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Abstract: We study the light emission of plasmonic-
luminescent hybrid nanostructures consisting of Ag
nanoparticles (NPs) embedded in europium oxide (EuOX).
The Ag NPs present a bidimensional organization in the
nanostructures and they optically behave as oblate
spheroids. The photoluminescence (PL) spectral response
of the nanostructures evolves from a narrow red emission
characteristic of Eu3+ ions in absence of Ag NPs to a broad
blue-green emission band associated with Eu2+ ions when
the layer of AgNPs is present. This behavior is not related to
a change in the Eu2+/Eu3+ ratio, which is verified by
compositional analysis. Instead, a detailed investigation of
the PL emission of the nanostructures suggests that the
coupling of the Ag NPs to the Eu2+ ions present in the EuOX

layer, which manifests itself in an efficient sensitization of
these ions, enhances their broad visible emission. In
particular, the longitudinal mode of the Ag NPs surface
plasmon is considered to be responsible for the efficient
energy transfer for the non-normal incidence excitation PL
configuration used. Finally, the use of a capping amor-
phous Al2O3 layer allows improving the robustness of

hybrid nanostructures and further enhances their PL
emission. These findings provide a new path to actively
control the selective excitation of Eu2+ and Eu3+ ions via a
controlled coupling with the surface plasmon resonance
modes of the Ag NPs and points to these nanostructures as
promising building blocks for the development of inte-
grable white light sources.

Keywords: Ag nanoparticles; europium oxide; photo-
luminescence; plasmonic-luminescent nanostructures;
surface plasmon resonance; white light LEDs.

1 Introduction

White light-light-emitting diodes (WL-LEDs) have almost
completely replaced conventional lighting sources due to
their high lifetime, superior efficiency, energy-saving, and
safety. Nevertheless, current commercial technology based
on a blue LED combined with a YAG:Ce phosphor
embedded in an epoxy resin coating presents limitations
due to a red color deficiency and thermal constraints that
may affect light emission and limit the applicability of
WL-LEDs [1–6]. Among the alternatives to produce
WL-LEDs, a usual approach consists of the combination of
UV or blue excitation sources with different rare-earth-
doped amorphous or crystalline phosphors [7] that emit
light in the blue, green, and redwavelength ranges in order
to obtain white light by their combination [1, 2, 6]. How-
ever, the use of different phosphors decreases the effi-
ciency of the device and presents technical problems
associated with the combination of phosphors with
different excitation requirements and physical and chem-
ical properties. Thus, the use of light-emitting nano-
structures [8] based on a single rare-earth-based phosphor
capable of transforming the excitation light intowhite light
is an appealing alternative [2, 9, 10]. For that purpose, an
appropriate good absorption in the UV-Blue wavelength
range, strong chemical and oxygen stability, along with a
high conversion efficiency are required [1, 5].
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In particular, Europium is attracting increasing atten-
tion for WL-LEDs due to its unique properties [3, 9–12]. Eu
forms two different stable oxides, europium sesquioxide
(Eu2O3), which is a wide bandgap oxide, and europium
monoxide (EuO), a ferromagnetic semiconductor [13, 14].
The photoluminescence (PL) response of europiummainly
originates from its 4f electrons and it depends strongly on
the valence state of the Eu [9, 11, 15]. Eu2+ presents a short
lifetime, very broad emission PL band originated from the
dipole-allowed 4f65d→ 4f7 transitions that covers the 450–
600 nm spectral region [3, 9, 11, 15–17], and is highly sen-
sitive on the host [1, 3]. On the contrary, Eu3+ presents a
high purity red emission with a long lifetime, associated
with the dipole-forbidden intra-4f shell 5D0→ 7F2 transition
that is observed at 612 nm in the case of cubic Eu2O3 [2, 11,
18–20]. This emission is much less dependent on the host
than that of Eu2+, which converts Eu3+ to a powerful acti-
vator of the red color. Yet, Eu3+ emission can be slightly
tuned in the red spectral region by modifying the crystal-
line field around the ions, such as for instance by changing
the crystalline phase from cubic to monoclinic [18] or the
stress conditions of the host [4, 6]. Thus, a combination of
both oxidation states, Eu2+ and Eu3+, in the same matrix is
appealing when considering WL-LEDs applications, as
white light emission could be achieved using a single Eu-
based phosphor [10, 16]. Unfortunately, Eu3+ presents a
small absorption cross-section in the UV range due to the
dipole-forbidden nature of the intra-4f shell transitions,
which is not desirable for their applicability. Thus, their PL
performance must be enhanced for practical applications.

A promising approach is to sensitize Eu ions with other
dopants, such as Ag, as it has been found that Ag species
may promote Eu excitation by different mechanisms. In
this context, the increase of Eu3+ luminescence has been
related to either plasmonic effects associated with the
enhancement of the electromagnetic field in the vicinity of
Ag NPs when the excitation wavelength is in the range of
the surface plasmon resonance (SPR) of the NPs [19, 21–23],
or to energy transfer (ET) processes between the Eu ions
and Ag+ ions [19] or small Ag clusters not showing SPR (Ag
NCs) [24–26]. The dominant excitation mechanism has
been found to be strongly related to the preparation
method and type of matrix in which Eu and Ag are
embedded [19, 24]. However, these methods must be
compatible with microelectronic technologies required for
the fabrication of the UV or blue excitation sources. In
particular, Pulsed Laser Deposition (PLD) is very suitable
for the synthesis of phosphor materials for WL-LED appli-
cations, as it allows not only good quality conformal sur-
face covering [27] but also the synthesis of tailored
nanostructures containing metal NPs [28, 29]. PLD has

been successfully applied to the synthesis of Eu2O3 [18, 30]
and EuO films [13, 31, 32], and recently, we synthesized
stable nanocrystalline EuOx films, whose PL emission
could be tuned through control of the Eu2+/Eu3+ ratio by
varying the deposition parameters, to obtain either red or
blue-green emission associated to Eu3+ and Eu2+, respec-
tively [15]. The aim of this work is to contribute to the
development of white light-emitting integrated platforms.
We first exploit the capabilities of PLD to produce in a
single step hybrid plasmonic-luminescent nanostructures
consisting of EuOx with an underlayer of Ag NPs, which
leads to a blue-green emission due to the simultaneous
emission from Eu2+ and Eu3+ ions, and then, we discuss the
mechanisms responsible for the observed broadband
visible light emission.

