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Stability and Electronic Characteristics of Epitaxial Silicene

Multilayers on Ag(111)

Neil W. Johnson,* David Muir, Ernst Z. Kurmaev, and Alexander Moewes

In this study, the stability and electronic characteristics of epitaxial silicene
bilayers and multilayers on the Ag(111) surface are investigated through
synchrotron-based soft X-ray emission and absorption spectroscopy and first-
principles, full-potential density functional theory simulations. The calcula-
tions predict a novel tristable AA-stacked bilayer structure that can explain
the (V3 x V3)R30° honeycomb topography commonly observed through
scanning tunneling microscopy and noncontact atomic force microscopy.

It is reported that the electronic structure of this epitaxial bilayer is similar
to those of epitaxial monolayers on Ag(111), namely, metallic and showing
significant interaction with the underlying substrate. However, the soft X-ray
spectroscopy experiments suggest that during multilayer growth a majority
of the epitaxial silicon reverts to a bulk-like state, a result that has significant
implications toward the existence of large-area epitaxial silicene multilayers.

1. Introduction

2D electronic materials such as graphene and its silicon-based
analogue silicene have been the focus of intense research of late
due to their unique set of electronic, magnetic, thermal, and
mechanical properties.'Z As freestanding sheets of silicene
are yet to be observed, research into this promising new mate-
rial has generally fallen into one of two camps: theoretical
simulations of freestanding silicene with a variety of external
conditions and chemical modifications, and the experimental
characterization of epitaxial 2D silicon sheets deposited on var-
ious substrates.

Theoretically, freestanding silicene is expected to possess a
Dirac cone electronic structure similar to that of graphene,>
albeit with a small but finite bandgap opening due to the effects
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of spin-orbit coupling.’! This suggests
that if stable freestanding silicene were
to be realized, it should be a candidate for
many of the same applications for which
graphene is currently being considered.
In fact, silicene may even have some
advantages over its carbon-based counter-
part. Its inherent buckling could allow for
bandgap control,l® spin polarization con-
trol,”} and an ambipolar field effect’® all
through the application of a gating voltage
on an undoped freestanding silicene
sheet. In addition, the transition to 2D
electronics design and manufacturing
should be much smoother if it remains
based around the same element (silicon)
as current 3D processes.

On the experimental side, honeycomb
monolayer (ML) lattices of Si atoms have been observed on
the Ag(111) face,®13 the Ir(111) face, MoS,,"" and the ZrB,
(0001) face.' Further, stable MLs have been theoretically pre-
dicted on SiC(0001)['”] and h-BN.['18] However, the degree
to which these epitaxial MLs actually represent freestanding
silicene has been called into question. The most thoroughly
studied epitaxial silicene samples are those deposited on
Ag(111), which were first observed in 2012 when Vogt et al.¥
reported a (3 X 3) silicene supercell commensurate with the
(4 x 4) Ag(111) supercell (hereafter referred to as the (3 x 3)/
(4 x 4) ML). Since then, a number of rotated (V7 x V7)R19.1°
silicene MLs have been identified on the (V13 x V13)R13.9°
Ag(111) supercell®1219 (hereafter the (V7 x \7)/(N13 x V13)
ML), and an unstable and highly defective (N7 x \7) silicene
reconstruction on the (2V3 x 2\3)R30° Ag(111) cell.?” Initially,
it was thought that the prototypical (3 x 3)/(4 x 4) ML bore the
hallmarks of a Dirac cone in its electronic structure.’®! However,
it has now been shown that these ML configurations result in
a metallic Si sheet interacting significantly with the underlying
Ag substrate. As such, the resulting electronic structure is not
desirable for 2D electronic applications. This result has now
been reproduced through a number of theoretical and experi-
mental techniques, including density functional theory (DFT)
calculations,[*21-23] angle-resolved photoemission spectroscopy
(ARPES),?2l scanning tunneling spectroscopy?* (STS), and
soft X-ray emission and absorption spectroscopies!*} (XES and
XAS, respectively). Epitaxial silicene ML research now primarily
focuses on functionalization of the ML in order to weaken its
interaction with the Ag(111), or ML silicene deposition on alter-
native, typically nonmetallic substrates.

