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Superatoms (SAs) with specific compositions have the potential to significantly advance the field of nano-
materials science, leading to next-generation nanoscale functionalities. In this study, we fabricated
assembled layers with tantalum metal-atom encapsulating silicon cage (Ta@Siig) SAs on an organic Cgg
substrate through deposition, and we characterized their electronic and optical properties by photo-
electron spectroscopy and microscopy. The alkaline nature of Ta@Si;g SAs reveals their electronic beha-
viors, such as charge transfer and electromagnetic near-field sensing, through two-photon photo-
emission (2PPE) spectroscopy and microscopy with a femtosecond laser. The evolution of the work func-
tion for Ta@Siy;g SAs on Cgg, Observed by 2PPE spectroscopy, demonstrates charge transfer complexation
between the topmost Cgq layer and the first Ta@Si;g layer, consistent with the electron-donating alkaline
characteristics of Ta@Sije SAs. Specifically, a small amount of Ta@Si;g SA deposition leads to a dramatic
increase in 2PPE intensity, attributable to electromagnetic near-field enhancements, suggesting appli-
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cations as sensitizers for nonlinear imaging in photoemission microscopy. For the assembled Ta@Si;g SA
layers, a plasmonic response of hy, = 17.9 eV is spectroscopically identified, including their valence and
conduction band structures, and the plasmonic energetics are discussed in the context of metal doping
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1. Introduction

Nanoclusters (NCs) with countable numbers of atoms are
promising functional materials for future electronic and optical
devices. Among the vast combinations of atomic species and
their numbers, stably existing NCs with specific atomic compo-
sitions have been identified as “superatoms” (SAs),"® whose
characteristic stabilities are governed by geometric and elec-
tronic factors. Following the discovery of fullerenes as SAs,’
extensive research has been conducted on X@Al;, (X = B and
A1)"°™"? and metal-encapsulating silicon cage (M@Si;c) SAs'*>*
in the gas phase, leading to the exploration of ligated metal
NCs, such as Au,(SR),,,”>° in the liquid phase.
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M@Si;¢ SAs, in particular, are of potential interest as silicon-
based nanomaterials, where their electronic properties can be
tuned by endohedral doping of central metal atoms in a
common Si caged structure (Fig. 1 inset). According to the
68-electron counting rule in SAs (4e” x 16 for the Si cage and
ne” for the central metal atom), M@Si;¢ SAs with group 4 metals
(n = 4; Ti, Zr, and Hf) exhibit electronically insulating properties
due to electron shell closures, behaving as intrinsic semi-
conductors. By substituting the central metal with group 3, 5,
and 6 metals (n = 3; Sc, Y, Lu, n = 5; V, Nb, Ta, and n = 6; Cr, Mo,
W), they acquired n-type (n = 3) and p-type (n = 5 and 6) charac-
teristics with a deficiency or surplus of electron(s).'*'7>*!

When non-ligated SAs generated in the gas phase are de-
posited on a substrate, a chemical interaction between the SAs
and the substrate occurs, resulting in their favorable charge
states.>”*® The molecularly local electronic structure resulting
from this interaction governs the charge injection/ejection pro-
perties at the hetero-interface. Furthermore, in films with de-
posited SAs, chemical interactions between neighbouring SAs
provide additional functionalities, such as electric conduction
and charge separation properties.*’*® To further understand
and control functional systems based on SAs, it is important to
characterize the electronic and optical properties of SA layers/
films grown on substrates.

Nanoscale, 2024, 16, 21837-21846 | 21837


http://rsc.li/nanoscale
http://orcid.org/0000-0003-2209-1540
http://orcid.org/0000-0001-9381-0077
http://orcid.org/0000-0003-2650-5608
https://doi.org/10.1039/d4nr02778g
https://doi.org/10.1039/d4nr02778g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr02778g&domain=pdf&date_stamp=2024-11-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr02778g
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016047

Open Access Article. Published on 29 October 2024. Downloaded on 7/23/2025 1:36:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Ta, Si,* _ .
4x16Si=64e-
5x1 Ta=5e-
Total =68 e -
IS
e
3
C
o
High trans
High res.
|I|IIIIII|IIIIIIlIl|lIlIlIIIlllIIIIIII
400 500 600 700

Mass number (m/z)

Fig. 1 Mass spectra of the Ta,,Si,* binary nanocluster generated by an
MSP source with different mass resolutions (m/Am) of 100 (bottom) and
50 (top). The Ta@Siie superatoms (SAs) are selectively generated at m/z
= 630 among the series of Si,*, Ta;Si,*, and Ta,Si,* nanoclusters. With
moderate mass resolution, SA deposition was size-selectively performed
in high-transmission mode, fixed to the mass number of the Ta@Si;¢ SA.
The ion currents typically were several nA during deposition, corres-
ponding to 6.2 x 10° SAs per nA per s. Since the Ta@Siys SA exhibits a
p-type (alkaline-like) nature due to its one-electron excess, the cationic
Ta@Siye* SA satisfies the shell closure of 68 electrons.

