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Abstract

Nowadays, the research in the field of renewable energy sources is fundamental, to
stem the climate crisis and to overcome the reducing availability of fossil fuels. The
high magnitude of solar energy has driven a lot of research towards the investigation
of efficient methods to convert it into other energy forms (e.g. electric or chemical).
One of the most promising methods to convert solar into chemical energy is visible
light photocatalysis. The main aim of this thesis is the investigations of systems at
the nanoscale that are promising candidates for visible light photocatalysis, and in
particular of thin films of cuprous oxide and of cerium oxide combined with plas-
monic nanoparticles (NPs). In the latter, cerium oxide has been coupled with NPs
because the band gap of the bare oxide is too wide for the absorption of visible ra-
diation, but previous works demonstrated that the formation of heterojunctions by
coupling plasmonic nanostructures with semiconductors can greatly enhance the ac-
tivity of photocatalysts by plasmonic energy transfer from the metal nanostructure
to the semiconductor. The first part of this thesis will describe the growth and char-
acterization of these systems, to extract information on their optical properties, with
a specific focus on the ultrafast dynamics of excited states. For this purpose, sys-
tems composed by Ag, Au and Cu NPs surrounded by CeO2 have been investigated
by means of both time-resolved and static absorbance and emission analysis. First,
systems composed by Ag NPs with CeO2 have been investigated with time-resolved
photoemission spectroscopy and free electron laser based time-resolved X-ray ab-
sorption spectroscopy. Secondly, the ultrafast dynamics of excited states induced by
ultra-violet and visible light excitation has been explored in Au NPs combined with
cerium oxide, aimed at understanding the excitation pathways, using femtosecond
transient absorption spectroscopy. Finally, the last part of the thesis is centred on
Cu NPs, also embedded in CeO2 films, or surrounded by oxides, with a particular
focus on Cu2O, that, thanks to its band gap in the visible region, is a promising
candidate for solar light photocatalysis. Cu NPs have been investigated in terms of
their morphology, optical properties and stability in air conditions, and a procedure
for growing metallic core-Cu2O shell has been developed and investigated. Finally,
Cu2O crystals and films of different thickness have been grown and analysed by
means of low energy electron diffraction, scanning tunneling microscopy and pho-
toluminescence spectroscopy in a wide temperature range to obtain information on
the behaviour of excitons.
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Sommario

Al giorno d’oggi, la ricerca nel campo delle fonti energetiche rinnovabili è fondamen-
tale, per arginare la crisi climatica e per superare la sempre minore disponibilitá
di combustibili fossili. Il flusso significativo di energia dal Sole sta spingendo le
attivitá di ricerca verso lo studio di metodi efficienti per convertirla in altre forme
di energia (ad esempio elettrica o chimica). Uno dei metodi più promettenti per
convertire l’energia solare in energia chimica è la fotocatalisi della luce visibile. Lo
scopo principale di questa tesi è lo studio di sistemi su nanoscala che sono promet-
tenti per la fotocatalisi di luce visibile, e in particolare di film sottili di ossido di
rame e di ossido di cerio combinati con nanoparticelle plasmoniche. In questi sis-
temi, l’ossido di cerio viene combinato con nanoparticelle, dal momento che il band
gap dell’ossido è troppo ampio per l’assorbimento della radiazione visibile. Lavori
precedenti hanno dimostrato che la formazione di eterogiunzioni combinando nanos-
trutture plasmoniche con semiconduttori puó migliorare notevolmente l’attività fo-
tocatalitica della ceria mediante trasferimento di energia plasmonica dalla nanos-
truttura metallica al semiconduttore. La prima parte di questa tesi descriverá la
crescita e la caratterizzazione di questi sistemi, per ottenere informazioni sulle loro
proprietà ottiche, con un focus specifico sulla dinamica ultraveloce e sull’evoluzione
temporale degli stati eccitati. A tale scopo, sono stati studiati sistemi composti da
nanoparticelle di Ag, Au e Cu circondati da CeO2 mediante analisi di assorbanza ed
emissione sia risolte nel tempo che statiche. In primo luogo, i sistemi composti da
nanoparticelle di Ag con CeO2 sono stati studiati con spettroscopia di fotoemissione
risolta in tempo e spettroscopia di assorbimento di raggi X risolta in tempo basata su
laser a elettroni liberi. In secondo luogo, la dinamica ultraveloce degli stati eccitati
indotti dall’eccitazione della luce ultravioletta e visibile è stata esplorata in nanopar-
ticelle di oro combinate con ossido di cerio, allo scopo di comprendere i percorsi di
eccitazione, utilizzando la spettroscopia di assorbimento transitorio a femtosecondi.
Infine, l’ultima parte della tesi è incentrata sulle nanoparticelle di Cu, anch’esse
inglobate in film di CeO2, o circondate da ossidi, con un focus particolare su Cu2O,
che, grazie al suo band gap nella regione del visibile, è un candidato promettente
per la fotocatalisi di luce solare. Le nanoparticelle di Cu sono state studiate in
termini di morfologia, proprietà ottiche e stabilitá in condizioni atmosferiche, ed è
stata sviluppata e studiata una procedura per la crescita di particelle core-shell con
nucleo metallico e shell di Cu2O. Infine, cristalli e film di Cu2O di diverso spessore
sono stati cresciuti e analizzati mediante diffrazione di elettroni a bassa energia, mi-
croscopia a effetto tunnel e spettroscopia di fotoluminescenza in un ampio intervallo
di temperature per ottenere informazioni sul comportamento degli eccitoni.
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Chapter 1

Introduction

1.1 Oxides for photocatalysis

In recent years, the climate crisis and global warming have become one of the most
important problems to solve. Moreover, the increasing demand on energy and the
reducing availability of fossil fuels strongly encourages the development and improve
of renewable energy sources. Solar energy harvesting from sunlight provides a con-
venient way to meet the demands of clean energy, it is then fundamental to convert
the energy harvested from the sun into chemical fuel. Solar energy can be converted
and stored in fuels such as hydrogen by water splitting and hydrocarbon compounds
by CO2 reduction [1, 2, 3, 4]. Solar light photocatalysis requires semiconducting ma-
terials with a band gap in the ultraviolet-visible (UV-Vis) range (ideally, for water
splitting, between 1.9 eV and 2.3 eV), high stability in ambient conditions, efficient
charge separation and low charge recombination rates. However, the majority of
narrow band-gap semiconductors are not stable, while wide band semiconductors
are stable, but inefficient in visible light absorption [5]. The most convenient mate-
rials for photocatalysis and water splitting are metal oxides (MOs) semiconductors,
such as CeO2, TiO2, Cu2O, ZnO, since they are abundant and cheap, non-toxic,
with tunable properties [6]. In this thesis, I will focus in particular on CeO2 and
Cu2O. These two MOs present different bandgap and different properties, but they
are both very promising materials for photocatalysis and water splitting reactions.

1.1.1 Energy-Driven Water Splitting

One of the most critical points in the use of solar light as primary energy source is
the cost-effective storage and dispatch of the converted solar energy upon demand.
The implementation of technologies to enable in a convenient and scalably manu-
facturable form the capture, conversion, and storage of sunlight is then fundamental
to mitigate the intermittency of the solar resource and to maintain stability of en-
ergy distribution [7, 8, 9]. One of the most promising pathways to overcome this
challenge is the hydrogen generation via solar water splitting, as H2 can be stored,
transported and consumed without generating harmful byproducts [2, 10, 11, 12].

The overall water splitting is an ‘up-hill’ reaction with a high positive change in
Gibbs free energy (∆G0 = +237.2 kJ/mol), which, according to the Nernst equation,
corresponds to ∆E0 = 1.23 V per electron transferred [2, 13]. Photocatalytic water
splitting has fundamental requirements for photocatalysts on their band gaps and
band levels. Semiconductor-based solar water splitting requires the semiconductor
to absorb photons with energies hν ≥ 1.23 eV (i.e. λ ≤ 1008 nm) [2]. In particular,
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Figure 1.1: Band structure of semiconductors and redox potentials necessary for
light-driven water splitting [14].

for water reduction reaction, the conduction band needs to be at a potential less
than 0 V vs. NHE (H+/H2), while the valence band needs to be at a potential more
than 1.23 V (see figure 1.1) [14].

Since ultraviolet photons are more energetic than visible photons, the photocat-
alysts that are sensitive to ultraviolet radiation have better performance per photon
for hydrogen production via solar water splitting than visible light-based ones. On
the other hand, ultraviolet radiation (λ < 400 nm) only composes ∼ 4% of the
total solar energy spectrum, that mainly includes visible (400 nm < λ < 800 nm)
and infrared (λ > 800 nm) light, accounting respectively 53% and 43% of the to-
tal solar radiation. So far, the majority of the photocatalysts are only active in
ultraviolet-light absorption [14], but it is crucial to fabricate photocatalysts that are
able to harvest a larger fraction of the solar spectrum. Typical photocatalysts are
semiconductor materials with a proper band gap (as schematized in figure 1.1), that
can be combined with dopants and/or co-catalysts to optimize their performance.
As already mentioned, a good photocatalyst must have a proper band gap for light
harvesting and a suitable thermodynamic potential for water splitting, a high charge
separation efficiency and low charge recombination rate. Moreover, it must also be
stable in the operating conditions and low-cost. The reason for the first requirements
are clear by looking at the steps that are necessary for light-driven solar splitting
(figure 1.2a). When a semiconductor is irradiated with photons that have energy
equal to or above its band gap, the incoming radiation may generate electrons in
the conduction band and holes in the valence band. If they are transferred to wa-
ter molecules on the semiconductor surface, the electrons can reduce water to form
hydrogen while the holes can oxidize it to form oxygen [17]. Intuitively, this pro-
cess requires high electron-hole pair generation rate and low recombination rate. A
crystalline structure, with a low defect concentration, is beneficial for solar-driven
water splitting, because defects can act as recombination sites [18].

Photoelectrocatalysis

Among all the solar-to-hydrogen conversion systems (such ad photovoltaic cells,
solar thermochemical systems and concentrating solar thermal systems), one of the
most promising ones are the photoelectrochemical (PEC) devices (a schematics is
shown in figure 1.2b), because they allow the direct conversion of photon to chemical
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Figure 1.2: a) Schematic of water splitting in a semiconductor photocatalyst [15] b)
Mechanism of solar hydrogen production by PEC [16].

energy, reducing the total cost of hydrogen production [16]. In PEC devices, oxygen
and hydrogen are evolved at separate electrodes, which can be recombined in fuel
cells to produce electricity. Typically, metal oxides are used as solar water-splitting
photocatalysts, thanks to their reasonable stability and relatively low cost. However,
as explained before, they need to fulfill the requirements on the band gap, on the
band levels, on the electron-hole pair generation and recombination rates.

So far, there are not commercially available photocatalysts that are able to cat-
alyze water-splitting reactions with the energy conversion efficiency larger than 10%
under one sun radiation, which represents the threshold for commercialization of
solar photocatalytic systems [19]. In fact, most narrow band gap semiconductors
are unstable during photocatalytic reactions [19, 20]. One of the most common ex-
amples is cuprous oxide, that is cheap and easy to grow, with favorable energy band
positions and a band gap of 2-2.2 eV that makes it a perfect candidate for visible
light absorption. However, Cu2O is unstable under illumination, and it can undergo
photodegradation in aqueous solutions [21, 22].

Haematite (α−Fe2O3) is an Earth-abundant semiconductor, that has a bandgap
of 2 eV, in the optimal range for solar-light harvesting, and, contrary to Cu2O, it
is photostable, making it an ideal candidate as a photoanode for PEC devices [23,
24, 25]. However, its performance as a water-oxidizing photoanode are drastically
limited by the low electron mobility and rapid trapping of the initial photoexcited
state: the lifetime of photoexcited carriers in haematite is in the order of picoseconds,
too short to drive water oxidation [25]. The discrepancy between the expected and
the actual performance has recently been attributed to haematite’s small polaron-
limited, minority carrier conduction [26, 27].

Finally, wide band gap metal oxide semiconductors (such as CeO2, TiO2, ZnO)
are stable, but can only absorb in the ultraviolet range, drastically reducing the
solar-to-fuel energy conversion efficiency. Different techniques to extend metal ox-
ides photosensitivity have been developed and studied in recent years. These tech-
niques include nanostructuration [28], defect engineering (e.g. bandgap narrowing
as proposed in [29]), doping (adding dopants such as Mn, Y, Fe and Sn [30, 31, 32])
and coupling with plasmonic nanoparticles (NPs).

In order to completely understand and then to optimize a photocatalytic material
it is crucial to study not only its static properties, but also its dynamics, to prop-
erly describe the light-induced excitations. The use of time-resolved spectroscopy,
probing time scales from femtoseconds to millisecond, with a spectral range in the
UV and visible window, is a powerful tool to study the light-induced charge transfer
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processes, to provide precious information for design of novel and optimized materi-
als [33, 34]. The case of the small polaron formation in hematite is a clear example
of the relevance of this kind of studies.

1.2 Cuprous oxide

Cuprous oxide (Cu2O) is a semiconductor characterized by a direct, parity forbid-
den, band gap of 2.15 eV, that can be tuned by changing the oxidation state of
Cu between 2.1 eV (for cuprous oxide) and 1.4 eV (for cupric oxide, CuO). More-
over, Cu2O excitons, and in particular the 1S ortho- and para-excitons, have unique
properties that make this material a perfect candidate for the understanding exci-
tons properties. Moreover, the characteristics of excitons in cuprous oxide seems
to make them perfect candidates for the study of Bose-Einstein condensates (BEC)
[35, 36, 37, 38, 39]. However, the direct observation of the condensate have always
been more difficult than expected. Various explanations have been suggested, such
as a possible instability caused by the formation of bi-excitons at the corresponding
BEC transition densities [40], or restrictions in the detection of a stable exciton
condensate by luminescence spectroscopy [41], that is the conventional method used
for the search of exciton BEC [42]. Only very recently, Morita et al. observed
the BEC of 1s para-excitons in a bulk crystal of Cu2O below 400 mK, by directly
visualizing the exciton cloud in real space using mid-infrared induced absorption
imaging, revealing that the para-exciton condensate is undetectable by conventional
luminescence spectroscopy [43].

Excitons are electron-hole pairs bound by their Coulomb attraction and produced
by optical excitation of the crystal. In Cu2O, contrarily to the large part of other
semiconductors, excitons have long lifetime due to a forbidden direct band gap, large
binding energy due to relatively large electron and hole masses [44], and an electron-
hole exchange interaction that inhibits the formation of molecules or electron-hole
liquid [45]. Since excitons are a bound state of two fermions, they are expected
to obey Bose statistics. The long life of para-excitons1 in cuprous oxide, together
with their relatively large radius and an high binding energy makes them perfect
candidates for the study of Bose-Einstein condensate [43, 45, 47, 48]. Moreover, in
2014 the yellow exciton series in Cu2O was observed by Kazimierczuk et al. up to a
large principal quantum number of n = 25 [49]. This discovery has opened up the
research field of giant Rydberg excitons and led to a variety of new experimental
and theoretical investigations [36, 44, 50, 51, 52, 53, 54].

The interest in copper oxides as semiconducting materials for solar cells dates
back to almost one century ago, when in 1926 L. O. Grondahl and P. H. Geiger
first worked on a copper-Cu2O-solar cell [55]. In the 1970s, the development of
Cu2O-based solar cells started, using mainly a metal-Cu2O junction for the charge
separation. However, these devices presented a limited conversion efficiency, lower
than 3%, well below the one predicted by the Shockley–Queisser (SQ) limit esti-
mated for Cu2O (around 20%) [56]. The main problem of these devices, built by
combining Cu2O with a wide variety of metals, is related to the height of the Schot-
tky barrier, in the range of 0.7-0.9 eV independently on the chosen metal. The most
probable explanation for the high barrier is that most metals reduce Cu20, lead-
ing to the formation of a copper-rich region between the Cu2O and adjacent metal

11s excitons in cuprous oxide are distinguished in para- and ortho-excitons, depending on their
spin and degeneracy. Para-excitons are the spin-triplet configuration of the 1S ground state exciton
with lifetimes in the µs-range [35, 46]
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layers, which renders all Schottky-type cuprous oxide solar cells [57]. One of the
solutions proposed to solve this problem is the construction of heterojunction solar
cells made by the combination of p-type Cu2O with n-type semiconductors, such
as ZnO or GaN [58, 59, 60, 61]. However, the conversion efficiency of these devices
is still much lower than the predicted SQ limit. Recently a Cu2O solar cell with
5.38% conversion efficiency was built using as n-type semiconductor Ga2O3 [62]: the
improving in efficiency was related to the surface condition of the Cu2O film before
Ga2O3 deposition, causing a lower defect density at the interface. This suggests that
a better knowledge of the Cu2O thin films down to the atomic level is fundamental
to improve the efficiency of Cu2O-based solar cells. Other interesting applications of
copper oxides can be found in the construction of electronic devices, for high tem-
perature superconductivity [63], spintronics [28], and photocatalytic water splitting
[64].

1.2.1 Crystal Structure

Cu2O, also known as cuprite, represents the most stable among the three common
copper oxide compounds (together with Cu4O3 and CuO). Cuprite crystallises in
a cubic Bravais lattice, schematized in figure 1.3, with space group (Pn3m). The
lattice constant has been measured to be a = 4.27 Å, the Cu-O bond length is
dCu−O = 1.85 Å, the O-O is dO−O = 3.68 Å and the Cu-Cu is dCu−Cu = 3.02 Å
[65]. The unit cell is formed by four copper atoms, positioned in a face-centred
cubic lattice, and two oxygen atoms at the tetrahedral sites forming a body-centred
cubic sub-lattice. The Cu ions are on the vertices of a tetrahedron centered on the
oxygen sites and are twofold coordinated with the oxygen ions (D3d site symmetry),
whereas the oxygen ions are fourfold coordinated with Cu ones (Td site symmetry).
Choosing the origin of the coordinate system on an oxygen atom, the Cu ions are in
the positions (1/4, 1/4, 1/4), (1/4, 3/4, 3/4), (3/4, 1/4, 3/4) and (3/4, 3/4, 1/4),
in unit of lattice constant a.

Figure 1.3: Unit cell of cuprite with: a) origin on a oxygen site; b) origin on a copper
site. Dashed lines represent the bonds. Taken from [35]

1.2.2 Electronic Properties

The electronic Cu configuration is ([Ar]3d104s1), then the configuration for Cu+ ions
in Cu2O is ([Ar]3d104s0), where the Cu 3d levels represent the valence band (VB)
and the empty Cu 4s levels the conduction band (CB) [66], meaning that the CB
and the VB have the same parity. As schematized in figure 1.4a, Cu2O presents
a direct, parity forbidden, band gap of 2.15 eV at room temperature (RT) [37] at
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(a) (b)

Figure 1.4: (a) Band structure of Cu2O near the Γ point [36]. The arrows represent
the transitions giving rise to the four exciton series (yellow, green, blue and indigo). (b)

Absorption coefficient at RT of Cu2O [35].

the center of the Brillouin zone (Γ point). The band gap at 4.2 K, i.e. the energy
difference between the Γ+

6 and the Γ+
7 , obtained as the limit of the yellow exciton

series2, has been measured to be Egap = 2.172 eV [67, 68]. As expected, the band
gap value decreases with increasing temperature [69].

1.2.3 Optical Properties

Cu2O is a key material for the developing of excitons theory, providing the first ex-
perimental confirmation of the formation of excitons [70]. The absorption coefficient
α of Cu2O at RT is reported in figure 1.4b. A series of exciton-related peaks, par-
ticularly evident at low temperature, emerges close to the absorption edge. Cu2O
is characterized by a direct, yet forbidden, optical bandgap, and it starts to ab-
sorb light above 2.4 eV, corresponding to the dipole-allowed transition between the
higher valence band and the second lower conduction band (see figure 1.4a). The
refractive index at RT has been calculated in [71] and is n ∼ 2.7 at low frequencies
and n ∼ 2.6 at high frequencies.

Excitons

When an electron in a semiconductor is excited in the conduction band, it leaves
a hole in the valence band, and the two charged particles will be attracted to each
other. This may result in the formation of a bonding between the electron and
the hole, forming an exciton. The (attractive) exciton binding energy represents
an energy state within the band states. Excitonic states have particular relevance
at low temperature, at which the recombination probability is lower [72, 73, 74].
Excitons are typically divided into two limiting cases: Frenkel andWannier–Mott
excitons, depending on the ratio between the exciton radius rexc and the lattice
constant a. Frenkel excitons are composed of a tightly bound electron-hole pair and
have a radius on the order of the lattice constant or smaller, whereas Mott-Wannier
excitons have a much larger radius than the lattice constant, resulting in a weak

2i.e. the Γ6+-Γ7+ transition. The theory of excitons in cuprous oxide will be better expanded
in section 1.2.3
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bound. In semiconductors, which are generally characterized by a large dielectric
constant, electric field screening tends to reduce the Coulomb interaction between
electrons and holes, and excitons are typically Mott-Wannier excitons [75]. Since
this is also the case for Cu2O, in this thesis I will focus on this type of excitons.

Wannier–Mott excitons can be described using a hydrogen-like model: being
rexc >> a, several atoms sit inside the exciton orbit, and the lattice can be ap-
proximated as a medium with permettivity ϵr, in which the electrons and the holes
exist as free particles with effective masses me and mh. According to this model,
some relevant quantities to describe excitons are listed below (being mr,H ≈ me the
reduced mass of the hydrogen atom, Ry ≈ 13.6 eV the Rydberg constant, aB ≈ 0.53
Å the Bohr radius, and n an integer number describing the various energetic levels)
[35]:

mx = me +mh , Exciton mass (1.1a)

mr,x =
( 1

me

+
1

mh

)−1

, Exciton reduced mass (1.1b)

Ry,x =
mr,x

mr,H

· 1

(ϵr)2
·Ry , Excitonic Rydberg constant (1.1c)

rx = n2 · ϵr ·
mr,H

mr,x

· aB , Exciton radius (1.1d)

EB,x =
Ry,x

n2
, Exciton binding energy (1.1e)

The peaks that appear in the absorption spectrum of cuprite shown in figure
1.5a are due to the resonant absorption of photons that form excitons inside the
material (this is valid in general for all direct band-gap semiconductors). In Cu2O,
four hydrogenic excitonic series can be found: yellow, green, blue, indigo, in order
of increasing energy (schematized also in figure 1.4b and highlited in figure 1.5a).
The resonating energies follow the relation:

E(n) = EGAP − Ry,x

n2
= EGAP − EB,x (1.2)

where EGAP corresponds to the energy difference between the bands occupied re-
spectively by the electron and the hole forming the exciton. As is evident from
the schematics in figure 1.4a, the yellow series is generated by the absorption of
electron-hole pairs across Γ+

7 and Γ+
6 , the green series in Γ+

8 and Γ+
6 , the blue series

in Γ+
7 and Γ−

8 and the indigo series in Γ+
8 and Γ−

8 .
In Cu2O, a very large number of replicas are visible (figure 1.5b shows the yel-

low excitonic series). In the yellow and green excitonic series, the n = 1 lines do
not follow the relation 1.2, because these excitons have a much smaller radius com-
pared to the others, compatible with the Bohr radius, and therefore the plane wave
approximation is no longer valid to describe the electron and hole wave function.
Moreover, these lines, corresponding to the ground state 1s excitons, are splitted
by the exchange interaction into a singlet and a triplet. The first one is called
para-exciton, and it is characterized by a total angular momentum J = 0 and the
second one is an ortho-exciton, with angular momentum J = 1. For the 1s exciton
state the ortho-para-exciton energy splitting is 12 meV [39, 77]. Focusing on the
yellow exciton series (electrons in the lowest conduction band Γ+

6 and holes in the
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(a) (b)

Figure 1.5: (a) Absorption coefficient of Cu2O at 4.2K (black line). For comparison,
the absorption coefficient at 300K, the same as in figure 1.4b, is also reported (red line).
The two curves can not be directly compared because of the shift of the energy gap with
temperature [35, 76]. (b) Spectra measured at 1.2 K. The peaks correspond to resonances
with different principal quantum number n. The panels below show close-ups of the areas

marked by rectangles in each panel above [49].

Figure 1.6: PL spectra of Cu2O due to vacancy recombination centers at 4.2 K [69].

18



highest valence band Γ+
7 ), the exchange interaction splits the n = 1 level into a Γ+

25

triply degenerate ortho-exciton and a Γ+
2 singly degenerate para-exciton. These two

states yield several luminescence lines, related either to direct or phonon-assisted
recombination luminescence [35]. Transitions between levels are only allowed when
∆J = ±1 for one photon processes: this implies that the decay from any para-
exciton state to the ground state is forbidden for all orders of perturbation and
consequently that para-excitons are very long living: their lifetime is limited by the
defects and impurities [35, 78]. For 1s ortho-excitons, the decay to the ground state
is only quadrupole allowed. The lifetime of 1s ortho-excitons is mainly limited by
transition to the lower lying para-exciton state [79]. Since radiative recombination is
forbidden to all orders for the para-excitons and at first order for ortho-excitons, and
since their binding energies are quite high, it is possible to observe Cu2O excitons
also at RT, for example in photoluminescence (PL) spectra [35, 36, 46]. At low tem-
peratures, ortho-exciton lifetimes are limited by the conversion in para-exciton while
the para-exciton lifetime is strongly dependent on the stoichiometry of the sample, in
particular on the copper and oxygen vacancy concentration, ranging from tens of ns
up to some ms [80]. The luminescence spectra of Cu2O are expected to show a high
spatial variability, depending on the stoichiometry of the examined spot. In particu-
lar, the luminescence bands in the infrared region are related to different activation
centers, as shown in figure 1.6. In the PL spectrum, there are three particularly
relevant bands: the band around 910 nm is related to exciton recombination caused
by copper vacancies (VCu), and the bands around 720 and 820 nm are related to
oxygen vacancies, respectively V 2+

O and V +
O [69]. In this thesis, I will describe the

results obtained by Scanning Tunneling Microscopy (STM) and PL experiments to
understand the excitons recombination behavior in thin and thick films of as-grown
Cu2O.

1.2.4 Oxidation of Cu thin films and NPs

The oxidation of Cu thin films has been extensively studied by N. Niklas and his
group. From their previous studies on this material, we already knew the importance
of the temperature and pressure conditions on the oxidation state and crystalline
structure of cuprous oxide. In [81] and [82] they observed the temperature dependent
oxidation of Cu thin films on Au(111) and Pt(111) substrates respectively. With
increasing annealing temperature, in the first case they have observed the formation
of a Cu3O2 monolayer with honeycomb structure, while in the second case they
have observed the tendency of Cu to form Cu-Pt alloys. However, coherently with a
large number of previous studies on the oxidation of Cu thin films which have shown
that the low-pressure oxidation of Cu is inefficient to grow oxide films of more than
monolayer thickness [83, 84, 85], they could never obtain bulk-like Cu2O oxide layers.
Finally, in [82] they have found the optimal a reliable pathway to produce bulk-like
Cu2O thin films, by exposing Cu layers to high oxygen pressures (PO2 = 50 mbar)
by using the procedure that will be described in the chapter 7.

Studies on the effects of oxygen on the optical properties of Cu NPs have demon-
strated the strong impact of the formation of copper oxides on the position and shape
of the plasmonic band of the NPs [86, 87, 88, 89, 90, 91]. In particular, the system-
atic study by Susman et al. [91] performed on real-time oxidation of Cu NPs, shown
that the LSPR band red-shifts continuously with oxidation, while the absorption
intensity increases until a maximum value at a characteristic time τ , after which the
signal intensity continuously drops. They have observed that the oxidation mecha-
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Figure 1.7: Relative abundance of elements in Earth’s upper continental crust in
function of the atomic number. Rare earth elements are in blue [94].

nism of Cu NPs depends on the metal-to-oxide conversion fraction, changing with
the development of the oxide shell. They have confirmed the trend observed for the
LSPR signal with theoretical calculations based upon Mie theory, and they have
assigned the continuous red-shift of the LSPR band to the formation of internal
voids at advanced stages of the oxidation, observed by TEM imaging.

1.3 Cerium Oxide

Cerium oxide is one of the most promising materials for catalytic applications,
thanks to its unique ability of storing and releasing oxygen atoms. The reason
behind this ability is the particular band structure of cerium, where only one elec-
tron occupies the localized 4f orbital. Cerium (Ce) is the second element in the
lanthanide series, with atomic number 58. The lanthanide series is characterized by
the filling of the 4f electron shell. In general, these elements are called rare earths,
although their abundance is larger than other elements on Earth (figure 1.7). The
interesting characteristic of these elements is the occupation of the 4f orbitals,
shielded from the atom’s environment by the 4d and 5p electrons, that gives to lan-
thanides unique catalytic, magnetic and electronic properties [92, 93]. Among all
elements of the Earth, cerium is the 26th most abundant one, approximately 0.0046
wt % of the crust of the Earth [95]. Being the second element in the lanthanide
series, Ce hosts only one electron in the 4f orbital, and the electronic configuration
is ([Xe] 4f 15d16s2). In the oxide, Ce4+ state is preferentially formed, but in nature
a significant concentration of intrinsic defects is always present, with Ce in the Ce3+

valence state [96, 97]. In fact, because of the relatively low fourth ionization poten-
tial, Ce can form oxides in both the tetravalent (as Ce4+) and trivalent (as Ce3+)
states. This gives cerium oxide the ability to store, release, and transport oxygen
ions. Indeed, Ce4+ ions can release one oxygen atom in a reducing environment,
turning into Ce3+ state. This process is easily reversible in oxidizing conditions.
Cerium dioxide is a n-type semiconductor, characterized by a wide band gap in the
UV range. Different values have been proposed for the precise optical gap of cerium
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Figure 1.8: Band structure and the density of states for pure CeO2. Taken from [101].

oxide depending on the defectivity of the material [98, 99], recently Pelli Cresi et al.
have measured a value of 4 eV for highly stoichiometric films [100].

Figure 1.8 shows the calculated band structure and the density of states (DOS)
for pure CeO2. The arrows indicate the indirect transitions, which correspond to
the fundamental gap of CeO2 and the nanostructured CeOx films. Note that the
O2p→Ce4f transition (∼ 4eV ), characteristic of CeO2, should be forbidden because
it violates the angular momentum selection rule (∆l = 0,±1, where l is the angular
momentum quantum number). However, this transition is manifested in all spectra
of CeO2 in the literature, because the highest occupied valence band (O2p band) is
not exclusively due to O2p electrons, but it also contains a contribution from Ce4d
electrons, providing a partial d character. Therefore, the electronic transition at 4
eV is only nominally a O2p→Ce4f transition, but it has actually a strong d →f, i.e.
Ce4d→Ce4f character, which fulfills the selection rules [101].

1.3.1 Crystal structure

CeO2, also known as ceria is characterized by a cubic fluorite-type structure (space
group Fm3m), with cerium and oxygen ions located at the 4a 0,0,0 and 8c 1/4,1/4,1/4
sites, respectively (1.9a). Ce cations are surrounded by 8 oxygen anions (coordina-
tion number, CN=8), while oxygen ions have CN=4 and the structure consists of
OCe4 tetrahedra (figure 1.9b). The crystal structure consists of CeO8 cubes, as
represented in figure 1.9c. The unit-cell parameter of ceria, a=5.41 Å at RT), to-
gether with both Ce and O displacement parameters (B(Ce) and B(O) respectively),
increases with temperature. The increase of B(O) is larger compared to B(Ce), sug-
gesting that O anions are more mobile than Ce cations in CeO2 [102, 103].

(a) Crystal structure of
the cubic fluorite-type

ceria CeO2

(b) Crystal structure of
ceria with OCe4

tetrahedra.
(c) Crystal structure of
ceria with CeO8 cubes.

Figure 1.9: Sketches of the CeO2 structure in which different structural units are
evidenced. Taken from [102]
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Figure 1.10: The process of oxygen-vacancy formation in ceria [109].

The thermodinamically most stable surface is the CeO2(111)-oriented one, fol-
lowed by (110) and (100). The (111) surface is characterized by a hexagonal sym-
metric atomic arrangement, with surface lattice parameter equal to 3.83 Å. It is
non-polar, and terminates by three-fold coordinated O atoms and seven-fold coordi-
nated cerium atoms [102]. The trilayer unit O-Ce-O is repeated along the direction
normal to the (111) plane: a CeO2(111) monolayer (ML), defined by the thickness
of the trilayer unit, measures 3.12 Å [104, 105, 106, 107].