2 Materials and methods

2.1 Nanostructure fabrication

Plasmonic-luminescent (Pl-L) hybrid nanostructures consisting of
europium oxide (EuOX) and Ag nanoparticles (Ag NPs) were prepared
by alternate pulsed laser deposition (PLD) using an ArF excimer laser
(λ = 193 nm; 20 ns pulse duration; energy density = 3.5 J cm−2) inside a
vacuum chamber (Pressure: 2 ± 1 × 10−4 Pa), equipped with a multi-
target holder. Three different targets were used: Sintered Al2O3

(99.99%), Monoclinic Eu2O3 (99.99%), and Ag. During the deposition
process, both substrate and target holders were rotated continuously
to achieve homogenous thin films and to avoid crater formation,
respectively. The nanostructures were deposited at room temperature
on (100) silicon substrates ultrasonically cleaned in acetone (99.0%)
and ethanol (99.9%) in a single step. First, we deposited an amor-
phous Al2O3 (a-Al2O3) layer, on top of which we grew a single layer of
Ag NPs by taking advantage of the Volmer-Weber nucleation process
of a metal layer on the a-Al2O3 dielectric surface. Then, we deposited
EuOX to first fill the space between Ag NPs and then to completely
cover themwith a EuOX layer. Finally, we protected in some cases the
EuOX layer with an additional a-Al2O3 capping layer. More details on
the deposition sequence are described elsewhere [33, 34]. Nano-
structures having the configurations shown in Figure 1 were pro-
duced: EuOX films containing a layer of Ag NPs (Ag NPs:EuOX)
deposited on an a-Al2O3 buffer layer (uncapped, Figure 1A), and Ag
NPs:EuOX films sandwiched between a-Al2O3 buffer and capping
layers (capped, Figure 1B). In addition, EuOX (Figure 1C) and Ag
NPs:Al2O3 (Figure 1D) references were produced. Both buffer and
capping Al2O3 layers were set to be 10 nm thick, while the thickness of
the EuOX layer was designed to be in the range of 10–30 nm. In order
to apply different annealing treatments on identical films, four
samples were produced simultaneously on 0.5 × 0.5 cm2 silicon
substrates for each nanostructure configuration. One of them was
kept at room temperature (As-deposited), while the others were step-
annealed in air up to 150 °C, 200 °C, and 300 °C, respectively. The
temperature rise rate was 10 °C/min and the annealing time was 1 h at
each temperature.
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2.2 Characterization and measurements

Transmission electron microscopy (TEM) in a JEOL 2100F instrument
operated at 200 kV was used for structural characterization of both
plan-view and cross-section samples. Plan-view samples were pre-
pared by direct deposition of the Pl-L hybrid nanostructures on
carbon-coated mica (C-mica) substrates at room temperature. Once
deposited, the samples were floated off in deionized water and picked
up on copper grids for observation. Cross-section samples were made
by focused ion beam milling (Zeiss NVision) from nanostructures
deposited on Si substrates and coated with a gold layer for protection
from beam damage. The composition distribution of the cross-section
samples was characterized by scanning TEM (STEM) EDS mapping
(FEI Talos F200X). The chemical composition of the Pl-L hybrid
nanostructures and Eu oxidation state was characterized by X-ray
photoelectron spectroscopy (XPS). XPS analysis was performed using
a hemispherical electron analyzer (CLAM2) with Al Kα (300 W power)
source. The background vacuum in the chamber was ∼10−5 Pa during
data acquisition. Spectra resolutionwas 20 eV of Pass Energy, which is
typical for high-resolution conditions. XPS spectra were analyzed

using CasaXPS software. Finally, the formation of crystalline phases
was determined by X-ray Diffraction (XRD) (D8 Advance, Bruker,
Germany) with Cu Kα radiation.

Optical characterization of the nanostructures was performed
through reflectance spectroscopy using a Woollam VASE ellips-
ometer (Woollam Co. Inc.) set in photometry mode. The light was
generated by a white light source (Xe lamp), filtered spectrally by a
single monochromator. Then, the light was collimated and passed
through a polarizer to generate either s- or p-linear polarization for
the incident light beam. The angle of incidence (AOI) was 55° and the
reflected light was detected by a silicon detector. PL emission of the
Pl-L hybrid nanostructures was measured under excitation at
λ = 355 nm (P = 145 mW) from a Genesis CX 355-200 optically pumped
semiconductor continuous-wave laser (Coherent) using a lens with a
focal distance of f = 150 nm, incident at an angle δ = 55° onto the
sample. The luminescence emitted by the films was collected in the
normal direction to their surface with a ×10, NA = 0.26 Mitutoyo
objective and imaged by means of a tube lens with f = 100 mm onto a
2 mm slit of a Czerny–Turner type monochromator (ActonSpec-
traPro300i, diffraction grating = 1200 g/mm (VIS)) and detected
through a photomultiplier (EMI9659QB-S20). The spectral resolution

Figure 1: Schematic representation of the Ag
NPs:EuOX Pl-L hybrid nanostructures and
references: (A) Uncapped Ag NPs:EuOX on a-
Al2O3 buffer layer; (B) Capped Ag NPs:EuOX

sandwiched between buffer and capping
a-Al2O3 layers; (C) EuOX reference, and
(D) Ag NPs:Al2O3 reference. (E) Plan-view and
(F) Cross-section TEM images of uncapped
Ag NPs:EuOX Pl-L hybrid nanostructures
deposited on C-mica and Si substrates,
respectively.
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was 2 nm. The signal was amplified using a standard lock-in tech-
nique employing an optical chopper and collected by a PC. All PL
spectra were recorded at room temperature.

