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ABSTRACT Having fueled the microelectronics industry for over 50 years,
silicon is arguably the most studied and influential semiconductor. With the recent
emergence of two-dimensional (2D) materials (e.g., graphene, MoS,, phosphorene,
etc.), it is natural to contemplate the behavior of Si in the 2D limit. Guided by
atomic-scale studies utilizing ultrahigh vacuum (UHV), scanning tunneling
microscopy (STM), and spectroscopy (STS), we have investigated the 2D limits of
Si growth on Ag(111). In contrast to previous reports of a distinct sp>-bonded
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silicene allotrope, we observe the evolution of apparent surface alloys (ordered 2D silicon—Ag surface phases), which culminate in the precipitation of

aystalline, sp*-bonded Si(111) nanosheets. These nanosheets are capped with a /3 honeycomb phase that is isostructural to a /3 honeycomb-chained-

trimer (HCT) reconstruction of Ag on Si(111). Further investigations reveal evidence for silicon intermixing with the Ag(111) substrate followed by surface

precipitation of crystalline, sp3-bonded silicon nanosheets. These conclusions are corroborated by ex situ atomic force microscopy (AFM), transmission

electron microscopy (TEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). Even at the 2D limit, scanning tunneling spectroscopy shows

that the sp*-bonded silicon nanosheets exhibit semiconducting electronic properties.
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he realization of extraordinary structur-
Tal, electronic, thermal, optical, and
magnetic properties in atomically thin
materials such as graphene,’ ™ hexagonal
BN,> and MoS,%” has produced intense
interest in the development of novel two-
dimensional systems. In graphene, the
superlative electronic properties are a conse-
quence of effectively massless charge carriers
known as Dirac fermions, which result from
the gapless, linear carrier dispersion near the
Fermi level."® The success of graphene has
stimulated the investigation of atomically
layered phases formed from other group IV
elements such as Si (silicene) and Ge
(germanene). Computational studies suggest
that silicene and germanene are stable®'®
and exhibit a buckled honeycomb structure
in free space. In addition, silicene and germa-
nene are predicted to exhibit Dirac fermion
carriers similar to graphene,'®"" as well as
a tunable electronic band gap'? and exotic
topological states'>'* that result from their
higher atomic number and buckled structure.
Recent studies report the synthesis of
silicene on metallic substrates including
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nanoribbons on Ag(110)'® and nanosheets
on Ag(111),"*" 1r(111),"® and ZrB,(0001)."°
Silver has been the predominant substrate,
and ultrathin silicon on Ag(111) exhibits a
variety of phases that have been attributed
to various buckling arrangements for the
silicon atoms. Of these, the 3 x 3'® and
(v/3 x +/3)R30°"7?°722 phases have been
most extensively studied. The (v/3 x
+/3)R30° phase (i.e., +/3-silicene) forms at
the highest growth temperatures and has
been observed to grow beyond a mono-
layer, both upon itself'” and on other
phases? (see Figure 51, Supporting Informa-
tion, for details of the reported +/3-silicene
structural model). Early experiments also
report evidence for Dirac fermion charge
carriers?®2'?3 and superconductivity®* in
this phase.

Prior to the widespread interest in free-
standing two-dimensional materials, the
Ag—Si system was heavily investigated in
the context of Ag-driven reconstructions to
various crystalline Si surfaces.”> 22 Of these,
the Ag-induced Si(111) (v/3 x +/3)R30°
reconstruction garnered particular interest
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due to its homogeneous honeycomb structure, which
was characterized as a two-dimensional electron
gas?®3® and employed as a substrate for directed
molecular self-assembly.®’ After extensive investiga-
tion including first-principles calculations?® and char-
acterization via electron diffraction,? ion scattering,32
X-ray standing waves,>* transmission electron micro-
scopy,?® and scanning tunneling microscopy (STM),*’
the room temperature structure of the Ag-induced
Si(111)-(v/3 x +/3)R30° reconstruction was described
by the honeycomb chain trimer (HCT) model (shown in
Figure S1, Supporting Information). Further STM work
at low temperature showed the formation of domains
in which the honeycomb contrast was shifted between
the apparent honeycomb sublattices,?” resulting in the
inequivalent triangle (IET) model. The IET model was
reconciled with the HCT model through proposed
thermally driven fluctuations between two energy-
degenerate IET configurations at elevated tempera-
ture, similar to a model proposed for +/3-silicene.?
Additionally, essentially identical (+/3 x +/3)R30°
phases are observed for Au on Si(111) and Au/Ag on
Ge(111).3034