1.3.2 Electronic Structure

As already mentioned, the most interesting property of ceria for catalytic applica-
tions is its oxygen storage capacity (i.e. the ability to store, transport and release
oxygen), related to the easy switch between the Ce3+ and Ce4+ states of Ce ions in
cerium oxide. The two ionic configurations differ from the occupation of the 4f levels:
they are empty in the Ce4+ [Xe] configuration and are occupied by one electron in
the Ce3+ [Xe]4f1 configuration. The process of oxygen-vacancy formation in ceria is
schematized in figure 1.10. Starting from the stoichiometric CeO2, where only Ce4+

ions are present, the removal of an oxygen atom from the lattice causes the reduc-
tion of two cerium ions, which turn from the Ce4+ to the Ce3+ state to neutralize
the excess of charge caused by the O vacancy. The excess electrons occupy split-off
states of the initially empty Ce 4f band, buried within the ceria band gap, between
the O 2p and Ce 5d levels, highly localized in space. Recent studies which combine
experimental evidences with ab-initio calculations demonstrated that at least one
electron localizes in a Ce ion that is not adjacent to the O vacancy [108].

1.3.3 Applications

The high oxygen storage capacity of cerium oxide, together with its nontoxicity and
relative abundance, makes it a unique material for catalytic applications, both as
an active component and as a support for catalytically relevant metals. Ceria-based
materials are attractive in a wide variety of fields, including energy, environmental
protection, and healthcare applications. Moreover, the activity of cerium oxide
increases when combined with other reducible oxides or with metallic structures
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[102, 110, 111]. One of the most established and common applications of ceria is
in the automotive field where it is used as a Three Way Catalyst (TWC), acting
as oxygen buffer, to remove the pollutant produced by the combustion of gasoline.
TWCs are used for the simultaneous oxidation of CO and unburnt hydrocarbons
and the reduction of nitrogen oxides (NOx), that are converted into harmless CO2,
H2O and N2 [94].

Another very promising application of ceria is in fuel cells, devices able to directly
convert chemical energy into electricity by the inverse reaction of the electrolysis of
water. One of the most promising systems is the so-called proton exchange membrane
fuel cells (PEMFC). The major drawback of these devices is that they are based on
very expensive Pt-containing materials as catalysts, making them problematic for
large-scale commercialization. In order to increase the cost-efficiency in PEMFCs,
it is possible to use as anode catalyst a thin films of ceria with low Pt loading, to
decrease the overall cost of the devices [112]. In solid oxide fuel cells, ceria can also
be used as anodes [113] or for coating cathodes [114].

Ceria can also be used, in combination with metals, for the water-gas shift reac-
tion (WGS) (CO + H2O → CO2 + H2), fundamental to obtain clean hydrogen from
CO and H2O for industrial applications. Ceria, in combination with metals such as
Au, Pt, Cu, induces higher catalytic activity and lower operating temperature in
WGS reactions [115, 116, 117, 118].

Also dealing with clean energy applications, cerium oxide is a promising material
in applications in the field on catalysis for solar fuels [119, 120, 121]. Furthermore,
as will be better described in the next section, ceria, coupled with plasmonic nanos-
tructures, can be sensitized to visible radiation for solar light harvesting.

Finally, it worth mentioning the recently developed applications of ceria in the
field of healthcare, in particular for medical applications [122], or as support for
stem cells cultures [123].

1.4 Plasmonic enhancement of metal oxide pho-

tocatalytic properties

The research in the field of photocatalytic materials that are capable of converting
solar radiation into chemical energy by direct water splitting or by CO2 reduction
has tremendously increased in recent years [2]. As mentioned in section 1.1.1, one
efficient way to extend the photocatalytic activity of wide band gap metal oxide
semiconductors is the formation of heterojunctions by coupling plasmonic nanos-
tructures with semiconductors [19]. One of the main topics of this thesis will be the
coupling of CeO2 thin films with NPs of different materials, in particular Au, Ag,
and Cu NPs, mainly focusing on the ultrafast dynamics of these coupled systems.

Noble metal NPs are characterized by a very large cross section for the absorp-
tion and scattering of visible light. Plasmonic NPs have also been considered alone
as candidates for photocatalysis, due to their surface catalytic properties and the
strong and tunable light-matter interactions [126]. However, direct plasmonic pho-
tocatalysis is not convenient, because of the short lifetimes of charge carriers and the
fast quenching of electronically excited adsorbates on metal surfaces [127, 128]. The
combination of plasmonic NPs with wide band gap and stable metal oxides allows to
overcome the intrinsic limitations in each material. The formation of a heterojunc-
tion between NPs and metal oxides facilitates light trapping and the excitation of
charge carriers, and it may lead to a charge or energy transfer from the metal to the
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(a) (b)

Figure 1.11: (a) In the right scheme, electrons from occupied energy levels are excited
above the Fermi energy (EF,M ) in the plasmonic NPs. The left panel shows the Schottky
barrier (ϕS,B = ϕM − χS) between the NP and the semiconductor. Hot electrons are

injected into the conduction band (Ec) of the semiconductor (ϕM is the work function of
the metal and χS is the electron affinity of the semiconductor [124]. (b) Schematic

mechanism of LSPR: EM-field-induced coherent localized oscillation of the electron cloud
[125].

semiconductor. Moreover, the presence of a Schottky barrier prevents the electrons
to travel back to the NPs, impeding fast charges recombination (as schematized in
figure 1.11a). The main goal now is to find the most convenient systems that maxi-
mize the solar light photocatalytic activity with an optimized density of long-living
excited states.

In systems composed of plasmonic NPs combined with metal oxides, the interac-
tion of the metallic nanostructures with visible radiation triggers the so-called Local-
ized Surface Plasmon Resonances, LSPRs. This is an optical phenomenon generated
by the coupling between light waves and metallic NPs smaller than the wavelength
of light. LSPR is basically the resonant collective oscillation of electrons, established
when the frequency of photons matches the natural frequency of surface electrons
oscillating against the restoring force of positive nuclei (schematized in figure 1.11b)
[129].The resonant frequency of these oscillations is strongly influenced by different
important factors, such as the material, size and geometry of the NPs, their dielec-
tric environment and the distance between the NPs [130, 131] (an example of the
dependence of the LSPR frequency on the NPs characteristic is reported in figure
1.12, taken from [131]). In general, in noble metal NPs as Au, Ag and Cu, LSPRs
are triggered by visible photons, making these materials particularly appealing for
solar light harvesting. At the LSPR frequency, the NPs exhibit a strong increase
of light scattering and absorption. The lifetime of coherent electron oscillations due
to plasmon excitation is below 100 fs, then the LSPR relaxes either by a radiative
damping (dominant for structure larger than 50 nm), or non-radiatively by Lan-
dau damping, generating an electron-hole pair, or by interaction of excited surface
plasmons with unpopulated adsorbate acceptor states [132, 133]. A large number
of different studies have shown that the combination of plasmonic NPs with metal
oxides leads to a charge transfer from the metal to the semiconductor, making these
complex systems suitable for solar light absorption [19, 134, 135, 136, 137, 138]. In
noble metal NPs, with LSPR in the ultraviolet-visible (UV-Vis) range, solar energy
can be converted into a large amount of plasmonic energy. However, as already men-
tioned, the short lifetime of excited charge carriers makes plasmonic NPs alone bad
candidates for photocatalytic applications. On the other hand, a well-designed plas-
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Figure 1.12: Normalized extinction spectra of: (a) spherical Ag, Au and Cu NPs. The
black line shows the intensity of solar radiation. The metal extinction is a consequence of

the excitation of LSPR, while the dashed portions of the curves indicate interband
transitions, (b) Ag NPs of different shapes, (c) Ag nanocubes of different sizes: the inset

shows a photograph of the three samples suspended in ethanol [131].

monic metal–semiconductor heterojunction can bring to a high energy-conversion
efficiency. In these systems, the plasmonic material acts as a light antenna, trans-
ferring energy to the semiconductor and enhancing its photocatalytic activity both
above and below the band gap [139].

Different mechanisms have been proposed for the photoactivity enhancement
of the semiconductor when combined with plasmonic NPs. The dominant ones,
schematized in figure 1.13, are light trapping, hot electron injection and direct elec-
tron transfer [19, 134, 135]:

• light trapping: Because of the large scattering cross section of the NPs,
incident light can be scattered by the NPs increasing the photon flux in the
semiconductor. This can lead to the enhancement of an optical transition
within the semiconductor (above the band gap). This mechanism is dominant
for NPs larger than 50 nm, and is relevant for semiconductors with a narrow
bandgap;

• hot electron injection: electrons are generated in the NPs, either by inter-
band transitions or by the relaxation of the LSPR by Landau damping. The
hot electrons, i.e. the electrons that have an energy higher than the Schottky
barrier at the metal–semiconductor interface (see figure 1.11a), can be injected
into the conduction band of the semiconductor;

• direct electron transfer: after the interaction with visible radiation, the
ultrafast relaxation of LSPR directly excites electrons into empty states in the
conduction band of the semiconductor, leaving holes in the metal.

The weight and efficiency of the different mechanisms depend upon different factors
related to the NPs (e.g. their size, shape, material, and distribution), the semi-
conductor (e.g. its composition, dielectric properties, and band structure), and the
morphology of the interface (in particular, the height of the Schottky barrier).

To better understand the charge transfer mechanism, it is fundamental to study
the dynamics of the system, especially in the first tens of fs after the interaction
with visible radiation. Several works have already focused on the dynamics of the
different processes that involve LSPR formation and relaxation and the consequent
charge transfer to a surrounding semiconductor [19, 127, 134, 135, 137, 140, 141].
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Figure 1.13: The three main mechanisms of energy transfer from a metallic NP to a
semiconductor after LSPR relaxation: (a) light trapping, (b) hot electron injection and

(c) direct electron transfer.

Figure 1.14 indicates the time-scales of the plasmon-induced hot carrier generation,
hot electron transfer, and thermalization processes with/without a semiconductor
surrounding the NPs (adapted from [142]). After the excitation of LSPR in clean
metals, the coherent oscillation of electrons dephases non-radiatively, generating hot
carriers in very short times after the interaction with light (1 − 100 fs). The hot
electrons and holes generated are initially in a non-thermal distribution, and they
thermalizes to a Fermi-Dirac distribution via electron-electron (100 fs −1 ps) and
electron-phonon (1− 10 ps) scattering, increasing the lattice temperature. Finally,
this heat slowly dissipates to the environment (100 ps −10 ns) [143]. In the presence
of a surrounding semiconductor with an electron-accepting orbital, electrons can
be transferred from the NP to the semiconductor. As already mentioned, the two
mechanism that dominate the charge transfer are the (indirect) hot electron transfer
and the direct electron transfer. Direct transfer can be thought of as a single-step
process and requires shorter times (∼ 20 − 100 fs) than indirect transfer, which
requires the formation of hot electrons and the consequent injection.

As already mentioned, two of the main factors that strongly influences the charge
generation and injection efficiency are the material and the geometry that character-
ize the NPs. Moreover, different materials have different properties, with advantages
and disadvantages for large scale applications. In this thesis, I will focus on the com-
bination between CeO2 with Au, Ag, and Cu NPs and on the properties of Cu2O and
metallic Cu NPs. All the listed metals are noble metals with an LSPR frequency in
the visible range: this makes them good candidates for combination with oxides for
solar light photocatalysis. In the work by Liu et al. [144], they have tested different
plasmonic materials from the point of view of the generation of hot electrons (HEs).
Figure 1.15 schematizes their main results on the generation of HEs for different
structures and materials. In their work, they have studied the HE generation ef-
ficiency of nanocubes of different plasmonic materials, either deposited on a glass
substrate or forming a metastructure together with a continuous Au layer and an
alumina spacer, proving this latter system to be more efficent in HE generation.
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Figure 1.14: Time scales of plasmon-induced hot carrier generation, hot electron
transfer, and thermalization processes in a clean metal NP (top) and in a NP combined

with a semiconductor support via a Schottky contact. Adapted from [142].

Figure 1.15: Rates of HE generation at the peaks (the position λ0 of the peaks of the
different materials in the different geometries are indicated by the color-scale) for

different structures and materials: (a) deposited on a glass substrate and (b) forming a
metastructure together with a continuous Au layer and an alumina spacer [144].

Ag is one of the most studied materials for NPs in combination with oxide
structures such as TiO2 and CeO2. It presents the highest rate of hot electron
generation among all the materials presented (see figure 1.15 and [144]), but it
is a critical and expensive material. Moreover, it is unstable under atmosphere
conditions because of its reactivity to oxygen, and it needs to be protected for
applications in ambient conditions. On the other hand, Au is very stable in air, being
inert to oxygen: this makes this noble metal suitable for in-air applications, even
without a protecting capping. Moreover, also Au is very efficient in hot electrons
generation [144]. The main drawback of using Au to extend the photocatalytic
activity of oxides is that Au is one of the most critical and expensive materials,
that makes its use problematic for large scale applications. Finally, Cu is cheaper
than both Au and Ag. Moreover, as already mentioned, Cu oxides also present very
interesting catalytic properties, and it is possible to create systems composed by a
metallic core and an oxide shell for solar light photocatalysis. On the other hand,
the strong reactivity of Cu to oxygen can also represent a problem for plasmonic
applications: the oxidation of copper strongly alters the plasmonic properties of Cu.
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[81] Christoph Möller, Hanna Fedderwitz, Claudine Noguera, Jacek Goniakowski,
and Niklas Nilius. Temperature-dependent phase evolution of copper-oxide
thin-films on Au(111). Physical Chemistry Chemical Physics, 20(8):5636–5643,
2018.

[82] Alexander Gloystein and Niklas Nilius. Copper oxidation on Pt(111)-more
than a surface oxide? The Journal of Physical Chemistry C, 123(44):26939–
26946, 2019.

[83] T. Matsumoto, R.A. Bennett, P. Stone, T. Yamada, K. Domen, and
M. Bowker. Scanning tunneling microscopy studies of oxygen adsorption on
Cu(111). Surface Science, 471(1-3):225–245, 2001.

[84] F Jensen, F Besenbacher, and I Stensgaard. Two new oxygen induced recon-
structions on Cu(111). Surf. Sci., 269-270:400–404.

[85] Fan Yang, YongMan Choi, Ping Liu, Dario Stacchiola, Jan Hrbek, and José A.
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Chapter 2

Experimental techniques

The main goal of this thesis is the growth and investigations of oxides, eventually
coupled with plasmonic NPs, in particular cerium oxide and cuprous oxide, suitable
for photocatalytic applications. In this chapter, I will describe the experimental
techniques used for the growth, the static, and the dynamic characterization that
have been employed for the systems presented in this thesis.

2.1 SESAMo Laboratories

Almost all samples described in this thesis (a part for the last chapter) have been
grown in Electronic Spectroscopies on Surfaces and Adsorbates laboratory in Modena
(SESAMo). The laboratory is split into two different apparatuses, respectively,
called RAGNO-1 and RAGNO-2, both of them allowing to work in Ultra High
Vacuum (UHV) conditions.

RAGNO-1, schematized in figure 2.1 is composed of three main chambers, all
kept under UHV pressure conditions around 10−10 mbar: the MBE chamber, the
main chamber, and the STM/AFM chamber.

The first chamber is dedicated to the synthesis of samples through Molecular
Beam Epitaxy (MBE). In the chamber, different evaporators are mounted, includ-
ing Ag, Ce, Au, and Cu evaporators. Moreover, the chamber is equipped with a
quartz microbalance, to monitor the thickness of the growing samples, and with a
gas line, that allows to modify the composition of the deposition atmosphere. A re-
sistive heater is also mounted onto the sample holder, giving the possibility to vary
the substrate temperature. The main chamber is dedicated to substrate prepara-
tion and sample chemical characterization, using X-Ray Photoelectron Spectroscopy
(XPS), Ultraviolet Photoelectron Spectroscopy (UPS), and Low-Energy Electron
Diffraction (LEED). For these purposes, the chamber is equipped with a sputtering
stage (for substrate cleaning), a concentric hemispherical analyzer (OMICRON EA
125), a double-anode Leybold-Heraesus X-Ray source for XPS, and a Helium lamp
for UPS. Finally, the third chamber is dedicated to morphological characterization,
and it contains a room temperature (RT) scanning probe microscope for Scanning
Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM).

RAGNO-2 is shown in figure 2.2, and its structure is similar to RAGNO-1: it
is also based upon connected UHV chambers, where it is possible to deposit thin
films and NPs of different materials, and to perform in-situ XPS characterization
after the growth. The chamber, schematized in figure 2.2 is composed by the fast
entry (A), the NPs source (B), the deposition chamber (C), the chamber for XPS
analysis (D) and the one for Auger analysis (E). Also RAGNO-2 is equipped with a
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Figure 2.1: Schematics of RAGNO-1 setup.

Figure 2.2: Sketch of the experimental set-up of RAGNO-2: a) lateral perspective
view, b) top view. In a: A is the fast entry, B is the aggregation chamber where the NPs

are formed (better schematized in 2.3), C is the deposition chamber, D is the XPS
chamber and E is the chamber to perform Auger analysis.

Ce evaporator, that allows to deposit ceria films via MBE. Contrarily to RAGNO-1,
however, in RAGNO-2 the NPs are synthesized using a DC Magnetron Sputtering
(MS) cluster source NC-200 by Oxford Applied Research. The NPs of the desired
metal are sputtered from a target, and they form NPs while travelling through the
aggregation region, filled with an inert gas (Ar in this case). The MS and the
aggregation region are shown in the schematics in figure 2.3. The NPs, formed in
the aggregation region, pass through an orifice that generates a NPs beam. The NPs
can be then mass-selected by a quadrupole mass filter (QMF200, Oxford Applied
Research), and deposited over a substrate in the deposition chamber (base pressure
5 ∼ 10−9 mbar). The geometry of the NPs and their composition strongly depend on
the discharge power, the aggregation tube length and the pressure/type of inert gas.
As already mentioned, the deposition chamber is connected with another chamber
equipped with the apparatus for XPS measurements (XR50, Specs double anode
X-Ray source and Phoibos 150, Specs hemispherical electron analyzer).
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Figure 2.3: Nanocluster Deposition Source-Model NC200U-B [1]

2.2 Photoelectron Spectroscopy: XPS and UPS

Photoelectron spectroscopy techniques are based on the photoelectric effect: when
an atom is irradiated by a photon beam, the photon energy is transferred to an elec-
tron, which can escape the material as a photoelectron. The excitation energy must
be large enough for the electrons to overcome the work function of the solid. Depend-
ing on the energy of the incoming radiation, different properties of the investigated
material can be extracted. In this section, I will focus on X-Ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS), that give access
respectively to the core levels and to the valence band of the investigated material.

XPS is a unique tool for surface investigation, used to obtain information on
elemental composition of solid materials. It provides both quantitative and quali-
tative information on the sample surface. Its high sensitivity allows the detection
of the presence of dopants even when very diluted and can provide precise infor-
mation on the chemical state of the elements in the investigated sample. When a
sample is irradiated with an X-Ray beam, the photon energy is transferred to core
electrons that can escape from the material as photoelectrons. XPS is usually per-
formed in UHV conditions, using mono-energetic soft X-Rays. The XPS spectrum
is obtained as a plot of the number of photoelectrons detected per energy interval
as a function of their kinetic energy (KE) measured at the analyzer. Each element
has a unique spectrum, and the height of each XPS peak (or the area under the
peak) provides quantitative information, and the precise measurement of the posi-
tion and separation of the peaks, together with other spectral features, allows the
precise identification of chemical states. The typical investigation depth of XPS
is ∼ 10 − 20 Å. Knowing the energy of the incoming X-Rays (hν) and the work
function of the analyzer (ϕA), it is easy to extract the binding energy (BE) of the
electrons using equation 2.1,

BE = hν −KE − ϕA (2.1)

The number of collected photoelectrons depends on the inelastic mean free path λ,
defined as the average distance that electrons can travel within a material without
incurring in inelastic scattering events that modify their kinetic energy. The photo-
electron mean free path strongly depends upon the photoelectron energy: since the
binding energy of a specific core level only depends on the material, the investigation
depth depends on the photon energy and on the material under investigation. In
conventional X-Ray sources, the X-Ray beam is produced by electron bombardment
of Al and Mg anodes. A fraction of the X-Rays derives from the bremsstrahlung,
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but the majority of the intensity comes from characteristic X-Rays, specifically the
Kα line. In all works described in this thesis, the XPS spectra were acquired using
Al Kα photons from a double anode X-Ray source (hν=1486.6 eV). In the SESAMo
laboratory, the electrons are detected with a Scienta Omicron concentric hemispheri-
cal analyzer, which can achieve an energy resolution of 0.1 eV. However, the effective
limit of the resolution is due to the width of the fluorescence line (about 0.4 eV) [2].

UPS is based upon the same principle of XPS, but the ionizing radiation has
much lower energy (in the range of tens of eV), making this technique suitable for
the study of the valence band region. In the present work, the ultraviolet photons
are produced by a He discharge lamp, using HeI radiation (hν=21.2 eV).

2.2.1 Ce 3d XPS spectra

As already mentioned, one of the most important information provided by XPS is
the chemical state of a particular element within a material. In fact, variations in
the chemical environment of a element involve a spatial redistribution of the valence
charges, changing the potential felt by core electrons. This redistribution appears
as a change in the binding energy. In this thesis, XPS has been largely employed
to characterize the chemical state of Ce ions, by extracting the Ce3+/Ce4+ ratio.
The shape of Ce 3d core level spectra is not only influenced by the 4f electron
configuration in the ground state but also by the coupling between the core hole
that is left behind with valence electrons. In systems with incompletely filled f or d
states, the coupling between the core hole and these levels is strong enough to bring
information about characteristic spectral splittings. The complicated shape of Ce 3d
XPS spectra have already been discussed in a large number of dedicated works, such
like [3, 4, 5, 6]. Given the complexity of the spectrum, to obtain information about
the oxidation state of Ce ions within the material, a fitting procedure is necessary
to extract the ratio between Ce3+ and Ce4+ ions. The fitting procedure adopted
for all CeO2 samples described in this thesis is the one introduced by Romeo et
al. [4] and improved by Skala et al. [7]. The Ce 3d XPS spectra were fitted
with Voigt-shaped Ce3+- and Ce4+-related components, considering six doublets,
the sixth used to model the asymmetry of the first peak. The additional doublet
is shifted by 1.30 eV with respect to peak 1, with half intensity. The background
is modeled as a Shirley background. The fit is performed by using only the area
of the peaks as a free parameter, fixing all other parameters (i.e. the spin-orbit
splitting, branching ratios and peak widths) to values close to the ones reported
in [8], after a slight optimization. The percentage of Ce ions in the 3+ state is
then calculated as the sum of the intensity of all peaks related to Ce3+, divided by
the total intensity of the Ce peaks. Given the complexity of the XPS spectrum,
the absolute value extracted by the fit for the Ce3+ concentration can be affected
by non negligible errors. However, if the fitting strategy is coherent for all samples
under investigation, it is possible to reliably compare the Ce3+ concentration derived
for the different samples. Figure 2.4 reports an example of XPS Ce 3d spectrum
acquired for a film of 80 nm of cerium oxide grown by magnetron sputtering and
the corresponding fit curve. Furthermore, the Shirley background (green line) and
the components attributed to Ce4+ (pink) and Ce3+ (yellow), relative to the fit of
the spectrum are shown.
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Figure 2.4: XPS Ce 3d spectra of a 80 nm ceria film. The fit of the spectrum is shown
as solid red line, while the experimental data as a black dashed line. An example of the

different components and background used for the fitting is also shown.

2.3 Optical characterization

As already mentioned, to optimize the complex systems formed by cerium oxide
combined with plasmonic NPs, in terms of visible light harvesting efficiency and
density of long-living excited states, it is fundamental to understand the optical
properties of the investigated material, as well as the processes involved in the
charge transfer, and the dynamics of the excited states formed within the oxide.

2.3.1 Spectrophotometry Characterization

The first, easy characterization that is convenient to perform, to understand if a
system is suitable for visible light absorption, is the measurement of its static optical
properties. These measurements have been performed on the samples grown in the
SESAMo laboratories using a white photon beam generated by a Xe lamp, equipped
with a ORIEL-MS257 monochromator and a Si detector. A polarizer placed after the
monochromator allowed to obtain s- or p-polarized radiation. The surface normal
of the samples under investigation were oriented to form an incident angle of 22◦

with the incident photon beam direction, which is the minimum angle that permits
to measure not only the transmitted but also the reflected radiation. To account for
the Xe lamp emission profile, the measured spectra were normalized by the incident
light intensity obtained by removing the sample. The results of this normalization
are the transmittance T and the reflectance R of the samples, from which it is
possible to extract the absolute absorbance A as:

A = 1− T −R (2.2)

Polarizability simulations

The optical absorbance obtained with the procedure described above can be com-
pared to theoretical expectations, by modelling the investigated system using the
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Maxwell-Garnett model for optical absorption [9]. The model can be used to simu-
late the optical polarizability and to theoretically describe the LSPR excitation in
the metal@oxide systems. The imaginary part of the optical polarizability α of the
NPs immersed within a dielectric material have been calculated assuming an oblate
ellipsoidal geometry, using the aspect ratio (AR, defined as the ratio between the
in-plane and the out-of-plane dimensions of the NP) calculated on the basis of the
NPs morphology. An oblate spheroid is an ellipsoid with its three axis a, b and c in
the following relationship: a = b > c, being a and b the in-plane dimensions and c
the out-of-plane axis. The polarizability of oblate spheroids can be calculated using
the following relations:

e =

√(a
c

)2

− 1 , Eccentricity (2.3a)

Lz =
1 + e2

e3
[e− arctan(e)] , z depolarization factor (2.3b)

Lx = Ly =
1− Lz

2
, x and y depolarization factor (2.3c)

αj ∝
ϵNP − ϵM

ϵM + (ϵNP − ϵM) · Li

ϵM , Polarizability along j (2.3d)

where a
c
is the NP AR, ϵNP is the bulk complex dielectric function of the metal

composing the NPs and ϵM is the bulk complex dielectric function of the medium
in which the nanoparticles are immersed. To obtain the light absorption maximum
wavelength for the system of NPs embedded in the oxide, one needs to extract the
imaginary part of the polarizability, Imαj

. Since the quantity to be evaluated by
simulations is the wavelength corresponding to the peak maximum, the term ϵM
in 2.3d can be treated as a multiplicative term which has no effect on the peak
position. For this reason, the imaginary part of the polarizability is reported in
arbitrary units. The imaginary part of the polarizability can be written as:

Imαj
=

ϵiNP · ϵRM − ϵRNP · ϵiM
[Lj(ϵiNP − ϵiM) + ϵiM ]2 + [Lj(ϵRNP − ϵRM) + ϵRM ]2

(2.4)

where ϵRNP and ϵiNP are respectively the real and imaginary part of the bulk dielectric
function of the metal composing the nanoparticles, while ϵRM and ϵiM are respectively
the real and imaginary part of the bulk dielectric function of the medium. The
Maxwell–Garnett equation of the polarizability of an ellipsoid is:

αi =
4

3
πabcϵ0

ϵ− ϵM
ϵM + [ϵ− ϵM ] · Li

(2.5)

In the case of a sphere (i.e. when the NPs AR = 1), the model yielded Li = 1/3
for the three components, a = b = c = r (corresponding to the sphere radius),
αx = αy = αz = α and equation 2.3d becomes:

αi = 12πr3ϵ0
ϵ− ϵM
2ϵM + ϵ

(2.6)
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2.3.2 Femtosecond Transient Absorption Spectroscopy

The most convenient techniques for studying the dynamics of excited states within
a system are based upon pump-probe configuration. In particular, femtosecond
transient absorption spectroscopy (FTAS) is a time-resolved pump-probe technique
that can be used to study the ultrafast processes within materials [10, 11]. In the
pump-probe configuration, two independent light pulses are sent to the investigated
sample. First, a short light pulse is generated by a laser at a selected energy,
exciting the sample. Then, after a variable delay time τ , a second light pulse is
used to probe the absorbance response of the system (which, when τ > 0, has been
excited by the pump). This second pulse can have either a single wavelength or it
can have a supercontinuum spectrum, i.e. a super-wide continuous optical spectrum.
In general, the probe pulse is chosen to be less intense than the pump one, to avoid
multistep and multiphoton processes, and with a narrower space distribution than
the pump pulse, to be sure to investigate only the portion of sample hit by the
pump. By measuring the difference in probe intensity after the sample with and
without the pump pulse (Ipump and Ino−pump respectively), it is possible to evaluate
the variations in the response of the system after its first excitation. In fact, from
these two values, it is possible to evaluate the absorbance A of the sample, in its
ground state and after the interaction with the pump pulse, following the relation:

I = I0 · e−A (2.7)

The absorbance variation is thus given by

∆A = Apump − Ano−pump = ln
(Ino−pump

Ipump

)
(2.8)

The schematics in figure 2.5a reports an example of the electron energy bands
before and after the interaction with a pump pulse with a energy resonating with the
bandgap of the semiconductor, and in 2.5b the corresponding absorbance spectrum.
Before the interaction with the pump (1), the system is in the ground state, and its
absorbance is Ano−pump and corresponds to the static absorbance spectrum. If the
pump energy is enough to excite electrons from the valence (VB) to the conduction
band (CB), the electronic configuration of the system is different after the interaction
with the pump pulse (2). In this case, the absorbance of the system, Apump, will
be different with respect to the static absorbance. The transient spectrum reported
in figure 2.5b represents a possible example of the absorbance difference ∆A as a
function of the probe wavelength. In the spectrum, the first negative peak is related
to the photobleaching (PB) of the ground state: because of the depletion of the VB
after the interaction with the pump, the absorbance of the excited system is lower
than the absorbance of the ground state Apump < Ano−pump. The positive peak is
related to the pump photoinduced absorbance (PIA): after the interaction between
the pump pulse and the system, there are optically allowed transitions from the
populated states in the CB to further excited states. At these probe wavelengths,
Apump > Ano−pump. Finally, the third negative peak is related to the stimulated
emission (SE) from the excited states, which may eventually be triggered by the
pump. The three signals may overlap with each other, or may be located at different
wavelength positions as in the example reported in figure 2.5. To obtain the time
evolution of the excited states, it is possible to vary the delay time of the probe with
respect to the pump. By using a light supercontinuum as the probe stimulus, the
transient signal in FTAS becomes a function of the wavelength of the probe and of
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Figure 2.5: (a) Example of electron energy levels (1) before and (2) after the
interaction with a pump pulse with hν ≈ EGAP . Three possible signals may arise when

the excited system interacts with the probe pulse, depending on its energy: PIA
(photoinduced absorbance, in red), PB (photobleaching, in blue) and SE (stimulated
emission, in green). (b) Possible types of signals obtained in a pump-probe transient

absorption experiment as the difference in absorbance between the excited system and the
system at the ground state [12].

the delay time between the pump and the probe.

∆A = ∆A(λ, t) (2.9)

The results of the FTAS measurement are usually arranged in a matrix where one
direction is related to the time delay and the other to the wavelength of the probe.

2.4 X-Ray absorption spectroscopy

X-Ray absorption spectroscopy (XAS) is a chemically sensitive technique that pro-
vides information on the fine structure of the X-Ray absorption coefficient near
the absorption edge of a particular element. It allows to obtain information on
the chemical state and on the local structure of one element within a compound.
XAS is widely used to obtain element-specific information for the characterization
of semiconductors, in solid or liquid, crystalline or amorphous, bulk or nanoscale
form [13, 14]. With XAS, it is possible to study the behavior of the absorbance co-
efficient µ of a given atom as a function of the incident photon energy. The energy
of the incoming X-Ray radiation is tuned over a range where core electrons can be
excited (0.1-100 keV). The acquired spectrum consists of a continuous background
interrupted by sharp features (called edges) at specific energies, in correspondence
to transitions from core shells (1s, 2s, 2p1/2, 2p3/2. . . ) at the ionisation threshold.
These edges are named after the core orbitals (K, L1, L2, L3. . . etc.) they originate
from. By analyzing the spectral shape of the XAS measurement, it is possible to
derive qualitative and quantitative information on the local structure of the excited
element, including, for example, the geometry and the coordination number, the
oxidation state.