3 Results and discussion

3.1 Ag NPs:EuOX Pl-L hybrid nanostructures

Figure 1E shows a plan-view bright-field TEM image of an
uncapped as-deposited Ag NPs:EuOX Pl-L hybrid nano-
structure with a nominal 30 nm thick EuOX layer (sche-
matic uncapped in Figure 1A).We can clearly appreciate Ag
NPs that are uniformly distributed across the sample;
however, the contrast difference between EuOX-covered Ag
NPs and EuOX areas is limited due to the low mass differ-
ence between Ag and Eu. Thus, we have considered a
representative Ag NPs:Al2O3 reference to analyze the
morphology, size, and organization of the Ag NPs as
described in Supplementary Material S1. NPs present a
circular or slightly elliptical in-plane projected shape with
an average length and breadth of 10.9 ± 4.3 nm and
7.6 ± 2.3 nm, respectively, whereas the average spacing
between NPs is 11.2 ± 1.9 nm. The measured NP density is
5.2 × 103 NPs μm−2 and the surface coverage is close to 40%.
Figure 1F shows a cross-section TEM image corresponding
to an uncapped Ag NPs:EuOX nanostructure. Ag NPs (cir-
cular darkest contrast regions) are embedded between two
regions that correspond to the buffer a-Al2O3 layer (lightest
contrast) and the EuOX layer (dark contrast). Thermal
annealing of EuOX films has been found to improve their PL
response [20]. However, themelting temperature of theNPs
depends on their characteristic size. Experimental melting
values in the range from ≈115 to 530 °C that are lower than
the melting temperature of bulk Ag (Tm(Ag) = 962 °C), have
been reported in the case of Ag NPs with a diameter in the
range of a few to 20 nm, such as those shown in Figure 1
[35, 36]. We have estimated a melting temperature of
≈420 ± 50 °C for substrate-supported Ag NPs with a char-
acteristic diameter of 9.2 nm using the Gibbs–Thomson
equation as described in Supplementary Material S2.
Moreover, the studied Ag NPs are embedded in an oxide
layer, which improves their thermal stability [37], and thus,
the calculated melting temperature of Ag NPs is likely a
lower estimation. The stability of the nanostructures upon
annealing has been further confirmed by optical mea-
surements using ellipsometric analysis of as-deposited and
step-annealed up to 300 °C uncapped Ag NPs:EuOX hybrid
nanostructures (Supplementary Material S2). The extinc-
tion coefficient (k) obtained from numerical inversion from
the ellipsometric data (ψ and Δ) that is presented in

Supplementary Material Figure S3C is very similar for as-
deposited and annealed structures, i.e. the optical prop-
erties related to the Ag NPs are not altered by the anneal-
ing. This result indicates that the Ag NPs size and their size
distribution undergo very limited changes upon annealing.
Therefore, we will consider in the following the morpho-
logical analysis of the as-deposited nanostructures to be
representative of the annealed ones.

STEM EDS analysis allows a detailed study of the dis-
tribution of Ag NPs within the nanostructures. Figure 2A
shows the STEM high-angle annular dark-field (HAADF)
corresponding to the cross-section TEM sample presented
in Figure 1F, and the STEM-EDS composition map images
corresponding to Si, O, Al, Ag, and Eu.Wehave determined
the in-depth distribution of these elements by averaging
the data across the horizontal direction in Figure 2A
(i.e., parallel to the substrate surface) and the obtained EDS
composition profiles along the nanostructure normal from
the Si substrate to the top EuOX layer (small to large
thickness values) are shown in Figure 2B. Si and O
composition profiles evidence the presence of a native SiOX

layer a fewnm thick on top of the Si substrate. The intensity
profile for Al shows the main peak corresponding to the
buffer Al2O3 layer located above the SiOX (≈20–28 nm
thickness range) as well as a small Al peak overlapping
with the SiOX layer, which is likely related to the implan-
tation of a small fraction of Al species into the SiOX layer
during the deposition process. At a higher thickness range,
we observe the Ag (≈25–33 nm) and Eu (>24 nm) peaks that
correspond to theAgNPs and the EuOX layer. As it is shown
in Figure 1E, the bottom part of the Eu and Ag peaks
overlap. This is due to the fact that Ag NPs do not form a
continuous layer and EuOX fills the area in between the Ag
NPs.

In order to determine the thickness of the different
layers from the composition profiles we must have in mind
that the element distribution is not a square-wave distri-
bution, but it is closer to a Gaussian distribution, such as
those plotted in Figure 2B for Ag and Al, due to spreading
associated to the X-ray diffraction limit. Thus, we have
estimated the thickness of each layer by averaging the
FWHM and the 1/e width of each line profile shown in
Figure 2B [38]. The calculated thicknesses of the a-Al2O3

buffer and EuOX layers are (ThAl2O3 = 5.5 ± 1.0 nm, and
ThEuOx = 31.5 ± 1.0 nm, respectively, whereas the height of
the Ag NPs is estimated to be HAgNPs = 5.5 ± 1.5 nm. The
values obtained both for Ag NPs and the EuOX layers are in
good agreement with the nominal ones. However, the
a-Al2O3 buffer layer is thinner than intended, which ismost
likely related to the implantation into the substrate of a
fraction of the arriving Al atoms and ions during the
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deposition process as evidenced in Figure 2B. In addition,
we observe a region of ≈1.0–1.5 nm at the SiO2/Al2O3 and
Al2O3/Ag-NPs:EuOX interfaces where the EDS line profiles
of the elements of the different layers overlap; thus sug-
gesting a possible mixing. The STEM probe size is ∼0.2 nm,
though the spatial resolution of the EDS maps could be
greater than 1 nm depending on the sample thickness,
which could partly explain the observed overlapping.
However, the degree of mixing is very small and, as is
evidenced by Figures 1F and 2A, we have a well-defined
nanostructure consisting of a layer of AgNPs that lies on an
a-Al2O3 buffer layer that is covered by a EuOX layer. Finally,
there is no evidence of the presence of Ag in the EuOX layer
covering the Ag NPs.