Recently, a major development in silicene research occurred
when the first silicene-based transistor was manufactured and
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characterized, representing the first time epitaxial silicene has
been observed away from its growth substrate.?>) Though the
charge carrier mobility in the device was much lower than the
theoretically predicted values for freestanding silicene and the
monolayer rapidly oxidized after exposure, this achievement
serves as an important step toward realizing silicene-based
technology. Passivation from atmospheric oxygen and the influ-
ence of the growth and transistor substrates will be essential
to improving the performance and stability of silicene-based
devices. Production of a silicene multilayer could serve both of
these purposes simultaneously, and it has even been suggested
that a multilayer of silicene grown on the Ag(111) surface
might be host to a Dirac cone electronic structure.2¢:27]

Scanning tunneling microscopy®?*?l (STM) and low-
energy electron diffraction?®3°1 (LEED) patterns from depo-
sitions several times longer than what is required to create a
ML indicate the formation of a structure with a (V3 x V3)R30°
periodicity relative to the (1 x 1) silicene ML unit cell, report-
edly reconstructing through the deposition of enough Si to
form tens of additional layers.3!! These structures are most
often reported as having a hexagonal honeycomb appearance
in STM, though the chemical nature of the tip apex can cause
them to appear inverted in contrast, instead resembling a tri-
angular lattice of large, bright points.!l It has been suggested
that the observed (V3 x V3)R30° pattern could be a result of so-
called “dumbbell” Si sites in an otherwise flat Si sheet, which
is a highly stable configuration for isolated monolayers.[3%33
However, it is uncertain whether such a structure will exist on
the Ag(111) substrate or can stack to form a multilayer.

Presently, there are two favored interpretations of the
observed (V3 x V3)R30° periodic structure: multilayer epitaxial
silicene and bulk-like layers of Si(111) with an Ag-terminated
surface. Bilayer (BL) silicene has been previously predicted to
assume an AB-stacked configuration with a triangular lattice
of protruding Si atoms in the upper layer.*¥l This structure is
tristable with a small energy barrier between each of the three
inequivalent structures, and the superposition of the three will
result in the appearance of a honeycomb lattice when viewed
through STM. X-ray diffraction (XRD), Raman spectroscopy,
and energy-dispersive X-ray reflectivity (EDXR) have all sup-
ported the conclusion that multilayer silicene is a distinct entity
from Si(111).B1 In addition, the ARPES-derived band disper-
sion is not consistent with Ag-terminated Si(111).2%

However, the epitaxial silicene model fails to adequately
explain the LEED intensity—voltage (I/V) curves for samples
with greater than 1 ML of Si deposition.?” Instead, it has been
suggested that both the LEED I/V curves and the honeycomb
topography!??! correspond to the honeycomb-chained-triangle
(HCT) or inequivalent triangle (IET) configurations of (V3 x \3)
R30° Ag on the Si(111) face. It is possible that both growth
mechanisms can occur simultaneously, and that the presence
or lack of Ag-segregation is highly sensitive to growth param-
eters such as substrate temperature or Si flux. Recent low-
energy electron microscopy (LEEM) studies®3¢l determined
that shortly after the completion of a ML, additional deposition
results in the dewetting of the Si and the formation of bulk Si
crystals. At present, it is not fully understood how the deposi-
tion of additional Si onto an epitaxial silicene ML will affect the
electronic or atomic structure of the material.
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In this study, we use full-potential all-electron DFT calcula-
tions to explore the atomic structures of silicene BLs on the
Ag(111) face and compare them to experimental STM results.
We identify a novel, tristable AA-stacked BL structure on the
(4 x 4) Ag(111) unit cell that is more energetically favorable
than the current AB-stacked model,*¥l though the two look
nearly identical in terms of topography. We also calculate their
theoretical electronic structures to compare to the results of syn-
chrotron-based XES and XAS performed on multilayer silicene
samples at the Si L, ;-edge. However, these measurements indi-
cate that large-area multilayers do not form, as a significant pro-
portion of the Si dewets into bulk-like Si crystals on the surface.