X-Ray absorption Spectroscopy

X-Ray absorption spectroscopy (XAS) allows to determine the local geometric and
electronic structure of atoms in samples in different phases, such like gas phase,
solutions or solids [13]. Experiments are usually performed at synchrotron radiation
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facilities, which provide intense and tunable X-Ray beams: usually, the element
that will be probed by the incoming radiation is determined by the photon energy.
When an incident X-Ray beam impinges onto a sample with intensity I0, the extent
of absorption depends on the photon energy E, on sample thickness t and material,
according to Beer’s law:

It = I0e
−µ(E)t (2.10)

where µ(E) is the X-Ray absorption coefficient of the element that depends on the
incoming photon energy, and basically represents the probability for a photon to be
absorbed by the material. µ(E) is a smooth function of the photon energy over a
large energy region, decreasing with increasing energy approximately as:

µ(E) ∼ dZ4

mE3
(2.11)

where d is the target density, and Z and m are the atomic number and mass, respec-
tively. However, when E equals the binding energy of a core electron, the X-Ray
energy is enough to expel a photoelectron and to create a core-hole. This effect is
observed as a sharp discontinuous rise in the cross-section, the so-called absorption
edge. Above the absorption edge, µ(E) continues to fall as 1/E3. After a short
time (of the order of 1 fs), the core-hole is filled by an electron from a higher energy
state. The corresponding energy difference is released mainly by fluorescence X-Ray
or Auger electron emission [14, 15, 16].

In correspondence of an edge, the absorption coefficient exhibits the X-Ray Ab-
sorption Fine Structure (XAFS), limited to a few eV around the edge for isolated
atoms, while it can extend to and beyond one thousand eV above the edge for atoms
in solids, because of the contributions of other atoms surrounding the absorber one.
Different regions of XAFS can be distinguished (figure 2.6) [17, 18]:

• a pre-edge and edge region, limited to a few eV around the edge;

• the structure within 30-50 eV above the edge is called XANES (X-Ray Absorp-
tion Near Edge Structure) or NEXAFS (Near Edge X-Ray Absorption Fine
Structure);

• the fine structure extending from the XANES region up to typically one thou-
sand eV is called EXAFS (Extended X-Ray Absorption Fine Structure).

The pre-edge, edge and XANES regions contain information on the local electronic
and geometric structure of the absorber atom. The EXAFS region provide infor-
mation on the local geometric structure surrounding a given atomic species. An
example of XAFS of the Ti K-edge in anatase is reported in figure 2.6.

2.5 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a very powerful microscopy technique,
capable to provide information on the distribution of single atoms on a conducting
surface. Moreover, with STM it is possible to reach a lateral resolution of 0.1 nm
and a vertical resolution of 0.01 nm, allowing imaging and manipulation of single
atoms of the investigated material [19]. In contrast to classical optical spectroscopy
methods, where the extracted information is averaged over macroscopic areas, STM
allows a direct correlation between the optical characteristics and the structural
properties of the studied material.
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Figure 2.6: Subdivision of the XAS spectrum in pre-edge, XANES and EXAFS
regions. Taken from [18].

2.5.1 Working principle

STM is based upon the exploitation of electron tunneling, and in particular on
the exponential dependence of the transmission coefficient of electrons through a
potential barrier (the tunnel current) on the thickness of the barrier. A sharp
metallic tip is brought into close proximity (usually closer than 1 nm) with the
surface to be studied: at these small distances, the electron wave functions of the
tip and the surface overlap, leading to a finite probability of electron tunneling.
The direction of tunneling (from the surface to the tip or vice versa) depends on
the potential applied between the tip and the surface. The tunneling current is
very sensitive to the position of the tip and will vary when the tip is on the top
of a surface atom or in between two atoms. Thus, by scanning the surface with
the tip and measuring the tunneling current, an atomically resolved picture of the
sample surface, or a complete image of the surface topography, is produced. The
current flowing It, typically in the range of nA or pA, drastically decreases with
increasing tip-sample distance. Furthermore, It depends on the height of the tunnel
barrier between the tip and the surface and the potential applied at the surface-
tip junction. An STM is basically made up of the following parts (figure 2.7): (1)
a sharp conductive tip, (2) a scan system that operates in three directions, (3) a
power supply, (4) a current amplifier, (5) an electronic feedback loop, (6) a computer
for data processing, and (7) a damping system to suppress external vibrations. In
particular, the small tip-surface distances can be adjusted with piezo ceramics (z
piezo), which are also used for the lateral displacement of the tip (x and y piezos).

STM can operate in two main scanning modes:

• Constant current mode: the tip-sample current It is kept constant by a feed-
back loop, controlling the z piezo (and then the tip-sample distance d), record-
ing the motion of the z piezo. This is then translated into an image of the
surface that contains topographic and electronic information.

• Constant height mode: the tip is kept at constant distance d over the sample
during the scan process, and the current It is recorded. Operating in this
mode allows to shorter the acquisition time, allowing the study of dynamic

50



Figure 2.7: Schematic representation of an STM setup [20]

processes. However, its applicability is limited to flat samples, without large
corrugations.

2.5.2 Theoretical approach

In order to translate the acquired images to the real atomic configuration of the
probed surfaces it is necessary to model the tunneling processes in the STM junc-
tion. In fact, as already mentioned, both the contrast and the lateral resolution of
the images depend on the tip-sample interaction, defined by the degree of overlap
between electron wave functions and their symmetry on both sides of the tip-sample
junction. These factors are determined by the applied bias, VS, the tip material,
and the tip-sample distance d. Not all these parameters are known, then, theoretical
models underlay permanent refinement [21, 22].

Many approaches are based upon Bardeen’s model that describes electron tun-
neling through a metal-insulator-metal junction by one-dimensional perturbation
theory, considering both electrons as independent from each other with known eigen-
functions. [23]. In the Bardeen’s model, the electron tunneling between the two
electrodes can be regarded as a transition from an unperturbed initial to an unper-
turbed final state, with the transition probability determined by Fermi’s golden rule.
This model has been extended by Tersoff and Hamann to describe electron tunneling
in STM junctions [24, 25]. In their model, the tip is assumed to have a s-character:
under this assumption, it is possible to calculate transition matrix elements, and the
tunneling current is proportional to the local density of states (LDOS) of the surface
at the position of the tip. In a generalized form of the model proposed by Tersoff
and Hamann, the tunneling current It can be derived from equation 2.12 [21, 26]:

It =

∫ ∞

−∞
ρS(E)ρT (E − eVS)T (d,E, eVS)[f(E − eVS, T )− f(E, T )] dE (2.12)

where ρS and ρT represent respectively the LDOS of the sample and of the tip,
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this latter including the characteristics of the tip such as its shape and symmetry
of the electronic states, T (d,E, eVS) is the transmission coefficient describing the
tunneling probability and f(E, T ) is the Fermi distribution function describing the
energy distribution at a temperature T. The transmission coefficient depends on
the work functions of the tip and the sample (ΦT and ΦS respectively), on the tip-
sample distance d, the energy E and the bias applied to the sample Vs according to
the relation in equation 2.13:

T (d,E, eVS) = exp(−2d
√
2m

ℏ
·
√

ΦS + ΦT

2
+

eVS

2
− E) (2.13)

In this thesis, the STM we used is operating a very low temperature. For tem-
peratures close to 0K, i.e. when kBT << eV , the Fermi distribution function can
be approximated by a step function, and the equation 2.12 can be simplified as in
equation 2.14:

IT =

∫ eVS

0

ρS(E)ρT (E − eVS)T (d,E, eVS) dE (2.14)

The description of electron tunneling by perturbation theory implies a weak tip-
sample interaction. This assumption is valid when large tip-sample distances are
considered, but it has also been demonstrated that this approximation can describe
also the STM imaging properties even at small tip-sample separations for some oxide
films [27].
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tion with CeO2, Sn-Ce-O and Ga-Ce-O layers. Journal of Physics: Condensed
Matter, 21(5):055005, 2008.

[9] C. G. Granqvist and O. Hunderi. Optical properties of ultrafine gold particles.
Phys. Rev. B, 16:3513–3534, 1977.

[10] Jacopo Stefano Pelli Cresi, Maria Chiara Spadaro, Sergio D’Addato, Ser-
gio Valeri, Stefania Benedetti, Alessandro Di Bona, Daniele Catone, Lorenzo
Di Mario, Patrick O’Keeffe, Alessandra Paladini, Giovanni Bertoni, and Paola
Luches. Highly efficient plasmon-mediated electron injection into cerium oxide
from embedded silver nanoparticles. Nanoscale, 11:10282–10291, 2019.

[11] C. Ruckebusch, M. Sliwa, P. Pernot, A. de Juan, and R. Tauler. Comprehensive
data analysis of femtosecond transient absorption spectra: A review. Journal of
Photochemistry and Photobiology C: Photochemistry Reviews, 13(1):1–27, 2012.

[12] Majed Chergui. Empirical rules of molecular photophysics in the light of ultra-
fast spectroscopy. Pure and Applied Chemistry, 87(6):525–536, 2015.

[13] Junko Yano and Vittal K. Yachandra. X-ray absorption spectroscopy. Photo-
synthesis Research, 102(2-3):241–254, 2009.

53



[14] Claudia S Schnohr and Mark C Ridgway, editors. X-ray absorption spectroscopy
of semiconductors. Springer Series in Optical Sciences. Springer, 2015 edition.

[15] Jens Als-Nielsen and Des McMorrow. Elements of modern X-ray physics. Wiley-
Blackwell, 2 edition.

[16] S. D. Kelly, D. Hesterberg, and B. Ravel. Analysis of Soils and Minerals Using
X-ray Absorption Spectroscopy, chapter 14, pages 387–463. John Wiley and
Sons, Ltd, 2008.

[17] Antonella Balerna and Settimio Mobilio. Introduction to synchrotron radia-
tion. In Synchrotron Radiation, pages 3–28. Springer Berlin Heidelberg, Berlin,
Heidelberg, 2015.

[18] Wolfgang Grünert and Konstantin Klementiev. X-ray absorption spectroscopy
principles and practical use in materials analysis. Physical Sciences Reviews,
5(4), 2020.

[19] P.E.J. Flewitt and R.K. Wild. Physical Methods for Materials Characterisa-
tion. Graduate student series in materials science and engineering. Institute of
Physics Pub., 1994.

[20] Hadj Mohamed Benia. Spatially resolved optical measurements on supported
metal particles and oxide surfaces with the STM. PhD thesis, Humboldt-
Universität zu Berlin, Mathematisch-Naturwissenschaftliche Fakultät I, 2008.

[21] C Julian Chen. Atomic force microscopy. In Introduction to Scanning Tunneling
Microscopy, pages 379–400. Oxford University Press, 2021.

[22] D Drakova. Theoretical modelling of scanning tunnelling microscopy, scanning
tunnelling spectroscopy and atomic force microscopy. Reports on Progress in
Physics, 64(2):205–290, 2001.

[23] J. Bardeen. Tunnelling from a many-particle point of view. Phys. Rev. Lett.,
6:57–59, 1961.

[24] J. Tersoff and D. R. Hamann. Theory and application for the scanning tunneling
microscope. Phys. Rev. Lett., 50:1998–2001, 1983.

[25] J. Tersoff and D. R. Hamann. Theory of the scanning tunneling microscope.
Phys. Rev. B, 31:805–813, 1985.

[26] Silvia Schintke and Wolf-Dieter Schneider. Insulators at the ultrathin limit:
electronic structure studied by scanning tunnelling microscopy and scanning
tunnelling spectroscopy. Journal of Physics: Condensed Matter, 16(4):R49–
R81, 2004.

[27] W. Hebenstreit, J. Redinger, Z. Horozova, M. Schmid, R. Podloucky, and
P. Varga. Atomic resolution by STM on ultra-thin films of alkali halides: ex-
periment and local density calculations. Surface Science, 424(2):L321–L328,
1999.

54



Part I

Ultrafast dynamics of
photoexcited states in CeO2 films
combined with plasmonic NPs
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Chapter 3

Lifetime of Photogenerated
Positive Charges in CeO2 and
Ag@CeO2

As already mentioned in chapter 1, different methods have been developed and
studied to extend the photocatalytic activity of ceria in the visible range, making
it an efficient material for solar light harvesting. In this thesis, I will focus on
the combination of cerium oxide with noble metal NPs, in particular with Ag and
Au NPs (with the brief description of a preliminary work on ceria combined with
Cu NPs). In the systems I will describe, plasmonic NPs are embedded within
thin films of CeO2. As described in chapter 1, when shined with visible light, the
NPs strongly interact with incoming radiation, which triggers the localized surface
plasmon resonance (LSPR). The relaxation of this excitation may lead to a charge
transfer to CeO2, and the presence of a Schottky barrier between the NPs and the
oxide prevents a fast recombination of charge carriers. The study of the ultrafast
dynamics of these systems is fundamental to construct systems with a high visible
light harvesting efficiency and with an optimized density of long-living excited states,
which can provide charge carriers to the environment. In this thesis, different time
resolved techniques have been employed in order to characterize the dynamics of
excited states and photoexcited holes on the oxide surface after the interaction
with ultraviolet and visible radiation. In this chapter, I will describe the study of
recombination dynamics of charge carriers onto a bare cerium oxide surface and in
combination with Ag NPs, using photoemission spectroscopy.

3.1 Experimental methods

In this section, I will first report the experimental methods we used for the growth
of CeO2 thin films and for the deposition of Ag NPs within ceria layers, together
with the spectroscopy technique for electronic characterization of these samples.
Afterwards, I will describe the results obtained by Time-Resolved Photoemission
Spectroscopy (trPES), that was used to study the re-neutralization characteristic
time of positive charges generated by photoexcitation in ceria-based thin films.

3.1.1 Sample preparation

The samples used for the work described in this chapter are a CeO2 thin film of 2
nm, used as reference sample, and a sample composed by Ag NPs embedded within
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a CeO2 matrix (from now on, I will refer to this last sample as Ag@CeO2). The
investigated samples have been grown in the RAGNO-1 chamber, in the SESAMo
laboratory, described in 2.1. The CeO2 sample was grown onto Cu(111) single-
crystal, and the Ag@CeO2 onto a Pt(111) single-crystal. Previous works revealed
that the structure and morphology of CeO2 films is compatible when the films are
deposited on different single-crystal metal supports with a hexagonal surface sym-
metry (including Pt(111) and Cu(111) substrates) [1, 2, 3]. Before starting the
deposition, it is necessary to obtain clean single-crystal substrates. The metallic
substrates were prepared by repeated cycles of sputtering with Ar+ ions and an-
nealing in UHV until the concentration of the contaminant was below the detection
limit of XPS. The repeated cycles consist in Ar+ (PAr ∼ 10−6 Torr) sputtering (1
keV, 1 µA), followed by 5 minutes annealing (1040 K for Pt(111) and 620 K for the
Cu(111)) with sputtering and finally 10 minutes annealing without sputtering. After
the substrate preparation, the CeO2 films were grown via molecular beam epitaxy
(MBE), by evaporating Ce from an electron beam evaporator, in a controlled oxygen
partial pressure of 10−7 mbar. During sample growth, the metallic substrates were
kept at RT. The MBE chamber is equipped with a quartz microbalance that permits
the control of the evaporation rate. The thickness of the reference CeO2 film was
chosen to be 2 nm, to have a full coverage of the substrate surface, as demonstrated
in [4].

For the Ag@CeO2 sample, Ag NPs were grown by evaporating Ag atoms from a
Knudsen cell. Different works already demonstrated that this leads to the formation
of self-assembled NPs on the CeO2 surface [5, 6, 7]. On top of the ceria film grown
on Pt(111), a nominal thickness 1 of 1.2 nm of Ag has been evaporated. Finally, in
order to maximize the ceria-Ag interface, a top layer of 0.5 nm CeO2 has been added,
thinner than the bottom later to be sensitive to the interface between Ag NPs and
CeO2. After the deposition of each layer, in-situ XPS and UPS measurements were
performed (figure 3.5). The samples investigated here are grown on highly reflective
metal single crystals, which do not easily allow for optical characterization. A sample
grown on a transparent MgO substrate with the same procedures and the same Ag
nominal thickness shows a very broad LSPR-related absorption band in the visible
[6].

SPRINT endstation

The investigation of recombination dynamics of charge carriers in the samples has
been performed using time resolved photoemission spectroscopy (trPES) at the
NFFA-SPRINT (Spin-Polarized Research Instrument in the Nanoscale and Time
domain [8]) facility at Elettra, Trieste. To avoid exposure to air, an UHV suitcase
(P ∼ 10−10 mbar) was used to transport the samples.

In general, PES is a powerful technique for the study of electronic properties
in condensed matter systems. In trPES, ultrashort pulses in the pump-probe con-
figuration are used, to access dynamics of the transient electronic structure of the
investigated material on time scales typical of elementary electronic and lattice pro-
cesses [9]. The most suitable sources of ultrashort radiation pulses, with photon
energies ranging from extreme ultraviolet to hard X-Rays, are Free Electron Lasers
(FELs, that will be described in the next chapter) and High Harmonic Generation
(HHG) light sources.

1the nominal Ag thickness refers to the equivalent thickness of a uniform Ag film completely
covering the ceria layer.
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Figure 3.1: Pump/probe setup, taken from [13]. M, mirror; BS, beam splitter; SHG,
second-harmonic-generation crystal; Bs, beam stopper; CBs, cone beam stopper; L, lens;

c1, c2, c3, d1, d2, toroidal focusing mirror; G, grating.

The HHG process is a highly nonlinear optical effect, that takes place when an
intense laser pulse illuminates a target (usually a gas). When the intensity of the
electric field of the laser is comparable with the strength of atomic bonds in the
medium [10], the light-matter interaction leads to the simultaneous generation of a
number of odd harmonics of the seed photon energy. Remarkably, the intensity of the
emission remains constant over a wide energy region (plateau), rather than showing
a continuous exponential decrease typical for perturbative nonlinear processes [11].
The HHG process is usually described within the so-called three-step-model: tunnel
ionization, free acceleration, and recombination (recollision) [12].

The full description of the NFFA-SPRINT endstation can be found in [13], and
it is schematized in figure 3.1. The system is based on a Yb:KGW-based integrated
femtosecond laser system (PHAROS, Light Conversion, 1030 nm, 300 fs) with two
separate amplifiers pumped by the same oscillator. This configuration guarantees
a high pulse-to-pulse stability. The first amplifier is used to pump an optical para-
metric amplifier whose output is used to provide pump pulses. The second amplifier
is used to produce high harmonics of the laser fundamental constituting the probe
signal. In the work presented in this chapter, we chose the 11th (26.5 eV) and the
13th harmonics (31.2 eV), with 5 × 106 and 107 photons per pulse. During the
experiment, two pump energies have been used: 4.1 eV (i.e. approximately 300
nm) and 2.8 eV (i.e. around 440 nm), respectively, resonating with cerium oxide
band gap and LSPR in Ag NPs. We used a repetition rate of 25 kHz, varying the
energy-per-pulse between 0.3 and 1 µJ for the different pump-probe configurations,
concentrated on a spot size of 300 µm. Electron detection is performed with a Sci-
enta SES 2002 hemispherical electron analyzer equipped with a phosphor detector
and a charge-coupled device (CCD) camera.

3.2 Space and Mirror Charges effect

As already mentioned in the previous section, PES can be used to study electronic
properties in condensed matter systems. HHG light sources allows the production of
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ultrashort radiation pulses with photon energies ranging from extreme ultraviolet to
hard X-Rays. The use of ultrashort pulses in time-resolved PES (trPES) experiments
in the pump-probe configuration provides access to the dynamics of the transient
electronic structure of the investigated material on time scales typical of elementary
electronic and lattice processes. However, the use of ultrashort and highly brilliant
photon sources often gives rise to space charge effects, that cause a significant alter-
ation of the PES spectrum and a consequent loss of the information contained in the
intrinsic photoelectron energy distribution and its temporal dynamics. Since this
phenomenon represents a severe limitation for trPES experiments, a great deal of
research effort has been dedicated to model and minimize it. In the present work, we
used the intensity variation of a specific PES feature generated by the space charge
to study the dynamics of the surface pump-generated carriers in the two systems
previously described (i.e., bare CeO2 thin films and combined with Ag NPs). This
study was carried out by modeling the dynamics of the space charge effect and its
effect on PES spectra. In this way, trPES can provide complementary information
to UV-Vis pump-probe absorption techniques, which are principally sensitive to
the bulk properties of the sample and inefficient in separating the contributions of
holes and electrons. Using the proposed procedure, we extracted information on the
re-neutralization of positive carriers in the Ag@CeO2 system by the pump, provid-
ing a physical interpretation of the results, which is fundamental in view of future
applications in photocatalysis of the investigated materials [14, 15, 16, 17, 18].

Space charge effects are due to the mutual Coulomb interaction between the pho-
toelectrons leaving the sample surface after excitation by an ultrashort light pulse
of sufficient intensity. In pump-probe trPES experiments, the intense laser pump
pulse generates numerous photoelectrons that leave the surface with a spatial distri-
bution determined by their kinetic energy. The photoelectrons generated by the far
less intense probe pulse, while traveling toward the detector, interact with the space
charge, which introduces, in general terms, a broadening and a shift by up to several
eV of the apparent energy distribution, decreasing the effective energy resolution of
the experiment and preventing the detection of important information related to
pump-induced photoexcited charge dynamics. Moreover, the effect of space charge
is combined with the effect of holes left behind in the sample following the emission
of photoelectrons, which is often referred to as the mirror charge effect [14, 15, 19].
Figure 3.3 schematizes the space and mirror charge effect in trPES. In the scheme,
two different situations are presented, depending on the delay time t between the
pump and the probe pulses. When t > 0, i.e. when the pump pulse shines on
the sample before the probe pulse, a large number of photoelectrons is generated,
leaving holes onto the sample surface. When a probe generated photoelectron exits
the sample surface, it feels the effects of the electric fields generated by both the
(negative) space and the (positive) mirror charges. On the other hand, when t < 0,
the probe-generated photoelectron is emitted from the sample and it starts to travel
towards the detector with a certain kinetic energy. When the pump pulse hits the
surface, the photogenerated hole distribution is assumed to be completely screened
by the pump-generated electron cloud (see figure 3.3).

Figure 3.2b reports an example of the PES valence band spectra of the CeO2

sample at a positive (+100 ps) and a negative (−100 ps) delay time with the pump
at 4.1 eV as well as a reference spectrum acquired without the pump. The spectra
were acquired with a HHG probe at 31.2 eV (13th harmonics). The spectra show an
intense and broad peak between 7 and 4 eV binding energy (BE) due to emissions
from the valence band of the O 2p character and a less intense peak between 3 and 1
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(a) (b)

Figure 3.2: PES spectrum (pump at 4.1 eV) of the valence band of the CeO2 sample,
obtained using the HHG 13th harmonic (31.2 eV): (a) without the pump (blue curve) and
at t=0 ps (pump and probe simultaneously shining the sample). The spectral shape is lost
for short pump-probe delays. (b) PES spectrum without the pump, at +100 ps (green

curve) and -100 ps (purple curve) delay times. The red box represents the energy window
to which the acquisition was restricted.

eV due to emissions from occupied Ce 4f levels. At positive (negative) delay times,
the spectrum appears rigidly shifted toward lower (higher) kinetic energies, with
respect to the reference spectrum. The energy shift of the spectrum is the combina-
tion of the effects of space charge, which shifts the spectrum toward higher kinetic
energies, and mirror charge, which shifts the spectrum in the opposite direction.
The spectra, at the delay times that have been considered in the presented analysis
(i.e., for |t| ≳ 15ps), only show a rigid shift in kinetic energy while their shape is
unaltered, while for shorter delay times, as shown in 3.2a, the shape of the spectrum
appears strongly altered.

3.3 Model and acquisition procedure

The aim of this work is to obtain information on the re-neutralization time of pho-
togenerated holes that remain onto the surface after the interaction of the sample
with a highly brillant and ultra-short light pulse. This information has been ex-
tracted exploiting the space and mirror charge effects caused by the interaction of
the intense pump pulse with the investigated samples (CeO2 and Ag@CeO2), at two
different energies: one resonating with ceria band gap, the other one with LSPR
excitation in Ag NPs.

The data analysis is based upon the mean-field model described by Oloff et al.
in the works [15] and [14]. This model is based on three main assumptions. The first
one is that the cloud of electrons excited by the pump pulse has a Gaussian charge
distribution in the surface plane (x and y directions) and moves along the direction
normal to the surface (z direction, green arrow in figure 3.3), as schematized in figure
3.3. Moreover, the number of electrons generated by the pump pulse is assumed to
be much higher than that of electrons generated by the probe. The validity of this
assumption for the experiment here described was verified by measuring the drain
current generated by the pump and the probe pulses: the current generated by
the probe was ∼ 2 pA, significantly lower than the pump-induced drain currents

61



Figure 3.3: Space charge generation (the electrons are denoted in blue and the holes
are denoted in red) and its effects on the probe electron dynamics depending on z(t) (the
distance between the electron cloud and the probe electron). The schematics on the left
represent the situation when the pump pulse hits the sample before the probe (i.e. delay

time t > 0), while the on the right is reported the case for t < 0.

reported in table 3.2. Only for the CeO2 sample pumped below the gap, the drain
current is close to the limit conditions for the validity of the model, being just
1 order of magnitude higher than the probe-generated one. Finally, the spectral
shape is assumed to be constant, and only the shift is considered: this is a good
approximation for delay times |t| ≳ 15 ps.

The kinetic energy shift µ(t) experienced by a photoelectron generated by the
probe pulse traveling toward the detector is due to the electric fields generated by
the pump-induced electron cloud and by the positive carriers on the sample surface,
as in equation 3.1.

µ(t) = Ek0 − E ′
k = e(V −(z(t))− V +(z(t))) (3.1)

where Ek0 is the unperturbed electron kinetic energy, E ′
k is the perturbed one, e is

the elementary charge, while V − and V + are respectively the electrostatic potentials
generated by the space charge (electrons) and by the mirror charge (positive charges)
measured at a distance zdet (analyzer aperture distance from the sample, indicated
by the detector in figure 3.3). The situation is schematized in figure 3.3: the effects
of the space (blue cloud in figure 3.3) and mirror (red cloud in figure 3.3) charges
depend on z(t), that is a function of the delay time between the pump and the probe
pulses.

The electrostatic potential generated by the pump-induced electron and hole
clouds in the Gaussian shape approximation can be written as [20]:

V ±(z(t)) =
N±e

4π3/2ϵ0

∫ ∞

0

exp(−z(t)2

2σ2
z+q

)√
(2σ2

x + q) + (2σ2
y + q) + (2σ2

z + q)
dq (3.2)
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Figure 3.4: PES spectra of (a) and (b) Ag@CeO2 and (c) and (d) CeO2 probed with
HHG at (a) and (c) 31.2 eV and at (b) and (d) 26.5 eV.

where N− and N+ are, respectively, the number of photoelectrons and holes gener-
ated by the pump, e is the elementary charge, ϵ0 is the vacuum permittivity constant,
σx,y,z are the standard deviations of the Gaussian distribution in the three spatial
directions (red arrows in figure 3.3), and z(t) is the distance between the probe-
generated electron and the space charge distribution. The independent variable q
in equation 3.2 includes the time and spatial evolution of the Gaussian distribution,
as explained in [20]. Following Oloff et al.’s works [14, 15] the electron cloud spatial
expansion was taken into account using a correction linearly dependent on the cloud
velocity. In equation 3.2, the number of holes on the surface (mirror charge) can be
written as:

N+ = N− ·X · e−
t
τ (3.3)

where X is the fraction of holes that survive rapid recombination such as Auger
recombination and τ is the hole recombination time constant, characteristic of the
material. For negative delay times (i.e., when the probe pulse reaches the sample
before the pump pulse), the photogenerated hole distribution is assumed to be com-
pletely screened by the pump-electron cloud, so V +(z(t < 0)) = 0 (see schematics
in figure 3.3).

As mentioned in the previous section, we only considered times |t| ≳ 15 ps, where
the spectral shape is unaltered and only the shift is relevant. Here, the PES intensity
within a fixed kinetic energy window, centered where the spectrum intensity shows
large variations, e.g., at the top of the valence band, can be directly correlated to
the energy shift of the spectra (box in figure 3.2b). This gave us the possibility to
restrict the acquisition to an energy window of 1 eV width, reducing the acquisition
time, rapidly improving the statistics in relatively stable conditions.

The valence band spectra shown in figure 3.2b were modeled using three Gaus-
sians, two to reproduce the O 2p and one for the Ce 4f peak, as reported in figure
3.4. The extracted Gaussian parameters are reported in table 3.1. For each Gaus-
sian, the kinetic energy shift µ(t), due to the interaction between a probe generated
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Sample Energy (eV) A1 (a. u.) B1 (eV) C1 (eV) A2 (a.u.) B2 (eV) C2 (eV) A3 (a.u.) B3 (eV) C3 (eV)

Ag@CeO2
31.6 0.51 22.64 0.9 0.6 20.98 1.54 0.04 25.23 0.83
26.5 0.50 16.08 1.34 0.49 17.77 0.96 0.026 20.49 0.69

CeO2
31.6 0.38 21.32 1.47 0.25 22.98 0.89 0.04 25.3 0.80
26.5 0.54 16.23 1.54 0.35 18.01 0.85 0.03 20.29 0.68

Table 3.1: Parameters of the Gaussians used for fitting the PES.

photoelectron and the space and mirror charges, calculated using 3.1, can be related
to the integral of the measured PES intensity in the chosen energy interval by:

J (i)(t) = I
(i)
0

∫ E2

E1

e−(E−µ
(i)
0 −µ(t))2/σ

(i)
0 dE (3.4)

where µ
(i)
0 , I

(i)
0 and σ

(i)
0 represent, respectively, the position of the centroid, the

intensity, and the variance of the i-th Gaussian in the spectrum acquired without
the pump (evaluated from the fit of the full PES spectra reported figure 3.4), with i
ranging from 1 to 3, and E1 and E2 are the extremes of the chosen energy interval.
The overall intensity integral variation, as a function of delay time between the
pump and the probe pulses, is given by the sum:

J(t) = J (1)(t) + J (2)(t) + J (3)(t) (3.5)

The intensity of the photoemission spectrum, measured within the chosen energy
window, as a function of the delay time t was fit using equation 3.4. The free
parameters of the fit were N− (the number of photogenerated electrons), X (the
fraction of holes in the sample that survive fast recombination), and τ (the hole
recombination time constant). The x and y dimensions of the electron cloud for 3.2
at t = 0 were derived from the size of the spot on the sample (about 300 µm of
FWHM [13]), while the z dimension was fixed to tens of nanometers. The number
of pump-generated electrons N− is compared with that of the drain current, as
reported in table 3.2.

3.4 Results and discussion

3.4.1 XPS and UPS

In-situ XPS and UPS spectra have been acquired after sample growth to obtain
information on the surface electronic structure of the samples. The Ce 3d XPS
spectra of the two samples (figure 3.5a) show a line shape compatible with a dom-
inant CeO2 stoichiometry, confirmed by the good quality of the fit obtained using
only Ce4+-related components. The Ce3+ concentration is therefore below the sen-
sitivity of the technique, as observed for ultrathin films grown in similar conditions
[1]. The UPS spectra of the two samples, reported in figure 3.5, show a broad fea-
ture between 2 and 5 eV assigned to the valence band with the O 2p character.
The minor differences in shape between the spectra acquired in-situ and the spectra
shown in figure 3.2b, can be ascribed to the difference in photon energy between
the HeI lamp, 21.2 eV, and the HHG at the SPRINT facility (26.5 and 31.2 eV).
In the Ag@CeO2 sample, the O 2p-related main feature around 3 eV is attenuated
in intensity as compared to the bare ceria film and to Ag-related features around 5
eV and at the Fermi level [6]. The absence of valence band features related to the
metallic substrates confirms the complete coverage of the substrate surface by the
oxide films.
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Figure 3.5: (a) XPS Ce 3d spectra of CeO2 (red) and Ag@CeO2 (lilac) with Al Kα

photons (1486 eV). The black lines are the fits of the spectra using Ce4+- and
Ce3+-related components. (b) UPS spectra of CeO2 and Ag@CeO2 at a photon energy of

21.2 eV.