High-resolution XPS spectra were recorded to analyze
the Eu 3d and Eu 4d core-level peaks in order to investigate
the oxidation states of Eu ions. Figure 3A compares the Eu
3d core-level XPS spectra corresponding to as-deposited
and step-annealed up to 300 °C 30 nm thick EuOX refer-
ences, and an uncapped Pl-L hybrid nanostructure step-
annealed up to 300 °C. Photoemission spectra show a
similar shape with four emission bands. Those centered at
1135 and 1164 eV correspond to the trivalent doublet, Eu3+

3d5/2 and 3d3/2, formed by the components due to the spin–
orbit coupling of the EuOX in the 3+ state; while bands
centered at around 1125 and 1155 eV correspond to divalent
Eu2+ 3d5/2 and 3d3/2 doublet, respectively. Finally, a small
band observed at 1143 eV is related to the satellite peak of
the Eu2+ 3d5/2 main peak structure [15, 30, 39, 40]. XPS
spectra demonstrate that europium is present in both
oxidation states (Eu2+ and Eu3+) in all the nanostructures.
The elemental sample compositions were evaluated using
the integrated areas of the core-level peaksO 1s, C 1s, Eu 3d,
and Si 2p after subtraction of the background andfitting the
experimental curve. Then, the atomic percentage of one
element in the sample was calculated using the relation:

Figure 2: (A) Cross-section HAADF image, and STEM-EDS composition map images corresponding to Si, O, Al, Ag and Eu obtained for the
uncapped Ag NPs:EuOX Pl-L hybrid nanostructure shown in Figure 1F. (B) EDS line profiles for Si, O, Al, Ag, and Eu along the nanostructure
normal from the Si substrate to the top EuOX layer.

Figure 3: (A) XPS Eu 3d core level spectra of as-deposited and
annealed EuOX references, and annealed uncapped Ag NPs:EuOX Pl-L
hybrid nanostructures. (B) XRD spectra of as-deposited and annealed
EuOX references, andcappedanduncappedannealedAgNPs:EuOXPl-L
hybrid nanostructures. Annealing temperature = 300 °C. Monoclinic
(:) and cubic (■) crystalline planes are indicated in the figure.
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Xi = Ai/Si
∑iAi/Si

.100 (1)

where Ai is the area of the peak related to atom i, and Si is
the reported sensitivity factor of atom i [41]. In the case of
Eu, we assumed a similar contribution of the cross-section
for the 3d core level of Eu3+ and Eu2+ peaks [39, 42], and we
considered Ai as the sum of the areas under the curves that
peaked at 1135 and 1164 eV for Eu3+, while the Eu2+ per-
centage was determined from the areas under the curves
corresponding to the Eu2+ and peaked at 1125 and 1155 eV.
The calculated Eu contents and the Eu2+ fraction is shown
in Table 1.

The results obtained show that thermal annealing in
air up to 300 °C does not affect the relative content of Eu2+,
neither does the inclusion of Ag NPs. The Eu2+/Eutotal ratio
(Eutotal = Eu2+ + Eu3+) is close to 0.3 in all cases. Thus, both
as-deposited and annealed nanostructures, present a layer
composed of amixture of europium oxides, with amajority
content of the sesquioxide (Eu2O3) and a lower but signif-
icative presence of the monoxide (EuO). The fact that step-
annealing in air up to 300 °C (annealing at 300 °C fromnow
on) does not modifies the relative Eu2+ content suggests
that the presence of Eu2+ in the films is due to a partial
reduction process during film deposition by PLD. EuOX

layers were produced from a stoichiometric Eu2O3 target in
vacuum. Under these experimental conditions, most ox-
ides present an oxygen deficiency caused by the differ-
ences in the expansion dynamics of the ablated species
present in the laser-generated plasma. Heavy species, such
as Eu atoms and ions show a much narrower angular dis-
tribution than the much lighter oxygen atoms and ions,
which leads to oxygen-deficient films when the substrate is
placed in front of the target as it is the case in the present
work [31, 43, 44].

Post-deposition thermal step-annealing in air does not
alter the Eu2+/Eu3+ ratio in the nanostructures; but it in-
duces their crystallization, as is shown in Figure 3B where
we present the X-ray diffraction patterns measured for the
as-deposited and annealed at 300 °C EuOX references. The
as-deposited EuOX reference is clearly amorphous,

whereas after step-annealing it presents two peaks at 28.5°
and 33.15° that correspond to the Eu2O3 cubic phase (PDF
00-034-0392) [18, 45]. Figure 3B also shows the XRD
diffraction patterns for both uncapped and capped Ag
NPs:EuOX Pl-L hybrid nanostructures annealed at 300 °C.
They present diffraction peaks that correspond to Eu2O3

with a crystalline phase that depends on the sample
configuration. In the case of uncapped nanostructures, the
Eu2O3 crystallizes in the monoclinic phase (PDF 00-034-
0072) [18, 45] as indicated by the twomain peaks located at
22° and in the 31–32° range of its XRD spectrum, while the
addition of a capping a-Al2O3 layer favors the crystalliza-
tion of the Eu2O3 cubic phase. No evidence of the crystal-
lization of any EuO phase (PDF 00-018-0507) [31, 45] was
found in any sample.

