell rota-
tions of known silicene superstructures. The lateral
dimensions were similarly calibrated.

2.3. Theoretical calculations

The DFT [47] calculations were performed using
the approximation B86r-vdW-DF2 [48] to the
exchange-correlation term. The specific choice
of the B86r-vdW-DF2 functional has been taken
based on our recent extensive testing of the h-
BN/Ir(111) and graphene/Ir(111) moiré structures
[49] and other similar structures, such as h-
BN/Rh(111) and h-BN/Ni(111). The computed lat-
tice constant 4.1075 A was used in the calculations.
The slab geometry was applied, with 12-13 A of
vacuum between the consecutive replicas of the slab.
Five layers of the substrate, with the two lowest layers
fixed at the bulk geometry, were used leading to 98
atoms in most of the computed models. The differ-
ent asymptotic potentials from the opposing surfaces
were treated with a surface dipole-correction. A I'
point-centered 6 X 6 mesh of equidistant k points
[50] was used to approximate the integration over
the first Brillouin zone, and the occupation num-
bers were broadened with a Fermi-Dirac function
with a width of 50 meV. The projector augmented
wave (PAW) method [51] was used to avoid the
explicit treatment of the core orbitals in the cal-
culations. The STM images were simulated using
the Tersoff-Hamann model [52], at the bias voltage
of —0.3 eV.

The Quantum ESPRESSO (QE) suite of codes
[53] was employed in the calculations, and the van der
Waals functional implemented as described in [54].
The wave functions were expanded in a basis set of
50 Ry and the density at 400 Ry. The PAW datasets
were taken from the Pslibrary [55]. The code Vienna
Ab initio Simulation Package [56] was used to eval-
uate the core level BEs, within the final state approx-
imation, in the geometries obtained from the QE code
suite.

The simulated coherent fraction and position val-
ues (tables 1 and S2, S3) for the comparison to
NIXSW were calculated as described in [44]. Specific-
ally, the coherent position was calculated as the mean
of the position of the Si atoms, and the coherent frac-
tion was calculated using equation (16) of [44]. For
the geometrical variations, the upwards buckled Si
layer, or the entire silicene layer were offset within
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physically reasonable values and the coherent para-
meters calculated.

3. Results and discussion

3.1. Chemical evidence for a silicon—silver alloy

In figures 1(c) and (d), the (4 x 4) LEED pattern
and the Si 2p core level HR-XPS of (4 x 4)-silicene
are shown. The XP spectrum consists of two spin—
orbit doublets, distinguished by a dominant Si 2p;,
component at 99.4 eV and the low BE shoulder at
99.1 eV, in a 2.6:1 intensity ratio (high:low BE). A
similar XP spectrum has been observed before [13].
Naively, based on the accepted buckled (4 x 4) model
[18-21], the higher BE species could be attributed
to Si in close proximity to the Ag surface, and the
lower BE to more distant Si, with an expected 2:1
ratio for the relative intensities. Silicon nanoribbons
on Ag(110) [57, 58] exhibit such a relationship, yet
this arises from differing coordination numbers of the
Siatoms. Importantly, XPS of silicene on Au(111) and
Sinanoribbons on NaCl thin films found only a single
Si2p doublet [59, 60]. Thus, we question the rationale
of the chemical shift arising from the intrinsic buck-
ling of the 2D-layer. As will be described below, we
instead assign the lower BE component to a Si-Ag
alloy species, and the higher BE one to the 2D-Si.

HR-XPS data as a function of Si coverage
(figure 2(a)) exhibit a clear evolution of the Si 2p line
shape. The relative area ratio of the two doublets var-
ies with coverage and, consequently, cannot simply
be explained by two inequivalent Si species within
the same structure. Instead, two distinct chemical
species must coexist in varying proportion depend-
ing on the total coverage. It is important to note that,
throughout our spectroscopic studies, we do not have
a definitive measure of absolute coverage, and rather
our results should be interpreted in terms of relative
coverage. However, by inspection of the measured
LEED patterns for several preparations, we can, in
comparison to the literature, ascribe certain limits
to the coverages. By doing so, we assign the highest
coverage in figure 2 as 0.4 ML, as described in greater
detail in the SI, §3 and figure S2.