Over the past decade, significant advancements have been
made in the precise synthesis and deposition of atomically
mass-selected NCs, including SAs,”’>° where the deposited
NCs/SAs on substrates have been characterized by convention-
al methods for materials science (e.g., photoelectron
spectroscopy,”’ >® scanning tunnelling microscopy (STM),>**°
and X-ray absorption fine structure (EXAFS)).*" Recent develop-
ments in size-selected NC deposition methodologies have
addressed the abovementioned fundamental issues; the flux of
an atomically mass-selected SA beam now allows for the fabri-
cation of SA multilayers on substrates within a realistic time-
frame (within several hours of operation), with a beam flux
comparable to that of the molecular beam epitaxy (MBE)
method used to form highly crystalline inorganic/organic epi-
taxial films.*> The electronic conduction properties of size-
selected SA films have been characterized, revealing their
potential utility in functional nanodevices.****

In the initial stage of SA film growth on substrates, M@Si;¢
SAs have been found to be stably immobilized on organic sub-
strates by appropriately selecting their molecular properties (e.g:
p- or n-type); positively or negatively charged SAs are stabilized
with p- or n-type molecular characteristics, leading to molecu-
larly favourable charge transfer interactions at their
interfaces.””>® While pure M@Siy¢ SA films have been shown to
be tolerant to the ambient environment when protected by an
overlayer,”> the collective electronic/optical behaviors of
assembled M@Si;¢ SA layers remain uncharacterized beyond the
nature of locally immobilized SAs.
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In this study, we have characterized the electronic struc-
tures of p-type Ta@Si;¢ SA layers grown on an organic n-type
Ceo fullerene substrate by detecting photoelectrons excited by
different light sources. During the initial stage of depositing a
small amount of Ta@Si;s SAs (section 3.1), ranging from sub-
monolayer to several monolayers (MLs), we focus on the inter-
facial characteristics of electronically excited states and
changes in the work function (section 3.1.1),*>*° using two-
photon photoemission (2PPE) spectroscopy with a femtose-
cond light source. The quantitative evolution of the work func-
tion with increasing SA coverage (section 3.1.2) demonstrates
the formation of an adsorption-induced surface dipole at the
interface between the first layer of the p-type (or alkaline-like)
Ta@Si;6 SA and the n-type Cg, substrate due to charge transfer
interactions. Furthermore, 2PPE spectroscopy resolves the
photoexcited electrons in the conduction band of the Ta@Si;s
SA layer (section 3.1.3), while the 2PPE intensity is dramatically
enhanced by the characteristic nonlinear optical responses of
Ta@Si;6 SAs, indicating that the optical responses can be used
as sensitizers for nonlinear microscopic imaging to visualize
surface plasmon polariton (SPP) propagation at buried metal-
dielectric interfaces (section 3.1.4). For thicker assembled
Ta@Si;6 SA layers, with up to 7 MLs (section 3.2), we further
characterized the chemical state and plasmonic response of
the SA film by X-ray photoelectron spectroscopy (XPS) (section
3.2.1). The plasmon excitation of these SA layers, influenced by
metal-atom encapsulation, differs from that of pure bulk Si
crystals. Ultraviolet photoelectron spectroscopy (UPS) and
2PPE spectroscopy provide insights into electronic structures
both below and above the Fermi level (Ey), with the experi-
mental observations further supported by DFT calculations
(section 3.2.2).

2. Experimental section

2.1. Fabrication of the Ta@Si,¢ SA film on a Cg, substrate

The Ta@Si;6 SA film was prepared using a magnetron sputter-
ing (MSP) NC deposition method, with the detailed method-
ology described elsewhere.>>**® In brief, Ta and Si atoms
evaporated by Ar ion sputtering aggregate into NCs in cooled
He gas. The charged NCs, including SAs, are introduced into a
quadrupole mass filter using ion optics. Fig. 1 shows the mass
spectra of the cationic Ta-Si binary NCs synthesised with the
MSP source using a Ta-Si mixed target. The high-resolution
mode spectrum (bottom spectrum) shows a prominent peak at
m/z = 630, corresponding to the Ta@Si;e SA, indicating its
magic number behavior. The neighbouring product peaks, Si,,
(m/z = 616) and Ta,Siyo (m/z = 642), are well-separated from the
Ta@Si;¢ SA peak and are weak (a few %) compared to the
dominant SA production. The targeted pure Ta@Si;s SA can
then be deposited in high-transmission mode (top spectrum),
with an organic substrate placed at the throughput of a
Q-mass filter, fixing the potentials of the electrodes in the
mass filter for a specific mass number (m/z = 630 for the
Ta@Sii¢ SA). The flux of the SA beam is sufficient to reach

This journal is © The Royal Society of Chemistry 2024
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several nA (6.2 x 10° SAs per nA per s) in the latest develop-
ment, enabling the preparation of a 1 ML Ta@Si;s SA film
(corresponding to 5 x 10" SAs; see ESI Note S1 and Fig. S17)
on a substrate within 1 hour of operation.

Since the Ta@Si;¢ SA has p-type character (68 electron shell
closure in a cationic state), an n-type organic substrate is
plausible.?®2%31733 Here, we chose an n-type Cq, substrate, pre-
pared by vacuum deposition on a graphite-based solid just
before SA deposition. The Cg( thickness was 2 MLs, sufficient
to electronically decouple the SA from the graphite. We also
prepared a thick Cg, substrate (10 MLs) on a plasmonic gold
(Au) (111) substrate, demonstrating the visualization of lateral
plasmonic excitation® > at the Cqo/Au(111) interface sensi-
tized by SA deposition (see section 3.1.4). The Cgq, substrates
were immediately transferred to the SA deposition system
without disrupting the ultrahigh vacuum conditions.