Here, we thoroughly investigate the phases result-
ing from Si deposition on Ag(111) and demonstrate
that the /3 Si phase on Ag(111) is structurally and
electronically identical to HCT on Si(111) at the atomic-
scale through STM characterization. Furthermore, X-ray
photoelectron spectroscopy (XPS) depth profiles re-
veal that oxidation of the top several layers protects
the underlying Si in ambient, as well as an unexpect-
edly high subsurface Si concentration. Cross-sectional
transmission electron microscopy (TEM) confirms that
formation of a surface oxide allows the Si nanosheets to
survive ambient exposure. Through Raman spectrosco-
py, we observe vibrational modes characteristic of
bulklike sp> Si phases, which are shown to originate
from /3 phase regions through correlated atomic force
microscopy (AFM). Further STM and AFM characteriza-
tion shows that silicon deposition results in large areas
of the v/7 x /7 silicon phase'” (or /7 phase), which
grow to nearly complete surface coverage. Upon con-
tinued silicon deposition, these regions are converted
to sp> Si. These results suggest that surface alloying (i.e.,
the +/7 phase) occurs until a critical concentration is
reached, following which bulklike Si precipitates. There-
fore, the observed /3 phase consists of ultrathin slabs
of diamond-cubic Si(111) crystals capped with a Ag-
induced reconstruction. Significantly, scanning tunnel-
ing spectroscopy shows that the +/3 phase possesses
a significant bandgap, thereby overcoming one of the
principal limitations imposed by the gapless nature of
sp>-bonded two-dimensional nanomaterials.

RESULTS AND DISCUSSION

Following Si deposition at substrate temperatures
from 200 to 320 °C, we observe domains in the STM
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Figure 1. (a) Three-dimensional rendering of an STM topo-
graphic image of multilayer Si on Ag(111) that shows seven
distinct layers, each terminated with a /3 surface recon-
struction (Vsampre = —1.0 V, I; = 400 pA). Right side: atomic-
scale STM images (scale bars =2 nm) from the fourth layer
(green frame), fifth layer (yellow frame), and sixth layer
(orange frame) (Vsampie = —1.0 V, ;=800 pA). (b) Line profile
of the topography in (a), showing a uniform step height of
0.31 nm for monolayer-height steps and 0.62 nm for bilayer-
height steps. These step heights correlate with the Si(111)
interplanar spacing (inset: topography image indicating the
profiled region, scale bar = 50 nm).