In analogy with previous experiments made on these systems [21, 22], the trPES
measurements have been acquired on the CeO2 and the Ag@CeO2 samples using
two different pump energies: one at 4.1 eV, resonating with ceria band gap, and
one at 2.8 eV, at the Ag LSPR maximum and below the CeO2 band gap. The
trPES data for each pump and delay time have been acquired in the 1 eV energy
window centered at the top of the valence band, as described in the previous section.
Figure 3.6 shows the difference between intensity J of the photoemission spectrum
in the selected window and that of the spectrum without the pump as a function
of delay time (blue dots) for the two different samples and the two pump energies.
The differences in the error bar intensities depend on the statistics (the number of
acquisitions, determined by the acquisition time). The acquisition limited to t ≳ 15
ps prevented the detection of ultrafast dynamic decays, often observed in oxides
after band-gap excitation [23, 24]. At negative delay times, J shows an increasing
intensity as the delay time approaches zero for both samples and pump energies.
The observed behavior agrees with a progressive shift of the spectra toward higher
kinetic energies with decreasing ∆t because of the pump-generated space charge
(while the effect of the mirror charges is negligible). The two samples pumped
above the band gap (figures 3.6a, c) show a marked asymmetry with respect to
time 0. At positive delay times, both samples show a decrease in intensity (faster
than the rise time at negative delays) and then, at delays longer than 100 ps, a
slower increase of J, indicating that for positive delay times both space and mirror
charge contributions are simultaneously at play. The rapid decrease of J(t) is due
to the shift toward lower kinetic energies induced by the positive mirror charge,
which dominates at short delay times [15, 19] while this is partially compensated by
the presence of the space charge at longer delay times. At longer delay times, J(t)
should tend to the same values; however, our temporal window was not wide enough
to reach that condition. A similar behavior is observed at positive delays also for the
Ag@CeO2 sample with the pump at the LSPR of Ag (figure 3.6d), although in this
case, the variation with respect to negative delays is less pronounced, in agreement
with a lower density of holes generated in the sample in this case. Finally, the
CeO2 sample pumped below the band gap shows an almost symmetric behavior
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Figure 3.6: PES area intensity within the chosen energy for the CeO2 sample pumped
(a) above (4.1 eV) and (b) below (2.8 eV) the band gap as a function of delay time (blue
dots). The dynamics were obtained using a HHG probe of 31.2 eV for panels (a, d) and
26.5 eV for panels (b, c). Panels (c, d) show the intensity for Ag@CeO2 pumped above
(4.1 eV) and below (2.8 eV) the CeO2 band gap. Panel (c) is obtained using a HHG

probe of 26.5 eV, while panel (d) is obtained using a HHG probe of 31.2 eV.

at positive and negative delay times (figure 3.6b). This is consistent with a fast
recombination and with the expected very low density of holes formed in this sample,
which has an extremely low absorbance at 2.8 eV [21]. The data presented in figure
3.6 were fitted using equation 3.4, reported as red lines in the figure. The free fitting
parameters, reported for each sample and pump energy in table 3.2 are the fraction
X of excited holes, their lifetime τ , and the number of photogenerated electrons N−.
The Gaussian functions used to describe the PES for each probe energy and the
relative parameters for each sample, are reported in figures 3.4 and in table 3.1.

Then, it is possible to exploit space and mirror charge effects to obtain infor-
mation on the dynamics of charge recombination in the material, in particular, on
pump-induced holes, within the investigated time range. From the values extracted
from the fit in table 3.2, the correlation between the space charge effect and the
drain current is evident by comparing the values of current and the number of pho-
togenerated holes N−. Indeed, the ultrathin films used for the present experiment
are grown on metallic substrates, and the Fermi level of the sample is at equilib-
rium with that of the experimental apparatus connected to the ground. The pump
excitation leads to the formation of holes on the surface of the samples induced by
different processes. The fitting procedure makes it possible to extract information
on the compensation of such holes by the drain current from the ground and to infer
important properties of the material based on the observed behavior. By comparing
the values of N− in the table 3.2, it is possible to notice an increase in electron
yield in the presence of Ag NPs, that is partially ascribed to the direct emission of
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Sample Pump Energy (eV)/Fluence (µJ) τ (ps) X N− Idrain (pA)

CeO2
4.1/0.7 150 0.46 2700 104 (2.6 ×104 carriers)
2.8/0.9 87 0.29 140 27 (6.7 ×103 carriers)

Ag@CeO2
4.1/0.7 153 0.54 6500 600 (1.5 ×105 carriers)
2.8/1 300 0.35 1900 320 (8 ×104 carriers)

Table 3.2: Hole lifetime (τ), fraction of excited holes (X) and number of
photogenerated electrons (N−) extracted from the fit in figure 3.6, and measured drain

current for the CeO2 and Ag@CeO2 samples at the two different pump energies (4.1 eV,
i.e. above the CeO2 band gap and 2.8 eV, below the gap). The values of the drain current

are normalized to the laser frequency.

electrons from the NPs into the vacuum through multiphoton processes at both 4.1
and 2.8 eV, although the latter energy is expected to be less efficient (considering
that the intensity of the two pumps is low and similar). For this reason, the pho-
toemission from defect levels should play a predominant role in the space charge
formation. The introduction of Ag NPs within the CeO2 films should increase the
density of defects in the oxide matrix.

The band-gap excitation in ceria by the 4.1 eV pump leads to the formation of
a large fraction of holes with a lifetime on the order of 100 ps on both samples.
The fraction of estimated mirror charges and their lifetime does not show significant
changes if Ag NPs are introduced into the oxide film since at this pump energy the
holes are mainly formed within the oxide film. This is a further confirmation of
the fact that the two films have comparable properties in spite of the different sub-
strates used. This can be rationalized by considering that charge re-neutralization
by electrons from the grounded substrate most likely takes place not only at ideal
interface sites (film/substrate) overcoming the Schottky barrier but mainly along
domain boundaries and defect sites. Although the pump wavelength of 4.1 eV is
energetic enough to excite interband transitions in the Ag NPs, these are expected
to have a lower cross section and to decay much more rapidly, compared to the
above-band-gap excitation in the surrounding oxide [22], thus having a negligible
effect on the photoelectrons at delay times longer than 15 ps. A lifetime for the
holes above 100 ps, determined from trPES measurements, is consistent with the
persistence of the ground-state bleaching feature for hundreds of picoseconds, ob-
served in the same systems by femtosecond transient absorption spectroscopy after
the above-band-gap excitation in [22]. Some other oxides, like TiO2 in the form of
single crystals with low defect concentrations, show comparatively long lifetimes of
photoexcited states [25, 26]. On the other hand, hole lifetimes on the order of a
few picoseconds have been reported for Fe2O3 thin films unless trapping states are
involved [27].

In contrast with the similar behaviour of the ceria films with and without the
NPs obtained by using a pump above CeO2 band gap, the results obtained with a
pump at 2.8 eV are quite different for the two samples. As reported in table 3.2,
in the CeO2 sample, a small fraction of holes is detected, with a lifetime of less
than 100 ps. In this case, the holes are mainly generated by the excitation of low-
density defect sites, or by multiphotonic absorption. The holes recombine in less
than 100 ps, with electrons coming from the grounded metallic substrate, expected
to propagate via hopping or through CeO2 defects like domain boundaries. When
Ag NPs are introduced, the efficiency of carrier generation increases by more than 1
order of magnitude (see drain currents and N− values reported in table 3.2). This can
be related to the increased defect density generated at the interface between CeO2

67



Figure 3.7: Sketch of the processes that dominate at different pump energies for the
Ag@CeO2 sample. (a) The pump at 4.1 eV induces the formation of holes both in the
NPs and in the oxide by defect states and multiphoton-induced photoemission; (b) the
pump at 2.8 eV induces the formation of a few holes in the oxide and in the NPs by

multiphoton-induced photoemission (blue contours) and of a relevant number of holes on
the NPs via plasmon-mediated electron injection from the NP to the oxide (green

contour); (c) the electrons and holes in the oxide recombine within short times (< 15 ps),
leaving a relevant fraction of uncompensated positive charges on the NP surface.

and the Ag NPs and to the excitation of LSPRs, which introduces a significant
perturbation in the system. The fraction of excited holes is comparable to the one
in the sample without the NPs, but they persist for significantly longer lifetimes of
several hundreds of picoseconds, i.e., above the considered delay time. The longer
lifetime of holes generated in the Ag@CeO2 sample with the pump energy resonating
with LSPR, can be qualitatively explained by considering that a high number of
positive carriers are formed at this energy on the NP surface due to the injection of
electrons, stemming from the LSPR decay, into CeO2 [22, 28].

The sketch in figure 3.7 summarizes the processes that are expected to occur.
At an excitation energy of 4.1 eV, the holes on the NPs are mainly generated by
defects and multiphotonic photoemission (figure 3.7a), while using a 2.8 eV pulse, the
holes are expected to be mainly generated by plasmon-mediated electron injection
into CeO2 (figure 3.7b). Most of the carriers formed in the Ag NPs after LSPR
de-excitation survives for relatively long times due to the presence of a Schottky
barrier between the NPs and the oxide, which prevents their recombination with
electrons injected into the oxide. The corresponding injected electrons possibly
compensate the holes directly formed on the oxide within shorter times, leading to
a situation in which most of the unscreened positive charge is located on the NP
surface within relatively short times (certainly well below 15 ps) from excitation
(figure 3.7c). On the contrary, at 2.8 eV in the CeO2 film, the holes due to defect
state absorption are neutralized by means of fast nonradiative recombination with
the electrons from the substrate. The mirror charge lifetimes resulting from the
fit are related to the decay of the populations of the positive charges in the NPs
and in CeO2. Thus, the significantly different lifetimes extracted for the excitation
at 2.8 eV for the CeO2 sample (87 ps) and Ag@CeO2 (300 ps) agree with the
expected longer re-neutralization times of the positive carriers generated in the metal
NPs as compared to the holes present in the ceria film. A further consideration
that can be made based on the obtained results is that even the positive carriers
generated after LSPR excitation in the Ag NPs recombine within a few hundreds
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of picoseconds, preventing the accumulation of charges, which would hinder further
electron injection to the oxide. This is a relevant aspect for an effective application
of CeO2 combined with plasmonic NPs as an efficient visible light photocatalyst.
In previous works [22, 28] based on ultrafast optical UV-Vis and X-Ray ultraviolet
spectroscopies, it was shown that either during or after the excitation of the LSPR
in the Ag NPs there is significant efficiency of injection of electrons from the Ag into
CeO2. This process was shown to occur on a time scale of fewer than 200 fs, which is
well below the temporal window available in the present experiment. However, the
dynamics of the neutralization of the positive charges (holes) in the Ag NPs could
not be easily studied using the techniques employed in the previous works. The
approach here used allows us to isolate the effect of photogenerated holes, which
play a relevant role in the functionality of the investigated system.

3.5 Conclusions

The work presented in this chapter exploits the space and mirror charge effect in
trPES to infer information on the dynamics of photoexcited holes in a cerium ox-
ide film, also in combination with plasmonic Ag NPs on time scales above 15 ps.
We have applied a procedure that makes it possible to significantly reduce the ac-
quisition times, allowing an increase in the number of samples and pump energies
to be investigated in a single experiment. More importantly, the analysis of the
time-resolved photoemission spectra allowed us to infer that the above-band-gap
excitation in cerium oxide leads to the formation of holes with lifetimes exceeding
100 ps, independent of the presence of Ag NPs. The sub-band-gap excitation, on
the other hand, results in the formation of holes with lifetimes on the order of a
few tens of picoseconds in CeO2, possibly induced by defect-related transitions or
multiphoton absorption. Interestingly, when the oxide is coupled with Ag NPs, the
excitation of the sub-band-gap localized surface plasmon resonance leads to the for-
mation of positive charges in the metal with lifetimes exceeding 300 ps. This study
represents an example of how to exploit the space charge effect in gaining access
to the carrier dynamics in the CeO2-based materials within the picosecond range of
time, which is fundamental to describe the photocatalytic processes.
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Chapter 4

Ultrafast charge transfer in
Ag@CeO2 studied by
time-resolved X-Ray absorption
spectroscopy

In this chapter I will be focusing on the dynamics of plasmon-mediated charge
transfer from Ag NPs to a surrounding layer CeO2 (here referred to as Ag@CeO2),
similar to the one described in chapter 3, studied by time resolved X-Ray absorption
spectroscopy (trXAS). To extract information on the charge transfer dynamics, we
measured the ultrafast variations in absorbance of the Ce N4,5 absorption edge in a
laser pump-free electron probe configuration. trXAS represents a valuable tool to
obtain element-specific information on light-triggered ultrafast processes, providing
very high sensitivity to the fine details of the electronic structure of the individual
elements present in the investigated materials. Free electron laser (FEL) sources
are particularly suitable for ultrafast core-level spectroscopies, as they guarantee
high pulse intensities in a rather large spectral range. In particular, the experi-
ment described in this chapter has been performed at the EIS-TIMEX beamline
at the FERMI FEL source in Trieste. This FEL offers the possibility of finely
tuning the photon energy within the 20-300 eV photon energy range, guaranteeing
remarkable spectral stability and nearly transform-limited pulses [1]. These features,
accompanied by an almost jitter-free laser-FEL synchronization, are ideal for laser
pump-X-Ray probe single-shot experiments [2]. The goal of our study is to obtain
information on the plasmon mediated charge transfer mechanisms from Ag NPs to
the surrounding CeO2, using the FEL probe to investigate the ultrafast changes
occurring in the electronic structure of Ce after the interaction between the laser
pulse and the Ag@CeO2 sample.

4.1 Sample growth and static characterization

For the present work, we have grown two different samples: a bare CeO2 thin film of
10 nm, used as a reference, and a CeO2 layer of about the same thickness (11.5 nm)
with Ag NPs embedded in (Ag@CeO2 sample). These two samples were grown in
the RAGNO-2 chamber, at the SESAMo lab, described in 2.1, on ultrathin (100 nm)
parylene-N self-standing foils (figure 4.1b), transparent substrates for soft X-Rays.
The CeO2 films were grown by molecular beam epitaxy (MBE), by evaporating Ce
from an electron beam evaporator, in a controlled oxygen partial pressure of 10−7
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Figure 4.1: (a) SEM image of a sample made of Ag NPs on top of a CeO2 film grown
on a Si substrate. (b) Picture of the Ag@CeO2 sample on a parylene substrate. (c) Ag

NPs size distribution extracted from (a).

mbar. During sample growth, the parylene substrates were kept at room tempera-
ture. The MBE chamber is equipped with a quartz microbalance that permits the
control of the evaporation rate: the thickness of the CeO2 films was chosen to be
10 nm. As illustrated in 2.1, the mass-selected Ag NPs, were grown by an inert gas
aggregation cluster source based on magnetron sputtering. For the present experi-
ment, the NPs were co-evaporated with CeO2 to form a film that embeds the NPs,
maximizing the interface between the NPs and the oxide and protecting the NPs
from contamination. Using the quartz microbalance, we could estimate a nominal
thickness for the Ag NPs layer of 9.4 nm.

Figure 4.1a shows the SEM image of Ag NPs evaporated on a CeO2 film (de-
posited on a Si substrate), under the same conditions as the Ag@CeO2 investigated
here. From the SEM image, we could extract the NP diameter distribution shown
in figure 4.1c. The NPs have an average diameter d ∼ 20 nm. After the growth, the
two samples have been characterized by in-situ XPS, using Al Kα photons. The Ce
3d XPS spectra are shown in figure 4.2a, together with the fit (red lines). The fit of
the spectra was obtained following the procedure illustrated in 2.2.1, and from the
fit results it is possible to extract information on the Ce3+ concentration, with an
uncertainty around 10% intrinsic to the procedure. The calculated concentration of
Ce3+ in the bare CeO2 is 18%, while for the Ag@CeO2 sample is 14%. The Ce3+

concentration is comparable in the two samples within the errors, estimated to be
approximately ±3% and it can be ascribed to defects on the film surface.

Figure 4.2b shows the static UV-Vis absorbance spectra of the bare ceria and of
the Ag@CeO2 sample, acquired as described in 1.2.3. The bare CeO2 film exhibits
a peak in the UV range at 300 nm, ascribed to the band gap excitation from the
valence band to empty Ce4f levels, in agreement with literature [3, 4]. When the
Ag NPs are introduced within the ceria film, the optical absorbance spectrum is
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(a) (b)

Figure 4.2: (a) Ce 3d XPS spectra of CeO2 (grey curve) and of Ag@CeO2 (black
curve) grown on parylene. The fitting obtained using Ce3+ and Ce4+ related components
are also shown (red curve). (b) Absorbance spectra of the Ag@CeO2 film (black) and of a

ceria film (blue).

strongly modified by the appearance of broad and intense peaks centered at 400 nm
and 650 nm, related to the LSPR excitation of the NPs.

4.2 Boundary Element Method Simulations

The peaks in the spectrum in figure 4.2b can be ascribed to different specific con-
figurations of the Ag NPs within the oxide and to the extended plasmon resonances
introduced by the proximity of the NPs. These assumptions have been justified
by simulating the absorbance of Ag NPs in a CeO2 matrix, performed using the
boundary element method [5], as implemented in the MNPBEM17 toolbox [6]. This
simulation allows to calculate the scattering and the extinction coefficients of metal-
lic NPs surrounded by a dielectric material. The dielectric constants were extracted
from tabulated n and k values taken from the literature (Ag from [7], CeO2 from
[8] and parylene from [9]). Two situations have been taken into account for the
simulations: a single Ag NP and a couple of Ag NPs with the same shape, in both
cases surrounded by a CeO2 matrix.

The first case is depicted in figure 4.3, where the Ag NPs are assumed to be
spheroids with an in-plane dimension of 20 nm, 10 nm, and an out-of-plane size of
20 nm. This geometry is compatible with the possible agglomeration of the NPs
during the deposition, and was previously observed by Pelli et al. [10] on similar
systems. In figure 4.3a, the extinction cross section shows a strong peak below
350 nm, compatible with ceria band gap absorption, and two more polarization-
dependent peaks. The two additional peaks are observed at 410 nm and 600 nm,
if the light polarization is parallel or perpendicular to the shorter in-plane axis of
the spheroid, respectively (see figure 4.3b). These two latter features are ascribed
to the LSPR modes in the NPs, and are compatible with the experimental results.

Figure 4.4 simulates the situation of a couple of Ag NPs with the same shape
(see figure 4.4b), to investigate the effect of extended plasmons. To compare the
results, different distances have been taken into account. The two main plasmonic
features in figure 4.4a are peaked at 400 nm and 585 nm, which are compatible with
the experimental spectrum.
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Figure 4.3: Extinction spectra obtained for an Ag spheroid of 20× 10× 20 nm (vertical
section presented in the sketch) embedded in a layer of CeO2 of 21 nm on parylene,
considering two in-plane orientations of the light polarization, parallel (red line) and

perpendicular (black line) to the short axis of the NP.

Figure 4.4: Extinction spectra obtained for two Ag spheroids of 20× 20× 20 nm
(vertical section presented in the sketch) embedded in a layer of CeO2 of 21 nm on

parylene.
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Figure 4.5: Ce N4,5 XAS absorption spectra measured in transmission mode for CeO2

(red line) and Ag@CeO2 (black line) samples, and reference spectra of Ce4+ (dashed
green line) and Ce3+ (dashed blue line) samples [11], normalized to the maximum of the

Ce4+ spectrum measured in our experiment. Inset: relative variation of absorption
during the reduction of Ce ions estimated from the literature spectra. Purple points (black
in the inset) indicate the selected FEL energies used to probe the variations of absorption.

4.3 Stationary XAS

As already mentioned at the beginning of the chapter, in order to extract information
on the charge transfer dynamics, we have studied the modifications of the Ce N4,5

edge after the interaction of the system with visible radiation. Stationary XAS
of the samples at the Ce N4,5 edge have been measured at the BEAR IOM-CNR
synchrotron radiation beamline at Elettra (Trieste, Italy) [12] as a reference. The
results of the measurements (after pre-edge background subtraction), together with
reference spectra of Ce3+ and Ce4+ taken from literature [11] are reported in figure
4.5. The Ce4+ and Ce3+ reference spectra were respectively acquired on CeO2 and
CeCl compounds, being CeCl more stable in air than Ce2O3, which can be easily
oxidized to CeO2. The spectrum of CeO2 shown in figure 4.5 as a solid red line is
compatible with the Ce4+ reference spectrum (dashed green line). The introduction
of Ag NPs into the CeO2 layer induces a red shift of about 1 eV of the Ce absorption
edge and a decrease of the white line height. Both effects are compatible with a mild
reduction of cerium oxide when combined with the Ag NPs. The edge absorption
shape is modified by the introduction of NPs towards the Ce3+ reference spectrum
(dashed blue line). The observed reduction derives from static electron transfer
from Ag NPs to the oxide [13, 14] typical of metal NP/oxide systems and it should
involve the ceria at the interface. The small changes in the Ce N4,5 absorption edge
are compatible with the Ce3+ concentration extracted from the XPS shown in figure
4.2a. The static reduction of Ce ions after the inclusion of Ag NPs is probably
related to the morphology of the sample which induces the presence of defects on
the ceria surface.
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4.4 Time-resolved XAS

trXAS was performed using a single-shot laser pump-FEL probe configuration (fig-
ure 4.6) on the Ag@CeO2 sample at selected energies (purple points in figure 4.5)
across the Ce N4,5-edge. The schematics of the setup is shown in figure 4.6: the
measurements were performed in single-shot transmission mode, by rastering the
sample in the plane perpendicular to the beam and illuminating a fresh spot of the
sample at each pump shot. For each new spot, the transmission of the unperturbed
sample was measured by exposing the sample to a sequence of probe pulses prior to
pump exposure. The investigated time window is within a range of ∼ 1 ps from the
pump-probe overlap (time zero), scanned with steps of 0.1 ps. In order to obtain
good statistics for each photon energy, the single-shot measurements at each delay
time were repeated in different positions. To account for possible nonuniformities of
the sample, the uppermost and the lowermost 5% of the distribution of the measured
changes in transmission for each energy and delay were excluded. Time zero was cal-
ibrated using Si3N4 as usually performed for FEL/Vis pump cross-correlation [15].
It is possible that slight variations in the zero delay from run to run (e.g., changing
the photon energy of the FEL) can result in a variation of the delay by up to 100
fs. The diameters of the FEL and laser pump beam on the sample were 80 and 100
µm, respectively. The pump pulse duration was estimated to be about 200 fs, while
the average FEL probe pulse duration was around 100 fs. The instrument response
function (IRF) of the setup is thus dominated by the pump laser duration. The
laser pump fluence was set to about 34 mJ cm−2.

To measure the variations in absorbance caused by plasmon mediated charge
transfer, we have used as a pump a ultrashort laser pulse at 430 nm, to selectively
excite the Ag NPs LSPR. The pump energy we used is below the band gap of CeO2,
and the absorption of the ceria layer is negligible at 430 nm, as can bee seen in
figure 4.2b. Moreover, the interband transitions in Ag are characterized by weak
cross sections at this photon energy. To probe the excited states of the system,
four FEL energies were used as a probe (119, 122, 130 and 133 eV), marked by the
purple arrows in figure 4.5. These energies were chosen to maximize the sensitivity to
possible changes in the electronic structure in Ce ions driven by ultrafast reduction
of CeO2.

4.5 Results and discussion

Figure 4.7 shows the relative variation of the absorption, as a function of the pump-
probe delay time, at the selected FEL photon energies across the Ce N4,5-edge
highlighted in figure 4.5. After the interaction with the pump pulse, the X-Ray
absorption coefficient exhibits a pronounced increase at 119 and 122 eV of about
10% (figure 4.7a,b) and a decrease at 130 and 133 eV of about 5% (figure 4.7c,d).
The changes in absorption occur within the first few hundred femtoseconds, with a
negligible decay in the considered time range. The measured absorption variations
can be compared to the inset in figure 4.5, that reports the calculated relative
absorption changes of Ce N4,5 XAS spectra if the electronic configuration of Ce
is progressively modified by adding electrons in the Ce 4f levels. With increasing
concentration of Ce3+, one can notice a pronounced increase of absorption below 125
eV and a moderate decrease above 125 eV, compatibly with the variations observed
in figure 4.7. Therefore, the observed variations in absorbance after the interaction
with the pump pulse can be ascribed to the ultrafast reduction of part of the Ce ions
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Figure 4.6: EIS-TIMEX end-station setup for pump-probe XAS measurements in
transmission geometry. Small angles between pump and FEL are achieved using a holey
steering mirror positioned in the FEL beam path. Synchronization between the laser
pump and FEL probe is nearly jitter-free being both the pulses generated by the same

Ti:Sa oscillator.

surrounding the Ag NPs driven by a LSPR-mediated electron injection in the Ce 4f
localized states. In order to exclude possible contributions of multiphoton absorption
processes directly in the CeO2 matrix, the reference ceria layer was excited with a
pump at the same energy and with a fluence similar to that used on the Ag@CeO2

sample. The resulting variation in probe absorption (with a single FEL energy of
130 eV) is reported in figure 4.8, and it does not show any evident dynamics. This
observation allows us to exclude any ceria-related contribution to the absorption
variations observed in figure 4.7.

To extract information on the timescale involved in the charge transfer, we have
fitted the data in figure 4.7 using a kinetic profile (obtained by the product of an
exponential function and a step function) convoluted with an IRF of Gaussian shape
with FWHM of 200 fs (σ ∼ 15 ps) compatible with the width of the pump laser:

∆A(t)

∫ ∞

−∞

1√
2σπ

e
− t√

2σ2 · A · e−
t−c
τ1 ·Θ(t− c) dt (4.1)

where Θ is the Heaviside function, A the intensity and τ1 the characteristic rise
time of the kinetic profile. From the fit, we extracted a rise time that is compat-
ible with the time with of the laser pump (i.e. about 200 fs), confirming that the
charge transfer process is faster than a typical thermal process. Indeed, thermal-
ization through electron-phonon scattering, typically requires times of 1-10 ps, as
shown in the schematics of figure 1.14 [16, 17]. The negligible decay of the transient
XAS signal within the investigated time window is consistent with the long-lived
excited state that was observed in previous experiments using a visible probe [10].
The amplitude of the observed absorption variations, estimated by the fit, can be
related to the density of electrons transferred to ceria. Using the reference spectra
of Ce3+ and Ce4+ samples [11], we related the measured variations in absorption at
the different probe energies to the fraction of Ce ions affected by injected electrons.
The extracted fraction, about 20%, indicates that charges are mainly transferred to
the Ce atoms contained in the volume of the first interfacial cerium oxide monolayer
(0.312 nm) that surrounds the Ag NPs. We could also provide an estimate for the
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Figure 4.7: Relative variation of absorption as a function of pump-probe delay time
and corresponding fit (red curve) with pump at 430 nm and FEL at (a) 119 eV, (b) 122

eV, (c)130 eV, and (d) 133 eV.

Figure 4.8: Relative variation of absorption of CeO2 as a function of pump-probe
delay time. The probe energy was 130 eV while the pump wavelength was 430 nm

82



Figure 4.9: Sketch of a NP with radius of 10× 5× 10 nm. The red circle represents
the volume of CeO2 at the interface of the NP

plasmon mediated charge injection efficiency as the ratio between the number of in-
jected electrons and the number of absorbed photons, around 8%. The justifications
for the last to statements are provided by the following calculations.

Estimation of electron injection efficiency

The Ag NPs are assumed to be uniformely distributed (as suggested by the SEM
image in figure 4.1, with size 20×10×20 nm (see figure 4.9) within the CeO2 matrix.
The NPs form a film with an equivalent thickness of tAg = 9.4 nm1 and they are
embedded in a film of CeO2 with an equivalent thickness of tCe = 11.5 nm. In both
cases, the nominal thickness has been estimated by means of a quartz microbalance.
Considering 0.312 nm as the thickness of a monolayer of ceria (in the most stable
111 orientation), the volume of the interface ceria can be approximated to:

VIF =
4

3
π · [(10.312 · 10.312 · 5.312)− (10 · 10 · 5)] ∼ 272 nm3 (4.2)

while the overall volume of the ceria film can be approximated to:

VTOT = VAg ·
tCe

tAg

=
4

3
π · (10 · 10 · 5) · 11.5

9.4
∼ 2562 nm3 (4.3)

Combining 4.2 and 4.3, we can extract the ratio between the volume of interface
ceria and the total volume:

VIF

VTOT

∼ 10.6% (4.4)

In figure 4.7, we measure a variation of the Ce3+ absorption edge of about 20%,
meaning that more ceria than that present at the interface is reduced by the plasmon
mediated mechanism in the first 200 fs after the excitation of the system.

To estimate the charge injection efficiency, we evaluated the number of injected
electrons (nel) as the number of Ce ions contained in 20% of CeO2 film (i.e. the
fraction involved in the charge transfer):

nel =
Vexc

VCe

=
2652 nm3 · 0.2
0.54133 nm3/4

= 12944 electrons (4.5)

1as mentioned in the previous chapter, the nominal Ag thickness refers to the equivalent thick-
ness of a uniform Ag film completely covering the ceria layer
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where VCe is the volume occupied by a cerium atom in the cerium oxide unit cell
(4 atoms per unit cell) and Vexc is the volume estimated to be excited by the pump
laser (20% of the total volume of the ceria film VTOT ).

To calculate the number of absorbed photons, nph, we considered the absorbance
A(λPUMP ) of the material evaluated from figure 4.2b at an excitation wavelength of
430 nm, the pump fluence F, the in-plane surface of a NP (s = 10 nm× 5 nm×π =
157 nm), and the photon energy ℏωPUMP :

nph =
A(λPUMP ) · F · s

ℏωPUMP

∼ 1.6× 105 photons (4.6)

Thus, the charge injection efficiency η will be:

η =
nel

nph

∼ 8% (4.7)

The estimated injection efficiency supports the high efficiency for the plasmon-
mediated electron transfers that was previously observed in a similar sample in
a UV-Vis time-resolved experiment [10] and it suggests that by combining Ag NPs
with ultrathin oxide shells the plasmon-induced oxide excitation can be maximized.

4.6 Conclusions

The experiment described in this chapter represents the first application of free
electron laser-based time-resolved X-Ray absorption spectroscopy to a system com-
posed by an oxide material combined with plasmonic nanoparticles. The trXAS
measurements reveal that after the photoexcitation of LSPR in Ag NPs, part of the
Ce atoms in the sample undergoes an ultrafast reduction, caused by the transient
occupation of the Ce 4f levels that are empty for the unexcited system. The sign
and entity of the variations in absorption after the excitation at the different probe
energies and their ultrafast nature demonstrate that the decay of the LSPR in the
Ag NPs involves electron transfer processes, which is the dominant process below 1
ps (see figure 1.14).
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Chapter 5

Au NPs combined with CeO2

In this chapter, I will focus on systems composed by Au NPs embedded in CeO2

thin films. I will first describe the electronic, optical and morphological properties of
bare Au NPs self-assembled on quartz substrates and of Au NPs grown within ceria
matrices of different thicknesses. The presented results derive from the combination
of experiments and numerical simulations. Afterwards, I will focus on the study
of the ultrafast dynamics of charge excitation in a system composed by Au NPs
surrounded by CeO2.

5.1 Optical properties of Au NPs coupled with

CeO2

As already mentioned in the first chapter of this thesis, the plasmonic properties of
NPs strongly depend on the characteristics of the NPs (size, shape, aspect ratio) [1]
and on the dielectric properties of the environment. In the first part of this chapter,
I will focus on the study of static optical properties of bare Au NPs and of NPs of
the same size immersed within ceria films of different thicknesses, to investigate how
the dielectric environment influences the optical absorbance of the NPs.

5.1.1 Experimental

The samples investigated in this chapter were all grown in RAGNO-1, described in
2.1. The samples used for the optical characterization were grown onto a quartz sub-
strate, which ensures a good optical transparency in the visible range, and consist
of a layer of Au NPs of 2 nm nominal thickness, either alone or embedded between
CeO2 thin films of different thicknesses: 1.6 nm, 4 nm and 8 nm. A bare CeO2 film
was also grown as a reference. The sample used for the morphological character-
ization by scanning electron microscopy (SEM) was grown on a Si substrate with
thermal oxide and was composed of a CeO2 film of 2 nm thickness with a layer of
Au NPs on top. Finally, to have a complete picture of the properties of the system,
we have also characterized the electronic properties by acquiring in-situ XPS and
UPS spectra. The samples for UPS is equivalent to the one used for SEM analysis,
but it has been grown on a metallic Pt(111) substrate, to avoid charging effects.
Both the quartz and Si substrates were cleaned by a 5-minute bath in acetone at
423 K and by two subsequent ultrasonic baths in acetone and in isopropanol at 353
K for 3 minutes each. The Pt(111) substrate was prepared by cycles of sputtering
(1 keV, 1 µA) and annealing (1040 K), until the surface contamination was below
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Figure 5.1: a) Ce 3d XPS spectra of the CeO2 and Au@CeO2 samples and
corresponding fit; b) Au 4f XPS spectrum of the Au@CeO2 sample; c) UPS spectrum of

the CeO2 thin film (red line) and of the Au@CeO2 sample (yellow line).

the XPS detection limit. The ceria films were grown by reactive evaporation of
Ce, using an e-beam evaporator, in an oxygen partial pressure of 10−7 mbar. Au
was evaporated from a Knudsen cell and spontaneously self-assembled into NPs, as
already explained for Ag NPs in chapter 3.