2.2. Photoelectron spectroscopy and microscopy

The growth of the SA film and its electronic properties were
evaluated using a photoelectron spectroscopy system (VG
Scienta R-3000) with various photon sources, including XPS,
UPS, and 2PPE. In XPS, an MgKa characteristic X-ray source
(photon energy, hv = 1253.6 eV) was used to extract photo-
electrons from the core levels of the atoms in the sample. We
set the detection takeoff angle to 45° for surface sensitivity.
The instrumental resolution, evaluated by the Au 4f,, core
level, was 1.12 eV, primarily governed by the intrinsic line
width of the MgKa line.>® The binding energy was calibrated
to the energy of the Au 4f,, peak at 84.0 eV.

For UPS, a He I discharge lamp (v = 21.22 eV) was
employed to observe the valence electronic structures with
high energy resolution (<30 meV). In the case of 2PPE spec-
troscopy, the third harmonics of a titanium sapphire laser
(COHERENT: Mira 900-F) were generated and focused onto the
sample surface with an aluminium concave mirror (f =
400 mm). 2PPE can observe the unoccupied electronic states
(or conduction bands) above the Ep with energy resolution
comparable to that of UPS (30 meV).®*®* Due to the surface
sensitivity in the region of photoelectron kinetic energy being
sufficient, normal emission of photoelectrons was detected in
both UPS and 2PPE spectroscopy. Furthermore, 2PPE spec-
troscopy is valuable for evaluating the work function, as the
detection area is limited with respect to the spot size of the
incident laser (approximately 0.1 mm in diameter). To avoid
unexpected effects of the local work function on surface
defects or impurities, we selected the probe area for obtaining
reproducible spectral data.

We also employed photoelectron emission microscopy
(PEEM; IS-PEEM, FOCUS GmbH) to image the lateral distri-
bution of 2PPE, i.e. 2P-PEEM. As mentioned in section 3.1.4,
plasmonic excitation and propagation at the metal/dielectric
interface can be visualized using 2P-PEEM,*'>® where both
fundamental and third harmonics of the titanium sapphire
laser were irradiated onto the plasmonic sample with spatio-
temporal overlap. The incident angle of the light source was
75° relative to the surface normal. The lateral resolution of the

This journal is © The Royal Society of Chemistry 2024
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2P-PEEM setup was better than 80 nm, depending on the
extractor lens voltage of the PEEM optics.*®%*®* In general,
2P-PEEM images of inhomogeneous samples show significant
photoemission signals from defects or impurities. In our case,
however, no such “hot spots” were observed, confirming the
uniformity of the sample. This uniformity was ensured by per-
forming all experimental procedures and measurements
within the UHV system.

3. Results and discussion

3.1. 2PPE spectroscopy and microscopy for Ta@Si;s SAs on
Ceo Organic surfaces

3.1.1. 2PPE spectra of Ta@Si;¢ SA/Cso. Fig. 2(a) shows the
2PPE spectra for various coverages of Ta@Sijs SAs on a Cgo
substrate, where the nominal coverages were evaluated from
the product amount of ion current x deposition time, as well
as a step-by-step analysis of XPS measurements (ESI Note S1
and Fig. S17). Incident photons of Av = 4.13 eV are used as
both pump and probe photons in a one-color 2PPE manner.
The lower horizontal axis represents the final state energy with
respect to the Eg, while the top axis represents the intermedi-
ately excited state energy by one-photon absorption (final state
energy minus hv). Before SA deposition (0 ML), the main two
peaks observed are assignable to the lowest unoccupied mole-
cular orbital (LUMO; Er + 0.8 eV, see the upper axis) and
LUMO+1 (Ep + 1.8 €V) of Cg molecules.®® The low-energy
cutoff of the 2PPE spectrum, 4.71 eV in final state energy,
corresponds to the vacuum level (E,,.) relative to the Eg, which
is the work function (=Ey,. — Er) of a Cg, substrate.

Upon deposition of the Ta@Si;¢ SAs, the 2PPE intensity
drastically increases, particularly in the lower energy region
due to the nonlinear optical response of Ta@Si;s SAs (section
3.1.4). Furthermore, a new spectral feature appears at 6.2 eV in
the final state energy. This photoemission signal originates
from the conduction band electron at Er + 2.1 eV photoexcited
in the Ta@Si;6 SA film (section 3.2.2). In the low-energy cutoff
region, the onset energy reveals the behaviors of the work func-
tion and shows coverage dependence; up to less than 1 ML,
the cutoff energy shifts toward a lower energy, while it slightly
increases at higher coverages.

3.1.2. Ta@Si;6 SA coverage dependence of the work func-
tion. It has been demonstrated that the p-type (alkaline-like)
Ta@Si;s SA is stably immobilized on the n-type Cg, substrate,
which exhibits a large electron affinity.”® This interaction
results in charge transfer at the interface between Ta@Si;¢ and
Ceo. Notably, the observed change in the work function in the
low-coverage region (from sub-ML to several MLs) clearly
reflects this interfacial charge transfer, leading to the for-
mation of a surface dipole.