At very low Si coverages, the low-BE species dom-
inates the HR-XP spectrum. Only once higher cov-
erages are reached (~0.08 ML) and ordered domains
are observed in LEED does the high-BE doublet pre-
vail. This behavior suggests that the low-BE species
is the most directly bound to the Ag surface, in dir-
ect contravention of the naive interpretation above,
and is established before ordered silicene forms. It
is also worth noting that both Si 2p doublets on
pristine Ag(111) grow progressively while the Si cov-
erage increases (figure S3), although at differing rates
(figure 2(b)), and have been observed in the presence

of the (4 x4) (figure 1(d)), (\/Bx m)R13.9°
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Figure 2. Coverage-dependent evolution of Si 2p HR-XPS
of Si/Ag(111). (a) The varying area ratio of the doublets
points towards the coexistence of two different surface
species. The spectra were normalized to their respective
maximum and vertically offset for clarity. The photon
energy was 300 eV for the top spectrum, and 250 eV for all
the other spectra. Note that, for the 0.08 ML phase, Si 2p
XPS was obtained at a photon energy of 300 and 250 eV,
and showed no difference in ratio between the two Si
components (see figure S4). LEED data of the two topmost
coverages are shown in figure S2, for 0.005 ML only the Ag
pattern was observed in LEED, while for 0.05 ML LEED was
not attempted. (b) Visualization of the 2D-Si: Si-Ag alloy
ratio of panel (a). The horizontal red line indicates the ratio
of the pristine (4 X 4) phase (figures 1(c) and (d)),
resulting in an extrapolated coverage of roughly

0.3 ML.

(figure 2(a)) and (2\/5 X 2\/5) R30° (figure S5 in SI)
phases.

We interpret the behavior described above by
analogy with the case of germanium on Ag(111).
At low coverages, a GeAg, alloy forms and only
at higher coverages does germanene, the Ge ana-
logue to silicene, develop [61]. Ge 3d HR-XPS of
the alloy shows a single doublet, which shifts by
0.3 eV to higher BE upon germanene development
(SI §7, figure S6). Were the Ge—Si comparison con-
sistent, the lower BE doublet in figures 1 and 2 could
be assigned to Si alloyed with Ag (Si-Ag alloy), the
higher BE doublet to the 2D-Si layer. Similarly, the
Si 2p3/, BE of the well-known Si-Cu(111) alloy [62],
which exhibits a (\/5 X \/5) R30° superstructure, is
98.9 eV (figure 3), similar to the low-BE Si compon-
ent in the investigated (4 X 4) phase. Moreover, the
Ag 3ds/; XP spectrum shown in figure 4 for (4 x 4)-
silicene/Ag(111) exhibits an additional component at
higher BE (0.3 eV), which is also suggestive of Ag—Si
intermixing and presumably alloying. In fact, a sim-
ilar Ag 3ds/; chemical shift was reported for Sn—Ag
alloying [32]. To further support our interpretation,
we grew Si on the GeAg, alloy, resulting in a strik-
ing attenuation of the low-BE doublet, relative to
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SiCu, surface alloy
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Figure 3. Si 2p XP spectrum of the SiCu, surface alloy on
Cu(111) with the known (\/5 X \/5) R30° periodicity [62]
(LEED pattern, top-left inset). Similar to figure 2(a)), the

binding energy of the surface alloy Si 2p3/, component is
98.9 eV. Photon energy: 300 eV.
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Figure 4. Ag 3ds/; XP spectrum of (4 X 4)-silicene/Ag(111)
compared to pristine Ag(111). The Si-Ag alloying is
signaled by a high binding energy component fitted in light
blue. Photon energy: 435 eV.

the high-BE doublet (figure S7). Such behavior sug-
gests that the GeAg, alloy can potentially fulfill the
role of the low-BE species and thus hinder the Si-Ag
alloying.