topography that match previous reports of various highly
buckled silicon phases. The temperature-dependent
evolution of the sample morphology is detailed in the
Supporting Information, Figure S2. At substrate growth
temperatures between 340 and 360 °C, the surface
morphology is dominated by planar, edge-faceted
domains. Following high Si doses on Ag(111) (i.e., over
two monolayers deposited), we observe multilayer V3
phase regions with as many as seven distinct layers,
as illustrated by the large-area STM image rendering in
Figure 1a. Atomically resolved empty states scans
acquired at the fourth, fifth, and sixth layer (shown as
insets) reveal a consistent honeycomb structure with a
0.64 £ 0.02 nm periodicity (i.e.,0.37 £ 0.02 nm apparent
interatomic spacing) matching literature reports of
/3-silicene.’” Aline profile over the +/3 phase domains,
as in Figure 1b, reveals step heights of 0.31 nm as
observed in previous studies of multilayer growth.3>
This value matches the Si(111) atomic step height and
differs significantly from the Ag(111) atomic step height
of 0.236 nm. The growth of the multilayer /3 phase
is consistently observed in favor of wider surface
coverage. We have also observed that the /3 phase
is energetically favorable not only in the high tempera-
ture limit but also in the general presence of excess
silicon. For increasingly high Si coverage (e.g., over
10 monolayers), we observe the formation of /3
phase domains and faceted, anisotropic crystallites
(see Figure S3, Supporting Information). Additionally,
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Figure 2. (Top) Growth schematic for Si on Ag(111) and Ag on Si(111). (a) STM topography of the V3 phase for Sion Ag(111)
(scale bar = 50 nm, Viampie = —1.0 V, I = 400 pA) with (b) line profile revealing a 0.31 nm step height. (c) Atomic-scale STM
topography of the V3 phase for Si on Ag(111) with (d) line profile (scale bar = 1 nm, V,,mpie = 0.3V, [i=1.0 nA). (e) Atomic-scale
STM topography of the V3 phase for Ag on Si(111) with (f) line profile (scale bar = 1 nm, V,,mpie = —1.0V, I =100 pA) revealing
an indistinguishable lateral atomic periodicity compared to the V3 phase for Si on Ag(111) shown in part (d). (g) STM
topography of the V3 phase for Ag on Si(111) with (h) line profile (scale bar = 50 nm, Ve = 0.85 V, Iy = 1.4 nA), showing
identical step heights and similar island shapes to the V3 phase for Si on Ag(111) shown in part (a).

formation of the v/3 phase requires a critical threshold
dose of ca. two monolayers before +/3 phase domains
are observed.

Figure 2 presents a direct STM comparison between
Si deposition on Ag(111) and Ag deposition on Si(111).
The left portion of Figure 2 details the growth of the
aforementioned +/3 Si phase on Ag(111). Figure 2a
shows a representative STM topography image, with
the associated line profile in Figure 2b demonstrating
the consistent 0.31 nm step height. High-resolution
empty states STM topography images, as in Figure 2c,
show slight contrast in intensity between the two
sublattices. The line profile, shown in Figure 2d, more
clearly demonstrates this height contrast, along with
the 0.65 nm lateral periodicity.

The evaporation of Agon Si(111) 7 x 7, as shown on
the right half of Figure 2, results in a honeycomb
structure that is indistinguishable from the /3 Si phase
on Ag(111). Atomically resolved STM topography
images, as in Figure 2e (Vsample = 0.75 V), exhibit a
0.65 £ 0.02 nm periodicity (i.e.,0.36 £ 0.01 nm apparent
interatomic spacing) and a sublattice inequivalence
that closely resembles Figure 2c. The line profile in
Figure 2f reinforces this similarity in lateral dimensions.
The observed periodicity is both consistent with the
HCT literature?”3® and experimentally indistinguish-
able from that of the +/3 phase (i.e., Figure 2d), despite
the significantly different accepted structures for
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V/3-silicene and HCT (see Figure S1, Supporting
Information). The Fourier transforms, shown in the
insets of Figure 2c,e, further confirm the materials’'
structural isomorphism through their coincidence
throughout k-space. Similarly indistinguishable images
atvarious biases are presented in Figure S1 (Supporting
Information). On a larger scale (Figure 2g), we observe
complete coverage of HCT on Si(111), where HCT
domains and islands are confined within the Si(111)
terraces. The line profile of Figure 2h shows step heights
of 0.31 nm, which is expected for HCT capping monolayer
Si(111) steps. Furthermore, significant similarities are also
encountered in the structure of domain boundaries and
electronic signature of these systems (discussed further
in Figure S4, Supporting Information).