We have finally calculated the grain size (D) and lattice
strain (S) of the EuOX layers through the Debye–Scherrer
equation (D = 0.93 λ/β cos θ), and expression (S tan θ = (λ/
D cos θ) − β), respectively [30, 32], whereD is the crystalline
grain size, λ corresponds to the incident X-ray wavelength
(1.54 Å in the case of Cu Kα radiation), θ is the Bragg angle
of the individual peak, and β = (βobs − βstd) is obtained after
subtracting the instrumental line broadening (βstd.) that is
0.0035 (in 2θ units), to the full width half maxima (FWHM)
of the relevant diffraction peak (βobs.). Table 2 summarizes
the data obtained from the XRD analysis of the EuOX ref-
erences, and the uncapped and capped nanostructures
annealed at 300 °C. The results presented in Figure 3B
indicate that the presence of the Ag NPs layer does not
determine the crystalline phase of the EuOX layer; but this
is rather related to the deposition of buffer and capping
a-Al2O3 layers, since, as discussed in a previous work [18],
they induce changes in the stress of the EuOX layer during
crystallization. When only one of them is deposited, EuOX

crystallizes in the monoclinic phase, while when both
buffer and capping layers are deposited, EuOX crystallizes
in the cubic phase and, in this case, there is a dominant
crystalline orientation along the (400) direction, with a
larger nanocrystallite size and reduced strain, which is
expected to affect the PL response of the nanostructured
films [6, 18, 46].

3.2 Optical characterization of Ag NPs:EuOX

Pl-L hybrid nanostructures

Figure 4A Shows the s-polarized (Rs) and p-polarized (Rp)
specular reflectance spectrameasured for the uncapped Ag
NPs:EuOX nanostructure shown in Figure 1E and F. Rs

shows a broad maximum centered at λ ≈ 520 nm and a
marked shoulder at λ ≈ 380 nm, while in the case of Rp the

Table : Eu+ and Eu+ contents in at%, and Eu+/Eutotal concen-
tration ratios in the EuOX references (before and after annealing) and
uncapped Ag NPs: EuOX Pl-L hybrid nanostructures (after annealing)
determined from XPS measurements.

Sample Tann [°C] Eu+ [at%] Eu+ [at %] Eu+/Eutotal

EuOX As-deposited . . .
EuOX  °C . . .
Ag NPs:EuOX  °C . . .
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broad maximum downshifts to λ ≈ 500 nm, and a second
narrow peak appears at λ ≈ 370 nm. We can relate this
behavior to the morphology of Ag NPs. As it has been
shown in Section 3.1 and Supplementary Material S1, the
Ag NPs are not spheres, but oblate ellipsoids. Moreover,
since they are randomly oriented in the plane of the
nanostructures (Figure S1), they behave optically as oblate
spheroids having an in-plane average dimension
(D ≈ 9.2 ± 4.5 nm) and an NP height H ≈ 5.5 ± 1.5 nm, i.e.
with an aspect ratio, H/D < 1. Figure 4B illustrates the
electric field direction for each polarization component of

the incident beam light at an AOI of 55° with respect to the
nanostructure surface in the experimental configuration
used in the reflectance spectroscopy measurements. When
the beam is s-polarized, the electron clouds of the NPs are
excited and oscillate along the axes parallel to the sub-
strate (x, y) due to the excitation of transverse plasmons. On
the contrary, when the incident beam is p-polarized, the
excitation has two components parallel and perpendicular
to the substrate. Then, the electron clouds oscillate not
only along x and y axes but they do it as well along the axis
perpendicular to the substrate (z) and thus, an additional

Table: Position (θ) and FWHMof the XRDdiffraction peaks, identified crystalline phase and orientation, crystallite size (D) and lattice strain
(S) for each diffraction peak corresponding to the EuOX reference and the uncapped and capped Ag NPs:EuOX Pl-L hybrid nanostructures.

Sample Configuration θ FWHM [θ] Phase & orientation D [nm] S [×−]

EuOX – . . Cubic () . .
EuOX – . . Cubic () . .
Ag NPs:EuOX Uncapped . . Monoclinic () . .
Ag NPs: EuOX Uncapped . . Monoclinic () . .
Ag NPs:EuOX Capped . . Cubic () . .
Ag NPs: EuOX Capped . . Cubic () . .

Figure 4: (A) Specular reflectance spectra for s- (Rs) and p- (Rp) polarized light measured for an uncapped annealed Ag NPs:EuOX Pl-L hybrid
nanostructure at an AOI of 55°. (B) Configuration of the specular reflectance measurements. (C) Effective extinction coefficient spectrum
obtained from the simultaneous best fit of Rs and Rp using the procedure described in section S3 of the SupplementaryMaterial. (D) Extinction
efficiency (Qext) spectra at increasing angles of incidence calculated using the FEM model described in section S4 of the Supplementary
Material for an oblate Ag NP (in-plane long and short axes equal to 10.9 and 7.6 nm, respectively; height = 3.5 nm) embedded in EuOX.
(E) Calculated top (top panel) and lateral (bottom panel) view intensity maps of the electric field scattered by the Ag NP upon excitation with a
plane wave at λ = 355 nm and at an incidence angle of 30°.
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longitudinal plasmon mode is excited [47, 48]. If NPs are
spherical, transverse and longitudinal plasmon modes are
degenerate and a single plasmon resonance is observed.
However,when theNPs are distorted, the spherical symmetry
is broken and the SPR band splits into transverse and longi-
tudinal modes [47, 48]. Thus, in the present case and for
p-polarized light the SPR band splits into transverse and
longitudinal modes corresponding to electron cloud oscilla-
tion in the plane of the nanostructures and perpendicular to
it, respectively. Since H/D < 1 the transverse resonance shifts
into the red,while the longitudinal one shifts to the blue,with
respect to the case of spherical NPs, which leads to the two
bands at 500 nmand at 370 nmobserved in theRp reflectivity
spectrum shown in Figure 4A.