Fig. 2(b) shows the magnified 2PPE spectra of Fig. 2(a) in
the low-energy cutoff regions on a logarithmic intensity scale.
With Ta@Si;6 SA deposition up to less than 1 ML, the work
function gradually decreases by approximately 0.3 eV from 4.7
to 4.4 eV, while it increases to about 4.5 eV at higher depo-
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Fig. 2 (a) Coverage-dependent 2PPE spectra (hv = 4.13 eV) of the Ta@Size SA on Cgp. The bottom and top axes represent the energies of the final

state and the intermediately excited state with respect to the Ef, respectively. Before SA deposition, the Cgo-derived LUMO and LUMO+1 levels are
observed at Er + 0.8 eV and E¢ + 1.8 eV (see the top axis).®* The 2PPE intensity is significantly enhanced by SA deposition, especially at the lower
energy. The low-energy cutoff of the 2PPE spectra in the final state energy corresponds to the vacuum level (=E¢ + work function). A peak at 6.2 eV
in the final state energy is a conduction band (CB) structure of the SA film at E¢ + 2.1 eV (top axis). (b) Magnified 2PPE spectra at the low-energy cut
off region on a logarithmic intensity scale. The work function (marked by vertical bars) decreases by 0.3 eV at lower coverages of up to 1 ML, while it
slightly increases at coverages greater than 1 ML. (c) The coverage-dependent work function attributable to the electron-donating p-type (alkaline-
like) properties of the Ta@Sii;g SA, similar to alkaline atom deposition. The change in the work function, Ag (right axis), is fitted using a Topping

model®®

sition amounts (>1 ML). More detailed work functions are
plotted against the SA coverages, as shown in Fig. 2(c).

The characteristic change in the work function is closely
associated with that of the well-studied adsorption behavior of
alkaline atoms on metal or semiconductor substrates.®® This
can be explained by: (1) a surface dipole layer formed by elec-
tron-donating alkaline adatoms on the substrate lowering the
work function, (2) the dipole layer being lifted by depolariz-
ation at coverages approaching 1 ML, and (3) the work func-
tion slightly recovering at multilayer coverages. Therefore, our
experimental results indicate that an adsorption-induced
dipole layer forms at the first layer of the p-type (alkaline-like)
Ta@Si6 SA film on Cgp, driven by interfacial charge transfer
(inset in Fig. 2(a)).

More quantitatively, the change in the work function, A¢
(right axis in Fig. 2(c)), due to the formation of a surface
dipole layer can be described by the Topping model®® as:

Ap = —80_1d01’lad (1 + 9a'na§), (1)
where &y, dy, n.q, and o' are the permittivity in a vacuum,
dipole moment, surface density, and mean polarizability,
respectively. Assuming that each Cg, molecule faces a Ta@Si;
SA at the interface, n,4 can be estimated as the surface density
of Cgp, 1.18 nm™".*” The experimental result fits eqn (1) with

21840 | Nanoscale, 2024, 16, 21837-21846

with eqgn (1), providing an adsorption-induced dipole moment, do, of 2.7 D.

dy=2.7D (1 D=3.3x107°Cm) and &' = 300 A%, Note that the
d, value is smaller than the calculated dipole moment for the
free V@Sii¢ (p-type SA)-Sc@Sii6 (n-type SA) heterodimer (d, =
7.6 D or 5.7 D depending on the calculation level).®® This
smaller d, value in a Ta@Si;6—Cso complex shows a difference
in electron distribution at the microscopic level; the negative
charge may be inclined towards the Ta@Si;s side of the Cgo
layer in Ta@Sii6-Cso, While in the V@Si;¢-Sc@Si;s heterodi-
mer, electron distributions are located at the central Sc
metal.®® Note that the o' value is evaluated for a Ta@Si;s—Ceo
“complex” at the interface exhibiting the finite dipole moment
(2.7 D). Although the fitting becomes unrealistic at thicknesses
greater than 1 ML, it does not significantly impact the o' value
fitting within the range of 100 < o' < 400. This coverage-depen-
dent work function analysis concludes that the Ta@Si;s SA
provides negative charge to the adjacent Cg, forming an inter-
facial dipole layer due to its p-type (alkaline-like) nature based

on one-electron excess against the 68-electron shell
closure, 1417:20.21
3.1.3. Electronic excited state of Ta@8Si;c on Cg,. In the cov-

erage-dependent 2PPE spectra of Ta@Si;¢ SAs (Fig. 2(a)), a new
peak at 6.2 eV appears in the final state energy after SA depo-
sition at coverages greater than 1 ML. Since the SA coverage of
2.5 MLs (the highest SA amount in Fig. 2(a)) is sufficient to
obscure the photoemission from the underlying Ce, (see also

This journal is © The Royal Society of Chemistry 2024
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the 7 ML film in Fig. 7), the photoemission signal originates
from the Ta@Si;¢ SA film itself. In general, the 2PPE signal in
the spectral feature must be attributed to the valence or con-
duction band electrons, as both bands can contribute to the
2PPE spectrum. By examining the UPS spectra of the thick
Ta@Si;6 SA films (see Fig. 7), a much broader valence band
structure is observed at the corresponding binding energy (Eg
— 2 €V; Ep + (6.2 — 2 ) eV). Therefore, the peak structure at
6.2 eV in the final state energy is attributable to an intermedi-
ately excited electron by one-photon absorption; i.e. the 2PPE
peak is assignable to photoemission from the conduction
band located at Eg + 2.1 €V (Er + (6.2 — 1 /w) eV), as shown by
the top axis in Fig. 2(a). The conduction band structures of the
Ta@Si;¢ layers are discussed in section 3.2.2, together with
UPS and DFT calculations. Note that we have accurately
measured the electronic structures of a pure Ta@Si;e film
without any oxidation or degradation, where 2PPE (and UPS)
has a high surface sensitivity to oxidations at the topmost
surface. In fact, the UPS and XPS spectra drastically change
upon intentional oxygen exposure to the SA film (see ESI
Fig. S2 and S3t), where both spectra become similar to that of
an SiO, film”® due to the oxidative reaction of the topmost
Ta@Si;e SA.