To summarize these STM results, we have confirmed
a+/3 surface ordering when depositing Ag onto Si(111)
that is consistent with numerous past studies. This
/3 structure forms uniformly across the entire surface
(excess deposition results in the formation of Ag
islands). After Si is deposited onto Ag(111), an identical
/3 surface ordering results in isolated domains with
variable thickness. Our initial hypothesis is that we
are growing domains of crystalline sp> Si on Ag(111),
which are capped with the same Ag-induced recon-
struction as is observed for Ag deposition on Si(111).
The step-heights for Si on Ag(111), as indicated in
Figure 2b, are identical to the (111) interplanar spacing
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Figure 3. (a) Depth-profiled XPS spectra of the Si 2p peak acquired on the V3 phase for Si on Ag(111), demonstrating the
variation in Si concentration and chemical environment versus sample depth. Schematic peak fit components are indicated.
Note the presence of a Si shoulder following 720 s of sputtering, which corresponds to a non-negligible Si concentration at
depth of 36 nm below the surface. (b) Plot of integrated peak intensity for fitted components of the XPS depth profile, illustrating
the variation in composition for increasing sputter time (i.e., sample depth). As marked, region | corresponds to a low energy
sputter, region Il indicates the SiO; layer, region Ill is characterized by the coexistence of intermediate oxidation species, and
region IV denotes the removal of oxides and exposure of the silver bulk. These regions are depicted schematically in (c). Most
significantly, we note the large amount of subsurface silicon, demonstrating significant intermixing between Si and Ag.

in diamond cubic silicon. Furthermore, the substrate
provides a reservoir of Ag atoms that modify the
topmost surface of the domains to a +/3 structure,
yielding a plausible explanation for the identical /3
geometries.

Despite the striking similarities encountered in STM,
the lack of chemical information requires the use
of other tools to convincingly elucidate the nature
of these similar structures. XPS is a highly surface-
sensitive technique, capable of identifying both the
elemental species present and their chemical environ-
ment. Additionally, the subsurface composition can be
probed through XPS depth profiling, wherein an Ar™
ion beam is used to ablate the surface material. We
employed XPS depth profiling to elucidate the chemical
composition of the v/3 phase, using 200 eV Ar+ ions to
examine the extremely near-surface characteristics fol-
lowed by 500 eV sputter energy to probe the subsurface
region. Following UHV preparation and characteriza-
tion, the +/3 phase sample was transported in ambient
for XPS measurements. Ambient exposure will lead to
the formation of a native oxide (~1 nm thick), but the
presence of +/3 phase domains with thicknesses great-
er than 1 nm suggest that a significant amount of Si will
survive ambient exposure unoxidized. Survey spectra
(shown in Figure S5, Supporting Information) of the
sample surface show only peaks attributed to Ag, Si, O,
and adventitious C. The Si 2p peak (Figure 3a) is shown
to vary significantly with sample depth, consistent with
significant changes in the local chemical environment
of the Si atoms. At the surface (i.e., sputter time of 0 s),
this peak can be fit by components corresponding to

MANNIX ET AL.

Si°*, Si**, and an intermediate peak attributable to

intermediate oxidation states®” or Si—Ag interaction,*®
as well as a component for the nearby Ag 4s peak. These
results are similar to those obtained in situ on lower
temperature growth silicene phases.3® The Si*" com-
ponent is consistent with the formation of a native SiO,
layer, as expected following the ambient exposure of a
bulk Si surface.