To obtain the extinction spectrum of the uncapped
hybrid nanostructure, we modeled it as a layered structure
in which the Ag NPs layer is represented by an effective
medium approximation. Details on the model and the
simulation are included the Supplementary Material S3.
We have obtained from the fitting of Rp and Rs the effective
refractive index (Neff = neff+ ikeff) of the layer containing the
Ag NPs. Figure 4C shows the effective extinction coefficient
(keff). It shows a maximum at 505 nm that corresponds to
the transverse SPR mode, and an additional band in the
350–400 nm range that we attribute to the longitudinal
SPR mode of the Ag NPs. We have cross-checked this
behavior by performing finite element calculation simula-
tions using the COMSOLMultiphysics software [49]. Details
about these simulations are given in Section S4 of the
Supplementary Material. The structure simulated consists
of an oblate AgNP that is embedded in EuOX. Details on the
NP dimensions are given in Section S4 of the Supplemen-
tary Material. Figure 4D shows the calculated extinction
efficiency Qext spectra at increasing angles of incidence
with respect to the Ag NP equatorial plane (xy) for a Ag NP
having long and short axes equal to 10.9 and 7.6 nm,
respectively, and a height of 3.5 nm. At normal incidence,
we only observe the transverse modes at λ ≈ 540 nm, while
as the AOI increases, a second extinction band at
λ ≈ 360 nm appears, which corresponds to the excitation of
the longitudinalmode of theAgNPs [47]. The larger theAOI
themore intense theQext corresponding to the resonance of
the longitudinal mode. Moreover, since we are considering
a single NP with an elliptical in-plane section we appre-
ciate in Figure 4D a shoulder at the long-wavelength side of
the transversemode that corresponds to the breaking of the
degeneration of the transverse modes.

We have evaluated the intensity map of the electric
field scattered by the Ag NP upon excitation with an inci-
dent plane wave at the PL excitation wavelength
(λ= 355 nm) for an incidence angle of 30°with respect to the

Ag NP equatorial plane (xy), which taking into account the
Snell law it corresponds to an experimental AOI close to 55°
with respect to the surface of the hybrid nanostructures
(Figure 4B). The results of the modeling are shown in
Figure 4E. Themap shows a strong intensification (∼×10) of
the field intensity along the direction normal (z) to the
equatorial plane of the NP (Figure 4E bottom panel).
Finally, even if the model used only provides a qualitative
interpretation, we have evaluated the effect of the size
dispersion of the Ag NPs and the interparticle distance has
on the optical response of the nanostructures (details of the
modeling are given in Section S4 of the Supplementary
Material). The results of these simulations show a broad-
ening of the extinction bands due to the wide distribution
of NPs sizes, and a strong increase of the near electric field
intensity around the NPs that is about one order of
magnitude higher than incident electric field due to the
proximity of other NPs. The results of these simulations
thus confirm that the optical response of theAgNPs layer in
the conditions of PL experiments is undoubtedly beneficial
for the excitation of rare earth ions by increasing their
excitation probability [19, 21–23].

3.3 Photoluminescence of Ag NPs:EuOX Pl-L
hybrid nanostructures

All the Pl-L hybrid nanostructures show clear PL emission
when excited at 355 nm. Figure 5A compares the PL spectra
obtained for uncappedPl-L hybrid nanostructures having a
30 nm thick EuOX layer, as a function of the annealing
temperature. Spectra were normalized by themaximum PL
emission intensity value, obtained at 612 nm for the EuOX

reference annealed at 300 °C (Supplementary Material S5).
The PL spectra of EuOX and Ag NPs:Al2O3 references
annealed at 300 °C have been included in the figure for
comparison. The EuOX reference shows the characteristic
Eu3+ 4f intra-transitions emission bands centered at 580
and 612 nm that correspond to the 5D0→ 7FJ (J = 0, 1, 2) Eu3+

transitions [18–20]. The presence of the Ag NPs has a dra-
matic impact on the PL response of the nanostructures. As-
deposited Pl-L hybrid nanostructures show a broad visible
emission band in the 400–660 nm spectral range in addi-
tion to the characteristic Eu3+ 4f intra-transitions emission
bands in the 570–640 nm range. The increase of the step-
annealing temperature induces a clear increase of the
broad VIS band, whereas the Eu3+ related emission does
not show a significant intensity increase. The overall
maximum PL emission intensity was obtained for samples
annealed at 300 °C.

4002 P. Gomez-Rodriguez et al.: Toward white light emission from Ag NPs:EuOx nanostructures



There are many examples that point out the beneficial
effect of co-doping with Ag to achieve an intense and broad
PL in the case of Europium-doped bulk glasses and crystals
[19, 22–26]. In these works, the increase of Eu3+ emission is
related to ET processes between Ag species and Eu3+,
whereas there is controversy about the origin of the broad
VIS emission band that is attributed to both the emission of
Eu2+ ions and different Ag species, such as ions, pairs (Ag+–
Ag+, Ag+–Ag0), small molecule-like Ag clusters not showing
SPR (Ag NCs) or Ag NPs. In these cases, nucleation and
growth of Ag NPs or NCs and the incorporation of Eu ions to
specific sites take place during the synthesis process, which
leads to a homogeneous distribution of Ag and Eu dopants.

However, nucleation and growth are completely different in
the present case. The different layers (buffer and capping
a-Al2O3, Ag NPs, and EuOX) composing the Ag NPs:EuOX Pl-
L hybrid nanostructures were deposited sequentially as in-
dependent layers, while the low-temperature annealing
limits the possibility of Ag diffusion, which leads to a
layered nanostructure with the Ag NPs showing a bidi-
mensional organization in a single layer [23, 29] that is
covered by a EuOX layer, as it is shown in Figure 1F.