2. DFT Structural Relaxations of Epitaxial Bilayers

In order to calculate the electronic structure of BL epitaxial
silicene, we must first determine a proper atomic structural
model. In a typical silicene ML preparation the sample will con-
sist of a mixture of (3 x 3)/(4 x 4) and (V7 x \7)/(V13 x \13)
domains."”! With a specific substrate temperature and depo-
sition rate a nearly pure phase (3 x 3)/(4 x 4) deposition can
be achieved,” but the electronic characteristics of such a ML
should be largely identical to the mixed-component ML.I'*l The
composition of any particular ML sample can be verified with
LEED using an incident electron energy around 50 eV. With the
deposition parameters used in our experiment, the LEED pat-
terns show clearly that both types of silicene domain are pre-
sent when a complete ML is formed (Figure 1a). Any BL that we
are likely to achieve, then, could be commensurate with either
the (4 x 4) or (V13 x V13) Ag(111) supercell and would initially
have the (3 x 3) or one of the stable (V7 x V7) ML structures at
its base. However, the addition of a second layer of Si atoms
and the thermal energy available from the substrate (typically
held at about 500 K during deposition) might cause a signifi-
cant rearrangement of the initial ML, so it cannot be taken for
granted that the underlying ML structures persist through the
deposition of the BL.

In a previous study,'3] we evaluated several structural models
of epitaxial MLs by simulating them as sheets of Si on either
(111) face of a layer thick slab of Ag atoms. We based our
initial Si atomic positions on existing STM data. STM topog-
raphies of epitaxial BLs do not provide us with a full picture
of the BL structure, only a rough idea of the upper layer con-
figuration. Therefore we must consider a larger number of
initial configurations to obtain solutions that not only mini-
mize internal forces on the atoms but also minimize the total
energy of the unit cell in order to determine which solution
is the most energetically likely to form. While we always ini-
tialize the topmost layer of Si atoms as a flat sheet in order to
not force our final result to conform to the STM data, we con-
sider cases in which the bottom layer of Si is initialized as a
flat sheet, with simple buckling or with the lowest-energy ML
silicene configuration belonging to each substrate supercell. We
also consider both AA- and AB-stacked BLs, resulting in twelve
total initial structures, six belonging to each of the (4 x 4) and
(V13 x 13) Ag(111) substrate supercells. Structural relaxa-
tions are performed with the ab initio, full-potential LAPW+lo
WIEN2k code.’” The exchange-correlation energy is given by
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Figure 1. The LEED patterns after a) 1 h of Si deposition, b) 2 h, and
¢) 3 h. A mixed (3 X 3)/(4 x 4) and (V7 x V7)/(N13 x V13) ML will exhibit
the LEED components shown in red and blue in (d), respectively, while
a multilayer will increasingly show the features labeled with green in (d).

the generalized gradient approximation of Perdew, Burke, and
Ernzerhof®®® (PBE-GGA) with a plane-wave cutoff of —6.0 Ry.
After each iterative calculation cycle, the charge density in
the system is updated and the resulting force on each atom is
calculated. The internal atomic positions are then changed to
reduce this force and the calculation cycle begins again. Con-
vergence is reached when the forces in the system fall below
1 mRy au™! on each mobile atom (the Ag atoms in the middle
layer are fixed in position) and the total energy and charge steps
in the self-consistent field cycle fall below 10~ Ry and 107 e,
respectively. To improve calculation efficiency the structural
relaxations are performed on a (3 X 3 x 1) k-point mesh with an
RK,,.« 0f 5. When these parameters are later increased for the
higher-accuracy electronic structure calculations, it is ensured
that the forces on each atom still fall within acceptable levels.
We will begin our discussion with the structural optimization
of AA- and AB-stacked freestanding silicene BLs in the absence
of a supporting Ag(111) substrate. A previous calculation of
the structural characteristics of freestanding silicene BLs>!
reported stability in the AA-stacked BL, but our full-potential
calculations show that the AA-stacked system is unstable with a
strong translational force between sheets that eventually settles
it into an AB-stacking scheme. As a result, both the AA- and AB-
stacked initial configurations converge to the same final free-
standing structure, shown in Figure 2a,d. As would be expected
of an sp?/sp-hybridized system like silicene, the initially flat
BLs become corrugated with a buckling of 0.68 A, which is
larger than the 0.44 A buckling expected of freestanding, low-
buckled ML silicenel® and in agreement with the BL structure
reported by Mohan et al.?*) Within each sheet, the average Si-Si
distance is found to be 2.32 A and the gap between the sheets is
2.53 A, in good agreement with previously reported values. The
vertically overlapping Si positions are shifted toward the centre
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of the BL, resulting in a bonding environment for these atoms
that closely resembles that of a tetrahedral sp® network, aside
from an elongated bond extending into the adjacent sheet.