To test our assumption that the Si-Ag alloy spe-
cies is enclosed by a 2D-Si layer above it, we exposed
both the (4 x 4)-silicene/Ag(111) layer (shown in
figures 1(c) and (d)), as well as a higher coverage layer
comprising both (4 x 4) and (v/13 x v/13) R13.9°
silicene, to oxygen, namely 100 L (where 1 L, Lang-
muir, is defined as 107® mbars) at RT, and 1200 L at
~473 K, respectively. Silicene is not chemically inert
and its oxidation has been reported previously [63—
65], however, our XPS study (figure 5) results in a sig-
nificant reduction of only the higher BE component,
which we have assigned to 2D-Si, accompanied by the
rise of one or more oxidized Si components at higher
BEs. Conversely, the lower BE component remains
largely unaffected, hence this phase is hardly oxid-
ized. It seems likely that this component is already in
a stable bonding with the Ag substrate and thus is not
easily oxidized.

Taken together, all the spectroscopic evidence col-
lected above for silicene in different phases and cover-
ages, as well as oxidized silicene points towards a scen-
ario where an alloy precursor accompanies the growth
of 2D-Si at all coverages and is possibly necessary for
such growth.

J T Kiichle et al

3.2. Testing the accepted honeycomb model and
providing structural evidence for the Si-Ag alloy
NIXSW [44] exploits the x-ray standing wavefield
created by the interference of incident and reflected
waves around the Bragg condition for a given (h, k, I)-
reflection. By varying the phase of this standing
wave and analyzing the thus modulated photoelec-
tron yield [44], the positional distribution of a spe-
cies can be determined relative to the Bragg diffrac-
tion planes [42]. Ultimately, NIXSW data are reduced
to two parameters for each reflection: a coherent frac-
tion (fhkl) and a coherent position (p”*), which can
broadly be considered as the order factor and mean
position, respectively, relative to the Bragg diffraction
planes. Both parameters take values between 0 and 1,
and p"™ is related to the real-space position d by:

d= (n +phkl) dhkb (1)

with djy being the distance between the Bragg dif-
fraction planes, and 7 an integer value. Note that p*
of 0 and 1 are equivalent and correspond to an x-
ray absorber atom lying on the extrapolated scattering
planes. If the scattering planes are parallel to the sur-
face, n = 0 defines the closest height range above the
surface plane, whereas n = 1 refers to the first extra-
polated plane above, etc. Moreover, reflections from
planes non-parallel to the surface deliver information
on the absorber’s lateral registries with respect to the
substrate. We acquired Si 1s NIXSW data from the
(111) and (111) reflections (figures 6(a)—(d)) after
formation of (4 x 4)-silicene (LEED in figure 1(c)).
As with the Si 2p data, the Si 1s core level was decon-
voluted into two species (figure S1), Si—Ag alloy and
2D-Si. The respective ™ and p”* values are listed in
table 1.

For the (111) reflection, probing the adsorption
height directly (figure 6(e)), p'! is close to 0 (or
1) for both Si components; namely, both species lie,
on average, close to either the true (n = 0) or extra-
polated (n > 0) (111) lattice planes of the substrate.
However, both components differ in f'!!, with ;lll(lyy
close to unity and f}}} ¢, around half that value. For
the (111) reflection, probing the lateral ordering of
the system (figure 6(f)), p''! is also found close to
zero (or unity) for both species, but compared to
their respective f''' values, while f1l! o is almost
unchanged, Z]ll(l)y is strongly reduced to ~1/3.