In order to gain insight about the origin of the broad
VIS emission band, that we will see it renders a chromatic
coordinate in the blue-green close to white emission
chromatic coordinates, we have compared the spectral

Figure 5: (A) Annealing temperature dependence of the photoluminescence emission spectra from uncapped Ag NPs:EuOX Pl-L hybrid
nanostructures annealedat (red) 300 °C, (purple) 200 °C, (blue) 150 °C, and (magenta) as-grown. PL spectra fromEuOX (black) andAgNPs:Al2O3

(green) references annealed at 300 °C have been included for comparison. Data are normalized to the PL emission intensity value at 612 nm of
the EuOX reference (λexc = 355 nm; P = 145mW). (B) Schematic energy levels of Eu3+, Eu2+ and Ag species under 355 nmexcitation with possible
mechanisms of interaction between Ag species and Eu ions: Energy transfer from Ag+ ions (ET1) and Ag+–Ag0 pairs (ET2) to Eu2+ ions, and
plasmonic near-field enhancement associated to the longitudinal dipolar mode of Ag NPs (Plasmon enhancement). (C) PL emission spectra of
(red) uncapped and (green) capped Ag NPs:EuOX Pl-L hybrid nanostructures annealed at 300 °C, and (black) EuOX reference. Data are
normalized to the PL emission intensity value at 612 nm of the EuOX reference annealed at 300 °C. (λexc = 355 nm; P = 145 mW).
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shape of the PL emission of Ag NPs:EuOX Pl-L hybrid
nanostructures with that of the Ag NPs:Al2O3 reference
(Figure 5A and Supplementary Material S6). In absence of
AgNPswe observe PL emission from Eu3+ but not fromEu2+

[18–20], while PL emission from theAgNPs:Al2O3 reference
(Figure 5A) is weak and centered around 450 nmwith a tail
that extends up to 600 nm. Instead, PL emission intensity
of the uncapped Ag NPs:EuOX nanostructures is much
more intense in the whole VIS range and, as it is shown in
Figure 5A, it presents a characteristic broad band centered
at 520 nm that is not observed in the case of the Ag
NPs:Al2O3 reference, along with two shoulders at 420 nm
and in the 430–480 nm wavelength range (Supplementary
Material S6) that could be related to Ag species [19, 25, 26].
However, sinceAgNPs layers in the AgNPs:Al2O3 reference
and in the Pl-L hybrid nanostructures were produced using
the same procedure, nonplasmonic Ag species (ions, pairs,
and Ag NCs) should be present along with Ag NPs in both
cases and, therefore, if the intense VIS emission was
related to them, the Ag NPs:Al2O3 reference should show
this feature too. Thus, even if from the results shown in
Figure 5A and Supplementary Material S6 we cannot
completely rule out a limited contribution in the 410–
480 nm spectral range from Ag+ ions and Ag+–Ag0 pairs
[19, 25, 26], which can be present in nanostructured films
produced by PLD [34], we attribute the broad VIS PL
emission in the 400–570 nm range to Eu2+ ions, that is
triggered by the presence of Ag species. Moreover, the in-
crease of PL emission with the thickness of the EuOX layer
(Figure S10) supports that the broad VIS emission band is
related to the EuOX layer as it is discussed in Supplemen-
tary Material S7. Finally, we relate the observed increase of
the PL emission intensity upon thermal annealing to two
factors. First, the reduction of defects in the EuOX layer,
characteristics of oxide films deposited by PLD, which
could cause quenching of the PL emission in the as-
deposited nanostructures, and second to the crystalliza-
tion of the nanostructures (Figure 3B) that orders the local
environment around Eu ions [17, 20].

The fact that EuOX references do not show PL emission
from Eu2+ (Figure 5A), although ∼30% of the europium
present in these films is in its+2 sate (Table 1), suggests that
either Eu2+ is not efficiently excited in absence of Ag NPs,
even if both Eu3+ and Eu2+ ions can absorb the incident
laser radiation at 355 nm [9, 15], or Eu2+ de-excites non-
radiatively from the 4f6 5d excited levels. Since Eu2+ emis-
sion is observed when Ag NPs are introduced into the
nanostructures, a nonefficient direct excitation of Eu2+ ions
in absence of Ag species is most likely to occur and sug-
gests the existence of cooperative excitation processes
between Ag species and Eu ions. There are several

excitation and transfer mechanisms that could be respon-
sible for the efficient excitation of Eu2+ ions. Figure 5B
summarizes the schematic energy levels diagrams of Eu3+,
Eu2+ ions, andAg species, alongwith possible ET channels.

The results presented in Figure 5A and Supplementary
Material S6 suggested the presence of Ag+ andAg+–Ag0 pairs.
Ag ions andpairs absorb theexcitationwavelengthat 355nm,
and they can partially transfer the excitation to Eu ions
through ET mechanisms [19, 24, 25]. However, as shown in
Figure 2B these species would be confined at the a-Al2O3/
EuOX interface,whichwould limit the impact of ET on theVIS
PL enhancement due to the small excitation distance range
associatedwith theETprocesses. Thesecondmechanism that
could be responsible for the PL enhancement is the excitation
of Eu ions due to the intensification of the local field associ-
ated with the SPR of the Ag NPs [19, 22, 23], which requires
that the SPR band overlaps with the absorption bands of the
Eu ions. The AOI of the 355 nm excitation laser beam used in
the PL experiments was 55° (Figure 4B). Under these experi-
mental conditions, our hybrid nanostructures present an
absorption shoulder in the 350–400spectral rangeassociated
with the resonance of the longitudinal mode of Ag NPs sur-
face plasmons (Figure 4C) as it has been discussed in Section
3.2. This enables the absorption of the 355 nm incident beam
and thus, induces the enhancement of the near electromag-
neticfield in the vicinity of theAgNPs as it has been shown in
Figure 4E. The estimated Ag NPs surface coverage is close to
40%,with the EuOX layer being deposited on and in-between
the Ag NPs (Figure 1F). This implies that there is a large sur-
face area in which Eu ions and Ag NPs are in close contact.
Moreover, the coupling distance for an efficient transfer of
excitation fromAgNPs toEu ions canbeas longas 30nm(see
Supplementary Material S7) [23]. Thus, we consider that
SPR-mediated excitation rather than ET from Ag+ and Ag+–
Ag0 pairs to Eu ions, is the most likely excitation path for Eu
ions in the present case. The fact that Eu3+ emission does not
show an evident increase in the presence of Ag species when
compared to that of Eu2+ ions, could be related to the different
character of Eu2+ and Eu3+ transitions: while 5d → 4f Eu2+

transitions are spin and parity allowed, 4f → 4f Eu3+ transi-
tions are forbidden, and thus the former ismuchmore intense
than the latter, which could mask the increase of Eu3+ emis-
sion [11, 20].