Of the six epitaxial BL structures tested on the (4 x 4) Ag(111)
supercell, all were found to eventually converge with a simple
buckling scheme in their bottom layer. The lowest energy con-
figuration, the AA-buckled structure shown in Figure 2b,e, was
found to be about 0.15 eV per Si atom more stable than the next
lowest energy structure, an AB-stacked structure that bears a
striking resemblance to it apart from the stacking scheme. This
slightly less energetically favorable structure was the subject of
a previous DFT study* and will be discussed later. In our AA-
stacked structure’s bottom layer, the Si atoms are arranged in a
simply buckled sheet with a 0.75 A buckling height. The Si-Si
distances range from 2.35 to 2.39 A, and the bond angles within
the hexagonal rings comprising the bottom layer are found to
vary between 104.7° and 112.4°. All of the raised sites within
the bottom layer have a lowered counterpart in the upper layer,
with distances ranging from 2.45 to 2.48 A between them.
Notably, only 3 of the Si atoms residing above lowered sites in
the bottom layer have emerged significantly from the upper
layer’s plane (about 1.2 A above the lowest upper layer Si atom),
with the rest only slightly buckled upward. As for the (N7 x \7)/
(V13 x V13) epitaxial BLs, four of the six structures were found
to converge with a simple buckling scheme in the lower layer.
The two that did not had about 0.5 eV per Si atom more total
energy in the unit cell than the lowest energy configuration
shown in Figure 2¢,f, an AB-stacked BL. The simply buckled
bottom layer has a buckling distance of about 0.81 A with a Si-
Si distance ranging between 2.38 and 2.42 A and bond angles
ranging from 108.3° to 111.9°. In this BL the upper layer is also
essentially simply buckled with a structure that closely resem-
bles a freestanding AB-stacked BL or a single plane of Si(111).

Once these atomic structures have been finalized, their elec-
tronic structures can be calculated. As mentioned earlier, these
calculations take place on a denser k-point mesh of (7 x 7 x 1)
with an increased RK,,,, (5.5). We find that the calculated elec-
tronic structures are stable under further increasing these
values to (10 x 10 x 1) and 6.0, implying that our calculations
are fully converged. However, before we delve into the elec-
tronic structure of these materials we will first complete the
structural picture with a discussion of the spatial electron den-
sities calculated on this denser mesh.

For an STM operating on a metallic surface in filled-states
constant-height mode and with a small tip bias, the resulting
STM signal will be approximately proportional to the total elec-
tron density between the tip bias energy and the Fermi level (E)
at a certain point in space.*l From our WIEN2k calculations, we
are able to extract the total electron density between Ep — 2 eV
and Eg in a plane 1.5 A above the topmost Si atom for each of
the bilayers shown in Figure 2. This results in the electron den-
sity plots shown in Figure 2g—i, which should bear resemblance
to STM images of these freestanding and epitaxial BLs.