After the growth, all samples were characterized by in-situ XPS using Al Kα

photons from a double anode X-Ray source, to obtain quantitative information on
the deposited quantity of CeO2 and Au and on possible variations of the chemical
state of cerium oxide and of the metal. UPS using a He lamp was also performed
on the sample grown on Pt(111) at different stages of the growth. Information
on NP morphology was obtained using a SEM (FEI Nova NanoSEM 450) on the
sample grown on the Si substrate. The sample morphology, and in particular the
size, shape, and density of Au NPs, is not expected to be different on the different
substrates used, since the surface of CeO2 films grown at room temperature has
a rough morphology even on flat single crystal metal surfaces [2]. The samples
grown on the transparent quartz substrates have been analyzed through optical
absorption spectrophotometry, using the apparatus described in 2.3.1. To obtain a
theoretical model for the static absorbance, we performed polarizability simulations,
based upon the Maxwell-Garnett model for optical absorption [3], as described in
2.3.1, evaluating the NPs AR by the SEM images.

5.1.2 Results and discussion

XPS and UPS results

The CeO2 and Au@CeO2 samples were characterized after the growth by in-situ
XPS, acquired at normal emission using Al Kα photons. The Ce 3d spectra were
used to estimate the Ce3+ concentration in the two samples, by fitting the spec-
tra with Ce3+- and Ce4+-related components, following the procedure explained in
chapter 2.2.1. The spectra and their fit are reported in figure 5.1a, in both cases the
Ce3+ concentration evaluated by the fit is below the detection limit, indicating that
the films have a good CeO2 stoichiometry and that the Au NPs do not relevantly
alter the Ce oxidation state. The Au 4f spectrum of the Au@CeO2 sample, shown
in figure 5.1b, is compatible with bulk Au.

Figure 5.1c shows the UPS spectra of a CeO2 film before and after Au NP
deposition. The spectrum of the CeO2 thin film (red line) presents a dominant
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Figure 5.2: a) SEM image of a 2 nm CeO2+ 2 nm Au sample and b) the size
distribution extracted from the SEM images.

feature between 2 and 7 eV due to the valence band with O 2p character. The
deposition of Au NPs modifies the UPS spectrum, introducing a peak at ∼ 6 eV
binding energy and a double peak between 2 and 5 eV binding energy, related to
the Au 5d band, and a non-negligible intensity up to the Fermi edge, due to the 6s
band, in analogy with bulk Au [4].

Morphology

To analyze the NP morphology, SEM images were acquired from a sample composed
of 2 nm CeO2 + 2 nm Au. In figure 5.2a, which reports a representative SEM image,
it is possible to distinguish small Au NPs, with irregular shapes, partially intercon-
nected. The Au NP size distribution, evaluated from the SEM images using the
GMS3 GATAN software by DigitalMicrograph, is reported in figure 5.2b, together
with the data fitting obtained using a lognormal distribution. From the fit, we could
extract an average diameter of the NPs of < d >∼ 5 nm and a FWHM of ∼ 4 nm,
although the NPs exhibit a wide diameter distribution. The aspect ratio of the Au
NPs, defined as the ratio between the in-plane average dimension and the out-of-
plane average dimension, was estimated from the SEM image shown in figure 5.2a.
The average out-of-plane dimension was calculated as < h >= tnom

C
, where tnom is

the nominal deposited Au thickness and the C is the fractional surface coverage.
For the sample here investigated tnom = 2 nm and C = 0.5, so < h >= 5.7. Consid-
ering the lateral size distribution of the NPs shown in figure 5.2b, the average NP
in-plane dimension was calculated as 5.7 nm, which gives an average aspect ratio
of < AR >= 1.4. Being the width of the distribution approximately 4 nm, and
because of its asymmetric shape towards large in-plane NP sizes, the aspect ratio
of the Au NPs in the sample ranges between approximately 1 and more than 2.

Optical properties

We performed stationary UV-Vis absorbance spectrophotometry on Au NPs in dif-
ferent dielectric environments, in all cases using transparent quartz substrates. Four
different samples were investigated: a sample composed of a nominal thickness of
2 nm of bare Au NPs directly assembled on the quartz substrate and three sam-
ples of 2 nm Au NPs embedded between layers of 1.6, 4 or 8 nm of CeO2. The
static optical absorbance in the UV-Vis was measured using the setup described in
1.2.3, based upon a Xenon lamp and a polarizer, which enables to select either p
or s polarization, i.e. parallel or perpendicular to the optical plane. The incident

89



Figure 5.3: Sketch of the scattering geometry, showing the direction of the incoming
light (22◦ from sample normal) and the light polarization in the case of s and p

polarization; for p polarization the in-plane and out-of-plane components are also shown;
b) UV-Vis absorbance spectra of the Au@CeO2 sample in s and p polarization.

angle of the light was 22◦ from sample normal. The experimental configuration is
shown in figure 5.3a: the s polarization is entirely in the surface plane, while in the
case of p polarization a small out-of-plane component is also present. Figure 5.3b
shows the optical spectra of the sample with Au NPs in 8 nm of ceria in the two
polarizations. The shape of the spectra is the same, indicating that the samples are
optically isotropic in the surface plane, as can be deduced from the geometry shown
in figure 5.3a. This behaviour has been observed for all samples, independently on
the presence of the surrounding medium. Because of the slightly higher signal over
noise ratio, the spectra shown in this chapter were all acquired with s polarization.

Figure 5.4a shows the static UV-Vis optical absorbance spectra of bare Au NPs
and of Au NPs surrounded by ceria layers of different thicknesses, while figure 5.4b
reports the imaginary part of the in-plane component of the optical polarizability of
Au NPs with different ARs immersed in different dielectric environments. The spec-
tra are the results of numerical simulations, performed using the Maxwell-Garnett
model [3], to calculate the polarizability of Au NPs embedded in a CeO2/SiO2 matrix
(see section 2.3.1). Following the procedure in reference [5], we assumed the NPs as
oblate spheroids, i.e. ellipsoids with the three axis a, b and c following the relation-
ship: a = b > c, where a and b are the in-plane dimensions of the nanoparticles and
c is the out-of-plane axis, with AR = 1.5, as suggested by the SEM investigations.
For AR = 1.5, in equation 2.3d, Lx = Ly = 0.272, Lz = 0.455, so the polarizability
components are different, αx = αy ̸= αz. [6, 7, 8]. To simulate the optical properties
of bare Au NPs on the quartz substrate, the NPs have been assumed to be com-
pletely immersed in a quartz matrix. This is clearly a strong approximation, but the
simulations are not supposed to precisely describe the real systems (which, more-
over, are composed by NPs with different dimensions and AR), but they should give
an idea of the average behavior of the NPs in the different dielectric environments.

For simulations, we have used the dielectric functions found in reference [9] for
bulk CeO2, in [10] for Au, while we calculated the real part of the complex refractive
index for quartz from the Sellmeier equation [11] applied to fused SiO2 at room
temperature [12]. To account for possible deviations of the AR from the average
value, we also considered the case of Au NPs with AR = 2 and of spherical NPs
(dashed and dotted lines in figure 5.4b respectively). Furthermore, to account for
the finite thickness of the ceria layer [5, 8, 13], we have also simulated polarizability
for a ceria layer with a smaller dielectric function (i.e. ϵCeO2 − 1).
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(a) (b)

Figure 5.4: (a) UV-Vis absorbance spectra of Au NPs embedded within CeO2 films of
different thickness. (b) Imaginary part of simulated in-of-plane polarizability of spherical
(dotted lines) or ellipsoidal Au NPs with AR=1.5 (continuous lines) and AR=2 (dashed

lines) embedded within media of different dielectric function.

When we look at the absorbance spectrum of the bare Au NPs in figure 5.4a, we
can distinguish two absorbance bands. The first, in the UV range, peaked around
350 nm, is ascribed to interband transitions from d-valence band to the empty states
in the s and p bands above the Fermi level [14, 15, 16], while the second broad band,
peaked around 600 nm, corresponds to the LSPR excitation of Au NPs [17, 18].
When we introduce the ceria layer around the NPs, the absorbance band related
to the interband transition in Au is partially hidden by the more intense signal
related to the band gap excitation of CeO2 [19, 20], which shows a peak around 300
nm and becomes more intense as we increase the thickness of the ceria layer. As
already demonstrated in chapter 4 (see figure 4.2b) and in many other works, such
as [19, 20], the bare CeO2 films do not absorb in the visible region. Thus, we can
only ascribe the broad absorbance band in figure 5.4a to LSPR excitation of Au
NPs.

The LSPR absorbance band broadens and red-shifts as the amount of ceria in-
creases. We have deduced the LSPR band peak position λpeak using a Gaussian
fit, obtaining the values presented in table 5.1. A similar behavior (red-shift with
increasing dielectric thickness until reaching a plateau) has been observed in similar
systems, composed of Au NPs surrounded by TiO2 or Al2O3 [21]. The experimental
observations have been compared to the polarizability simulations shown in figure
5.4b. The peak position of the in-plane component of polarizability blue-shifts when
the NPs AR decreases, while the increase in the value of the dielectric function causes
a red-shift of the LSPR absorbance, coherently with previous observations on Ag
NPs [8]. This is compatible with the fact that a higher AR means an increase of
the in-plane NPs size and a decrease of the out-of-plane one. In the experimental
observations reported in figure 5.4a, the LSPR peak is much broader with respect
to the simulations, because the acquired spectrum includes the contributions of all
NPs, characterized by a wide distribution of in-plane and out-of-plane dimensions,
and then by different ARs. Indeed, the range of the absorbance band obtained ex-
perimentally for the different samples is compatible with the sum of contributions
of NPs with AR ranging between 1 and 2 and immersed in different dielectric envi-
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CeO2 thickness (nm) λpeak (nm)

0 (bare Au) 613
1.6 635
4 723
8 715

Table 5.1: Wavelength positions of the peak of LSPR for the different CeO2 layer
thicknesses combined with Au NPs.

(a) (b)

Figure 5.5: Measurement of (a) Au 4f XPS lines and (b) optical absorbance of bare Au
NPs on quartz after the growth and after 3 months in controlled N atmosphere.

ronments. In detail, the LSPR band of the bare Au NPs (assumed to be immersed
in quartz) is peaked at 613 nm, its wavelength position increases to 635 nm when
the NPs are immersed in a thin layer of 1.6 nm of ceria, and it further increases as
the ceria layer is thickened to 4 nm. The only variation in this behavior is observed
when the ceria film thickens from 4 nm to 8 nm. In this case, we observe a very
slight blue-shift of the LSPR peak position, contrarily with our expectations. If
the dielectric functions of the two samples were strongly different with each other,
one would have noticed a red-shift in the 8 nm film with respect to the 4 nm one.
Since this shift is not observed, moreover, the signal from the thinnest ceria sample
is slightly blue-shifted, it is possible to conclude that the two films have a similar
dielectric function, that can be approximated with the bulk ceria one ϵCeO2 . Since
the plasmonic peak position is strongly affected also by the NP ARs, the blue-shift
of the 4 nm absorbance signal can be justified by a possible slightly different average
ARs in the two samples.

Stability over time

In order to evaluate the effects of exposure to air on bare Au NPs, we have studied the
stability of the plasmonic properties of Au NPs on the quartz substrate by repeating
the optical measurements after 3 months from the deposition of the system, as shown
in figure 5.5b. We have also analyzed the modifications of the surface of NPs by
measuring the XPS spectra of the Au 4f region after growth and after 3 months
in controlled N2 atmosphere: the results are shown in figure 5.5a. Because of the
stability of Au in air conditions, both the optical spectrum and the Au 4f line appear
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almost unmodified after long time from the sample deposition. The XPS Au 4f line
appears unmodified also for the Au@CeO2 samples.

5.2 Ultrafast dynamics of excited charges in Au

NPs coupled to CeO2

As already mentioned in the first chapter of this thesis, the coupling of plasmonic
NPs with cerium oxide can sensitize the system to visible radiation, taking advan-
tage of the large absorption and scattering cross section in the visible range, typical
of plasmonic NPs. The light-NP interaction can trigger LSPR in the NPs, which
can relax by transferring charges or energy to the surrounding semiconductor. Dif-
ferent competing mechanisms are involved in the de-excitation of LSPRs and in the
activation of the nearby semiconducting oxide. In general, LSPRs decay via the gen-
eration of charges with a broad energy distribution, some of which can be injected
over the Schottky barrier towards the surrounding oxide. The process competes
with a second mechanism in which the LSPR energy directly excites charge carriers
into empty conduction band states in the oxide across the interface, leaving positive
charges in the metal valence band [22, 23, 24]. These two mechanism are expected
to involve different time scales, with the direct injection occurring within the first
tens of fs after LSPR excitation, and hot electron indirect injection requiring a few
hundreds of fs (see figure 1.14) [25]. On the picosecond timescale electron-phonon
scattering, leading to local thermal activation of the catalyst, prevails [25]. The
processes and their efficiency strongly depend on different variables, including the
energy alignment of filled and empty bands of the two materials, the height and
width of the Schottky barrier between them, and the NP size, shape and density. A
large number of previous studies, included the one presented in the fourth chapter
of this thesis, have revealed an enhanced activity in photocatalysts incorporating
plasmonic NPs [25, 26, 27, 28, 29, 30] but only a limited number have tried to iso-
late the different activation mechanisms based on the dynamics of excited states
[24, 27, 31].

In a previous study on CeO2 coupled with Ag NPs using FTAS, Pelli Cresi et al.
have identified an efficient and persistent plasmon-mediated electron injection from
the Ag NPs to cerium oxide [20]. However, in the case of Ag NPs the investigation
of the electron injection dynamics at ultrashort time scales was hindered by the
superposition between a photo-induced absorption (PIA) signal, characteristic of
CeO2 excitation, and the plasmon-related transient absorption signal. The work de-
scribed in chapter 4, i.e. an element-specific analysis of the process using FEL based
pump-probe X-Ray absorption spectroscopy, allowed us to unambiguously identify
a reduction of CeO2 compatible with a plasmon-mediated transfer of electrons into
Ce 4f levels and to estimate an upper limit of 200 fs for the injection time, a value
short enough to exclude thermal effects.

The present section is focused on Au NPs combined with CeO2, grown as de-
scribed above. Since the LSPR-related absorption band in Au NPs is centered at a
lower energy as compared to Ag NPs, the transient absorption signal related to elec-
tron injection could be clearly separated from the plasmon-related signal by FTAS.
In the present section, we studied the ultrafast dynamics of excited states induced
by UV and Vis-light excitation in Au NPs combined with cerium oxide, aimed at
understanding the excitation pathways. The FTAS data show that the excitation
of LSPRs in the Au NPs leads to an ultrafast injection of electrons into the empty
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Figure 5.6: Optical absorbance of the CeO2 film (red line) and of the Au@CeO2

sample (yellow line), acquired with s-polarized light as a function of the photon energy.

4f states of the surrounding cerium oxide. Within the first few ps the injected
electrons couple with the lattice distortion forming a polaronic excited state, with
similar properties to the one which is formed after direct band gap excitation in the
oxide. At sub-ps delay times we observed relevant differences in the energetics and
the time dynamics as compared to the case of band gap excitation. Using differ-
ent pump energies across the LSPR-related absorption band, the efficiency of the
electron injection from the NPs into the oxide was found to be rather high, with
a maximum above 30%. The injection efficiency has a different trend in energy as
compared to the LSPR-related static optical absorbance, showing a significant de-
crease at low energies. This behavior is explained considering different de-excitation
pathways with variable weight at the different excitation energies across the LSPR
band. The result obtained suggests that improving the matching of the plasmonic
response to the low energy part of the solar spectrum would not improve the overall
solar catalytic efficiency of the material.

5.2.1 Experimental

In this section, we investigated the dynamics of charge transfer in the 8 nm film of
CeO2 coupled with Au NPs, deposited on a quartz substrate and described the first
section of this chapter 5.1.1, using femtosecond transient absorption spectroscopy
(FTAS), as described in chapter 2.3.2. The electronic properties of the sample, in-
vestigated by means of UPS and XPS and the morphology of the sample are reported
respectively in figures 5.1 and 5.2. The optical absorbance of the Au@CeO2 sample
compared with the reference CeO2 absorbance, measured with the impinging photon
beam forming an angle of 22◦ with the sample surface normal with s polarization,
is reported in figure 5.6.

To investigate the ultrafast dynamics of excited states, FTAS measurements
have been performed using a pump-probe femtosecond laser system described in
detail in [20, 32]. The transient absorption, measured as a function of the probe
energy (E) and of the delay time between the pump and the probe (τ), is given by
∆A(E, τ) = Apump(E, τ)− Ano−pump(E), where Apump represents the absorbance of
the sample at a delay time τ from the pump and Ano−pump is the absorbance without
the pump. The absorbance maps are shown in figure 5.7.

As an optical pump, we used a laser pulse generated by the optical parametric
amplifier that was tuned either to an energy above the bandgap of ceria or to energies
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in the visible range corresponding to different plasmonic resonances of the embedded
Au NPs. For the probe, a small portion of the fundamental (∼ 3µJ) was passed
through a BBO crystal to generate the second harmonic (400 nm) that was focused
into a rotating CaF2 crystal to generate a supercontinuum in the UV energy range
(3.50-4.35 eV). The temporal delay of the probe pulse was tuned by varying the
length of the optical path of the beam used to generate the white light. In the
transient absorbance maps presented in this work, the chirp of the probe pulse has
been corrected. The instrument response function (IRF) has been evaluated in
separate experiments to be Gaussian with a FHWM of 70 fs. The pump fluences
were 0.7 mJ/cm2 for the 4.5 eV and 3.3 eV energies and 1 mJ/cm2 for the other
pump energies, which is sufficiently low not to induce melting of the nanoparticles
[33]. The pump-probe delay was scanned between -1 ps and 300 ps.

5.2.2 Results and discussion

Figure 5.6 shows the UV-Vis optical absorbance of the Au@CeO2 sample compared
with the reference CeO2 sample. The absorbance of pure cerium oxide exhibits a
strong increase in the ultraviolet region, peaked around 4.1 eV, and a very small
intensity in the visible range, in agreement with previous measurements of CeO2

films grown in the same conditions [19, 20]. The incorporation of Au NPs into the
oxide significantly modifies the optical absorbance of the material, with a broad
band, peaked at ∼ 1.9 eV, appearing in the visible region due to the excitation of
LSPR in Au NPs, as expected from the simulation of Au NPs in ceria reported in
figure 5.4b [17, 18]. The width of the observed LSPR-related band is consistent with
the irregular shapes of the self-assembled NPs as measured by SEM (figure 5.2) [34].
Moreover, the absorbance also shows an increase between 2.5 and 3.2 eV, due to the
excitation of interband transitions in the Au NPs [25]. The excitation of sub-band
gap defect states in the oxide, possibly present in the topmost CeO2 film above the
Au NP, can also contribute to absorbance in this region.

Figure 5.7 shows the false-color maps of transient absorption (TA) spectra of the
Au@CeO2 sample, excited with a pump at 4.5 eV, above the CeO2 band gap (figure
5.7a), and below the band gap at the LSPR of Au NPs (1.9 eV, figure 5.7c), with
a probe in the UV range and a delay time range limited to 0-10 ps. The energy
position and the intensity of the transient features observed and their temporal
evolution provide information on the dynamics of the photo-excited states in the
investigated material. For both pump energies it is possible to clearly identify two
main features in the map, one with a positive and one with a negative intensity. The
positive features, labelled as PIA1 and PIA2 for the two pump wavelengths in Figure
2, appear at a photon energy of ∼ 3.5 eV, while the negative features, labelled as
PB1 and PB2, appear at a higher energy of ∼ 4.1 eV. To explain the origin of PIA1
and PB1, we refer to figure 5.8, which reports a sketch of the filled and empty levels
at the interface between CeO2 and Au NPs based on literature DFT results [35],
as well as on the UPS spectra of the sample shown in figure 5.1c. CeO2 is an n-
type semiconductor with a valence band (VB) with a predominantly O 2p character
and a conduction band (CB) with a predominantly Ce 5d character. The energy
distance between the top of the VB and the bottom of the CB is approximately 6
eV. The material is characterized by the presence of localized, empty Ce 4f states
between the VB and the CB and the optical band gap in ceria is given by the energy
difference between the top of the VB and the bottom of the empty Ce 4f states (∼ 4
eV) [19]. Based on previous studies on pure CeO2 [19] and on the same system
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Figure 5.7: False-color map of the TA spectra of the Au@CeO2 sample excited with a
pump at a) 4.5 eV (above the CeO2 band gap) and b) 1.9 eV (below the band gap). The
PIA signals at ∼ 3.5 eV and the PB signals at ∼ 4.1 eV are indicated. (b) and (d) show

the TA spectra at selected delay times of 0.2 and 2 ps for the two pumps.
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Figure 5.8: Sketch of the bands at the Au/CeO2 interface. The processes induced by
band gap excitation (pump 4.5 eV) and LSPR excitation (pump 1.9 eV) and the

corresponding PIA and PB signals are schematically shown.

coupled with Ag NPs [20], the PIA1 feature at 3.5 eV is ascribed to photoinduced
absorption (PIA) of valence band electrons excited by the pump into empty Ce 4f
levels and subsequently re-excited by the probe into the conduction band of Ce 5d
character (figure 5.8). In analogy, the PB1 feature at 4.1 eV, corresponding to the
maximum of the CeO2 optical absorbance, as shown in figure 5.6, is ascribed to
photoinduced bleaching (PB) of the valence band, due to a decrease in the density
of unoccupied 4f final states for the VB to 4f excitation, and to a decrease in the
initial density of occupied states in the VB, as compared to the ground state. The
PB2 and PIA2 features in figure 5.7, obtained with an excitation energy below the
band gap at the Au NPs LSPR (1.9 eV), appear at approximately the same energy
as PB1 and PIA1. To understand the origin of such features, the electronic band
structure of Au at the interface with CeO2 has to be considered (see the sketch in
figure 5.8).

The density of states of the Au NPs investigated here - as shown by the UPS
measurements reported in figure 5.1c - is not very different from the one of bulk Au,
having a relatively low intensity 6s band extending within the first 2 eV below the
Fermi level and a more intense 5d band with an onset at ∼ 2 eV binding energy.
The alignment between metal and oxide energy levels at the interface critically
depends on the interface properties and on possible charge transfers between the two
materials. In the literature Au NPs grown on CeO2 have shown a negligible steady
state charge transfer [36], a result that has also been confirmed by DFT calculations
[37], differently from the case of Ag [38] or Pt NPs [37], in which electrons are
transferred from the metal to the cerium oxide support when they come into contact.
The empty Ce 4f levels are very close to the Fermi level, so an upward band bending
of the oxide CB and VB is expected at the interface with Au [39]. The Schottky
barrier, ΦSB in figure 5.8, between the metal and the oxide is approximately 0.9
eV [40]. The LSPR, excited in the Au NPs by the pump at 1.9 eV, can decay via
the generation of hot electrons with an energy distribution that extends up to the
value used for LSPR excitation (1.9 eV). The most energetic electrons have enough
energy to be transferred over the approximately 0.9 eV high Schottky barrier by
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Figure 5.9: Normalized TA spectra averaged over 200-300 ps of Au@CeO2 (green line)
and CeO2 (blue line) samples excited with a pump at 4.5 eV (above the CeO2 band gap)

and of the Au@CeO2 sample excited with a pump at 1.9 eV (red line).

indirect transfer (path indicated as indir in figure 5.8). Alternatively, the LSPR can
decay by direct charge transfer of electrons from the Au VB to the Ce 4f levels (path
indicated as dir in figure 5.8). Both the PIA2 and the PB2 signals can be assigned to
the transient occupation of Ce 4f levels caused by LSPR-mediated electron injection
from the NPs to the semiconductor. While the PIA2 results from the excitation
of the electrons injected into the 4f states to the CB, the PB2 signal is generated
by the lower density of empty final states available for the VB to 4f transition, as
compared to the unperturbed state (figure 5.8). We note that, as we expected, the
intensity of the TA features observed after LSPR excitation is lower than in the
case of band gap excitation due to the lower efficiency of the LSPR-mediated charge
transfer process as compared to direct band gap excitation.

Before discussing the details of the time dependence of the transient signals, we
focus on their spectral shapes at long time delays, when the systems have relaxed
for hundreds of picoseconds after photoexcitation. In figure 5.9 the comparison of
the normalized transient signals averaged over 200-300 ps time delays are shown,
following excitation of i) CeO2 at 4.5 eV (blue line), ii) Au@CeO2 at 4.5 eV (green
line) and iii) Au@CeO2 at 1.9 eV (red line), revealing the same spectral responses
in the three cases. This suggests that the final states are indeed the same. Based
on the analysis presented in reference [19], which shows that above band gap pho-
toexcitation in a pure cerium oxide results in the formation of a small polaron in
the excited state, we conclude that both above gap and LSPR excitation in the
Au@CeO2 system result in the formation of a small polaron in analogy with pure
CeO2. This hypothesis is also consistent with the kinetic behavior of the PIA1,
PIA2, PB1 and PB2 signals, which show a non-negligible intensity at all delay times
investigated, in close analogy with CeO2 [32] and Ag@CeO2 [20], because of the
relatively long recombination times of photoexcited carriers in the oxide. Therefore,
Au NPs do not introduce different recombination channels within the investigated
delay time range.

To analyze in detail the kinetics of the TA signals, we used a global analysis
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Figure 5.10: a) Spectral components obtained from the global analysis for the pump at
4.5 eV (blue and violet lines) and c) 1.9 eV (red and orange lines); b) Weight dynamics

of the two spectral components for the pump at b) 4.5 eV and d) 1.9 eV

approach that allowed us to extract the transient photoexcited components from
the TA spectra with their temporal evolution. As shown in figure 5.7b and d, the
TA spectra show non-negligible modifications in energy and intensity within the
first few ps after excitation for both pump energies. Following the approach used in
reference [19] by Pelli Cresi et al., the temporal evolution of the spectra was modelled
using two components, an initially photoexcited state, and a long living final state.
The shape and the exponential decay/rise constants of the two components are left
as free fitting parameters. The components obtained using this approach and the
sequential exponential dynamics of their intensity for the two pump energies are
shown in figure 5.10. In analogy with the case of pure ceria [19] for the pump at
4.5 eV the two components are interpreted as being due to the initially populated
excited 4f states that relaxes into a polaronic state at lower energy, resulting in a
higher energy PIA (see the arrow in figure 5.7b and figure 5.10a). In this model
the PB remains at the same energy, although it may appear to shift due to the
overlap with the PIA. As shown in figure 5.10b for the pump above the band gap
the initial state decays into the final state within the first picosecond. Overall, the
dynamics of the excited states of the Au@CeO2 system pumped above the band
gap shows the same trend as that of bare ceria observed in reference [19], consistent
with the expected negligible modifications induced by the presence of Au NPs on
electronic structure of the ceria matrix. The situation is significantly different in
the case of plasmonic excitation of the Au@CeO2 system shown in figure 5.10c, in
which the PIA is initially at a higher energy than in the final state, contrary to
what was observed in the case of excitation above the ceria gap (see the arrow in
figure 5.7d). As shown in figure 5.7, in this case the time required to evolve from
the initial to the final final state is longer (more than 4 ps) than for the above band
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gap excitation (∼ 1 ps). Both of the LSPR-mediated injection processes (dir and
indir) occur on a much faster timescale, for example the Ag@CeO2 system showed a
time constant shorter than 200 fs [41]. Furthermore, the polaron state is also known
to form with a time constant of approximately 300 fs after photoexcitation above
the bandgap [19]. Therefore, the energetic and temporal dynamics observed here
cannot be assigned to any of these processes. A possible explanation may lie in the
fact that the electrons are injected into interface states, the energy of which may
lead to a different energy position of the PIA maximum with respect to the energy
position related to the bulk states. The hypothesis that the intermediate occupied
4f states decrease in energy more slowly than the final 5d conduction band states
as the excited state propagates from the interface (see also sketch in figure 5.8) is
consistent with the observed overall reduction of the transition energy of the PIA at
ultrashort decay times and with the longer time required to evolve into the bulk-like
polaronic state which dominates the TA spectra at long delay times.

Charge injection efficiency

Since the PIA signal intensity at sub-bandgap energies is proportional to the density
of electrons in the Ce 4f levels after the excitation, the injection efficiency can be
quantified by comparing the intensity of the PIA signal of the Au@CeO2 sample
pumped at different pump energies with the intensity of same signal of the CeO2

sample pumped at 4.5 eV. Following the procedure reported in reference [17, 20],
under the assumption that each absorbed photon with energy higher than CeO2

band gap excites an electron from the valence band to Ce 4f levels, the absorbed
photon density is:

nph =
A(ωpump) · Φ
Epump ·D

(5.1)

where A(ωpump) is the absorbance of the sample at the pump photon energy eval-
uated from figure 5.6, Φ is the pump fluence, Epump is the pump energy and D is
the total sample thickness. The absorbed photon density nph can be correlated to
the density of electrons excited in the Ce 4f levels, estimated by the intensity of the
PIA signal between 50 ps and 250 ps (see figure 5.11). The short delay time range
was not considered, because the shape of the signals is affected by different shifts in
energy at the different pump energies. The proportionality constant κ between the
integral intensity of the PIA signal and nph was obtained as the ratio between these
two quantities:

κ =
∆A(t) · t

nph

(5.2)

The ratio between the κ values of the Au@CeO2 pumped at the different energies
with the reference κ obtained by Au@CeO2 pumped at 4.5 eV corresponds to the
charge injection efficiency from the Au NPs to CeO2. The values of κ and nph for
the different pump energies are reported in table 5.2.

Figure 5.12 presents the electron injection efficiencies, estimated following the
method exposed above, together with the optical absorbance of Au@CeO2 in the
same energy region (yellow curve). At a pump energy of 3.3 eV, the electron injection
efficiency of 18± 2% is assigned to interband excitation in the Au NPs followed by
an indir injection of the resulting hot electrons over the Schottky barrier between
Au and CeO2 (approximately 0.9 eV [40]), into the CeO2 CB (figure 5.1c and figure
5.8). The electron injection efficiency drastically increases above 35 ± 1% at 2.25
eV, an energy which excites the high energy wing of the LSPR of the Au NPs,
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Figure 5.11: Time window used to calculate ∆A(t) for the Au@CeO2 sample pumped
at 550 nm. A similar procedure has been repeted for several pump energies

Pump energy (eV) ∆A (mOD) nph

4.5 2.3± 0.1 3.4× 1020

3.3 0.6± 0.2 5.2× 1020

2.5 0.49± 0.05 5.9× 1020

2.25 1.39± 0.02 5.2× 1020

2.1 1.33± 0.03 6.4× 1020

1.9 0.98± 0.04 7.5× 1020

1.77 0.65± 0.05 8.6× 1020

1.65 0.37± 0.05 9.2× 1020

Table 5.2: Average of the PIA signal in the 50-250 ps time range for the Au@CeO2

sample at the different pump energies and absorbed photon density, used to evaluate the
LSPR-mediated electron injection efficiency.

and it gradually decreases at lower pump energies, reaching a value below 10% at
1.6 eV, showing a trend that does not follow the intensity of the LSPR absorbance.
Indeed, the indir injection is expected to decrease its efficiency as the photon energy
is decreased. The observed non-monotonic trend of the injection efficiency with
energy may be due to the additional action of LSPR–mediated dir mechanism (see
also figure 5.8) that enhances the electron injection in the 1.90-2.25 eV energy range,
while at lower pump energies the reduced efficiency is due to the lower probability
to inject excited electrons into the semiconductor.