As shown in the 2PPE spectra of Ta@Si;e SAs in the lower
energy region (Fig. 2(a)), a dramatic enhancement of the 2PPE
intensity is observed. Since the intensity enhancement is
clearly recognizable even at sub-ML coverages, the 2PPE spec-
tral feature does not merely reflect the density of states of the
Ta@Si;6 film itself. A plausible explanation for the intensity
enhancement in the 2PPE spectra is the nonlinear optical
response (e.g. nonlinear scattering) of Ta@Si;s SAs, where
2PPE sensitively responds to the generated near-field with the
nonlinear optical response. In fact, no photoemission
enhancement occurs in UPS using the a cw discharge lamp;
the UPS intensity is rather suppressed by Ta@Si;¢ deposition
due to the large difference in the ionization cross-sections
between the C 2p- and Si 3p-derived valence electrons.”
Similar 2PPE enhancements have been reported in plasmonic
silver nanoparticle/NC-deposited surfaces around their photo-
excitation  energies of localized surface plasmon
resonance.’®>> The present results show that the Si-based SA
can serve as a sensitive probe of nonlinear optical phenomena
at the surface and/or interface, demonstrating its capability as
a photo-sensitizer as described in the next section.

3.1.4. Microscopy sensitizer of Ta@Si;¢ for photoemission
electron microscopy. As mentioned above, the photoemission
signals with nonlinear excitation are strongly enhanced even
by a small amount of Ta@Si;s SA deposition. This enables the
size-selective deposition of the Ta@Si;¢ SA to act as a sensitizer
for microscopic near-field imaging, e.g. plasmonic excitation.
In this section, the sensitive nonlinear imaging and character-
ization of surface plasmon polaritons (SPPs) propagating at a
metal/dielectric interface are demonstrated. In general, propa-
gating SPPs are visualized by microscopic imaging of 2PPE
using a PEEM (i.e. 2P-PEEM).>'>® However, this powerful SPP
imaging method is typically valid only for bare plasmonic

This journal is © The Royal Society of Chemistry 2024
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metal structures that can photoemit with an SPP-exciting
pump photon via two-photon and 2PPE processes. Lowering
the work function by alkali-atom deposition is often required
to extract photoelectrons under vacuum. In fact, almost no
2PPE signal is obtained for a Cg, (>10 ML) film prepared on a
plasmonic Au substrate with SPP-exciting near-infrared (NIR;
hv = ~1.5 eV) photons, even with the assistance of co-irradiat-
ing ultraviolet (UV; hv = 4.5 eV) photons. Therefore, it is princi-
pally difficult to visualize as is the SPPs by 2P-PEEM at a
“buried” interface.>

To address this issue, Ta@Si;¢ SAs deposited on a plasmo-
nic Ceo/Au system are useful for effectively converting the near-
field generated by propagating SPPs into nonlinear photo-
emission. Fig. 3(a) and (b) show the two-color 2P-PEEM (NIR:
hv = 1.44 eV and UV: v = 4.32 eV) images of 10 ML Cgo/Au
decorated with (a) 0.1 ML and (b) 1 ML Ta@Si;s SAs. Fringe
patterns propagating from an intrinsic groove are observed in
2P-PEEM. Such characteristic fringe patterns in 2P-PEEM were
first observed by Kubo et al.”* for a silver thin film deposited
on a mica substrate. The patterns result from the surface
polarization beats formed by the interference between the elec-
tromagnetic fields induced by propagating SPPs and the
remaining light. In the present 2P-PEEM, incident NIR
photons form polarisation beats with SPP excitation at the Cgo/
Au interface, and the interference fringe patterns are imaged
by 2P-PEEM, where nonlinear photoemission from the
Ta@Si;s SAs is induced simultaneously by illuminated UV
photons,*®°*°572 a5 schematically illustrated in Fig. 3(c). We
would like to reiterate that no imaging of the buried SPPs at
the Cgo/Au interface is available without decorating Ta@Si;e
SAs; Ta@Si; SAs play the role of sensitizers for the nonlinear
photoelectron source accompanied by SPP propagation at the
interface.

The lateral period of the beat patterns in 2P-PEEM (Apeas =
2m/kpear) sensitively reflects the physical properties of SPPs
(Fig. 3(d)), which are largely perturbed by the overlayered
dielectric films. In turn, SA-sensitized SPP imaging is a power-
ful method to characterize the SPPs propagating at the buried
interface. The wave vector of SPPs, kg, excited by an incident
photon (hv = hc/dg = hcko/2m, where ¢ is the speed of light) at
the dielectric/metal interface can be experimentally evaluated
by kspp = kbeat + ko, which was found to be 7.49 x 10° m™" at hw
= 1.44 eV. On the other hand, &, can be simulated using an
extended Drude model described by Kretschmann’s
equation:”?