The simple buckling of the AB-stacked freestanding silicene
BL produces a triangular lattice of points in the simulated STM
with 3.85 A between adjacent maxima. This topography does
not conform to any known observation of the Si/Ag(111) sur-
face, implying that BL silicene on Ag(111) cannot be considered
to be freestanding. In the epitaxial BL commensurate with
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the freestanding BL, this topography does not
conform to any known STM observations.

The novel AA-stacked BL on (4 x 4)
Ag(111) is found to two have stable, ener-
getically similar counterparts wherein the
raised Si atoms are shifted by one honey-
comb lattice position. This tristability, like
that observed previously for the AB-stacked
BL on (4 x 4) Ag(111),** allows for the rec-
onciliation of the triangular lattice pattern
shown in Figure 2h and the honeycomb
pattern typically observed in STM measure-
ments.[1"2829] As we find that the AA-stacked
BL configuration is energetically favored
over the AB-stacked structure and that it is
equally capable of explaining the existing
STM data, we suggest that this novel struc-
ture is the most likely description of epitaxial
BL silicene.

The lack of an observed STM topography
that agrees with that predicted for the (V13 x
V13) BL suggests that such a structure does
not exist in multilayer silicene samples. It
is feasible that, due to this reduced sub-
strate interaction, (V7 x V7)/(N13 x V13) ML
domains do not promote multilayer growth
but instead “seed” the dewetting process
observed directly through LEEM.*>3¢ Given
their strong resemblance to layers of Si(111),
it is also feasible that these domains are
responsible for observations of HCT- or IET-
like Ag segregation, which occurs on the
Si(111) face.

3. Electronic Structures of Bilayers

Having explored their atomic structures, the
discussion can now move on to the electronic
characteristics of the freestanding and epi-
taxial BLs. The total and partial densities of
states (DOS and pDOS, respectively) of these
BLs in the vicinity of the Fermi energy are

Figure 2. Top-down views of the freestanding (3 x 3)/(4 x 4) and (V7 x V7)/(N13 x \13) BLs
are shown in (a—c), respectively. The unit cell boundaries of each are labeled with gray lines,
centered on the most vertically prominent Si atom. Side views of the BLs are shown in (d—f),
with distances between the various levels of the BL labeled. Charge density plots, which should
resemble constant-height, filled-states, low bias STM images of the surfaces are shown in (g—i)
on an arbitrary scale. Structural visualizations are provided by the VESTA software.!*’]

shown in Figure 3.

We will begin by discussing the Si pDOS
of freestanding BL silicene, comparing it to
that of freestanding ML silicene which we
have previously reported.’}l We note a sig-

4086  wileyonlinelibrary.com

the (4 x 4) Ag(111) substrate, the three vertically displaced Si
atoms in the upper layer dominate the simulated STM pattern.
This also results in a triangular lattice pattern, this time with
a spacing of 6.65 A. Finally, on the (V13 x V13) Ag(111) tem-
plate, the simulated STM image consists of two triangular lat-
tices: one is a result of the simple buckling and has a spacing
of 3.95 A and the other is the result of two top-layer Si sites that
are raised slightly more than the others and has a periodicity
equal to the unit cell dimension of 10.4 A. As is the case with

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nificant Si s and d contribution to the states
bordering the bandgap, which suggests the
lack of a p-dominated Dirac cone-like structure. We also report
a bandgap opening of 0.22 eV. This is at odds with previous
DFT treatments of freestanding BL silicene®**! which pre-
dicted a metallic electronic structure. We would argue that the
insulating case is more likely, as the BL formation breaks the
inversion symmetry of the ML (which is known to introduce a
bandgap into silicene), and the BL represents an intermediate
step between the small-gap ML case and the large-gap bulk
Si(111) case.

Adv. Funct. Mater. 2015, 25, 4083—-4090
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Figure 3. The Si and Ag pDOS of a) a freestanding silicene BL, b) the
(3 x 3)/ (4 x 4) silicene BL, and c) the (N7 x7)/(N13 xV13) BL. The Fermi
level is marked with a dashed line.