We note that a mismatch between the injection efficiency and the intensity of
the LSPR resonance was observed also in the case of Au NPs coupled with TiO2

[17, 42] and for Ag NPs coupled with cerium oxide [20]. As CeO2 is a reducible
oxide, the efficient charge transfer induced by visible light absorption is expected
to have a relevant effect on the oxide catalytic properties. The presence of extra
charge in the 4f states is in fact predicted to decrease the oxygen vacancy formation
energy, and in turn to increase the redox activity. The low recombination rate
of the excited charge within times of the order of hundreds of picoseconds is in
agreement with the holes lifetimes observed on the similar system made of Ag NPs
on CeO2 [43]. We emphasize that this aspect is very promising in the view of
obtaining an efficient photocatalytic material, in which the plasmon-induced thermal
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Figure 5.12: Electron (blue circles) injection efficiencies as a function of the pump
wavelength. The static optical absorbance (yellow curve) is also reported for comparison.

activation, expected to take place in a nanosecond time regime, can be enhanced
by favorable persistent electronic modifications. Further conclusions of this work
are that interband transitions in gold are less efficient at transferring charge to the
ceria than LSPR-mediated excitations and that increasing the overlap of the LSPR
with the solar spectrum at lower energies will not increase the overall solar efficiency,
giving fundamental insights in the design of devices based on metallic nanostructures
embedded in wide band gap semiconductors.

5.2.3 Conclusions

We investigated the dynamics of photoexcited states in a composite system made
of Au NPs embedded within a thin film of cerium oxide. The optical absorbance
of the sample presents a broad band in the visible range that is assigned to the
LSPR excitation in the NPs. FTAS measurements showed that LSPR excitations
in the Au NPs relax by transferring electrons to the surrounding semiconductor. At
ultrashort delay times, below a few ps, a markedly different energetic and temporal
dynamics is observed in the case of LSPR-mediated injection as compared to direct
band gap excitation. The observed differences are compatible with the expected
modifications of the electronic properties at the interface between the metal NP and
the oxide. Interestingly, after a few ps both band gap and LSPR excitation lead to
the same bulk-like polaronic state. By comparing the injection efficiencies following
interband and LSPR excitations we suggest that the interband injection is dominated
by the indir mechanism while the LSPR-mediated injection takes place by both dir
and indir mechanisms. The electron injection efficiency following LSPR excitation
shows a maximum over 30% at 2.25 eV, an energy which does not correspond to
the maximum of LSPR-related optical absorbance, suggesting that the injection
efficiency does not simply follow the intensity of the plasmonic excitation.
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modeling of the optical response of supported metallic particles. Phys. Rev. B,
61:7722–7733, 2000.

[2] P. Luches, F. Pagliuca, and S. Valeri. Morphology, stoichiometry, and interface
structure of Ceo2 ultrathin films on Pt(111). The Journal of Physical Chemistry
C, 115(21):10718–10726, 2011.

[3] C. G. Granqvist and O. Hunderi. Optical properties of ultrafine gold particles.
Phys. Rev. B, 16:3513–3534, 1977.

[4] D.R. Baer, R.L. Gordon, and C.W. Hubbard. Work function and UPS study
of au and o on re. Applied Surface Science, 45(1):71–83, 1990.

[5] Leandro Pascua, Fernando Stavale, Niklas Nilius, and Hans-Joachim Freund.
Ag/ZnO hybrid systems studied with scanning tunnelling microscopy-based
luminescence spectroscopy. Journal of Applied Physics, 119(9):095310, 2016.

[6] Uwe Kreibig and Michael Vollmer. Optical properties of metal clusters. Springer
Series in Materials Science. Springer, Berlin, Germany, 1995 edition, 1995.

[7] C. G. Granqvist and O. Hunderi. Optical properties of ultrafine gold particles.
Physical Review B, 16(8):3513–3534, 1977.

[8] Jacopo Stefano Pelli Cresi, Enrico Silvagni, Giovanni Bertoni, Maria Chiara
Spadaro, Stefania Benedetti, Sergio Valeri, Sergio D’Addato, and Paola Luches.
Optical and electronic properties of silver nanoparticles embedded in cerium
oxide. The Journal of Chemical Physics, 152(11):114704, 2020.

[9] Fu-Chien Chiu and Chih-Ming Lai. Optical and electrical characterizations of
cerium oxide thin films. Journal of Physics D: Applied Physics, 43(7):075104,
2010.

[10] Kevin M. McPeak, Sriharsha V. Jayanti, Stephan J. P. Kress, Stefan Meyer,
Stelio Iotti, Aurelio Rossinelli, and David J. Norris. Plasmonic films can easily
be better: Rules and recipes. ACS Photonics, 2(3):326–333, 2015. PMID:
25950012.

[11] Gorachand Ghosh. Sellmeier coefficients and dispersion of thermo-optic coeffi-
cients for some optical glasses. Appl. Opt., 36(7):1540–1546, 1997.

[12] G. Ghosh, M. Endo, and T. Iwasaki. Temperature-dependent sellmeier coef-
ficients and chromatic dispersions for some optical fiber glasses. Journal of
Lightwave Technology, 12(8):1338–1342, 1994.

103



[13] Xiaotong Liu, Dabing Li, Xiaojuan Sun, Zhiming Li, Hang Song, Hong Jiang,
and Yiren Chen. Tunable dipole surface plasmon resonances of silver nanopar-
ticles by cladding dielectric layers. Scientific Reports, 5(1), 2015.
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Chapter 6

Cu nanoparticles

In this chapter, I will describe the study of the optical and morphological properties
of Cu NPs, either embedded in a CeO2 thin film or directly deposited on a substrate,
grown using two different physical deposition methods. In the first section, I will
describe systems composed by Cu NPs grown via MBE either bare or surrounded
by ceria layers, similar to the samples described in the previous chapter. The bare
NPs were grown in different oxygen partial pressures and substrate temperatures
and with different post-processing conditions. Finally, the last part of this chapter
will focus on Cu NPs grown via magnetron sputtering, without any capping or
protected by a MgO shell. The final aim is to analyze the effects of the different
growth conditions on the plasmonic properties of the Cu NPs and on their stability
over time.

6.1 Cu NPs in ceria

As already mentioned in the first chapter, Cu NPs are promising candidates for the
sensitization of ceria to visible radiation. Cu is an abundant and cheap material
compared to other noble metals, with LSPRs excited by visible radiation [1, 2, 3]
and a high hot electron generation rate after LSPR de-excitation in the NPs [4]. In
this section, I will present the investigation of the optical and morphological prop-
erties of Cu NPs embedded in matrices of CeO2. For this study, the procedure used
is similar as the one used for Au NPs in chapter 5.1: we have measured the static
optical absorbance of Cu NPs surrounded by ceria layers of different thicknesses,
then compared to the theoretical expectations obtained by performing numerical
simulations of polarizability based upon the Maxwell-Garnett model for optical ab-
sorption [5]. Since Cu has a very strong tendency to oxidation, the stability of
optical properties over time has also been studied, in order to understand whether
the ceria capping layer is sufficient to preserve the plasmonic properties, related to
the metallic nature of the NPs.

6.1.1 Experimental

The samples used in this chapter were grown in RAGNO-1, using the same strategy
as for the samples described in 5.1. Also in this case, the samples used for the
optical characterization were grown onto a quartz substrate and the sample for SEM
imaging was grown on a Si substrate with thermal oxide. The samples for optical
measurements consisted of a layer of Cu NPs of 2 nm nominal thickness, embedded
between ceria layers of either 4 or 8 nm, while the sample for SEM measurements
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Figure 6.1: a) SEM image of a 2 nm CeO2+ 2 nm Au sample and b) the size
distribution extracted from the SEM images.

was composed of 2 nm CeO2 + 2 nm of Cu on top. The procedures for cleaning
the substrates and evaporation of ceria films and NPs are the same as explained in
chapter 5.1.1. Also in this case, all samples were characterized by in-situ XPS using
Al Kα photons from a double anode X-Ray source. The Cu 2p XPS measurements
have also been repeated after 3 months to investigate the variations in the chemical
state of the surface Cu of the NPs.

6.1.2 Results and discussion

Morphology

Figure 6.1a reports a representative SEM image, acquired from a sample composed
of 2 nm CeO2 + 2 nm Cu. Cu NPs appear small and characterized by irregular and
different shapes, partially interconnected with each other. The NPs are uniformly
distributed on the CeO2 substrate, with an average coverage of∼ 47%. The diameter
distribution of Cu NPs, evaluated from the SEM images using the GMS3 GATAN
software by DigitalMicrograph, is reported in figure 6.1b. The distribution was
fitted using a lognormal distribution (red line in figure 6.1b), obtaining an average
diameter ∼ 8.5 nm with a FWHM ∼ 11 nm.

In analogy with the procedure followed for Au NPs, we calculated an average
AR of ∼ 2.2, and the aspect ratio (AR) of each Cu NPs has been evaluated to be
between 1.5 and 3. The AR is defined as the ratio between the in-plane and the out-
of-plane dimensions: the first term has been deduced from the diameter distribution,
while the out-of-plane dimension has been approximated as the fraction between the
nominal thickness of the deposited Cu layer (2 nm) and the estimated coverage of
the NPs, i.e. the fraction between the total area scanned by the SEM and the sum
of the areas of the NPs.

Optical properties

The optical absorbance of Cu NPs surrounded by ceria layers of 4 nm or 8 nm
thickness has been then measured, with the impinging beam forming an angle Θ =
22◦ with respect to the sample normal. The study of bare Cu NPs has not been
included in this section because they are much more likely than Au NPs to react
with oxygen in the atmosphere and direct exposure to air might compromise the
plasmonic nature of the NPs. The direct analysis of the effects of air onto bare
Cu NPs grown under different conditions has been performed separately, and it will
be presented in the next section. As already done with Au NPs, the experimental
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(a) (b)

Figure 6.2: (a) Experimentally measured UV-Vis absorbance spectra of Cu NPs
embedded within CeO2 films of different thickness and imaginary part of simulated

in-plane component of polarizability of ellipsoidal Cu NPs with AR = 1.5 (green lines),
AR=2 (orange lines) and AR=3 (blue lines) embedded within ceria with different

dielectric function.

results have been compared with theoretical simulations, performed assuming two
different dielectric constants for CeO2 (i.e. ϵCeO2 and ϵCeO2−1) and different ARs for
the NPs. For the calculations, we followed the same procedure explained in chapter
5.1.2. The dielectric function used for Cu NPs was extracted from [6]. To account
for the two different thicknesses of ceria, the thickest layer has been assumed to have
the bulk dielectric function ϵCeO2 and the thinnest one ϵCeO2 − 1.

Figure 6.2a shows the optical absorbance spectrum of a layer of 2 nm nominal
thickness of Cu NPs surrounded by ceria layers of different thicknesses (4 nm and
8 nm), deposited onto a quartz substrate and acquired using s polarized radiation.
Figure 6.2b reports the imaginary part of the in-plane component of the polariz-
ability of Cu NPs with AR = 1.5, AR=2 and AR=3 immersed in different dielectric
environments. The absorbance of the system composed by CeO2 and Cu NPs shows
an intense absorbance peak in the UV range, in correspondence with the band gap
excitation of ceria, and a broad absorbance peak in the visible range, ascribed to
the LSPR excitation in the NPs [7, 8, 9]. The broad and faint peak around 450 nm
is ascribed to interband transitions, caused by transitions from the d-band to the
unoccupied conduction s-band states [10].

If we focus on the LSPR peak position of NPs with different ARs, we can note
that, in accordance with the previous results on Au NPs and with the behavior of
Ag NPs described in [11], the peak position blue-shifts when the NPs AR decreases,
while the increase in the value of the dielectric function causes a red-shift of the LSPR
absorbance. Also in this case, the LSPR peaks obtained experimentally, reported in
figure 6.2a, is broader than in the ideal case of the simulations, because of the a wide
distribution of ARs. It is evident that a slight variation in the AR also causes a non-
negligible shift of the polarizability peak. Small differences in NPs morphology can
lead to differences in the optical absorbance. From the Gaussian fit performed to the
spectra in figure 6.2a, it was possible to extract the peak position of the plasmonic
resonance of Cu NPs in 4 and 8 nm ceria layers to be respectively λ4 = 766 nm
and λ8 = 722 nm. According to the simulations shown in figure 6.2b, one would
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(a) (b)

Figure 6.3: Measurement of (a) Cu 2p XPS lines and (b) optical absorbance of the
sample composed by Cu NPs in 4 nm of CeO2 after the growth and after 3 months in

controlled N2 atmosphere.

expected a red-shift as the ceria thickness increases, while the experimental spectra
exhibit a slight blue-shift. As already observed for Au NPs in chapter 5.1, this result
means that the dielectric functions of the two samples can not be strongly different
with each other, otherwise one would have noticed a red-shift in the 8 nm film with
respect to the 4 nm one. Since this shift is not observed, moreover, the signal from
the thinnest ceria sample is slightly blue-shifted, it is possible to conclude that the
two films have a similar dielectric function, that can be approximated with the bulk
ceria ϵCeO2 . Since, as highlighted by the simulations presented in figure 6.2b, the
plasmonic peak position is strongly affected also by the NP ARs, the blue-shift of
the 4 nm absorbance signal can be justified by a possible slightly different average
NP AR in the two samples. The absorbance bands of the samples in figure 6.2a
(600nm < λpeak ≤ 750nm) are coherent with the sum of the contributions of NPs
with AR ranging between 1.5 and 3 and immersed in a dielectric environment with
dielectric function ϵCeO2

Stability over time

Since Cu NPs have a strong tendency to oxidize under ambient conditions, the
stability of the plasmonic properties of Cu NPs in ceria layers have been studied
by repeating the optical measurements after 3 months from the deposition of the
sample (kept in a controlled atmosphere of N2), as shown in figure 6.3b. To study
the modifications of the surface of the NPs, we have also measured the XPS of the
Cu 2p region after growth and after 3 months: the results are shown in figure 6.3a.

The Cu 2p spectrum in figure 6.3a provides information on the chemical state
of the NP surface. The sample measured as-grown, i.e. before taking the sample in
air, exhibits the Cu 2p lines typical of metallic Cu, with the well separated peaks
corresponding to the Cu 2p1/2 and Cu 2p3/2 lines [12]. This suggests an almost
negligible oxidation of the Cu atoms after the growth of the sample. The Cu 2p
lines measured after 3 months from the growth present a slight increase in the
oxide concentration, evidenced by the shake-up satellite peaks between the Cu 2p1/2

and Cu 2p3/2 lines, typical of the Cu2+ species [13, 14, 15]. The optical absorbance
spectrum in figure 6.3b shows an increase in absorbance in the UV range and a small
decrease in the visible region, suggesting that the plasmonic behavior of the NPs

112



is preserved even after long times from the deposition, despite the slight oxidation
of the NPs. This is in agreement with the partial oxidation of the NPs surface,
observed by XPS, possibly caused by an inhomogeneous coverage of the NPs by the
uppermost ceria layer. On the other hand, the presence of the plasmonic band even
after 3 months implies that the NPs still have a plasmonic behavior and that there
is only a small oxidation of the NPs, limited to the surface.

6.2 Bare Cu NPs

In this section, I will present the characterization of bare Cu NPs grown under
different conditions, to study how the electronic and optical properties depend on the
parameters used during Cu evaporation, in particular on the oxygen partial pressure
and the substrate temperature. To have a deeper look on the self-assembled NPs,
we have also performed morphology measurements using Scanning Transmission
Electron Microscopy (STEM) and using Electron Energy Loss Spectroscopy (EELS)
combined with STEM to obtain STEM-EELS maps.

As discussed in chapter 1.2.4, Nilius et al. have highlighted the effects of temper-
ature and pressure on the oxidation of Cu films, demonstrating that the preparation
of well controlled stoichiometric Cu2O films requires specific temperature and O2

pressure conditions. Indeed, when NPs are considered, as in the present case, the
procedures may be different and dependent on the specific morphology of the system
investigated.

6.2.1 Experimental Methods

In the present work, we have studied Cu NPs grown by MBE on transparent quartz
substrates for optical characterization with UV-Vis and on SiN grids for STEM
measurements. The samples were all grown in RAGNO-1 (see chapter 2.1), under
different O2 pressure conditions and using different temperatures during the growth.
The quartz substrates were cleaned with a 5-minute bath in acetone at 423 K and
two subsequent ultrasonic baths in acetone and in isopropanol at 353 K for 3 minutes
each, and before starting the deposition, they were heated in UHV at 773 K for 15
minutes. The SiN substrate used for STEM was heated at 773 K for 15 minutes
before starting the deposition. Cu atoms were evaporated from a Knudsen cell [16].
Table 6.1 summarizes the growth conditions used for each sample grown on the
quartz substrate.

Sample Oxygen pressure (mbar) Substrate temperature (K) Post-processing

Cu1 1××10−10 (UHV) RT -

Cu2 1× 10−10 (UHV) RT annealing at 923 K in PO2 = 1× 10−7 mbar for 60 minutes.

Cu3 1× 10−7 523 -

Cu4 1× 10−6 523 -

Cu5 1× 10−6 RT -

Cu6 1× 10−10 (UHV) RT annealing 723 K in PO2 = 1× 10−7 for 30 minutes

Cu7 1× 10−10 (UHV) RT annealing 723 K in UHV for 30 minutes

Table 6.1: Different evaporation conditions of Cu NPs on the quartz substrate and
different post-processing conditions.
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Figure 6.4: (a) AES reference spectra of metallic Cu (blue line), Cu2O(green line) and
CuO (red line) (data taken from [22]) (b) and (c) experimental Cu L3MM Auger lines
for the different NPs listed in 6.1, before and after the exposure to air. The lines of the
main Cu0- and Cu+-related peaks are reported as a reference (in c, also the Cu2+-related

peak is drawn).

6.2.2 Results and discussion

Analysis of Cu NPs surface via AES

Early works demonstrated that Auger Electron Spectroscopy (AES) is particularly
suitable to detect the oxidation state of Cu atoms [17, 18, 19, 20, 21]. In fact, Cu
L3MM Auger lines are very sensitive to Cu oxidation state, as evident from the
spectra lines in figure 6.4a: the AES spectral line-shapes and positions vary with
species oxidation state and ligand variety [21].

Figure 6.4a shows the reference spectra for the different oxidation state of Cu:
the blu line, characterized by a main peak at 918.6 eV, correspond to the AES
spectrum of metallic Cu, the red line to the AES signal of CuO, with a main peak
at 917.7 eV, and the green line to the Cu2O spectrum, peaked at 916.8 eV. Figure
6.4b shows the experimental AES spectra of the different Cu samples. Cu1, i.e. the
sample grown in UHV without any exposure to oxygen after growth, distinctively
shows the characteristic AES shape of pure metallic Cu, with the main peak at
918.6 eV and other three clearly distinguishable peaks. The shape of the spectra
appears slightly broadened for the other samples, even though the characteristic
peaks related to Cu0 ions give the main contribution to the spectra, suggesting only
a small amount of Cu oxides is formed during oxygen exposure.

The AES spectra shown in figure 6.4b were fitted to have qualitative information
about the various Cu species composing the NPs. The Auger spectral fitting param-
eters for all species analyzed have been taken from [21], reported for bulk materials.
The peak positions and each peak FWHM have been constrained, leaving the area
of each peak component as free parameter. As suggested in the reference, we used
6 Cu0-related peaks (the intensity of the 7th peak in the reference was below the
detection limit and that peak was neglected), and 4 and 3 peaks for respectively
the Cu+- and Cu2+-related components. We do not expect to find a very accurate
value for a quantitative description the concentration of the different copper ions,
because of the wide size distribution of the NPs, evident from figure 6.1. In fact,
Auger spectra are complex and the position and shape of Auger lines is strongly
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Figure 6.5: Cu-L3M4,5M4,5 Auger lines of Cu4 (dashed black line) and the fits (red
continuous line) (a) before and (b) after the exposure to air. In blue the components
related to Cu0, in orange the components related to Cu+ and in green the components
related to Cu2+ [21]. In b the Auger line of the sample before air exposure is also

reported as a reference.

influenced by multiple factors, including the size of copper NPs and the nature of
support [18, 23, 24]. Moreover, the presence of some residual gas within the chamber
cannot be excluded, which can produce a slight oxidation of the NP surface. Despite
this complexity, it is possible to compare the concentration of Cu+ ions obtained by
the fitting procedure to extract information on the effects of the growth conditions
and post-processing on the NPs.

From the data fitting, we could extract a non-negligible concentration of Cu+

ions, depending on the growth conditions. For Cu1, a Cu+/Cu concentration of
∼ 35% was measured. One would expect Cu1 NPs, grown in UHV and never
exposed to air, to be metallic, with a negligible concentration of Cu2O on the surface,
but, as already mentioned, we can not aim to a quantitative description of the
samples because of the complexity of the spectra. However, as expected, among all
samples, Cu1 contains the lowest concentration of Cu+ ions, because it has never
been exposed to oxygen during or after growth. In the other samples, the extracted
Cu+ concentration is slightly higher: for the three samples grown in oxygen (i.e.
Cu3, Cu4, Cu5), independently on the substrate temperature, the intensity of
Cu+ ions is between 0.1 and 0.15 times higher than in the Cu1 sample. The samples
that have been grown in UHV and post-processed in oxygen show a slightly higher
concentration of Cu+ ions, approximately 15%-20% higher than in Cu1. For all
samples, the concentration of Cu2+ ions is below the detection limit. This result
is in agreement with the theory of Cabrera–Mott, that predicts that Cu atoms,
exposed at pressures below 100 Torr at temperatures up to 1273 K, form only Cu2O
and no CuO [25]. This result has been revisited by many following papers (as for
example [26, 27, 28, 29]), which however confirmed the absence of the CuO phase
under the pressure and temperature conditions used in the present work. The same
result was also confirmed by works studying the optical properties of Cu NPs, as
[1, 3].

Figure 6.5a shows as an example the AES spectrum of Cu4 (acquired in-situ
after the growth), together with the Cu0-related components (in blue) and the Cu+-
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related components (in orange). The application of the fitting procedure taken from
[21] on this sample gave a Cu0 and a Cu+ concentration of ∼ 50% each.

To see the variations of the NP surface, the AES measurements have been re-
peated after investigation of optical properties, i.e. after exposing the sample to air
for one day. The spectra are shown in figure 6.4c (the spectrum of Cu6 has not been
acquired because of a damage of the sample): the spectral shape is clearly different
from the as-grown samples, with a strong decrease of the peak correspondent to
metallic Cu and a sharp increase of the Cu+-related peak. The differences between
the spectra of different samples are more pronounced than in the as-grown samples,
suggesting a different oxidation in air conditions. Some of the spectra present a
more evident peak related to Cu2+ (main peak at 917.7 eV, red dashed line in fiugre
6.4c), as for example Cu1 and Cu5, while it is very faint for other samples, as Cu2
or Cu4. In Cu2 and Cu7 it is also evident the peak related to the Cu0 component
at 918.6 eV (blue dashed line in figure 6.4c). The fitting results confirm the qualita-
tive evidences: all samples reported a strong decrease of surface Cu0 concentration
when exposed to air of more than 40%, with a final concentration of this species
below 10% for all samples. The highest Cu0 concentration is found for the samples
post-processed in oxygen (Cu2 and Cu7). Simultaneously, a small increase in CuO
concentration is observed (about 20% for Cu1 and Cu5, below 15% for Cu3 and
Cu4 and about 10% for Cu1 and Cu7) while the Cu+ concentration is between
80% and 90% for all samples.

Figure 6.5b reports the fitting of Cu4 after the exposure to air: we derived a
low Cu0 concentration (∼ 5%), a ∼ 13% of Cu2+ and a high concentration (∼ 80%)
of Cu+ ions. However, since AES is a very surface sensitive technique, the strong
oxidation of the surface does not imply a uniform oxidation of the bulk, which
was investigated using other techniques, namely, optical spectroscopy and STEM in
EELS mode.

Optical properties

Figure 6.6a shows the UV-Vis static optical absorbance of the Cu NPs samples listed
in table 6.1. We clearly see a strong dependence of the optical properties on the
growth and post-processing conditions. Samples Cu3, Cu4 and Cu5, grown under
similar conditions and without any further process after growth, present a similar
optical absorbance, with a very broad absorbance band peaked around 1 µm and
a pronounced and narrow absorbance peak at 350 nm. Cu2, grown in UHV with
the substrate kept at RT and oxidized after growth, also shows a broad absorbance
band, but narrower than Cu3, Cu4 and Cu5 and shifted toward lower wavelengths
(λpeak ∼ 750 nm). The peak becomes narrower and shifted towards progressively
lower wavelengths for samples Cu6, Cu7, and Cu1. Previous works on Cu NPs
on glass or quartz substrates [1, 3] demonstrated that the formation of an oxide
shell around a Cu metallic core leads to the broadening and red-shift of the LSPR
absorbance band. For oxidation at relatively low temperatures (below ∼ 900 K) and
low pressures, it was demonstrated that the oxide shell is predominantly formed by
Cu2O, coherently with our observations made on the basics of AES fitting (figure
6.5a) and of STEM-EELS maps discussed in the next section (figure 6.8).

We repeated the absorbance measurements one month after the NPs deposition,
after keeping the samples in controlled N2 atmosphere. No significant changes were
observed in the optical spectra (we reported as an example the spectra of Cu1 and
Cu2 in 6.6b), but a small decrease in absorbance, combined with a slight red-shift
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Figure 6.6: Optical absorbance spectra of the different NPs (a) as-grown and (b) after
1 month.

Figure 6.7: (a) ADF-STEM image of Cu NPs grown under the same conditions as
Cu2. The inset shows the NPs diameter distribution. (b) Image of the same the NPs at
a higher magnification. From the contrast in the NPs, it can probably distinguished two
different phases of the Cu NPs, forming a core-shell structure, as is further confirmed by

AES (figure 6.5a) and STEM-EELS maps (figure 6.8).

and peak broadening, compatible with a slightly higher degree of oxidation of the
NPs, similar to the variations observed for the optical spectra of the NPs surrounded
by CeO2.

Morphology

Figure 6.7 shows the image acquired using annular dark-field (ADF) scanning trans-
mission electron microscopy (STEM) of Cu NPs grown on a thin Si3N4 TEM grid.
The NPs were grown under the same conditions as Cu2: the substrate was first
heated to 923 K, the Cu NPs were evaporated on the substrate kept at RT and
then annealed in oxygen at 923 K for 100 minutes. Figure 6.7 shows representative
ADF-STEM images at two different magnifications. In these dark-field images, the
NPs look bright on a dark background. The inset in figure 6.7a shows the diameter
distribution of the NPs, obtained using the ImageJ software. The distribution was
fitted using a lognormal distribution, from which we extracted an average diameter
of 24 nm, with a full width at half maximum (FWHM) of 10 nm. Qualitatively,
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Figure 6.8: (a) STEM image of a single self-assembled Cu NP, (b) and (c)
STEM-EELS images of the Cu0 core and Cu+ shell and (d) EELS false-color map of the

investigated NP. Blue represents Cu0, red Cu+ ions.

the NPs tend to be clearly separated from each other, and they assume a hexagonal
in-plane shape, coherently with the fact that Cu(111) represents the most stable
face.

Cu NPs shown in figure 6.7 appear larger and more monodisperse compared
to figure 6.1. This is probably related to the weak interaction between Cu and
the support [30] and to the heating of the NPs after the growth that facilitates
diffusion. Figure 6.7b is a magnification of 6.7a, and it allows to distinguish a thin
shell, with darker contrast, surrounding the Cu NPs core. To verify the presence of
different chemical compositions in the NP structure, we acquired the Cu-L2,3 edges
(at ∼940 eV) with electron energy-loss spectroscopy (EELS) from individual NPs.
We used STEM-EELS, in which a spectrum is acquired at every beam position in
the scan, obtaining a spectral dataset (x, y, E). Similar datasets are suited for noise
reduction and features extraction using multivariate statistical methods, such has
the principal component analysis (PCA) [31]. The result of PCA on a STEM-EELS
acquisition from an individual NP is shown in figure 6.8. It is indeed possible to
distinguish two different phases that compose the Cu NP from the spectral features
in the two extracted components: a metallic Cu0 core, surrounded by an oxide shell
of Cu+ (i.e., Cu2O). This analysis confirms the results obtained by fitting the AES
spectra (following the example shown in figure 6.5b), from which we obtained a high
Cu2O concentration on the NPs surface, and are coherent with the observations of
references [1] and [3].

6.3 Morphology and Optical Properties of Gas-

Phase-Synthesized Plasmonic Nanoparticles:

Cu and Cu/MgO

The optical and morphological properties of Cu and Cu/MgO NPs, prepared with
gas-phase synthesis, i.e. a different technique with respect to the ones described
above, are also investigated, in order to compare the two techniques and to study
the effect of a different dielectric environment in which the NPs are immersed on
their optical properties and on their stability.
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6.3.1 Experimental methods

The samples investigated in this work are all grown in the chamber RAGNO-2 in
the SESAMo lab (see chapter 2.1). Different characteristics of the samples were
investigated with different techniques. The morphology of the NPs was studied ex-
situ with SEM, atomic force microscopy (AFM), and TEM, to obtain information
on the size and shape of the NPs and the formation of MgO shells, also verified with
energy dispersion X-Ray (EDX) maps. The chemical state of the different samples
was investigated using in-situ XPS, while the optical properties were analyzed using
UV–Vis spectrophotometry and compared with simluations of the polarizability.

The deposition is based on a magnetron-assisted gas aggregation source (GAS),
and the charged nanocluster beam was focused by means of the ion optics of a
quadrupole mass filter (QMF) on the different substrates under HV conditions. The
substrates used during the experiments were Si with its native oxide (Si/SiOx) wafers
and freshly exfoliated highly oriented pyrolytic graphite (HOPG) crystals for SEM
measurements, quartz slabs for AFM and optical experiments, and C-coated Ni grids
for TEM analysis. The quartz and the Si/SiOx substrates were cleaned with the
procedure explained in the previous section. We have studied Cu NPs grown under
different conditions, with and without MgO capping, in order to study the differences
in morphological and optical properties. We investigated samples characterized by
different Cu nominal thicknesses, as-grown either in HV or in oxygen pressure, post-
oxidized or coated by a MgO matrix.

During the sputtering of the Cu target, the GAS discharge was kept fixed at V =
200 V, I = 0.21 A, with an Ar gas flow f = 60 sccm. The measured deposition rate
r1 on the substrates was measured using a quartz microbalance, and varied between
0.1 and 0.4 nm/min, depending on the Cu target conditions. For NP oxidation
experiments, two procedures were used: flowing oxygen gas in the aggregation region
of the NP source with a flow f = 5 sccm as in [32] or flowing oxygen (PO2 = 2×10−7

mbar for 20 minutes) in the deposition chamber after the Cu NP film was formed
on the substrate (post-oxi samples). Deposition or co-deposition of MgO on the
sample was obtained by thermally evaporating Mg in an oxygen partial pressure
PO2 = 2 × 10−6 mbar, with a Mg deposition rate varying between r = 0.4 and r =
0.6 nm/min.

6.3.2 Morphology

We have characterized the morphology of samples with two different Cu coverage
and on different substrates (Si/SiOx, HOPG and quartz), with and without MgO
capping, in order to investigate the agglomeration and diffusion tendency under
different conditions. The different samples were analyzed using SEM, TEM, and
AFM. We have started our analysis by acquiring SEM images of Cu NPs grown
onto Si/SiOx substrates, shown in figure 6.9. Figure 6.9a shows the morphology of
a sample obtained with a low Cu coverage C ∼ 5%, obtained by depositing a Cu
layer with a nominal thickness t = 0.5 nm, as measured by the thickness monitor.
In this sample, the NPs have almost circular shapes, and they are well separated,
but in some cases they form a small number of dimers and trimers (shown by red
closed lines in figure 6.9a). The diameter distribution of the NPs was calculated
in the low coverage case by individuating the NPs in the SEM image using imageJ
software, and the coverage was calculated as the fraction between the total area

1thickness of a Cu solid film deposited on a unit area per unit time.
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Figure 6.9: SEM images of Cu NPs deposited on Si/SiOx substrate, (a) with nominal
thickness t = 0.5 nm and low coverage C ∼ 5% and (b) with nominal thickness t = 2.4
nm and high coverage C ∼ 15%. The red circles in (a) highlight the formation of dimers
and trimers, while the inset represents the diameter distribution of Cu NPs with low

coverage.