Figure 3b shows a depth profile obtained by plott-
ing the integrated Ag 4s, Si 2p, and O 1s fitted peak
intensities versus the calibrated Ag sputter rate. In the
low-energy sputter stage (region I), we observe relative
shifts in O component areas, but no significant mod-
ification to the Ag or Si components. This observation
is consistent with the removal of adsorbed H,O and
other contaminants, along with ion-induced damage
of the top oxide layer. Increasing the sputter energy to
500 eV, we observe the extinction of the Si*™ and 02~
components in region Il, consistent with the removal of
a SiO, layer at the surface. As will be shown below, AFM
and Raman data suggest that any remaining /7 phase
is completely oxidized and, therefore, likely removed in
this step as well. In region lll, we observe the removal of
the Si component associated with HCT or intermediate
oxidation species. This observation is interpreted as the
complete removal of the v/3 phase islands, along with
accompanying Si precipitates, wherein the intermedi-
ate oxidation species are associated with oxidation
at grain boundaries and the Ag—Si interface. Further
sputtering into region IV produces a decrease in the
Si®" component intensity, which persists as a shoulder
on the Ag 4s peak even at the maximum depth at
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which data were collected (36 nm). This persistence
of the Si°" component intensity indicates appreciable
Si dissolution within the near-surface region of the Ag,
reinforcing our assessment that Ag and Si undergo
non-negligible intermixing. The depth-dependent
evolution of the Si 2s spectra corroborates these data
(see Figure S5, Supporting Information). The phases
present in Regions |1V, as inferred through XPS, are
schematically depicted in Figure 3c. Notably, these
data suggest that a significant amount of Si escapes
oxidation following ambient exposure.

In order to further explore the relationship between
the two systems, additional characterization of the
/3 phase structure is necessary. Cross-sectional TEM
samples were prepared using focused ion beam (FIB)
milling, allowing us to select specific regions for micro-
scopic analysis. Scanning electron microscope images
and the details of FIB sample preparation are given in
Figure S6 (Supporting Information). Bright field (BF)
transmission electron micrographs, as in Figure 4a,
demonstrate the stratified morphology expected for
a cross-sectional sample. We immediately note the
presence of relatively bright, planar features at the
interface between the Ag substrate and Pt capping
layers. These planar features are tentatively identified
as regions of the /3 phase, since these features
correspond to the faceted domains that were selected
during the FIB sample preparation. A magnified image,
shown in Figure 4b, shows a shallow region of /3
phase, ~1 nm in thickness, connecting two larger /3
phase domains. The significant variation in +/3 phase
thickness is the result of the high Si dose (>5 ML),
which ensured ambient survival. High-resolution BF
images, as in Figure 4c, illustrate the abrupt interface
between the Ag substrate and +/3 phase. Within this
frame, selected area diffraction patterns (SADP) were
obtained to establish the crystalline structure of the
material. Figure 4d shows the SADP obtained within
the Ag substrate region, which is indexed along the Ag
[011] direction. The observed SADP is consistent with
the known orientation of the Ag (111) substrate. With-
out additional sample rotation, a SADP was obtained
from the +/3 phase region, as shown in Figure 4e. The
abrupt change in symmetry is consistent with the
transition to distinct crystalline phase, whereas the
relatively weak diffraction is due to the higher index
Si [112] zone axis. The 90° angle between the 111 and
220 diffraction spots, as well as the measured 0.32 nm
Si(111) and 0.21 nm Si(220) interplanar spacing, are
consistent with this structure assignment. We obtain
additional chemical information through scanning
transmission electron microscopy using a high-angle
annular diffraction detector (Figure 4f), which is
sensitive to differences in the atomic number. This
z-contrast allows us to compositionally distinguish
the /3 phase region from its surrounding Ag sub-
strate and Pt capping layer, confirming the chemically
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Figure 4. (a) Wide view, bright field TEM image of the cross-
sectional sample, with the protective Pt capping layers and
Ag substrate indicated. (b) Bright field TEM image showing
several of the contrasting features, which are identified as
the Si v/3 phase. (c) High-resolution bright field TEM image
demonstrating the abrupt structure of the Si/Ag interface.
The circles indicate regions where SADP were obtained. (d)
SADP obtained from the orange circle in (c), which is indexed
to the Ag [017] zone axis. (€) SADP obtained in the blue circle
shown in (c), at the same sample orientation as (d), which
corresponds to a Si [112] zone axis. (f) STEM HAADF detector
image, which reveals the significant z-contrast between the
Si /3 phase, the Ag substrate, and the Pt capping layer.
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Figure 5. Raman spectra (514 nm excitation) for the V3 phase
for Sion Ag(111) (top) and a bulk Si(111) wafer (bottom) both
show a characteristic peak at 520 cm~' for the TO phonon
of sp>-bonded silicon. The small shoulder in the V3 phase
spectrum at 495 cm ™' is consistent with the formation of a
thin, ordered silicon oxide layer. Insets show the 2TO phonon
modes for both materials at an excitation wavelength of
442 nm (blue curve), 514 nm (green curve), and 633 nm (red
curve), revealing their similar dispersive characteristics.
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Figure 6. Series of AFM topography and adhesion images and correlated Raman spectra for varying silicon coverage on
Ag(111) (scale bars = 500 nm). Green regions in the AFM adhesion indicate the V7 phase for Si on Ag(111) at low coverage (a)
and nearly full coverage (b), both demonstrating negligible Raman scattering. (c) Nucleation of V3 phase islands (circled in
the AFM topography and adhesion images) begins after full monolayer V7 phase is reached. The V3 phase growth depletes
silicon from the surrounding +/7 phase regions, leading to encircling patches of bare Ag; (d) and (e) illustrate further
precipitation of v/3 phase and the associated Raman mode for bulk silicon at 520 cm~" with an associated shoulder at