As for the (3 x 3)/(4 x 4) epitaxial BL, the pDOS shows a
metallic electronic structure with significant hybridization
between the Ag d states and the Si s and d states in the region
ranging from —6.5 to -3 eV, as indicated by the coincident peaks
in the respective pDOS. This hybridization is less apparent
than in the epitaxial (3 X 3)/(4 X 4) ML,['3l perhaps an indication
of a weakened interaction between the underlayer and substrate
introduced by the presence of the overlayer. However, qualita-
tively the Si s and d pDOS are similar to that of the epitaxial
ML, suggesting that a soft X-ray spectroscopy study of the BL
should result in similar spectra.

The (V7 x V7)/(N13 x V13) epitaxial BL also possesses a
metallic electronic structure, this time with a modest peak of
Si s and p states centered at Ep. Here Si sp—Ag d hybridization
is far less apparent, again indicating a weakened interaction
between the BL and the substrate. However, for a completely
noninteracting BL on (V13 x V13) Ag(111) we would expect to
see a pDOS similar to that of the freestanding BL given their
structural similarities. We do not see this similarity, which leads
us to assume that hybridization with the Ag sp band, located
within a few eV of the Fermi level, is still significant.

Adv. Funct. Mater. 2015, 25, 4083—-4090
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Figure 4. a) The calculated XES and XAS spectra of the silicene BLs inves-
tigated in this study. b) XES and XAS measurements of epitaxial silicene
samples ranging from 1 to 3 h of deposition, as well as a bulk Si sample.
c) The XES spectrum of SiO, and the TEY-mode XAS spectrum of the
native oxide on a Si wafer, used for calibration purposes.

We conclude that both epitaxial BLs possess similar elec-
tronic properties to their epitaxial ML counterparts. Namely,
they are metallic in nature and have fairly strong hybridization
with the underlying substrate. However, at least for the BL on
(V13 x\13) Ag(111), there are some signs of weakened coupling
with the substrate, which could be taken as further evidence for
these structures acting as “seeds” for bulk-like crystallization.

The WIEN2k utility XSPEC, which is based on the formalism
presented in ref. [42], can be used to simulate the results of XES
and XAS measurements of the valence and conduction states
using the calculated pDOS and experimental spectral broad-
ening parameters. The calculated Si L,; XES and 2p XAS for
the freestanding and epitaxial BLs are presented in Figure 4a.
The XES shows the same wedge-like profile that we have pre-
viously reported for epitaxial MLs on Ag(111), which is to be
expected based on their similar s and d pDOS. Each shows three
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major peaks, one at 89.5 eV, one at 92 eV, and one forming the
high-energy shoulder at 98.5 eV. As was the case with the MLs,
the BL XAS shows one major feature around 102 eV but is oth-
erwise relatively featureless. Together, the simulated XES and
XAS indicate that all three types of BL would be difficult to dis-
tinguish from one another, aside perhaps from the downward-
shifted valence band maximum in the XES in the freestanding
BL, resulting from the 0.22 eV bandgap opening.

Typically when attempting to simulate an XAS measure-
ment, it is important to consider the effect of the core-hole
(CH) introduced in the targeted atom during the process of a
measurement. This CH can have significant effects on the out-
come of the XAS measurement, including a downward shift in
the energy of the absorption onset as well as an enhancement
of the spectral features near the onset. When the XAS is plotted
together with the XES these effects typically manifest them-
selves as a reduction in the apparent bandgap and an increased
spectral weight at the bottom of the XAS.

In our case, with 28 to 36 unique Si sites per unit cell it is
not feasible to simulate the effects of a CH in each site. How-
ever, we have previously shown'3! that for the metallic epitaxial
MLs, which have approximately the same electronic structure
as the epitaxial BLs, there is no appreciable CH shift in our
XAS measurements, only an enhancement of the spectra at the
bottom of the conduction band. It is reasonable to assume that
the same will be true of the epitaxial BLs.