The 2D-Si (111) NIXSW results support a
buckled film above the surface. Based on LEED-1V,
RHEPD, SXRD, STM, AFM and DFT, most studies
suggest a honeycomb structure with 18 Si atoms per
unit cell, comprising 12 downwards buckled and 6
upwards buckled atoms [11, 18-21, 23, 24, 66-71].
Using 0.06 A rms vibrational amplitudes (see
section 2) and assuming a 2:1 ratio of lower to higher
buckled Si atoms, a buckling of 0.87 A is extracted
from the measured f3)) ¢ (primarily probing the
structure out of plane). This value agrees well with
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Figure 5. Oxidation of silicene/Ag(111). (a) Area-normalized XPS$ data of the Si 2p core level for the pristine (4 x 4)-silicene
phase as of figures 1(c) and (d), and after exposure to 100 L of oxygen at RT, and for a higher coverage silicene phase consisting of
(4 x 4)and (\/ﬁ X 1/13) R13.9° phases, and its exposure to 1200 L of oxygen at a sample temperature of ~473 K. The data
have been normalized to the area of the fitted Si components, background-subtracted and vertically offset for better visibility.
Note that, due to different measurement configurations, the XPS intensity between the pristine (4 x 4) and the high-coverage Si
cannot be directly compared. (b) Fit to data for the pristine (4 X 4)-silicene phase before (replicated from figure 1(d)) and after
oxygen exposure. Notably, after exposure only Ag spots were observed in LEED (not shown). (¢) Fit to data for the (4 x 4) and
(\/ﬁ X \/ﬁ) R13.9°-silicene phase before and after oxygen exposure. The inset depicts the LEED pattern before oxidation.

LEED was not acquired after oxidation. Photon energy: 250 eV.

the range reported in literature (0.75-0.84 A) [18-21]
and corroborates the assignment of this species as 2D-
Si. However, as shown in table 1, a simple honeycomb
structure, or any model proposed in the literature
[11, 18-24, 66-72], cannot explain the determined
111 values, sensitive to the lateral registries of the
Si atoms.

In this regard, it is worth noting that even consid-
ering the Si 1s spectrum as a single peak, i.e. disreg-
arding the need for two distinct features (figures 1(c),
2(a) and S1) and thus assigning the entire Si signal
to the silicene layer, would not match the literature
models (section 9 of the SI, figure S8 and table S1).

In addition, modifications to this model, e.g. by
varying the adsorption height, the buckling, or the
lateral position of the rigid silicene layer, do not
lead to significant improvements in the agreement
with the experimental data (figure S9). Similarly,
alternative models, either without buckling [19, 22],

including H-atoms [19, 72], or stacking the Si atoms
across four sublayers, denoted as (4 x 4) - 5 phase
[24, 67], cannot reproduce all experimental NIXSW
values. Consequently, there is a striking discrepancy
between the NIXSW data and the various proposed
structures in literature, such that our NIXSW res-
ults are incompatible with the generally accepted sili-
cene model. It is important to clarify that the registry
of the six upwards buckled atoms is likely incontro-
vertible, as they can be clearly distinguished by STM
or AFM, and our data agree on the apparent size of
the reported buckling in height (see above). However,
the NIXSW results demand the lateral position of the
downwards buckled Si layer needs to be amended.

It is worthwhile to remark that NIXSW is a
direct structural methodology and is thus model-
independent, hence the measured coherent fraction
and coherent position are the structural parameters
of the surface that was studied. SXRD, LEED-IV and




10P Publishing

2D Mater. 9 (2022) 045021

J T Kiichle et al

Si-Ag alloy

2D-Si

XSW field

a) &

N

(111)

[\

—_

A 0

4 -2 0 2 4 6

(=)

atoms are represented as blue spheres, Ag atoms as grey spheres.

b)

— 2 2

> e mco— o l D 1

J\ 0 0

4 2 0 2 4 o6 4 2 0 2 4 6
E-E E-E Vv

Bragg (eV) Bragg (e ) _____ p:(). 67
reflectivity ® absorption profile — Bzg /’i

fitted reflectivity fitted absorption

Figure 6. NIXSW absorption profiles of (4 x 4)-silicene/Ag(111) for quantitative structural analysis. (a), (c) (111) reflection with
scattering planes parallel to the surface. (b), (d) (111) reflection with scattering planes inclined by 70.5° with respect to the
surface. (a), (b) Si-Ag alloy species. (¢), (d) 2D-Si species. The energy scale is defined relative to the Bragg energy. The structural
parameters of the fitting are listed in table 1. The respective reflectivity curves (light grey, fitted curves in black) are reported in
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Table 1. Comparison of NIXSW structural parameters for the two spectral species of (4 x 4)-silicene from the (111) and (111)

reflections®, and calculated DFT structures of published models.