495 cm ! attributed to a thin, ordered silicon oxide.

distinct nature of these phases. The persistent crystal-
line structure of the /3 phase ex situ suggests the
viability of this ultrathin Si phase in electronic applica-
tions, where the formation of a passivating surface
oxide facilitates transfer from the Ag growth substrate.

However, in order to verify the properties of the
/3 phase on a larger scale, Raman spectroscopy was
employed to provide spatially resolved information
related to both the structure and composition of the

MANNIX ET AL.

sample. Raman spectra acquired ex situ on the /3
phase exhibit an intense peak at ~520 cm™', as shown
in the top curve in Figure 5. This peak coincides with
the ubiquitous TO phonon mode in bulk Si (bottom
Figure 5). The location, in addition to the narrow line
width (<10 cm™") of the peak at 520 cm ™', indicates a
phase of highly ordered diamond cubic crystal struc-
ture. A small shoulder at 495 cm™' is also observed
for the +/3 phase and is attributed to locally ordered
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silicon oxide;* its increased prominence with respect
to the 520 cm ™' peak can be explained by the sig-
nificantly enhanced volume fraction of oxide in the /3
phase sample. The presence of Si—O species is shown
in Figure 3,and a similar sharp Raman peak at 495 cm ™"
is frequently observed in previous studies of locally
ordered silicon oxides.*°*? The +/3 phase also shows
modes from 900 cm™' — 1100 cm ™' (Figure 3 inset)
consistent with second-order transverse optical (TO)
scattering modes in crystalline silicon.** The behavior
of these modes at varying excitation energy is signifi-
cant in that the relative intensities of the constituent
2TO(W) and 2TO(L) phonons vary with laser energy
causing the shift in observed peak asymmetry.** Being
associated with phonons out of the (111) planes, we
note that minor spectral broadening of these modes is
expected for the /3 phase sample due to confinement
in the vertical direction.*® Finally, the +/3 phase dem-
onstrates similar resonant Raman scattering to bulk
silicon.*® Significantly, these collective results indicate
the survival of bulk crystalline Si modes in air without
extrinsic encapsulation.