Figure 6.10: TEM images of Cu NPs deposited on C-coated Ni grids (a) with nominal
thickness t = 0.2 nm and low coverage C ∼ 2% and (b) with nominal thickness t = 6.7
nm. In the latter image, the coverage fraction is not a meaningful parameter, since NPs

agglomerate also in the direction normal to the surface.

scanned by the SEM and the sum of the areas of the NPs. In figure 6.9a, the NPs
have an average diameter < d >∼ 16 nm with FWHM ∆d ∼ 6 nm. With increasing
coverage, the number of agglomerates increases, as can be seen in figure 6.9b. In
this case, the nominal thickness of Cu is t = 2.4 nm, with coverage C ∼ 15%, and
the NPs tend to coalesce, similar to what was previously observed for Ag NPs [33].

The tendency of Cu NPs to coalesce as the nominal thickness of Cu increases is
confirmed by the TEM analysis performed on Cu NPs on C-coated Ni grids, shown
in figure 6.10. Figures 6.10a and 6.10b, respectively, show a bright-field image of
low- and high-coverage Cu NP films. The formation of agglomerates in the second
case is evident even if the Cu NPs start to coalesce also at low coverage. This
tendency to form bigger agglomerates, even with lower coverage, with respect to
the previously investigated samples on Si/SiOx can be ascribed to higher mobility
of the NPs on the C film of the TEM sample support when compared with Si/SiOx

substrates used in the SEM analysis [30, 34, 35].
To analyze the differences in the diffusion of Cu NPs on the two different sub-

strates, a low-coverage film of Cu NPs was also deposited on HOPG and investigated
using SEM. From the SEM image, shown in figure 6.11, we can see that Cu NPs
decorate the steps, in a similar way to what occurs to adatoms on crystalline sur-
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Figure 6.11: SEM image of Cu NP deposited on HOPG, t = 0.2 nm, C = 4%

faces, forming elongated structures, resulting from diffusion after landing. Direct
measurement of the diffusion coefficient D is not possible in the case of the depo-
sition of pre-formed NPs. In a previous study, D’Addato et al. demonstrated the
mobility of large clusters of atoms (up to tens of thousands atoms) by acquiring a
series of TEM images during the movement of two Ag NPs (grown with the same
technique as the investigated Cu NPs) that eventually coalesced [33]. The diffusion
coefficient D was estimated following [34]:

D =
( 0.41

Nagg

) 1
χ Fπd4

16
(6.1)

whereNagg is the average number of NP aggregates2, F is the number of incident NPs
on a unit surface area, d is the average particle diameter and χ = 0.336. Using the
average diameter of the NPs < d >= 16 nm calculated from figure 6.9a, Nagg ∼ 3%,
and F = 0.1 NP/s cm2, we obtained a diffusion coefficient D = 1 × 10−10 cm2 s−1,
slightly higher than the value obtained for Ni NPs [35], coherently with the weaker
interaction of Cu with HOPG [36].

Figure 6.12 shows the SEM image of Cu nanoclusters and MgO co-deposited on a
Si/SiOx substrate. When Mg is co-deposited with Cu in an oxygen partial pressure,
the NPs tend to form islands with approximately square or rectangular shapes and
an average lateral size ranging from 20 to 50 nm, much larger than the average
diameter of the bare Cu NPs of 16 nm calculated from 6.9a. The formation of these
rectangularly shaped islands is ascribed to the formation of MgO shells embedding
the Cu NPs, similar to what was observed in the Ag/MgO system [33], obtained
using the same apparatus and synthesis method. Based on previous results [33, 37], it
can be inferred that this peculiar arrangement is essentially due to two main reasons:
(1) a higher reactivity of Mg to O species, resulting in preferential oxidation of Mg
compared to Cu clusters during codeposition, and (2) a higher sticking coefficient
of MgO to metal NPs than to the inert substrates, such as Si/SiOx and carbon
films used in TEM experiments [38, 39]. The deposition might result either in the
formation of metal-core/MgO-shell NP structures or in metal NPs embedded in a
MgO matrix, depending on the NPs and Mg atoms flux during co-deposition.

2Obtained by counting the number of agglomerates composed of two or more NPs and normal-
izing them to the number of possible sites of nucleation in the same image, assumed to be the
maximum number of particles of diameter d that can be arranged in close-packed surface geometry
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Figure 6.12: SEM image of Cu NP co-deposited with Mg in O atmosphere. The
nominal thickness for Cu NP and MgO are tCu = 0.4 nm, tMgO = 1 nm.

To better understand the morphology of the investigated Cu/MgO structures,
bright field TEM and EDX mapping experiments were performed. On the TEM
image in figure 6.13a, it is possible to recognize Cu clusters (darker areas) partially
agglomerated, with MgO embedding them (lighter areas). To better resolve the
different species, EDX maps were also acquired, as shown in figures 6.13b, c and d.
The three images respectively show Cu, Mg, and Cu/Mg maps in false colors: the
Mg signal is rather diffuse, but its intensity is higher in the regions around Cu NPs,
confirming the formation of a core-shell structure.

Figure 6.13: (a) Bright-field TEM image of Cu/MgO NP film obtained with
co-deposition (b) EDX map obtained by measuring the intensity of the Mg EDX signal

(c) EDX map of Cu signal (d) combination of maps (b) and (c).

Since one of the main aims of this work is to obtain plasmonic systems with well-
controlled and stable resonances, it is crucial to understand the optical properties of
the investigated systems, taking into account all variables that can influence them.
Since the plasmonic properties of the NPs and thus their optical absorbance are
strongly affected by the shape of the NPs when they are deposited on a support [11,
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40], we have acquired AFM images to obtain information on the vertical height of the
deposited Cu NPs, on the same quartz substrate used for optical measurements. A
representative AFM image is shown in figure 6.14a. The vertical height distribution
obtained by a detailed grain analysis of the AFM in figure 6.14a is plotted in figure
6.14b. By fitting the main peak of the distribution with a Gaussian profile, we
obtained an average height < h >= 7.5 nm, with an FWHM value equal to ∆h = 2.2
nm. Dividing the diameter found in figure 6.9 by the calculated height, an aspect
ratio AR = < d > / < h >= 2.13 is obtained. An AR > 1, caused by the ’flattening’
of the NPs, was expected from previous observations of similar samples [41, 42, 43].
Here, the deformation of the NPs has been attributed to the agglomeration and
coalescence of NPs and their interaction with the support. This deformation affects
the optical properties, as will be discussed in the next section.

Figure 6.14: AFM topography image of Cu NPs deposited on quartz, with nominal
thickness t = 0.36 nm (b) vertical height distribution of Cu NPs obtained via a grain

analysis of image a (red histogram) and fitting curve (black line).

6.3.3 Electron and optical properties

After morphological investigation, we studied the optical properties of Cu NPs and
Cu/MgO NPs grown on quartz substrates under different conditions. Before the
optical experiments, carried out in air as described in chapter 1.2.3, we performed
an in-situ XPS analysis of the samples to extract information on the chemical state
of Cu NPs in the investigated samples. Figure 6.15 shows the Cu 2p and Cu L3VV
line shapes taken with the Al Kα emission line from three different samples: as-
deposited Cu NPs, Cu NPs co-deposited with MgO, and Cu NPs grown in UHV
and exposed to oxygen (PO2 = 2 × 10−7 mbar) for 30 minutes. Due to the poor
electrical conductivity of the quartz substrate, the samples were electrically charged
during the XPS experiment and the binding energy (BE) positions were realigned
by calibrating them with the Si 2p signal in SiO2 (BE = 103.3 eV). The XPS lines
of both as-grown Cu NPs and Cu/MgO NPs have the typical line shape of metallic
Cu [44], while both photoemission and Auger spectra are modified when bare Cu
NPs are exposed to oxygen. The appearance of the characteristic features of copper
oxides in the Cu 2p and Cu L3VV lines [21] only when the bare Cu NPs are exposed
to oxygen suggests that the NPs retained their metallic state if oxygen is codeposited
with Mg, resulting in the formation of an MgO shell or matrix protecting the Cu
core.

The optical properties of bare Cu and Cu/MgO NPs were also investigated with
UV–Vis spectroscopy. UV–Vis absorbance spectra taken using p polarized light
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Figure 6.15: (a) Cu 2p XPS spectra obtained from Cu NPs (red line), Cu/MgO NPs
(green line), and Cu NPs after exposure to oxygen in the deposition chamber (blue line)

(b) Auger Cu L3VV from the same samples shown in (a).

Figure 6.16: UV–Vis absorbance spectra from Cu/MgO NPs, bare Cu NPs, Cu NPs
post-oxidized, and Cu NPs completely oxidized by flowing O2 in the GAS.

with an incidence angle of Θ = 22◦ are plotted in figure 6.16. The spectra show
the optical absorbance, calculated from the measured reflectance and transmittance
of the samples, of four different samples: as-grown bare Cu NPs (labeled Cu NPs),
Cu/MgO, and Cu after exposure to oxygen (labeled post-oxi) in the deposition
chamber, and oxidized Cu NPs obtained by flowing oxygen in the aggregation region
of the nanocluster source during the deposition. Cu NPs and Cu NPs post-oxi
show the same broad absorbance band in the visible range, peaked around 600 nm,
attributed to LSPR excitation in Cu NPs [45, 46], while the plasmon-related feature
disappears when the deposition of Cu NPs occurs at an oxygen pressure (Cu NPs
oxi in GAS), suggesting complete oxidation of the NPs. The plasmonic peak is also
present in the Cu/MgO sample, but in this case it is more intense and narrow with
respect to the absorbance band of the two samples previously described, and the
peak position results slightly blue-shifted. The shape and position of the LSPR peak
are consistent with the formation of an oxide shell protecting the metallic Cu core
[1, 3, 45].

To compare the experimental results with theoretical predictions, we calculated
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Figure 6.17: (a) in-plane and (b) out-of-plane component of the calculated imaginary
part of the optical polarizability Im(α) from the Maxwell–Garnett model of Cu NP

embedded in MgO with AR=1, 1.5 and 2; (c) Comparison between the simulated Im(α)x
of Cu NPs with AR=1.5 embedded in Cu2O (red line) and in MgO (green line), in quartz

(blue line).

Sample - λexp AR Im(αx) = Im(αy) Im(αz)

Cu/MgO - 572 nm
1 557 nm 557 nm
1.5 583 nm 557 nm
2 601 nm 554 nm

Cu - 586 nm
1 551 nm 551 nm
1.5 563 nm 545 nm

Cu post-oxi - 592 nm
1 551 nm 551 nm
1.5 563 nm 545 nm

Table 6.2: Experimental and theoretical wavelength positions of the LSPR maximum
for Cu, Cu post-oxi and Cu/MgO NPs.

the imaginary part of the optical polarizability α for bare Cu and for Cu NPs
embedded in MgO by assuming a spherical and an oblate ellipsoidal geometry, with
different values for the AR calculated on the basis of the morphology of the sample.
The calculations were based upon the Mawell-Garnett model. We calculated the
imaginary part of the polarizability Im(α) using equation 2.3d for three different
values of AR (AR=1, AR=1.5 and AR=2). As already done for bare Au NPs, in
the simulations we assumed the NPs to be immersed in quartz. This is obviously
an approximation, since a complete simulation would have required to consider an
inhomogeneous medium formed by air and quartz, but this goes beyond our aim.
Figure 6.17c reports the calculated in-plane polarizability for NPs with AR=1.5 in
different dielectric environments (quartz, MgO and CuO). The Cu, MgO and CuO
dielectric functions used for the calculations are taken respectively from [47], [48] and
[49], while we calculated the real part of the complex refractive index for quartz from
the Sellmeier equation [50] applied to fused SiO2 at room temperature [51]. Figures
6.17a and 6.17b show the calculated imaginary part of respectively the in-plane
and out-of-plane optical polarizability at different ARs for the NPs surrounded by
MgO. All simulated polarizability spectra shows a dominant absorbance feature in
the visible range related to LSPR of Cu, and both Im(α)x when AR=1 and Im(αz)
present a tail at a shorter wavelengths related to interband transitions [10].

Table 6.2 reports the experimental and theoretical positions of the LSPR maxima
for bare Cu NPs, Cu NPs post oxidized, and Cu NPs embedded in a MgO matrix.
When Cu/MgO NPs are considered, the best agreement between calculated and
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experimental value for the LSPR position is obtained for AR=1.5. It should be
kept in mind that, in the adopted experimental geometry (p-polarization with an
incidence angle of Θ = 22◦), the spectrum is the result of a combination of the two
components of the polarizability. It is reasonable to assume that the combination of
the two components of the imaginary part of polarizability for AR = 1.5 would give
a position for the LSPR at intermediate values between λ = 584 nm and λ = 564
nm, which is the wavelength range under which the experimental position of the
LSPR fell (λexp = 572 nm), so an oblate Cu ellipsoid with AR = 1.5 and embedded
in MgO is a reasonably accurate model to describe the optical properties of this
system.

In the case of bare NPs, as-grown or post oxidized, the position of the LSPR in
the experimental data is slightly red-shifted with respect to the case of Cu/MgO.
Comparing the experimental data with the calculated ones, it is possible to notice
a moderate discrepancy between the experimental position of the LSPR and the
theoretical one for bare metallic Cu NPs, even though in-situ XPS analysis showed
that the bare Cu samples were in a clean metallic state after deposition. On the
other hand, the LSPR feature in the data taken from post-oxi Cu NPs fell at a
similar wavelength as the one in the bare Cu NPs. Since the optical measurements
were performed in the air after a few hours, this behavior can be probably explained
by partial oxidation of the bare Cu NPs when exposed to air, and the optical data
were found to be similar to the data of the NPs that were intentionally oxidized.
The formation of an oxide shell around the metallic Cu NP core probably gave rise
to the red-shifted LSPR compared with the (theoretical) Cu and Cu/MgO systems.
To further investigate this hypothesis, the in-plane simulated polarizability of Cu
NPs with AR=1.5 surrounded by MgO (Cu@MgO) and by CuO (Cu@Cu2O) have
been compared in figure 6.17c. The LSPR band of Cu NPs in Cu2O peaks around
700 nm, i.e. it is more than 100 nm red shifted with respect to the peak position
of Cu NPs in MgO. Comparing the spectra in figure 6.16 with figure 6.17c, we
notice a discrepancy between the peak position obtained from the simulations for
the Cu@Cu2O system (λpeak ∼ 700 nm) and the experimental results (λpeak ∼ 600
nm). This discrepancy can be explained by the fact that for numerical simulations
we are assuming the NPs to be immersed in a bulk film of Cu2O, while in the real
scenario they are only surrounded by a thin shell. The LSPR peak position of the
NPs is strongly influenced by the thickness of the shell, as highlited for Au NPs in
the previous chapter and by many previous works [11, 52, 53, 54]. In particular,
[54] studied systems composed by Au NPs surrounded by Cu2O shells, observing
a progressive red shift of the SPR peak up to ∼ 150 nm as the shell thickness is
increased from 2 nm to 40 nm.

6.3.4 Conclusions

We analyzed the optical, electron and morphological properties of Cu NPs in differ-
ent dielectric environment and grown with different physical deposition techniques.
First, we analyzed Cu NPs evaporated by MBE on a cerium oxide layer and capped
with a second CeO2 film. From the SEM analysis, we can individuate a uniform
distribution of small Cu NPs (with an average diameter of 8 nm) and a wide size
distribution. To investigate the optical properties of the NPs in ceria, we measured
the UV-Vis absorbance of Cu NPs in CeO2 layers of 4 and 8 nm: in both cases, the
absorbance spectra exhibit a broad plasmonic band, peaked around 700 nm. The
experimental results were compared with numerical simulations performed using the
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Maxwell-Garret model: the observed optical absorbance is compatible with Cu NPs
with ARs ranging from 1.5 to 2 immersed in a ceria layer with dielectric function
similar to the one of bulk CeO2. The stability over time of the plasmonic properties
of the system was also evaluated: the optical absorbance spectrum acquired after
3 months from the growth shows an increase in absorbance in the UV range and a
small decrease in the visible region, suggesting that the plasmonic behavior of the
NPs is preserved even after long times from the deposition.

Afterwards, we compared the optical properties of bare Cu NPs, evaporated
by MBE and grown under different conditions and which underwent different post
processing procedures, to evaluate the effects of oxygen and of the substrate tem-
perature in the different stages of the NPs growth. We have also acquired STEM
images to obtain morphological information, and STEM-EELS maps for elemental
analysis of the system. The investigated NPs showed similar surface chemical com-
position, but significantly different optical absorbance properties. In particular, the
NPs grown in an oxygen partial pressure showed a broad absorbance band in the
Vis range, peaked around 1000 nm, while the NPs that have been exposed to oxygen
after the growth, under different conditions, presented a narrower peak at 700 nm,
if exposed to atmosphere only when removed from the UHV for optical measure-
ments, or a slightly higher wavelengths, if oxidized in the UHV chamber filled with
oxygen partial pressure PO2 = 10−6 or PO2 = 10−7 mbar. The TEM images and the
STEM-EELS maps acquired for the post-oxidized samples suggest the formation of
hexagonally shaped NPs, surrounded by a thin shell of Cu2O.

Finally, we investigated bare Cu and core-shell Cu/MgO NPs grown using gas-
phase-synthesis. From morphological data we extracted an aspect ratio of 1.5 for
Cu NPs, also confirmed by comparing the optical experimental data with numerical
calculations. The aspect ratio greater than 1 is caused by the deformation of the NPs
due to their interaction with the substrate and by the presence of small agglomerates
formed during deposition. As the coverage increased, the formation of agglomerates
became more evident. When Cu NPs were deposited on freshly exfoliated HOPG,
diffusion and aggregation with the formation of islands occurred, and this was also
evident in the preferential adsorption at surface step edges. When MgO is co-
deposited with Cu NPs on Si/SiOx, SEM images showed approximately square or
rectangular islands, due to the growth of MgO around the metal NPs. TEM images
and EDX maps confirmed that the co-evaporation of MgO during the deposition of
Cu NPs favors the formation of a protective and transparent oxide shell around the
NPs. This shell preserves the metallic nature of the copper core, as indicated by the
results of in-situ XPS results of Cu 2p and Auger LVV. Moreover, UV–Vis optical
absorbance spectra showed the presence of a distinct feature that was ascribed to
the Cu LSPR, which was confirmed by calculations of the polarizability using the
Maxwell–Garnett model for an oblate ellipsoid embedded in MgO. This result is
compatible with previous observations made on Ag/MgO and Ag/CaF2 NPs grown
with the same method [33, 37]. These results demonstrate the efficacy of the co-
deposition method of Cu NPs with MgO in preventing the contamination of the
metallic NP, preserving the presence of the LSPR, and opening a pathway for the
use of this nanomaterial in devices such as sensors and photovoltaic cells.
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Chapter 7

Photoluminescence Spectroscopy
from Metal-Supported Cu2O
Films: Excitonic versus Plasmonic
Excitations

Cuprous oxide (Cu2O) is one of most relevant p-type semiconducting oxides in the
field of photocatalysis, because of its band gap in the visible range together with
its abundance, sustainability and non-toxicity. Moreover, different techniques for
thin-film deposition have been developed that facilitate low-cost and large-scale
production [1]. Investigations on the band structure and on the separation of photo-
generated charge carriers are a key point with a view of employing Cu2O as an
active photocatalyst. A precise optical characterization of Cu2O films is then crucial
to determine the excitons behaviour in the material and the role played by the
defects. For this purpose, photoluminescence can be used for the detection of defects
and impurities within dielectric solids, even at very low concentration [2, 3]. In
this chapter, we investigated a bulk Cu2O crystal and thin films of 10 to 65 nm
thickness by means of electron diffraction, scanning tunneling microscopy (STM)
and photoluminescence (PL) spectroscopy in a wide temperature range from 100
to 300 K. Although the chemical composition of the samples is the same, and the
surface morphology is very similar, large differences are found in the optical response.

7.1 Introduction and theoretical background

Photoluminescence (PL) is a very sensitive detector of even smallest impurities and
imperfections in dielectric solids [2, 3]. Whereas photoelectron spectroscopy is lim-
ited to defect concentrations of 1% in the near-surface region, PL can safely detect
bulk imperfections in the 10−5 − 10−7 concentration range, high optical activity
provided. Moreover, well resolved PL spectra acquired at low temperature contain
information on the chemical nature of the imperfections, their charge state and the
composition of their immediate environment. Phonon replica next to the PL peaks
give further insights into electron-vibrational coupling for a given optical transition.
A fundamental problem of PL spectroscopy is the intrinsic difficulty to connect a
given luminescence peak to a specific defect configuration, as a direct view onto
the atomic environment is typically unavailable [4]. A powerful pathway of assign-
ment is the comparison of experimental emission data with the results of theoretical
simulations performed for potential defect candidates [5]. Respective calculations
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are however demanding as they require a reliable computation of excited electronic
states, of the dynamics of structural relaxations and of the role of many-particle
effects to mimic exciton and trion formation [6]. Not surprisingly, correlating low-
temperature PL spectra to underlying atomic-scale defects remains challenging and
has not unambiguously achieved even for prototype dielectrics, such as ZnO or GaN
[4, 7, 8].

In the present work, we have investigated the unique optical response of Cu2O
by means of PL spectroscopy. As already mentioned in the first chapter, Cu2O is
one the most attractive p-type semiconductors for a large variety of applications,
such as electronics, spintronics and solar water splitting. In particular, its band gap
(∼ 2.15 eV) is nearly in the center of the visible spectrum, making this material a
promising candidate for photovoltaic and photochemical applications. Even band-
gap gradients from 2.15 to 1.35 eV can be reproducibly fabricated by introducing
a gradual composition shift from Cu2O to CuO [9]. To optimize the photovoltaic
and photo-catalytic response of the oxide, it is crucial to precisely control the Cu2O
stoichiometry and defect landscape [10, 11, 12]. The overall optical properties of
Cu2O are governed by the interplay of various excitons and their trapping behavior
at lattice defects [1, 13]. Both the singlet para- and triplet ortho-excitons are hereby
characterized by extremely long lifetimes, as involved electrons and holes occupy Cu
4s conduction and Cu 3d valence states, respectively, which makes a direct optical
decay parity forbidden. Radiative recombination of ortho-excitons becomes possible,
however, via phonon involvement and gives rise to a complex exciton PL at 620 nm,
comprising several phonon-replica and higher-order peaks [14, 15, 16]. Moreover,
Cu2O excitons can be trapped at various point defects in the oxide lattice, whereby
Cu (VCu−) and O vacancies (VO2+ and VO+) produce the strongest in-gap peaks at
730, 840 and 920 nm, respectively [13]. Reported PL spectra of Cu2O single crystals
and, even more, thin films and powder samples exhibit a rather high variability,
which complicates their analysis. High-quality floating-zone crystals, for example,
exhibit dominant VCu− luminescence, reflecting the high Cu-defect concentration
expected for a p-type material [13, 17]. Natural crystals, on the other hand, do not
show VCu− emission, although p-type conductivity has been reported also for those
samples [13, 18]. More surprisingly, the PL spectra of powder materials often com-
prise both, strong VO and VCu peaks, suggesting insufficient annihilation of majority
and minority defects in the lattice [14, 19, 20, 21]. The free-exciton PL, on the other
hand, is hardly detected because of the disruptive interplay between long exciton
lifetime and low crystallinity in the granular samples. In general, it is impossible to
infer the Cu2O stoichiometry only on the basis of the PL intensity ratio of Cu versus
O defects, as the involved emission channels follow different excitation and recombi-
nation schemes and have a different time and temperature dependence [13, 17, 18].
To obtain reliable insights into composition and defect structure of Cu2O, the PL
data thus needs to be complemented with other microscopic and spectroscopic tech-
niques that provide further information on the electronic structure and conductance
behavior [22]. To have a deeper understanding of the stoichiometry and on defects,
we have compared the distinct PL emission of a Cu2O bulk crystal with the one of
Cu2O thin films grown on Au(111) and Pt(111) supports. The PL measurements
have also been correlated with low-energy electron diffraction (LEED), X-Ray pho-
toelectron spectroscopy (XPS) and scanning tunneling microscopy (STM) analysis,
which suggested comparable structural, electronic and chemical properties of the
examined samples [23, 24]. However, a markedly different PL signature indicates a
rather specific defect landscape in the three oxide lattices. The present study aims
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Figure 7.1: Pictures of the UHV-Setup. 1: STM chamber, 2: bath cryostat, 3:
preparation chamber, 4: high pressure chamber, 5: XPS chamber [28].

at comparing the specific PL response of bulk and thin-film samples. Moreover, we
investigated whether the strong VO luminescence observed in thin films is compat-
ible with a p-type conductance behavior that naturally relies on an abundance of
Cu-defects [25], or if n-type Cu2O can be synthesized in poor-oxygen atmosphere
[21, 26]. Finally, we address why interface plasmons localized at the metal/oxide
boundary do not contribute to the thin-film emission response, although plasmonic
light dominates the STM luminescence behavior of 5 nm-thick Cu2O film grown on
Au(111) [27].

7.2 Experimental

7.2.1 Experimental setup

The samples described in this chapter were all grown and characterized in the appa-
ratus shown in figure 7.1, composed by four UHV chambers: the STM, Preparation,
XPS and high pressure chamber. The preparation chamber (3 in figure 7.1) is
mainly dedicated to surface preparation and sample deposition. It is kept at a pres-
sure P ∼ 2 × 10−10 mbar and it is equipped with tools for sample cleaning (ion
sputtering and a heating stage), thin-film growth (molecular evaporators and a gas
line that allows to modify the composition of the deposition atmosphere) and sur-
face analysis through low energy electron diffraction (LEED). XPS measurements
are performed in a second UHV chamber (5), connected to the preparation cham-
ber with a transfer arm. The chamber is equipped with a hemispherical electron
analyzer (ESCALAB 200) combined with non-chromatized Mg Kα and Al Kα twin
sources. Between the preparation chamber and the XPS chambers, there is the high
pressure chamber (4), which allows sample oxidation in an oxygen partial pressures
adjustable between 10−4 and 200 mbar, and temperatures ranging between 300 and
700 K. Finally, the preparation chamber is connected to a beetle-type STM operated
at liquid-nitrogen temperature (1). A schematics of the LN2-cooled STM is reported
in figure 7.2. During the scans, the sample is placed on three piezo tubes, electri-
cally isolated from the samples by small sapphire parts. The small steel balls on
top of the sapphire connect the tunnel bias voltage to the sample holder and reduce
mechanical friction during sample movement. The tip is mounted on a fourth piezo
in the middle of the setup which is used for the scan movement [29].

An attached optical setup enables in-situ PL and white-light reflectivity mea-
surements performed with a NdYag laser (20 mW power) and a halogen lamp,
respectively. In this setup, the measurements can be done in a temperature range
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Figure 7.2: Drawing of the scan head setup [29]. A: ramp with different sectors, B:
sample, C: support ball, D: sapphire, E: support-piezo, F: tip, G: tip-holder, H:

scan-piezo, I: base.

between 100 and 300 K, by cooling down the manipulator using liquid nitrogen.
PL data at temperatures down to 10 K could be acquired in an external He-cooled
apparatus. As the supported Cu2O films revealed irreversible changes of their in-
terface and surface morphology during air transfer, reliable low-temperature data
could only be taken for the bulk crystal. In both experiments, the optical response
was detected with a LN2-cooled, single-line CCD detector attached to a grating
spectrograph with 150 lines/mm.

7.2.2 Sample preparation

Cuprous oxide films of arbitrarily thickness were grown onto Au(111) or Pt(111)
single-crystal substrates. Both substrates were cleaned by repeated cycles of Ar+

sputtering and 800 K annealing until a sharp hexagonal spot pattern was seen in
LEED. The choice of the substrates derives from their (2 × 2) surface cells, that
closely match the lattice parameter of bulk Cu2O(111), ensuring the formation of
smooth metal/oxide interfaces. The Cu2O(111) bulk crystal, purchased from Surface
Preparation Laboratory, was prepared by Ar+ sputtering and vacuum-annealing to
800 K until a sharp LEED pattern was detectable [24]. The Cu2O thin-films were
prepared in the three-step procedure developed in [23].

1. Physical vapor deposition of 10 nm metallic Cu (purity 99.9%) on Au(111)
and Pt(111) surfaces cleaned by sputtering and annealing cycles before;

2. Oxidation in the high-pressure cell at 50 mbar O2 and 450 K;

3. Low-pressure annealing in front of a pin-hole doser (PO2 = 10−4 mbar) at 600
K to stimulate film crystallization.

7.3 Results and discussion

7.3.1 Thickness determination

The precise thickness determination of the supported films is fundamental to cor-
relate defect landscape and PL signature of the Cu2O thin films. The deposition
chamber is not equipped with a microbalance, and XPS can not be used for this pur-
pose, as the substrate peaks become invisible already beyond 10 nm film thickness,
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well below the range of interest in our study. We have therefore exploited thin-film
interference effects to follow the thickness evolution in subsequent deposition steps,
as schematized in figure 7.3a. For this purpose, the reflectivity of Cu2O films of
different thicknesses was probed with a white-light halogen lamp. The dark-blue
line in figure 7.3b represents the reflectance of one of the Cu2O/Pt(111) films after
normalization with the bare Pt(111) reference. The spectrum exhibits a broad min-
imum at 665 nm, originating from destructive interference of light reflected from the
Cu2O surface and the Cu2O/Pt(111) interface. The extinction condition is given
by:

2 · d · cos θ√ϵCu2O = mλ (7.1)

with ϵCu2O = 6.7 being the permittivity of the oxide layer [30], d the film thickness,
m = 1/2 the phase factor of the 1st interference minimum and λ its wavelength.
Since the measurement was performed in a geometry configuration where the in-
coming and outgoing beam closely follow the surface normal, cos θ ∼ 1. The three
curves in figure 7.3b depict similar interference data obtained for three Cu2O films
after different numbers of deposition cycles. The intensity minimum shifts toward
shorter wavelengths as the film thickness decreases. Moreover, the curves became
more asymmetric, as the white-light source used for the measurement lacks blue and
violet intensity components and the low-wavelength region results suppressed in the
spectra. To obtain an approximate minimum position, we have fitted the almost
symmetric dark-blue spectrum in figure 7.3b with the Granfilm software [31], de-
veloped to simulate the optical response of particle ensembles and thin films (7.3b,
dashed blue line). The high-wavelength tails of the new, blue-shifted spectra were
now fitted with an identical data set, except for the film thickness that was treated
as parameter. The so-obtained resonance positions yield a film thickness of 65, 57
and 50 nm for the three films. These values are in good agreement with the number
of deposition cycles conducted during preparations, namely 6,7 and 8 for the cyan,
light-blue and dark-blue curves, respectively. Apparently, every cycle adds 7-8 nm
material to the existing film, which is comparable to 10 nm Cu deposited in each
step. The discrepancy arises from Cu losses during high- and low-pressure oxidation,
either as a result of evaporation or, more importantly, due to Cu alloying with the
metal support. Previous works from Nilius group demonstrated that 100% of the
Cu would segregate into the Pt and Au crystals in absence of chemical stabilization
via oxidation [32].

The inset in figure 7.3b shows the macroscopic color variations of the sample as
the thickness of the film is increased. The thin-film interference is strong enough
to imprint a unique color change onto the originally metallic Pt(111) surface: after
depositing a ∼ 40 nm thick film, the crystal adopts a pink color as only blue and
red components of the incident light are reflected (central panel). The color changes
to blue-green for 57 nm thick films, as now the yellow-red components are removed
from the spectrum (right panel).

7.3.2 Structure, morphology and chemical composition

We investigated the lattice structure, chemical composition and surface morphology
of thin (111)-oriented Cu2O films with respect to a (111) single crystal by means
of XPS and LEED. The XPS spectra of both samples revealed a dominant Cu2O
stoichiometry, as discussed in previous works [23, 24]. The comparison between the
Cu 2p versus O 1s peak areas disclosed a slight O deficiency in the thin films, being
close to the resolution limit of our XPS lab source. LEED measurements revealed an
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Figure 7.3: Sketch of the approach used to deterimine the Cu2O film thickness.
Stimulating the PL by 532 nm laser photons, we could infer the thickness by measuring

the wavelength position of the 1st interference minimum of the white light. (b)
White-light reflectance of differently thick Cu2O/ Pt(111) films. The inset shows

photographs of pristine Pt(111) and the crystal after depositing ∼ 45 (middle) and ∼ 65
nm Cu2O on top (right).

identical crystal structure of bulk and thin-film samples (figure 7.4, insets). Both ox-
ides exhibit hexagonal symmetry with 6.1 Å lattice parameter, in perfect agreement
with the values reported for cubic Cu2O [1]. Moreover,

√
3×

√
3R30◦ superstructure

spots became visible on all explored surfaces, yet with higher intensity and improved
sharpness on bulk than thin-film oxides. Similar superstructures were reported for
(111)-oriented single crystals and thin films before [23, 33, 34], while the atomic
nature of the reconstruction was unraveled in a recent DFT study by Gloystein
et al. [35]. In the model, every third Cu-O six ring of the regular (111) surface
gets occupied by a Cu4O pyramid that saturates all oxygen dangling bonds in the
surface. As a result, the surface energy is substantially reduced, which makes the
nano-pyramidal reconstruction thermodynamically preferred over the stoichiometric
and any other reconstruction model proposed for Cu2O(111) so far. The sharper
and brighter

√
3×

√
3R30◦ superstructure spots suggest a superior long-range order

of the nano-pyramidal reconstruction on the bulk crystal than on the oxide films.