Adsorption ) .
Experiment M p' height (A) fu p'!
Si—Ag alloy (component 1) 0.95+0.04 0.01£0.02 0.00/ 2.36 0.33+0.03 0.94+£0.02
2D-Si (component 2) 0.50 £0.07 0.97 £0.04 Siq-b :2.97 Siib: 2.10 0.51£0.06 0.96 £0.03
(mean : 2.29)
DET structure Fn pit fm pit
Buckled honeycomb 0.53 —0.66 0.97 —0.05 0.12—-0.15 0.58 —0.61
[11, 1821, 23, 24, 66-71]
(4 x 4) - 8 honeycomb 0.59 0.99 0.09 0.55
(24, 67]
Non-buckled honeycomb 1.00 0.95 0.01 0.40
(19, 22]
Hydrogenated honeycomb 0.79 0.99 0.13 0.84
[19,72] (1.00)° (0.95)° (0.19)° (0.32)°

2 Note that a coherent position (p) of 0 is equivalent to 1; a coherent fraction (f) of 1 indicates perfect order; the (111) reflection is only
sensitive to the height of the given species above the surface; the (111) reflection is also sensitive to the lateral periodicity.

b Sit and Siy are defined schematically in figure 1(b).

¢ DFT-relaxation resulted in a significant change in structure of this model from the starting values, the numbers in brackets are those of

the unrelaxed published structure.

RHEPD, in contrast, all require an approach with a
series of trial-and-error modeling to arrive at the cor-
rect structure. In other words, these techniques, like
DFT, will never converge on the correct structure if
they are not provided with the correct base struc-
ture. As such, they are ‘imagination limited’ and, as
there was no prior expectation of a Si-Ag alloy, its
inclusion in the modeling of the SXRD, LEED-IV and
RHEPD data would have been counter-intuitive. In
view of our work, a reanalysis of these data, including

a Si—Ag alloy, would be illuminating. While NIXSW
cannot be used to determine the whole structure dir-
ectly, as can be achieved with SXRD and LEED-1V, the
true structure must possess the same coherent frac-
tions and coherent positions as measured by NIXSW.
NIXSW, however, unlike SXRD and LEED-IV will
probe all Si atoms on the surface, rather than being
dominated by those present in the ordered overlayer.
As such NIXSW cannot differentiate between the
(4 x 4) overlayer and any notable secondary overlayer
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on the surface, which could be the origin of the dis-
crepancy between NIXSW and the structures from
the published models, but, as discussed later in this
article, we do not believe that this is likely. Nor can
NIXSW tell us that the Si-Ag alloy is present in the
(4 x 4) mesh, for that we turn to STM in the follow-
ing section.

For the Si-Ag alloy, the high f}j, suggests that
all atoms of this species lie at a similar height. There-
fore, it is important to understand whether this height
is equiplanar with the Ag surface atoms (n=0) or
adsorbed above the surface (n > 1)? As this species
grows first on the surface (as described above), it
is unlikely that it lies significantly above the 2D-Si
film, excluding the case n > 1. Similarly, if n = 1, the
Si—Ag alloy species would lie on the surface at an
adsorption height roughly in the middle of the 2D-
Si buckling, assuming n,p . = 1. While this is not
a priori impossible, it is hard to rationalize why Si
atoms that differ in height by 0.87 A would exhibit no
BE shift, yet a species that lies between them would
be shifted by ~0.3 eV. Therefore, the simplest con-
clusion is n =0, i.e. this species is indeed incorpor-
ated into the surface layer of silver at the same out-
of-plane height as the Ag atoms, forming a Si-Ag
alloy.