As discussed above, the Raman spectrum shown in
Figure 5 was taken on a thicker v/3 phase; to explore
the limit of thinner layers, we prepared a sample with a
concentration gradient ranging from submonolayer to
slightly higher than a single monolayer. By correlat-
ing STM with ex situ AFM, we were able to identify
and independently address regions of various silicon
phases with Raman spectroscopy. Figure 6 illustrates
increasing +/7 phase coverage to nearly a full mono-
layer (Figure 6a,b) and the subsequent precipitation of
/3 phase islands (Figure 6¢c—e). As seen in Figure 6c—e
(see also Figure 7), the precipitation of the +/3 phase
apparently depletes silicon from the neighboring
/7 phase, returning it to a nearly pure Ag surface.
The precipitation of the /3 phase coincides with the
emergence of a nonzero Raman signature (Figure 6c).
Initially, the signature peak appears as a small convolution
of two peaks near 495 and 520 cm™". As the +/3 phase
coverage is increased, the intensity of both modes
increase, albeit disproportionately, with the 520 cm™
peak rising faster. Precipitation of the /3 phase generally
does not yield homogeneous monolayer regions and
thus Figure 6d and 5e are likely indicative of 1—4 atomic
layers, approaching the 2D limit of bulk silicon.

Spectroscopic evidence of bulk-like vibrational
modes upon the precipitation of the +/3 phase confirms
the early assumption that the 4/3 phase is comprised
of diamond cubic Si(111). With that in mind, the early
stages of the /3 phase precipitation then provide a
window to the extreme 2D limit of bulk crystalline Si.
Figure 7a shows an AFM image of just such a situation;
islands of the +/3 phase (green) can be seen surrounded
by Ag (blue) in the adhesion signal (Figure 7b) in the
early stages of precipitation. The /3 phase is identified
by its polyhedral faceted shape, secondary monatomic
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Figure 7. (a) AFM topography image and (b) adhesion
signal image of neighboring V3 phase and V7 phase
domains on Ag(111) (image size = 2 x 2 Mmz). (c) STM
topography image and (d) differential tunneling conduc-
tance (d//dV) image of neighboring V3 phase and V7 phase
domains (image size = 100 x 75 nm?, Viample = 2.0V, I =
400 pA, acquired at 4 K). The close proximity of these two
phases suggests that Si mass transport occurs from the V7
phase to drive the sp*>-bonded Si growth in the V3 phase. (e)
STM topography line profile obtained across white line in
(c). Insets illustrate characteristic atomic-scale structure of
each region (scale bars = 4 nm). (f) I-V and (g) d//dV curves
obtained on the indicated regions, illustrating the signifi-
cant change in electronic character for the semiconducting
V3 phase versus the metallic Ag(111) and V7 phase.

height islands, and envelopment by the surrounding
silver, indicating silicon depletion from the +/7 phase.
We further note that the /7 phase region generally
grows to full surface coverage before the precipitation
of the +/3 phase, whereupon bare Ag is once again
observed. Following heavy Si doses (e.g., >5 monolayer),
we occasionally observe buried island or planar void fea-
tures in the STM topography, similar to the segregation-
driven growth of bilayer graphene films on Ir(111).%
Previous studies have noted that noble metal sub-
strates induce the crystallization of amorphous Ge films*’
suggesting that a combination of surface transport and
segregation contribute toward growth.
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Correlating the ex situ AFM to STM (Figure 7c,d), it is
particularly interesting that the in situ measurements
indicate little height variation between the +/7 phase
and Ag, as illustrated in the line profile, while the
/3 phase is clearly physically elevated above both
the /7 phase and Ag. Furthermore, the differential
tunneling conductance map of Figure 7d indicates that
all materials are electronically distinct; //V and di/dV
point spectra (Figure 7f,g) clearly show the progression
from metallic (Ag), to weakly metallic (+/7 phase), to
semiconducting (+/3 phase). These results show that
the +/3 phase retains semiconducting behavior down
to the single layer limit. However, additional studies are
required to address the effect of increased confine-
ment, as well as that of the Ag-induced reconstruction,
which will likely result in fundamentally interesting
modifications to the transport properties.*®

CONCLUSION

In conclusion, we have completed an extensive
investigation of ultrathin Si on Ag(111). STM studies
of Si deposition on Ag(111) revealed multiple single-
layer surface phases with the +/3 phase showing
energetic favorability. The growth of the +/3 phase