N
Emévac

2 ’
| Emévac €d — Evac €d — €m
€m + Evac &d €m 1 Evac Evac — €m

(i) H(22),
)

where ¢, and ¢4 are the dielectric constants of the metal and
dielectric, respectively, and ¢ is the thickness of the dielectric
layer. The simulated ksp,, values (7.51 x 10° m™" for hv = 1.44
eV) for the 10 ML Cg, thickness (g4 = 4.5,”* & = 10 nm (ref. 75))
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Fig. 3 (a and b) Two-color 2P-PEEM images (NIR; hv = 1.44 eV and UV; hv = 4.33 eV) of 10 ML Ceo/Au(111) after Ta@Si;¢ deposition for (a) 0.1 ML

and (b) 1 ML. (c) Schematic illustration of SA-sensitized SPP visualization by 2P-PEEM. (d) Horizontal intensity profiles of (a) and (b), showing that the
internal SPP properties are negligibly modified by Ta@Sii¢ deposition of up to 1 ML. (e) SPP dispersion of 10 ML Cgo/Au(111) sensitised by the Ta@Siig
SAs, which is evaluated from the hv dependence (NIR; hy = 1.41-1.54 eV) of Apeat- The calculated SPP dispersions for Au and 10 ML Cgo/Au are super-

imposed in (e).

consistently reproduce the experimental results of the present
Ceo/Au(111) system.

The fringe pattern due to SPP propagation becomes more
obvious at the higher Ta@Si;¢ coverage of 1 ML (Fig. 3(b)). As
seen in the vertical line profile along with the k, (Fig. 3(d)), the
Apeat 18 mostly independent of the Ta@Si;¢ coverage at least up
to 1 ML. The above results clearly demonstrate that the
Ta@Si;6 SAs have the capability to visualize the surface near-
field penetrated from the buried plasmonic interface with neg-
ligible perturbations of their physical properties.

Furthermore, 2P-PEEM provides important information
about the SPP properties at the interface, namely the SPP dis-
persion and velocities. These physical properties of SPPs at the
buried interface have been challenging to evaluate experi-
mentally. Fig. 3(e) shows the SPP dispersion (o versus kepp)
evaluated by the Ape,c Obtained from 2P-PEEM at various
photon energies (NIR; Av = 1.41-1.54 eV). The dispersion curve
is in excellent agreement with the curve calculated using eqn
(2). The phase and group velocities of SPPs can also be
extracted from w/k and dw/dk, which were found to be
0.96-0.98 ¢ and 0.89 c, respectively.

To summarize the electronic characterization and plasmo-
nic sensitization of Ta@Si;s SAs, the energy diagram and
excitation schemes with UV-UV and UV-NIR photons are
illustrated in Fig. 4. Irradiation with SPP-exciting NIR and
UV photons alone cannot energetically extract photo-
electrons from the Cg, surface (process (2) in Fig. 4).
However, upon decorating with Ta@Siy¢ SAs, 2PPE with
NIR-UV photons becomes effective (process (4) in Fig. 4; see
also ESI Fig. S4f for the two-color 2PPE spectra), and its
lateral distribution reflects the SPP-induced near-field at the
surface. Notably, the enhancement of nonlinear photo-
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Fig. 4 Energy diagram of the Ta@Si;g SA film on a Cgo substrate. The
2P-excitation schemes with UV and plasmon-exciting NIR photons are
also indicated as blue and red arrows, respectively. UV-UV excitation
(processes 1 and 3) produces a series of coverage-dependent 2PPE
spectra of the Ta@Si;g SA on a Cgp substrate (sections 3.1.1 and 3.1.3).
The work function reaches a minimum at around 1 ML coverage of the
Ta@Si;e SA due to charge transfer interactions with the topmost Cgo
(section 3.1.2). To visualize propagating SPPs at the buried Cgo/Au(111)
interface using 2P-PEEM (section 3.1.4), sufficient photoemission from
the topmost surface is necessary. Without the Ta@Si;¢ SA, no photo-
emission occurs under UV—NIR excitation (process 2), while by decorat-
ing with the Ta@Sii;s SA, UV-NIR excitation (process 4) results in
sufficient photoemission, with the intensity enhanced by the SPP-
induced near-field.

This journal is © The Royal Society of Chemistry 2024
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emission from the Ta@Si;¢ SAs offers additional significant
physical insights from the perspective of silicon plasmonics,
where pure Si nanoparticles show no plasmonic response in
the NIR or visible regions. In fact, the Ta@Si;¢ film shows a
density of states just below the Er level (see Fig. 7), indicating
the presence of free electrons capable of oscillating with an
external electromagnetic field, i.e., localized surface plas-
mons. These optical and plasmonic responses of such a
“metal-doped Si nanoparticle” represent an exciting frontier
that will be explored in the near future.