The low Iuy value, on the other hand, excludes

allo

that this alloy is purely substitutional, which would

result in a lel(l)y value close to unity (see in the SI:

§11,12, incl. tables S2, S3 and figures S10-S16). In
particular, considering high-symmetry sites for the Si
occupation, only a mixture of substitutional and sur-
face bridge sites would match the data satisfactorily
(table S2, figure S10).

In summary, not only does NIXSW exclude
all literature-proposed structural models, but also
strongly underpins the presence of a substantial Si
alloy species that is co-planar with substrate Ag
atoms.

3.3. Discovery of a new phase of potentially pure
Si-Ag alloy

As discussed above, the Si-Ag alloy species is the
dominant phase at low coverages, thus an extens-
ive STM study in the sub-ML coverage regime was
performed to try and identify its origin. At ultra-
low Si-coverages (<0.1 ML), where ordered silicene
phases have not yet developed, Si atoms aggregate
into small clusters and islands that contrast darkly
on the Ag terraces. With increasing coverage, these
regions grow in size and partially feature a local order-
ing of hexagonal rings, as shown in figure 7(a), before
a well-defined extended hexagonal pattern emerges
(figure 7(b)). This phase cannot be attributed to any
of the known silicene superstructures published to
date. Note that isolated Si adatoms were not detected
in the wide range of investigated coverages. At Si cov-
erages in the ~0.1 ML range, ordered silicene phases
begin to form (figure 7(c)). Occasionally (<10%),

J T Kiichle et al

Figure 7. (a)—(c) High-resolution STM evidence of new
phase of potentially pure Si-Ag alloy. Previously unreported
phase of Si assembly on Ag(111) without (a), (b) and with
(¢) adjoining (4 X 4)-silicene. The same periodicity of this
novel phase is revealed at different Si coverages (figure S17).
(a) Low coverage (<0.05 ML): Si forms isolated islands with
local ordering that follows the Ag closed-packed directions
(black lines). The inset has a modified contrast to highlight
this newly discovered phase. (b), (c) Higher coverage (~0.1
ML): the local ordered Si islands grow in size (b) and the

(4 x 4) superstructure develops, occasionally (<10%)
revealing the novel phase at the border with a Ag step edge
(¢), also see figures S18 and S19. In (a)—(c), the length of
the repeating unit of this phase is 7.5 4- 0.4 A. Imaging
parameters: (a) 133 x 75 A2, 1.20 V, 0.07 nA; (b)

156 x 88 A%, —0.05V, 0.07 nA; (c) 78 x 78 A%, —0.25V,
0.10 nA.

at these coverages, the same novel motif shown in
figures 7(a) and (b) was found neighboring (4 x 4)
islands (figures 7(c) and S17-S19). Above 0.3 ML
this new phase is no longer observed, and increas-
ing Si deposition only extends the size of the (4 x 4)
islands and leads to the formation of additional sili-
cene superstructures (e.g. (\/Ex \/E)R13.9° or
(2v/3 x 24/3) R30°) [21].

9
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Figure 8. Schematic model of (4 X 4)-silicene growth. At low coverages, a Si-Ag surface alloy forms, providing the basis for 2D-Si
growth at intermediate coverages. At high coverages, the surface is covered with 2D-Si, while the Si—Ag alloy persists, as scaffold

for the stabilization of the 2D-Si.

This newly discovered phase is discussed in
greater detail in section 13 of the SI, and is
characterized by a repeating unit of the hexagonal
structure of 7.5+ 0.4 A. Were such repeating unit
the true unit cell of this phase, it would correspond
to a (2.6+0.2x2.6+0.2) superstructure on the
Ag(111), see figure S18. The repeating unit of the
rings in the STM of this novel phase are 35% smaller
than the (4 x 4) phase. Since this novel phase appears
predominantly at low coverage, which according to
our coverage-dependent HR-XPS is dominated by the
Si—Ag alloy species (figure 2(a)), we propose that this
phase is a pure Si—Ag alloy. This assignment is con-
sistent with the lower apparent height of this phase
in the STM measurements, as shown in figure S19,
and suggests that the pure Si—Ag alloy phase does not
simply occupy substitutional Ag sites in the Ag(111)
surface (unlike the other group IV alloys), as the
NIXSW results indicate. Instead, the Si-Ag alloy is
more densely packed and must reconstruct or strain
the Ag(111) surface.