METHODS

V3 phase silicon nanosheets and HCT synthesis and analysis
took place in a Omicron VT-STM and a Omicron 4K STM
equipped with separate sample preparation and analysis cham-
bers. In the preparation chamber (base pressure <5 x 10~'" mBar),
the Ag(111) single crystal substrate (Matek, 99.999%, <0.1° miscut)
was prepared via repeated cycles of room temperature Ar sputter-
ing (1 KV, 107> mBar) and annealing at 550 °C to generate a flat,
clean surface (verified with STM imaging). Si phases were grown
via UHV electron beam evaporation (Omicron Nanotechnology)
from a polycrystalline Si source rod (ESPI metals, 1.5 mm dia.,
99.9999%) onto the resistively heated Ag(111) substrate at tem-
peratures of 200—360 °C. Generally, 800 V accelerating voltage and
17 mA emission current produced a steady flux, with negligible rise
in chamber pressure (i.e., < 10~"° mBar). Si was deposited at a rate
of ~0.05 ML/min (verified with STM imaging) for 30—90 min.

A clean Si(111) 7 x 7 surface was prepared from an As-doped
Si(111) wafer (Virginia Semiconductor, 2—3 mQ-cm) through
cycles of direct current heating to 1250 °C and gradual cooling
to 950 °C. HCT was synthesized through electron beam evap-
oration of Ag (ESPI metals, 1.5 mm dia., 99.999%), while the
substrate was maintained at 25—500 °C, followed by annealing
to 300—500 °C.

STM images were obtained in the analysis chamber (base
pressure <2 x 10~'? mBar) in constant current mode using
electrochemically etched W tips at 55 K, unless noted otherwise.
Simultaneous scanning tunneling spectroscopy d//dV mapping
was obtained by applying a small periodic modulation to the
sample bias and isolating the current signal with a Stanford
Research Systems SR830 lock-in amplifier (at 10 kHz with V04 =
30 mV zero-to-peak voltage). Ag(111) reference spectra were
periodically taken to confirm tip consistency.

XPS spectra were acquired on a Thermo Scientific ESCALAB
250 Xi, using a monochromated Al Ka. source and an Art ion
gun for depth profiling. The depth profile was quantified using
a calibrated etch rate. TEM samples were prepared using an FEI
Helios Nanolab SEM/FIB, followed by precision thinning in
a Fischone NanoMill via Ar" ion sputtering. TEM/STEM and
EDS data were acquired using a JEOL JEM-2100F with a double

was controlled from single-layer platelets to multilayer
regions, all of which formed as isolated domains rather
than uniformly covering the surface. Guided by pre-
vious studies of Ag deposition on Si(111), we demon-
strated via STM that the /3 phase was structurally
identical to the HCT surface reconstruction (described
by HCT and IET models). To understand this observa-
tion, we studied the +/3 phase system ex situ. Cross-
sectional TEM images show that the v/3 phase adopts a
planar subsurface morphology and remains crystalline
below a surface oxide following ambient exposure.
Raman spectroscopy indicates the persistence of sp>
crystalline silicon despite the concomitant observation
of silicon oxide via XPS. Furthermore, the appearance
of bulk Raman scattering modes is directly correlated
to the precipitation of +/3 phase. These observations
indicate that a semiconducting sp*> bonded monolayer
of silicon is the most favorable allotrope in the 2D limit.
Since these Si nanosheets retain a bulk-like semi-
conducting electronic signature even at the ultimate
thickness limit, they can likely overcome the limitations
caused by the gapless nature of sp>-bonded 2D mate-
rials in a platform inherently compatible with extant Si
processing chemistries.

tilt holder. AFM images were obtained using a Bruker Nano-
scope 7 in PeakForce mode. Raman spectra were taken with a
Renshaw Confocal Raman system with 442, 514, and 633 nm
lasers.
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