3.2. Electronic characterization of Ta@Si;¢ SA thick films

3.2.1. X-ray photoelectron spectroscopy and plasmonic
responses of the Ta@Si,¢ thick film. To investigate the elec-
tronic properties of the thick Ta@Si;s SA layers on a Cgo sub-
strate, their XPS spectra were recorded at (a) Si 2p and (b) Ta 4f
core levels for the thin (0.9 ML) and thick (7 ML) films of the
Ta@Si;6 SA, as shown in Fig. 5. Detailed coverage-dependent
XPS spectra are shown in ESI Fig. S1.1 The intensities of Si 2p
and Ta 4f core levels are consistent with the atomic compo-
sition ratio of 1: 16 for Ta@Si; SAs.?”"*® Furthermore, the XPS
peak profiles of Si 2p and Ta 4f are mostly reproduced by con-
sidering uniform chemical components within the instrumen-
tal peak broadening (1.12 eV FWHM), indicating that the
Ta@Si;6 SA is deposited on the Cgo substrate while preserving
its caged structure through favorable charge transfer inter-
action, forming a Ta@Si;-Ceo complex (see section 3.1.2).>% In
addition, the coverage dependence of the C 1s peak shows a
red shift by Ta@Si;6 SA deposition up to the full coverage (1
ML). In fact, when a gold (Au) (111) single crystal is used as a
substrate, the Si 2p core level shows multiple chemical com-

//
Si2p & @ Ta 4f
> Si ~0 _'z:;.; @{:;} Ta+1
:‘é ! ey Ta@Siys*- Ceo /
Q|——o09ML L
= 7ML }
8 2@e )
: Ty \
§ Ta*@(Sise) y
> 1ML Afs, 47 \\
sy Mroretoven VW"W/I “""-»Mn
//
104 102 100 98 26 24 22 20

Binding energy (eV)

Fig. 5 Normalized XPS spectra of the thin (0.9 ML) and thick (7 ML)
Ta@Size SA films on a Cgo substrate. For the thick films, the Si 2p peak
becomes sharper and shifts toward a lower binding energy, while the Ta
4f peak remained unchanged, corresponding to the Ta'* charge state.
This result indicates that the positive charge of Ta compensates for the
negatively charged Si;¢ cage, characterizing the Ta@Si;g SA as neutral
overall.

This journal is © The Royal Society of Chemistry 2024
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ponents, caused by significant distortion of the SAs on the
metal substrate (see ESI Fig. S57).

For thick films, the XPS peak width of Si 2p becomes nar-
rower compared to thin films, particularly with reduced inten-
sity at the higher binding energy side. This peak narrowing
results in an apparent peak shift (0.2 eV) toward a lower
binding energy. Since the chemical state of the central Ta
atom remains almost unchanged as Ta'* (22.5 eV)?® regardless
of the thickness, the spectral change in Si 2p indicates that the
surrounding 16 Si atoms uniformly share a negative charge to
compensate the overall charge of the Ta@Si;¢ SA, making it
neutral in the multilayered film, i.e. Ta'"(Si;e)'”. The charge
states of the Ta@Si;¢ SA at 1 ML and in the multilayer films
are schematically illustrated in the inset of Fig. 5.

When bare Ta@8Si;¢ SAs accumulate and assemble into a
multilayer, the inter-SA interactions should be induced by
mixing the wave function with neighboring molecules, poten-
tially leading to phenomena such as electric conduction®** or
charge separation. Interestingly, these inter-SA interactions are
evidently resolved by XPS in a wider energy scan, characterized
as plasmonic responses of the Ta@Si; SA layers. Fig. 6 shows
the wide-range XPS spectra of the thin (0.6 ML) and thick (7
ML) Ta@Si;¢ films on the Cg, substrate. Peaks at 117.2 eV and
41.6 eV appear in the thick film, where the energy separations
from the main Si 2p and Ta 4f peaks are the same. The satellite
peaks observed at the higher binding energies from the main
core level peaks are associated with the energy loss of photo-
electron kinetic energy due to plasmon excitation in the
Ta@Si;¢ SA film.”®®! This plasmon excitation results from the
collective oscillations of valence electrons, indicating the for-
mation of an inter-SA chemical network between the bare
Ta@Si;¢ SAs.

7/

Si2p Ta 4f

C1s
Al Ka

Ta5p

Log. XPS intensity

v v b v b g Iy

Lewv o b by by o |

100 60 50 40 30 20
Binding energy (eV)

130 120 110

Fig. 6 Wide-scan XPS spectra for the thin (0.6 ML) and thick (7 ML)
films of the Ta@Siig SA on Cgo. In the thick film, satellite peaks are
observed at the higher energy sides of the main Si 2p and Ta 4f peaks,
exhibiting a common energy separation of 17.9 eV. These satellite peaks
originate from the energy loss of photoelectrons due to plasmonic exci-
tation in the Ta@Sis¢ film. The plasma frequency (huy) is slightly higher
than that observed for a clean Si(100) single crystal (hy, = 17.0 eV,
bottom spectrum).”®
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The energy of plasmon energy loss, hv, = 17.9 eV, is slightly
higher than that of bulk Si (A, = 17.0 eV, see the bottom in
Fig. 6).”° It is known that the hu, changes with doping and
quantum confinement, as reported in the literature when observ-
ing with XPS or electron energy loss spectroscopy (EELS) in Si-
based systems.”””®' In single Si nanocrystals with >2 nm dia-
meter prepared from silane gas plasma,”” the quantum confine-
ment effect generally induces a blue shift of 4w, (~1 eV in the
smallest nanocrystals) because of the enlargement of the band
gap. However, the quantum confinement effect can be excluded
in the present system of the thick SA film, as no plasmon-
induced energy loss peak is observable in the thin film (0.6 ML);
the individual size of the Ta@Si;¢ SA is too small to have the
plasma oscillations of their valence electrons. Therefore, the blue
shift of the Av;, in the Ta@Si; film is considered to result from
the effect of Ta doping in the Si cage (ie. the doping effect®),
although it is difficult to separately discuss the doping effects
from many other possibilities (e.g. crystallinity, electronic struc-
ture, etc.). Note that a slight blue shift (0.3 eV) has been observed
for multilayered Si,, NCs on the substrate.”