Importantly, we only observed this phase either
before formation of (4 x 4) domains (figures 7(a) and
(b)), emanating from the (4 x 4) phase (figures 7(c)
and S19) or within (4 x 4) domains (figure S17). This
finding strongly suggests that it is a precursor from
which the (4 x 4) structure grows. In other words,
not only is the Si-Ag alloy species present in the
(4 x 4) phase, but this alloy also acts as a scaffold from
which the silicene grows. Moreover, it is important
to note that, at no point did we ever observe large
domains of this (2.6 £0.2 x 2.6 +0.2) phase in the
STM, nor were any additional spots observed in the
LEED data, pointing towards this newly discovered
phase being intrinsically limited in size. This could
indicate that the Si—Ag alloy exhibits significant strain
due to the apparent large mismatch in the period of

10

the repeating unit and the underlying substrate, thus
once a certain size limit is reached it may be far more
energetically favorable to grow 2D-Si on top of the
Si—Ag alloy, than to expand the pure Si—Ag alloy pre-
cursor phase. We extrapolate, that the Si-Ag alloy is
altered into a (4 x 4)-phase, when this threshold cov-
erage is reached. The observed behavior is in distinct
contrast to the other Group IV alloys with Ag, where
large, ordered alloy islands are observed in both STM
[31-33, 73, 74] and LEED (figure S6(d)). Moreover,
in the germanium case, 2D-growth begins to occur
once a high coverage of the alloy is achieved and deal-
loying takes place (figure S6). Here, instead, as soon as
the 2D-Si begins to grow, expansion of the Si islands
results in both the 2D-Si and Si—Ag alloy growing con-
comitantly (figure 2).

Finally, DFT simulations of STM images for Si
alloy atoms in substitutional sites indicate compar-
atively minor changes to the expected appearance in
the majority of cases (SI, §12), and all bear a strik-
ing resemblance to similar such calculations for the
current literature model of (4 x 4) silicene [75, 76]. It
is indeed unlikely many authors would fail to ascribe
good agreement between the various simulated STM
images in figure S13 and the STM data present in the
literature, which highlights the danger in assigning
structural motifs by STM and DFT alone [77].

3.4. What the alloy must look like

It is important to recognize that the only phase
present in the LEED shown in figure 1(c) corres-
ponds to a (4 x 4) superstructure. Thus, the Si-Ag
alloy species must either be composite with the 2D-
Si species in the (4 x 4) islands or only be present
in phases that are either too disordered or too small
to be seen in LEED. While, at very low coverages,
STM indicates the presence of poorly ordered Si
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phases, once the (4 x 4) islands (and other known
phases) begin to grow, the boundaries between sili-
cene and Ag are clearly established without disordered
areas in-between. The only other observed phase is
the newly discovered (2.6 £0.2 x 2.6 £0.2) phase,
which is always in minority on the surface (<10%)
and was only ever observed at low Si coverages (<0.3
ML). Thus, at the investigated coverage of the (4 x 4)
phase (figures 1(c) and (d)) the HR-XPS and NIXSW
measurements should be almost entirely dominated
by the (4 x 4) phase. Yet the HR-XPS/NIXSW meas-
urements indicate that a substantial proportion of Si
atoms are alloyed with silver. Therefore, the combin-
ation of our HR-XPS, NIXSW and STM results all
lead to a single conclusion: a Si-Ag alloy is part of
the (4 x 4) phase and must lie beneath the 2D-Si film.
Thus, in the context of the (4 x 4) phase, what do we
know of the physical properties of the Si-Ag alloy?