4. Sample Synthesis

We now turn to experimental characterization of epitaxial mul-
tilayers on Ag(111). Our samples for this study are produced in
the typical manner of physical vapor deposition of a Si wafer
on to a single-crystal disk of Ag(111) held at 500 K. Before each
deposition, the Ag disk is cleaned with two consecutive cycles of
Ar* sputtering with an Ar pressure of 107 Torr and annealing
at 500 °C. The depositions take place in an ultrahigh vacuum
(UHV) chamber with a base pressure of 1 x 10~ Torr. With our
source and sample geometry, we find that a complete ML forms
after 1 h of deposition time, according to the absence of strong
(V3 x V3)R30° points on the LEED pattern (see Figure 1a). Our
1 h deposition parameters resulted in a mixed (3 x 3)/(4 x 4)
and (V7 x \7)/(N13 x V13) ML, as mentioned previously.

Doubling and tripling the 1 h deposition time required to form
a ML should, if large-scale multilayers of epitaxial silicene exist,
roughly form a BL and a trilayer (TL), respectively. Upon depos-
iting more Si, the LEED features associated with the (3 x 3)/(4 x
4) and (V7 x\7)/(N13 x V13) ML (blue and red, respectively, in
Figure 1d) begin to fade and the characteristic points arising
from a multilayer (green in Figure 1d) dominate the LEED pat-
tern. Further Si deposition up to 8 h is found to simply result in
the strengthening of these multilayer LEED features.

After structural characterization via LEED is complete, the
samples are transferred into a high-vacuum (HV) transfer cart
(base pressure 5 x 1078 Torr) for approximately 10 to 15 min
before being loaded into the soft X-ray spectroscopy meas-
urement chamber (base pressure better than 10~ Torr). The
expected net exposure of the samples prior to measurement is
approximately 90 L.
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5. Soft X-Ray Spectroscopy

Characterization of the electronic structure of our experimental
samples is achieved through soft X-ray emission and absorp-
tion spectroscopies at the Si L, ;-edge. These processes allow us
to probe the element- and orbital-specific pDOS the valence and
conduction bands, respectively, by directly or indirectly moni-
toring transitions to and from selected core levels. In our case,
we excite the Si 2p states, thus probing the Si s and d states
in the valence and conduction bands due to the dipole transi-
tion selection rules. While it would be preferable to probe the
Si p states that dominate the electronic structure near the Fermi
level, the large incident X-ray energies required for a Si K-edge
measurement (approximately 1.8 keV) render the penetra-
tion depth of the photons too large to achieve a useful signal
from an atomically thin surface layer of Si atoms. Exciting at
an extremely grazing incidence angle will increase the photons’
path length through the silicene, but it also has the deleterious
effect of increasing the beam footprint on the sample and
therefore decreasing the resolving power and count rate of the
XES measurement.

These soft X-ray spectroscopy measurements were per-
formed at the XES endstation of the REIXS beamline (10-ID2)
at the Canadian Light Source at the University of Saskatchewan.
The monochromator resolving power (E/AE) was 1 x 10* at the
Si L, 3-edge energy. The emission spectrometer, which uses dif-
fraction gratings in a Rowland circle geometry as dispersive
elements and is fitted with a microchannel plate detector, had
a resolving power of (E/AE) = 10% in the same energy region.
Oxygen K-edge X-ray absorption spectra were obtained prior to
Si L, ;-edge measurements to ensure that the sample had not
oxidized significantly during the in vacuo transfer from the
preparation chamber to the measurement chamber. No signifi-
cant O K-edge onset was observed. The elliptically polarizing
undulator was tuned to produce horizontally polarized photons.
All reported measurements were performed with an incidence
angle of 70° from the normal, and the XES spectrometer col-
lected photons at 90° from the incident beam. The spot size of
the incident X-ray beam was approximately 20 x 50 pm, which
is much larger than the typical continuous silicene domain
on the Ag(111) surface. This indicates that our measurements
should represent the qualities of the bulk silicene sample and
not those of a single domain.

XAS data were calibrated such that the Si-O hybridization
feature labeled “c” in Figure 4 in the total electron yield (TEY)
absorption spectrum of the native surface oxide on a Si wafer
occurred at 108.1 eV. A series of elastic scattering measure-
ments was used to scale and shift the energy axis of the spec-
trometer to agree with that of the monochromator, providing a
consistent energy calibration between the XES and XAS.