The quality of the different Cu2O surfaces was further explored by high-resolution
STMmeasurements (figure 7.4). On all three oxide systems, wide and atomically flat
terraces are revealed, indicating the perfect crystallinity of the underlying lattices.
The terraces are homogenously covered with a hexagonal ad-pattern with 10.5 Å
periodicity that represents the nano-pyramidal reconstruction (figure 7.4, insets).
Each maximum hereby reflects one Cu4O nano-pyramid that can even be resolved
into a distinct shamrock shape at higher resolution [23]. As already suggested by
LEED measurements, the

√
3×

√
3R30◦ reconstruction is better ordered in the bulk

crystal, but it can be clearly identified for both Au(111)- and Pt(111)-supported
Cu2O films as well. At this point, we have no indication that the slightly lower
quality of the surface pattern on the thin films is responsible for the markedly
different PL response with respect to bulk samples, as detailed later in the text.

To get information on the valence electronic structure of thin-film versus bulk
Cu2O samples, we used STM conductance spectroscopy (figure 7.5). All three sam-
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Figure 7.4: Overview and high-resolution STM topographic images of the Cu2O(111)
surface of (a)a single crystal (b) a 10 nm thick film grown on Au(111) and (c) a 25 nm
thick film on Pt(111) (150× 150 nm2, UB = 3.5 V, I = 0.1 nA). All oxide surfaces are
homogeneously covered with Cu4O nano-pyramids (20× 20 nm2, UB = −1.7 V, I = 0.1
nA) that give rise to the

√
3×

√
3R30◦ reconstruction seen in LEED (Ekin = 37 eV,

insets).

ples exhibit similar spectra, characterized by a broad region of negligible dI/dV
intensity, representing the oxide band gap, enclosed by the valence (VB) and con-
duction band (CB) onsets at 0 and +2.0 V, respectively. The corresponding gap size
of ∼ 2.0 eV is identical for bulk and thin-film samples, and also in line with respec-
tive values found in the literature [1]. Moreover, pinning of the VB top to the Fermi
level provides a clear manifestation of the p-type character of the oxide and points to
an abundance of acceptor-type VCu defects in the oxide matrix [25, 26]. The in-gap
dI/dV peak at 0.3-0.5 V, clearly seen in logarithmic representation, originates from
tunneling into an empty-state pocket at the VB top. It arises from upward bending
of the surface bands due to the non-stoichiometric, i.e., Cu-deficient nature of the
pyramidal reconstruction, and is detected for all three samples [36].

7.3.3 Luminescence spectroscopy

Figure 7.6 represents the PL signature of bulk Cu2O(111), stimulated with 532 nm
photons of a NdYag laser and recorded for 20 s with a CCD detector. The PL
spectrum is characterized by three bands at 620, 730 and 920 nm. The 920 nm
peak hereby dominates the emission, while the low-wavelength intensity needs to be
multiplied by twenty to be depicted at the same scale. The intensity evolution as
a function of temperature was derived by Gaussian fitting and is displayed for all
three bands in figure 7.6. The high-wavelength peak at 920 nm exhibits a steady
intensity rise, whereas the 730 nm emission sets in only at 230 K and the 620
nm peak runs through a broad maximum at 120 K and decreases again at lower
temperature. Figure 7.7a and b represent normalized PL spectra of supported Cu2O
films on Au(111) and Pt(111) measured at similar conditions as the bulk crystal.
While the Cu2O/Au(111) film has a thickness of ∼ 10 nm, the Pt(111)-supported
film is ∼ 65 nm thick. The mean emission yield, calculated per nanometer, is
however comparable in both cases and amounts to ∼ 100 photons/s/nm at the peak
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Figure 7.5: STM conductance spectra of (a) bulk Cu2O, (b) 10 nm Cu2O/Au(111) and
(c) 25 nm Cu2O/Pt(111) shown on a logarithmic scale. The spectra were acquired at 2.5
V setpoint bias and a starting current of 0.1 nA (a) and 1 nA (b,c). The inset in (b)
shows the same spectrum on a linear scale, demonstrating the negligible weight of the

in-gap conductance with respect to direct tunneling into the oxide bands. The dotted lines
are guides to the eye to approximate the VB onset with respect to the Fermi level.

Figure 7.6: PL spectra of a Cu2O bulk crystal. Given the dominance of the 920 nm
peak the spectrum is divided into two wavelength sections with different y-axis. (b)

Temperature dependence of the three PL bands. Given the low intensity of the 620 and
730 nm band, their temperature curves have been multiplied by a factor of 20.

142



Figure 7.7: Normalized PL spectra of (a) 10 nm Cu2O/Au(111) and (b) 65 nm
Cu2O/Pt(111) films at different temperatures. (c) Thickness-dependent data of the
Cu2O/Pt(111) film at 100 K. Inset: evolution of the integral emission intensity. (d)
Central wavelength and peak intensity of the two emission contributions used to fit the
thin-film PL spectra (insets in a and b. Blue and orange symbols are for the short- and

long-wavelength component, open and closed symbols for the Pt and Au support,
respectively

maximum. The PL spectra of the thin films are substantially different from that
of the bulk crystal shown in figure 7.6. The PL data of Au-supported films have
an asymmetric shape and are characterized by a sharp onset at 670 nm, a broad
maximum at 775 nm and a slow decay at higher wavelengths. The Cu2O/Pt(111)
luminescence spectrum is red-shifted, with onset and peak position at 700 and 850
nm, respectively. Both PL spectra can be deconvoluted into two Gaussians of similar
position and width (figure 7.7a, b, inset). While the low-wavelength peak at ∼ 750
nm (FWHM 80 nm) is the most intense in the Au(111)-derived spectra, the high-
wavelength peak at ∼ 830 nm (FWHM 100 nm) becomes dominant for Pt(111)-
supported oxide film. The two contributions are both characterized by a gradual
blue-shift of the peak wavelength and a steady intensity rise upon cooling down to
100 K (figure 7.7d). Panel 7.7c finally represents the evolution of the Cu2O/Pt(111)
luminescence as a function of film thickness: the emitted intensity monotonously
rises when thickening the film from 10 to 65 nm, as compiled in the inset. The origin
of the surprisingly different PL response of thin-film versus bulk Cu2O samples is
addressed in the next section.
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7.3.4 Nature of thin-film versus bulk Cu2O luminescence

The luminescence behaviour observed for the bulk Cu2O(111) crystal is the one
expected from literature [1, 13, 16]. The three maxima in the PL spectrum in
figure 7.6 are assigned to the radiative decay of free and bound excitons. The
free excitation emission is governed by the phonon-assisted decay of ortho-excitons,
resulting in several sharp peaks centered at 620 nm [14]. At the spectral resolution
of our experiment, the individual phonon replicas are not resolved and overlap to
a single, asymmetric emission band. Its blue-shift with decreasing temperature,
due to renormalization of the Cu2O band gap, is however discerned [37]. Also,
the detected temperature evolution of the free-exciton peak agrees well with the
reported behavior (figure 7.6b, orange symbols) [13]. With decreasing temperature,
the probability of radiative exciton decay increases, as the probability for thermal
exciton separation into unbound electrons and holes decreases. This trend reverses
at ∼ 125 K, when ortho-excitons switch to non-radiative para-excitons that are more
stable by 12 meV [38].

The peaks at 730 and 920 nm, on the other hand, are assigned to Cu2O excitons
trapped at VO2+ and VCu− vacancies, respectively [13, 39]. The point defects intro-
duce distinct gap states localized below the CB edge (initial state in the VO2+ decay)
and above the VB top (final state in the VCu− decay), explaining the red-shift of
the respective exciton modes. The dominance of the VCu− with respect to VO2+

emission is in line with the p-type nature of Cu2O and reflects the thermodynamic
preference to insert acceptor-type Cu vacancies into the lattice [25]. The observed
temperature dependence of the 730 and 920 peaks (light- and dark-red lines in figure
7.6b) additionally strengthens our assignment. While the VO2+ related channels only
opens below 230 K, as electrons are back-promoted from the defect state to the CB
at higher temperature, the final state in the VCu− transition is blocked by thermal
electrons from the VB at elevated temperature [13, 39]. Finally, the coexistence
of Cu and O vacancies in the lattice indicates incomplete equilibrium of these two
fundamental defect types in the bulk crystal [40].

At first glance, the luminescence of Cu2O(111) thin films seems incompatible
with an exciton-mediated scheme, as neither the 620 nm peak related to free exci-
tons nor the 930 nm peak arising from exciton-trapping at VCu− sites is observed.
Moreover, the appearance of a PL band around 800 nm depends on the nature of
the substrate, and a clear red-shift of the emission is revealed when switching from
Au(111) to Pt(111) supports (figure 7.7). A first possible explanation for this behav-
ior would be stimulation and radiative decay of surface plasmon polaritons (SPPs)
at the metal/oxide interface [41, 42]. To test this assumption, we have evaluated
the plasmon dispersion relation at the Cu2O/Au(111) interface (figure 7.8a) that
follows:

k2 =
(ω
c

)2

· ϵCu20 · ϵAu

ϵCu20 + ϵAu

(7.2)

where ϵCu2O and ϵAu are the complex dielectric functions of Cu2O and Au, k and ω
are plasmon wavevector and frequency respectively, and c is the speed of light [43].
At the detected PL maximum of Cu2O/Au(111) (775 nm, figure 7.7a), we found
a value for the plasmon wavevector kSPP = 0.7 × 108 m−1, which compares to a
corresponding free-photon wavevector of kPh = 0.22 × 108 m−1. This well-known
wavevector mismatch of ∆k = 0.48 × 108 m−1 prohibits excitation and radiative
decay of metal/oxide interface plasmons, unless it gets compensated by an auxiliary
wavevector provided by an optical grating or interface roughness [44]. However,
neither the periodicity ( 2π

∆k
∼ 130 nm) nor the height corrugation (70 nm or 10% of
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Figure 7.8: (a) Dispersion relation of the Cu2O/Au(111) (blue curve) and the
Cu2O/Pt(111) (dark-blue curve) interface plasmon in addition to the light line. The
significative wavevector mismatch needs to be balanced by interface roughness, in clear
conflict with the rather flat film morphologies depicted in figure 7.4. (b) Temperature

dependence of the 730 nm peak intensity from bulk Cu2O and the integrated PL intensity
from the thin films.

the photon wavelength) of the required grating would be compatible with the rather
flat film morphologies shown from the STM images of the metal-supported Cu2O
films shown in figure 7.4. Moreover, the revealed temperature dependence of the
thin-film PL cannot be reconciled with a plasmon-mediated emission mechanism.
We can therefore exclude that metal/oxide interface plasmons activated by surface
roughness are responsible for the observed PL signature of our Cu2O thin films.

In contrast, PL bands in the range between 700− 800 nm have been frequently
observed before for Cu2O films, powders and nanostructures [19, 45]. Moreover,
Cu2O layers synthesized by magnetron sputtering revealed a distinct PL doublet
at around 800 nm, again with little intensity in the wavelength region of the oxide
excitons [46]. A correlation between the 800 nm emission and the presence of O
defects in the Cu2O lattice was first proposed by Zouaghi [18] and supported by
several control-experiments thereafter. For example, while Cu2O single crystals
grown in a floating-zone scheme in air feature a strong 920 nm PL peak due to
VCu defects, this changes to a maximum of 730 nm after crystal growth in an
argon environment [13]. Similarly, the VCu− PL gets replaced by a strong VO2+

peak in nitrogen doped cuprous oxide, as the insertion of substitutional NO gets
accompanied by the formation of oxygen vacancies [20]. Theoretically, the VO2+

emission from Cu2O has been connected to an empty-state resonance at 1.53 eV
above the VB onset, being localized at the four Cu atoms adjacent to the O defect
[47]. The resonance downshifts to 1.45 eV if one electron remains in the defect
and a VO+ complex is formed. According to HSE calculations, the VO2+ defect
becomes particularly stable if the Fermi level of Cu2O locates directly at the VB
top, while any EF shift into the band gap promotes generation of singly charged
VO+ defects. On this basis, we assign the distinct emission doublet from Cu2O
thin films to the PL fingerprint of O vacancies, whereby low- and high-wavelength
components are attributed to double (VO2+) and single charged (VO+) defects in the
lattice, respectively.
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7.3.5 Origin of the VO luminescence in thin films

The detection of two strong VO-related PL peaks comes not unexpected in our
experiments, as the Cu2O preparation scheme is designed to be compatible with an
UHV environment. Although an O2 pressure as high as 50 mbar is used for initial Cu
oxidation, the subsequent post-annealing step is carried out in 10−4 mbar O2 at 600
K, thus at reduced oxygen chemical potential (µO2). Previous studies have already
shown that µO2 is the most sensitive parameter for oxide formation and insufficient
oxygen availability triggers Cu alloying with the support rather than oxidation to
Cu2O [32].

A first hint on the stoichiometry deviations between bulk and thin-film Cu2O
may be derived directly from the ratio of VCu−- versus VO+-mediated luminescence
peaks. Although no Cu-vacancy emission was detected for Au(111)- and Pt(111)-
supported films, the STM conductance data presented in figure 7.5 unambiguously
reveal a Fermi energy position at the VB top and the development of an empty-state
VB pocket, both providing clear evidence for a p-type electronic characteristic. The
reason for the absence of VCu-related emission can not be taken as a signature of
an n-type oxide nature, because the PL response is a poor indicator of the defect
landscape of the investigated material. Three main reasons can be found to justify
the latter statement [17, 48]: (i) The defect luminescence in Cu2O follows entirely
different recombination pathways. The VO emission is triggered by hot electrons
generated upon optical stimulation. Given the short carrier lifetimes in the mate-
rial, the decay process occurs on very short time scales (4 ps at low temperature)
and is therefore insensitive against competing non-radiative decay channels [17]. The
VCu emission, on the other hand, gets initiated by the trapping of free excitons at
Cu defects. The associated decay times are at least one order of magnitude longer
than those of the VO luminescence, reflecting the long lifetime of dipole-forbidden
Cu2O excitons. Because of this excitation asymmetry, the thin-film luminescence is
primarily governed by O defects that provide a fast and effective decay channel after
optical stimulation. In contrast, the VCu emission relies on the long-lived Cu2O exci-
tons, and is consequently highly susceptible to structural disorder and non-radiative
decay channels in the thin films. (ii) The defect emission channels have different
temperature dependence, which favors VCu emission at high temperatures, but VO

emission at low temperatures. (iii) Especially the VCu luminescence is the result of
pronounced multi-phonon emission, as reflected in large Huang-Rhys factors, which
reduced the emission probability. All three factors prohibit any quantitative insights
into the VCu versus VO concentration alone from the intensity ratio of the respective
PL peaks.

To obtain more precise information on the defect characteristics of the different
sample lattices, we analyzed the XPS spectra of Cu2O/Au(111), Cu2O/Pt(111) and
of the bulk crystal (shown in figure 7.9). To estimate the corresponding oxide stoi-
chiometry, we have divided the peak areas of Cu 2p3/2 (935 eV) and O 1s (530.5 eV)
core levels after correcting them for their atomic sensitivity factors. In contrast with
our expectations, we obtained a generally higher Cu deficiency in the oxide films as
compared to the bulk crystal. However, the charge transfer between support and
interfacial O atoms and small CuO inclusions also contribute to the detected Cu
deficiency: the observations made on the basis of XPS do not automatically imply a
lower concentration of O vacancies in the films. Among the two films, the Au(111)-
supported layers exhibit a lower Cu content than its Pt counterparts, which will be
of relevance when discussing details of the PL spectra later in this chapter. The ob-
served Cu deficiency of both, thin-film and bulk Cu2O emphasizes the robust p-type
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Figure 7.9: XP spectra of (a) bulk Cu2O, (b) 10 nm thick Cu2O/Au(111) and (c) 25
nm thick Cu2O/Pt(111) films measured in the energy window of the Cu2p peaks (left),

the Cu Auger lines (middle) and the O1s peak (right).

nature of Cu2O. It is also in line with the STM conductance data presented in figure
7.4, where the position of the Fermi level at the VB top and the development of an
empty-state VB pocket provide clear evidence for the p-type electronic character-
istic of all three samples. Consequently, a strong VO luminescence in combination
with missing VCu emission cannot be taken as indication for an n-type nature of
the thin films, although similar conclusions have been drawn from earlier experi-
ments [21]. In fact, a dominant VO signal only points to a different balance between
defect-mediated and non-radiative decay channels in our supported films compared
to a bulk Cu2O crystal that is of much higher structural quality. We note that the
suppression of free-exciton and VCu luminescence is a common observation for Cu2O
powders and thin films and frequently reported in the literature [19, 21, 30, 45].

Particularly interesting in our work is the dominance of the 830 nm with respect
to the 750 nm PL peak for Pt(111)-supported Cu2O films, whereas the intensity
ratio reverses on an Au(111) support. As discussed before, the two maxima arise
from radiative electron decay via single (VO+) and double-charged (VO2+) oxygen
vacancies that develop different defect states within the oxide band gap [20]. How-
ever, their charge state is controlled by a low-lying state that is in resonance with
the oxide VB. While in the VO2+ defects, the two electrons initially left behind by
a neutral desorbing O atom are annihilated by two holes from the p-type oxide,
one electron remains trapped in the VO2+ complex. The thermodynamic stability of
VO2+ with respect to VO+ complexes is therefore governed by the hole concentration
in the oxide, or analogously by the oxide Fermi level. For EF positions directly
at the VB top (high hole density), formation of VO+ defects is thermodynamically
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unfavorable with respect to VO2+ complexes, while more VO+ defects develop for an
EF position inside the band gap.

With this information, the different defect landscapes of Au(111) and Pt(111)-
supported Cu2O films can be rationalized. Oxide growth on Au(111) intrinsically
results in highly Cu-deficient films. The reason is the strong incentive of copper-gold
alloy formation, driven by the similar structural, electronic and chemical properties
of both metals [49]. The Au(111) surface thus acts as sink for the deposited Cu
atoms, making interfacial mixing and oxide formation two highly competitive chan-
nels. Conversely, Pt shows a lower tendency for alloy formation and some unreacted
Cu always accumulates at the Pt(111)-Cu2O interface, serving as Cu source during
film growth [32]. As a consequence, the Au(111)-supported films typically show
higher Cu deficiency, yet better p-type conductivity and lower EF position than
their Pt(111) counterparts. This gets reflected in a stronger VO2+ than VO+ emis-
sion from Cu2O/Au(111) films, while the ratio inverts for Cu2O/Pt(111), in good
agreement with our data. Being aware of intrinsic uncertainties of STM conductance
spectroscopy, this conclusion is also supported with the dI/dV spectra presented in
figure 7.5. While the energy separation between VB top and EF is ∼ 0.1 eV for
Cu2O/Au(111), it increases to 0.2 eV for Cu2O/Pt(111), making the latter system
less Cu-deficient, hence more susceptible to the formation of VO+ complexes.

Finally, we studied the temperature evolution of the VO peak intensities in bulk
and in thin-film Cu2O (figure 7.8b). Although the two curves follow a similar be-
havior, they do not coincide. While the onset temperature for emission is 230 K for
the bulk crystal, it up-shifts to almost 270 K for the thin films. Although we can
not exclude a systematic error here due to the lower thermal conductivity of bulk
oxides with respect to metallic samples, a part of the effect might be of physical
origin. The temperature dependence of PL is generally governed by the competition
between radiative and non-radiative decay channels, with phonon or thermal elec-
tron excitations being examples for the latter. It now appears plausible that this
interplay is different for bulk dielectrics and thin films. Possible deviations concern
a phonon softening in metal-supported oxide layers, as observed for MgO [50] and
CaO [51] or a weakening of dipole selections rules due to strain in the Cu2O films.
Although a detailed analysis of this phenomenon is beyond the scope of the paper,
it certainly warrants closer inspection.

7.4 Conclusions

PL measurements have been performed on bulk and thin-film Cu2O samples over a
wide temperature rang. While the luminescence of bulk Cu2O is governed by the
radiative decay of free excitons and excitons trapped at Cu and O vacancies, only the
VO-mediated emission channel prevails in Cu2O films. The unique PL signatures of
bulk and thin-film oxides have been connected with their different defect landscapes.
While Cu defects are abundant in both systems, as concluded from their robust p-
type conduction behavior found through STM spectroscopy, the oxigen vacancy
concentration is substantially larger in the oxide films. This has been ascribed to
the vacuum-compatible preparation scheme of Cu2O thin films that includes a final
annealing step at 10−4 mbar O2. In addition, the VO-mediated emission channel
is less sensitive to structural disorder, favoring this recombination pathway in thin
films. Also, the metal substrate used for oxide growth affects the defect landscape
and Au(111)-supported films have a higher Cu deficiency (more VO2+ complexes)
than their Pt(111)-grown counterparts (more VO+ complexes). Future experiments
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shall clarify, whether the distinct VO emission can be recorded also locally by STM
luminescence spectroscopy [26]. This would open a pathway to probe individual O
defects, hence the local O deficiency of Cu2O samples directly in a spatially resolved
experiment.
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Conclusions

This thesis reports the investigations of the properties of systems at the nanoscale,
that are promising candidates for visible light photocatalysis. In particular, I have
focused on samples composed by cerium oxide combined with plasmonic nanopar-
ticles (NPs), on copper NPs either bare or in different dielectric environments and
on films of cuprous oxide. The different samples have been grown using different
physical deposition methods, and characterized using different techniques, including
XPS and UPS for the electronic properties, SEM, TEM, AFM and STM for the
morphology, and ultrafast spctroscopies such as FTAS, trPES and trXAS to study
the dynamic evolution of the excited samples on time scales that range from hun-
dreds of fs to 300 ps. In particular, the use of time-resolved techniques to study
ultrafast carrier transport in metal/oxide systems is crucial to properly describe the
light-induced excitation in a photocatalytic system, to have a deep understanding of
its functionalities. This knowledge would permit to elucidate the functioning of the
investigated material, the velocity of its response, the duration and the modification
of the excited states after the interaction with photons of different energies, in order
to tune and optimize its photocatalytic properties.

In the first part of the present thesis, I have described the growth and the
characterization of samples composed by CeO2 combined with Ag and Au NPs
with the aim of extracting information on their optical properties, with a specific
focus on the ultrafast dynamics of the excitations. First, we have studied samples
composed by Ag NPs grown by MBE and embedded in thin films of CeO2, grown
by evaporating Ce in an O2 partial pressure. After a first characterization by in-situ
XPS and by UV-Vis absorbance, we have characterized the dynamic evolution - and
in particular the reneutralization characteristic time - of positive charges generated
by photoexcitation in ceria films with and without the NPs. From the analysis of
the time-resolved photoemission spectra, we could observe that after the interaction
with radiation above the ceria band gap, a large fraction of positive carriers with a
lifetime that exceeds 100 ps are generated, independently on the presence of the NPs.
The sub-band-gap excitation of bare ceria films induces instead the formation of a
significantly smaller fraction of charges with lifetimes of tens of picoseconds, ascribed
to the excitation of defect sites or to multiphoton absorption. When the oxide is
combined with Ag NPs, the sub-band-gap excitation of localized surface plasmon
resonances leads to reneutralization times longer than 300 ps. This was interpreted
by considering the electronic unbalance at the surface of the NPs generated by the
injection of electrons in CeO2 as a consequence of the LSPR relaxation in the NPs.
In this study we found a way to exploit the space charge effect in gaining access to
the surface carrier dynamics in CeO2 within the picosecond range of time, which is
fundamental to describe the photocatalytic processes.

Secondly, we also investigated a sample composed by Ag NPs surrounded by
ceria, but in this case the NPs have been coevaporated with Ce in oxygen partial
pressure, and they have been deposited using a magnetron sputtering source coupled
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with an Ar-filled aggregation region. The dynamic of the system has been inves-
tigated by means of free electron laser time resolved XAS, a chemically sensitive
technique that permitted us to investigate the electron transfer process from the Ag
NPs to the CeO2 film generated by the NPs plasmonic resonance photoexcitation.
The observed ultrafast changes (< 200 fs) of the Ce N4,5 absorption edge allows to
conclude that the excited Ag NPs transfer electrons to the Ce atoms of the CeO2

film through a highly efficient mechanism.

In the third part, we focused on samples composed by Au NPs either bare or im-
mersed in ceria layers. In this case both the NPs and the ceria films were deposited
by MBE. Because of the strong dependence of plasmonic properties of NPs on the
characteristics of the dielectric properties of the surroundings, we have investigated
the interplay between the morphology, the electronic properties and the static op-
tical absorbance of Au NPs. We demonstrated that the plasmonic absorption band
can be tuned by modifying the dielectric environment in which the NPs are im-
mersed, accompanying the experimental observations with numerical calculations
based upon the Mie theory. The almost unmodified XPS and optical measurements
repeated after 3 months from the samples deposition lead us to the conclusion that
the plasmonic properties of Au NPs are stable in air conditions. Afterwards, we
investigated the ultrafast dynamics of excited states induced by ultra-violet and vis-
ible light excitation in Au NPs combined with CeO2, aimed at understanding the
excitation pathways. The data, obtained by FTAS, showed that the excitation of
LSPR in the Au NPs leads to an ultrafast injection of electrons into the empty 4f
states of the surrounding CeO2. Within the first few ps the injected electrons couple
with the lattice distortion forming a polaronic excited state, with similar properties
to the one which is formed after direct band-gap excitation in the oxide. At sub-ps
delay times we observed relevant differences in the energetics and the time dynam-
ics as compared to the case of band-gap excitation. Using different pump energies
across the LSPR-related absorption band, the efficiency of the electron injection
from the NPs into the oxide was found to be rather high, with a maximum above
30%. The injection efficiency has a different trend in energy as compared to the
LSPR-related static optical absorbance, showing a significant decrease at low ener-
gies. This behavior is explained considering different de-excitation pathways with
variable weight across the LSPR band. The result obtained suggests that improving
the matching of the plasmonic response to the low energy part of the solar spectrum
would not improve the overall solar catalytic efficiency of the material.

The last part of the thesis is focused on Cu NPs and Cu2O thin films. Cu NPs,
grown either by magnetron sputtering or by MBE, have been investigated in different
environments: bare, surrounded by CeO2 and surrounded by MgO. Cu NPs in CeO2

exhibit a good stability of plasmonic properties, that remained almost unchanged
after 3 months from the sample deposition. The electronic and especially the plas-
monic properties of bare Cu NPs deposited via MBE showed a strong dependence
on the growth and post-processing conditions. NPs exposed to oxygen during the
growth showed a red-shifted plasmonic absorbance band broader than NPs grown in
UHV or exposed to oxygen after the deposition. TEM images and the STEM-EELS
maps acquired for the post-oxidized samples suggest the formation of hexagonally
shaped NPs, surrounded by a thin shell of Cu2O. Bare Cu and core-shell Cu/MgO
NPs grown using gas phase-synthesis are bigger than the ones deposited via MBE.
The embedding of Cu NPs in MgO was confirmed by TEM and EDX maps. UV-Vis
absorbance revealed the presence of an intense LSPR for Cu/MgO, while the signal
obtained for bare NPs, weaker and red-shifted, suggested the formation of a oxide
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layer surrounding the NPs. These results confirmed the role of MgO as a protective
transparent medium for Cu.

Finally, the work presented in the last chapter, conducted in the laboratories
of the University of Oldenburg, deals with thin films of Cu2O deposited via MBE.
In this work, Cu2O films of 10-65 nm thickness are investigated by LEED, STM
and PL spectroscopy in a temperature range from 100 to 300 K. Their PL response
have been then compared with the response of a bulk Cu2O crystal. Although the
chemical composition and surface morphology of both systems are identical, large
differences have been found in the optical response. While bulk Cu2O shows pro-
nounced PL peaks at 620, 730 and 920 nm, compatible with the radiative decay
of free and bound excitons, broad and asymmetric PL bands are detected at 775
and 850 nm for Cu2O films grown on Au(111) and Pt(111) substrates, respectively,
suggesting a substrate-dependent concentration of O2+ and O+ defects. Since STM
conductance spectroscopy clearly shows p-type conductivity, indicating an abun-
dance of Cu defects in the lattice, the fact that oxygen defects govern the thin-film
PL is explained by a faster and more efficient recombination via the VO than VCu

emission channel, as the latter requires assembly and trapping of Cu2O excitons
first.

The results obtained in this work mean to provide new information on functional
oxide-based materials, also in combination with plasmonic nanoparticles, suitable
for solar light photocatalysis. The final aim is to obtain materials with increased
visible light harvesting efficiency, with an optimized density of long-living excited
states and with a good stability over time, which can be used, for example, for
green-hydrogen production from solar water splitting or for other photocatalytic
applications.
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Dynamics of Plasmon-Mediated Charge Transfer in Ag@CeO2 Stud-
ied by Free Electron Laser Time-Resolved X-ray Absorption Spec-
troscopy, Nano Letters 2021 21 (4), 1729-1734 10.1021/acs.nanolett.0c04547

Abstract: Expanding the activity of wide bandgap semiconductors from the UV
into the visible range has become a central goal for their application in green
solar photocatalysis. The hybrid plasmonic/semiconductor system, based on
silver nanoparticles (Ag NPs) embedded in a film of CeO2, is an example of a
functional material developed with this aim. In this work, we take advantage
of the chemical sensitivity of free electron laser (FEL) time-resolved soft X-ray
absorption spectroscopy (TRXAS) to investigate the electron transfer process
from the Ag NPs to the CeO2 film generated by the NPs plasmonic resonance
photoexcitation. Ultrafast changes (< 200 fs) of the Ce N4,5 absorption edge al-
lowed us to conclude that the excited Ag NPs transfer electrons to the Ce atoms
of the CeO2 film through a highly efficient electron-based mechanism. These
results demonstrate the potential of FEL-based TRXAS measurements for the
characterization of energy transfer in novel hybrid plasmonic/semiconductor
materials.
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generated Positive Charges in Hybrid Cerium Oxide-Based Mate-
rials from Space and Mirror Charge Effects in Time-Resolved Pho-
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(27), 11174-11181 10.1021/acs.jpcc.2c02148

Abstract: Space and mirror charge effects in time-resolved photoemission spec-
troscopy can be modeled to obtain relevant information on the recombination
dynamics of charge carriers. We successfully extracted from these phenomena
the reneutralization characteristic time of positive charges generated by pho-
toexcitation in CeO2-based films. For the above-band-gap excitation, a large
fraction of positive carriers with a lifetime that exceeds 100 ps are generated.
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Otherwise, the sub-band-gap excitation induces the formation of a significantly
smaller fraction of charges with lifetimes of tens of picoseconds, ascribed to
the excitation of defect sites or to multiphoton absorption. When the oxide is
combined with Ag nanoparticles, the sub-band-gap excitation of localized sur-
face plasmon resonances leads to reneutralization times longer than 300 ps.
This was interpreted by considering the electronic unbalance at the surface of
the nanoparticles generated by the injection of electrons, via localized surface
plasmon resonance (LSPR) decay, into CeO2. This study represents an exam-
ple of how to exploit the space charge effect in gaining access to the surface
carrier dynamics in CeO2 within the picosecond range of time, which is fun-
damental to describe the photocatalytic processes.
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method on inert substrates. SEM and AFM were used to investigate the NP
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their shape, and when they were deposited on HOPG, diffusion and formation
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regardless of the presence of the surrounding MgO. UV–Vis revealed the pres-
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a wide absorption band in the visible range, ascribed to the LSPR excitation
in the NPs. Femtosecond transient absorption spectroscopy at different pump
energies across the LSPR band of the NPs unveiled a persistent charge transfer
from the NPs to CeO2. Efficiency up to 35% for systems with Au NPs has
been estimated.
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