From the NIXSW measurements, we estimate that
there are ~3 2D-Si atoms per 2 Si alloy atoms (SI,
§14). Thus, assuming 18 Si atoms in the 2D-Si layer
as in the honeycomb model, this would amount to
about 12 Si alloy atoms below the (4 x 4) cell. This
high Si:Ag ratio in the first layer may indicate that
the Si—Ag alloy is not just present at the surface
but potentially extends into sub-surface Ag layers,
though it is important to highlight that stoichiomet-
ric assignments from XPS have a significant asso-
ciated uncertainty. Additionally, the NIXSW results
from the (111) reflection, and the newly discovered
(2.6 £0.2 x 2.6 +0.2) phase, both point towards the
Si atoms in the alloy not simply occupying substitu-
tional Ag sites. In particular, NIXSW data suggest a
mixture of substitutional and bridge sites. It seems
likely that the Si alloy atoms interact with the 2D-Si
atoms, preventing decoupling of this layer from the
Ag(111) substrate. This would also agree with the
introductory remarks about the strong interaction of
silicene with the Ag substrate, invoked to justify both
the appearance [15] and the absence [12, 16, 17] of
the Dirac cone structure.

Deductively, the presence of this Si-Ag alloy
would mean that Si on Ag(111) behaves similarly
to Ge and Sn: at low coverages a surface alloy is
formed, which provides the basis for the 2D phase at
higher coverages. However, while Ge de-alloys com-
pletely [61], the Si—Ag alloy would pervasively persist
at higher coverages, providing the basis for the sta-
bilization of silicene on top, similarly to the stanene
growth on SnAg, [32]. Hence, the Si—Ag alloy may act
as both scaffold and foundation for the 2D-Si film, as
schematically depicted in figure 8.

4, Conclusions

We have presented a multi-faceted investigation of
the most studied silicene phase, (4 x 4)-silicene on
Ag(111). The presented experimental results are
incompatible with the generally accepted (4 x 4)
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honeycomb model, instead indicating the additional
presence of a pervasive Si surface alloy, located
beneath the 2D-Si layer. The Si-Ag alloy exhib-
its a characteristic fingerprint in both HR-XPS and
NIXSW, with an energy shift towards lower BEs relat-
ive to the non-alloyed atoms and in good agreement
with Si/Cu(111) and Ge/Ag(111) alloys. The NIXSW
analysis shows that the silicene layer is significantly
buckled, with a buckling of about 0.87 A, agreeing
well with previous structural studies and DFT calcu-
lations. However, the XSW results cannot be recon-
ciled with the honeycomb-like models found in the
literature, which would all yield considerably lower
coherent fractions from the (111) Bragg reflection.
In STM, at intermediate and high Si coverages, the
(4 x 4)-silicene does not coexist with any other sep-
arate phase, ordered or disordered, and LEED indic-
ates the exclusive presence of a (4 x 4) superstructure
on the surface. We therefore infer that the Si-Ag alloy
must lie below the 2D-Si layer, although its structure
remains elusive.

Furthermore, the evidence of alloying implies that
previous studies into silicene’s electronic structure
must be reconsidered, as interaction with underly-
ing Si will certainly alter the conduction and valence
bands of the silicene [78]. It is even questionable
whether the 2D-Si can be regarded as 2D material
at all, as it would be making strong chemical bonds
well outwith the 2D plane that defines the layer.
Finally, the role that we propose for the Si—Ag alloy
in the growth of silicene, and the role that the Ge-
Ag, Sn—Ag and Sn—Au alloys play in the growth of
germanene and stanene [32, 61, 79], suggest that the
alloy scaffolding of 2D materials may be a common
phenomenon on metal surfaces and have implications
for delaminating these films from their growth sub-
strate, which has been achieved for hydrogenated and
oxidized silicene and gemanene [80]. Ultimately, sili-
cene on Ag(111) may have more in common with Ca
intercalated Si or Ge [81, 82], than ideal freestand-
ing silicene. Elucidating the interaction between such
alloy phases and the 2D-layer is crucial for under-
standing the manifestation of strong interfacial inter-
actions, which profoundly affect the electronic struc-
ture of silicene, and to control the growth and prop-
erties of these films.
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