We have finally, analyzed the effect that the configu-
ration of the nanostructures has on the PL response, as it is
known to affect the relative intensity of the Eu3+ PL emis-
sion bands [18, 46], and the presence of a capping layer
determines the crystalline structure of the Ag NPs:EuOX

nanostructures (Figure 3B). Figure 5C compares the PL
emission spectra of uncapped and capped Pl-L hybrid
nanostructures annealed at 300 °C. We observe a strong
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increase of the overall PL intensity emission for a similar
EuOX active layer in the case of the capped nanostructures.
We have evaluated the contribution of Eu2+ and Eu3+ to the
PL emission intensity increase and spectral shape change.
As it is described in detail in SupplementaryMaterial S6, PL
emission of both Eu2+ and Eu3+ increases when adding the
capping layer. However, the contribution of Eu+3 ions to the
total PL emission is only a few %, which makes difficult to
evaluate its relative increase, yet we have estimated that
the relative increase of PL emission fromboth Eu2+ and Eu3+

ions is similar (≈×3). Concerning the spectral shape of PL
emission, we observe that Eu3+ emission (Figure S9B) re-
flects the change of the nanocrystalline phase from
monoclinic to cubic when adding the capping layer.
However, this change does not affect the overall spectral
shape of nanostructures emission due to the small contri-
bution of Eu3+ ions to the total emission. Instead, this is
dominated by Eu2+ PL. As it is shown in Figure S9C, the
overall shape in the case of uncapped and capped nano-
structures is similar, the main difference being the
decrease of the relative intensity of the PL band at λ ≈
420 nm when adding the capping layer that could be
related to the change of the crystalline phase. Therefore,
we consider that the main effect of the capping layer is to
increase the overall PL emission intensity, while the shape
of the PL emission is only slightly affected. This behavior is
likely related to the beneficial effect of the capping a-Al2O3

layer, since it leads to denser EuOX films [18], with larger
crystallites and reduced strain (Figure 3B and Table 2), and
it protects EuOX active layers from the incorporation of OH−

groups from the atmosphere [50], thus decreasing non-
radiative de-excitation paths in the case of capped
nanostructures.

To conclude, we have evaluated the chromatic co-
ordinates (CIE 1931) of the Pl-L hybrid nanostructures and the

references. The results are shown in Figure 6. The coordinates
of the EuOX reference are clearly in the red region (x = 0.46,
y = 0.34), whereas that of the Ag NPs reference fall into the
blue region (x = 0.23, y = 0.25). Finally the inclusion of the Ag
NPs into the EuOX layer induces a shift toward the light blue-
green region: (x = 0.25, y = 0.33) and (x = 0.26, y = 0.35) for
uncapped and capped Ag NPs:EuOX Pl-L hybrid nano-
structures annealed at 300 °C, respectively. Therefore, the
addition of the capping layer allows fine tuning of PL emis-
sion, and the color coordinates of Ag NPs:EuOX nano-
structures are very close to the pure white CIE 1931 chromatic
coordinates (x = 0.33, y = 0.33).

4 Conclusions

Hybrid plasmonic-luminescent Ag NPs:EuOX nano-
structures have been produced in a single step by PLD in
vacuum at room temperature. Ag NPs show a bidimen-
sional organization in a single layer, while EuOX fills in the
spacing between the NPs as well as covers them. XPS
analysis shows that Eu is present in the nanostructures in
both oxidation states: Eu2+ (≈30%) and Eu3+ (≈70%).
Annealing in air at a moderate temperature (300 °C) does not
significantly alter themorphology of the AgNPs array neither
modify the Eu2+/Eu3+ ratio, but it induces the formation of
Eu2O3 nanocrystallites and leads to an increase of the PL
response. The presence of the Ag species has a strong impact
on the PL response.Without AgNPs, EuOX references present
the characteristic red emission related to the intra 4f transi-
tions of Eu3+ ions, while no contribution from Eu2+ ions is
observed. Instead, the presence of Ag NPs leads to an intense
emission in the blue-green visible spectral region that is
related to the 4f 6 5d1→ 4f 7 transitions of Eu2+. These densely
packed Ag NPs optically behave as oblate spheroids, that in
the PL experimental configuration used present an absorp-
tion band associated to their surface plasmon longitudinal
mode, which overlapswith the 355 nmexcitationwavelength
used. The coupling of nearbyNPs contributes to enhance this
absorption. This allowsefficient excitationofEu2+ ionsbySPR
mediated excitation. Finally, the presence of a capping
a-Al2O3 enhances the PL response of the Ag NPs:EuOX Pl-L
hybrid nanostructures due to the improvement of their
nanocrystalline structure. These EuOX-based nanostructures
are of great interest for the development of compact and
integrableWL-LEDsdue to their broad visible emission that is
close to pure white emission, and the possibility of control-
ling selectively the Eu2+/Eu3+ excitation ratio through the
deposition parameters, which allows tuning their color
emission.

Figure 6: CIE 1931 chromatic diagram corresponding to the ( ) EuOX

and ( ) Ag NPs:Al2O3 references, and the ( ) uncapped and ( )
capped Ag NPs:EuOX Pl-L hybrid nanostructures.
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