As we reported previously in the first soft X-ray spectroscopy
study of ML silicene,!*®l the ML XES and XAS spectra are in
good agreement with the calculated spectra acquired through
DFT. The BL spectra, which from our DFT simulations should
resemble that of the ML, instead appear to take on features of
the sp>-hybridized bulk Si spectra (which are shown in blue in
Figure 4b). A peak (labeled “B”) appears at 91.5 eV in the BL
XES and is more pronounced in the TL XES, coincident with
the main feature in the bulk Si emission spectrum. There is
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also a slight downward shift of the peak at 89.5 eV (“A”) in
the ML spectrum, indicating that the bulk-like states located
slightly lower in energy at 89 eV are beginning to dominate the
main emission feature of the ML. The top of the ML valence
band, which is marked with a dashed line in Figure 4, appears
to shift downward with the addition of Si. This could be taken
as evidence of the formation of a BL with a bandgap opening,
but it could also be the result of an increased proportion of
semiconducting bulk Si to metallic epitaxial Si. The observed
XAS could be said to represent a transition to the bulk Si spec-
trum from the ML XAS due of the emergence of the low-energy
shoulder at 100 eV with additional Si layers. However, CH cal-
culations are likely to modify the predicted XAS in this low-
energy region, so it is possible that this low-energy shoulder
could also be a feature of the BLs we modeled.

Together these soft X-ray spectroscopy measurements indi-
cate that as the second and third layers of Si are deposited,
bulk-like Si begins to dominate the Ag surface. Since epitaxial
or freestanding BLs would not be expected to have a bulk-like
emission spectrum, our result agrees with the LEEM experi-
ment>>3¢ that reported the progression from Si MLs to bulk-
like crystals. However, there is still evidence of some interac-
tion with the Ag surface, which could indicate stable epitaxial
multilayer regions among the bulk-like crystals, but could also
be a result of the interaction between the substrate and the
crystals themselves.

6. Conclusion

To summarize, we show that DFT can be used to predict the
structures of the most stable BLs on the Ag(111) (4 x 4) and
(V13 x V13) supercells, and suggest that the (4 x 4) supercell
hosts an AA-stacked structure that conforms to the (V3 x V3)
R30° topology that has been observed using STM and non-
contact atomic force microscopy. We also find that the BL on
the (V13 x V13) supercell shows evidence of a reduced interac-
tion with the underlying substrate. This BL, however, does not
conform to any STM measurements of the Si/Ag(111) surface,
which suggests that it does not exist in multilayer silicene sam-
ples. In order to explain the absence of this BL in STM data,
we propose that the (V7 x V7)/(N13 x V13) ML domains could
act as a seed for bulk Si crystallization, or possibly Ag surface
segregation.

Our electronic structure calculations indicate that both BLs
should have approximately the same electronic structure as
their ML counterparts, namely, metallic, strongly interacting
with the substrate and without a Dirac cone at the Fermi level.
This result conflicts with previous ARPES observations of a
Dirac cone-like dispersion in the BL and multilayer bandstruc-
tures.[?>?7] However, it is possible that these observed structures
are actually metallic hybridized bands with saddle points, much
like those observed in the epitaxial MLs.[822]

Through soft X-ray spectroscopy, we conclude that bulk-like
Si is predominantly formed on the surface during the depo-
sition of what would be a second and third layer of Si, were
large-area silicene multilayers to exist. It would be interesting
to determine if bulk Si formation occurred as strongly on a
BL deposited on a quasi-pure phase (3x3)/(4x4) ML, which
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could confirm our suspicion that the (V7 x V7)/(V13 x V13) ML
“seeds” the dewetting process. It is also a distinct possibility
that multilayer formation is even more sensitive to deposition
conditions like substrate temperature and Si flux than ML for-
mation. The difference between accounts of large-scale silicene
multilayer formation and those of Ag-terminated Si or bulk
Si crystallization could be the result of minute differences in
growth parameters.
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