3.2.2. Ultraviolet photoelectron spectroscopy for the
Ta@8Si;6 thick film; electronic excitation. Fig. 7 shows the UPS
(left) and 2PPE (right) spectra of the 7 ML SA films, reflecting
the valence and conduction band structures of the Ta@Si;
layers. At this thickness, the contribution of the underlying sub-
strate (Cg) in the UPS/2PPE spectra is negligible (see the cover-
age-dependent UPS/2PPE, ESI Fig. S61 (UPS) and Fig. 2 (2PPE)).
In both spectra, appropriate smooth backgrounds due to second-
ary electrons were subtracted from the raw data to clearly show
the electronic structures (see ESI Fig. S71 for the raw data). The
higher energy onset of the UPS spectrum corresponds to the E,
where the energy of Er was carefully determined using a stan-
dard gold sample. The observed gapless valence electronic struc-
ture of the SA film is consistent with the ohmic electric conduc-
tion for the M@Si; (M = V, Nb, and Ta) films.*>*

2PPE

UPS

Intensity

INERRERE FRRRRRRER] ARRRRRREN] SRRRRRRAN] ARRNRENRTA RNRRRRAR ANRERRRRNE ARRRRRRRRE AT

10 8 6 4 2 0 2 4
Energy w.r.t. E¢ (eV)

Fig. 7 (bottom) UPS and 2PPE spectra of a thick Ta@Sij¢ SA film (7
MLs). The energy onset at Er in the UPS spectrum indicates the ohmic
electronic conduction of the Ta@Si;g SA film. The broad valence and
conduction band features, Ef — 2.6 eV, —7.0 eV, and —-9.6 eV in UPS and
Er + 2.1 eV in 2PPE, are observed. The experimental results are com-
pared with DFT calculations for the geometric isomer of neutral species
and cations, as shown ESI Fig. S8.1
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The electronic structures in the UPS spectrum exhibit broad
features, implying a few major components such as those at
binding energies of Ex — 2.6, —7.0, and —9.6 eV, while the con-
duction band feature is also resolved at Er + 2.1 €V, as shown
in Fig. 2(a). These broad electronic features might be due to
inter-SA interactions between the non-ligated Si caged SAs,
providing the plasmon-loss peaks in the XPS spectrum, as
shown in Fig. 6. Note that we carefully evaluated the electronic
states of the Ta@Si;6 SA film using UPS (and 2PPE) that are
generally sensitive to oxidation or degradation of the topmost
surface. Indeed, as evidenced by the drastic change in the UPS
spectrum when the SA film is exposed to oxygen molecules
(see ESI Fig. S3t), the resulting UPS spectrum closely
resembles that of a thermally oxidized Si substrate.®>

Importantly, the electronic structures are composed of more
than 20 electronic states rather than a few broadened electronic
states; the electronic states for a few geometric isomers of the
free Ta@Si;6 neutral species and cations are calculated through
DFT calculations (see ESI Note S2f). The comparison between
the experimental and theoretical results is shown in ESI Fig. S8.F
Although it is not straightforward to correlate the electronic
structures in the assembled layers with the electronic states of
isolated species obtained from the Kohn-Sham orbitals and
eigenvalues from the DFT calculations,®®* the calculations
suggest that more than 20 electronic states are involved in the
region. The calculated electronic states for a few geometric
isomers are shown in ESI Fig. S9 and Tables S1 (cation) and S2
(neutral).t While the Kohn-Sham orbitals and orbital energies
cannot exactly reproduce the electronic transitions, the compari-
son gives a rough picture of the electronic structures, breaking
down the broadened electronic features in the condensed phase
through inter-SA interactions. This also serves as a good target
for extensive calculations of the electronic states using Hartree—
Fock-based calculations.

4. Conclusions

To conclude, we have precisely fabricated a Ta@Si;6 SA film with
mass-selective deposition onto a Cg, substrate. The work func-
tion decreases at the initial deposition of the SA (<1 ML) due to
the formation of a dipole moment at the SA-substrate interface.
Under the irradiation of a femtosecond laser, the photoemission
is drastically enhanced because of the distinct nonlinear optical
responses of Ta@Si;s SAs, where the intense photoemission
signal enables the visualization of the interfacial near-field due
to plasmonic excitation. From XPS analysis, the charge state of
the Ta@Siy6 SA in the thick film is characterized as Ta'@(Siy6) 7,
making neutral the Ta@Si;¢ SAs as a whole. The UPS/2PPE
spectra show the valence and conduction electronic structures of
Ta@Si;s SA films revealing broadening effects due to inter-SA
interactions. The valence and conduction band features are in
agreement with DFT calculations, originating from the supera-
tomic nature. The electronic and optical characterization studies
of the well-controlled SA films will facilitate the emergence of an
era utilizing the novel functionalities of SA-assembled systems.

This journal is © The Royal Society of Chemistry 2024
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