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Owing to their unique non-linear optical character, lanthanide-based up-converting materials are
potentially interesting for a wide variety of fields ranging from biomedicine to light harvesting. However,
their poor luminescent efficiency challenges the development of technological applications. In this
context, localized surface plasmon resonances (LSPRs) have been demonstrated as a valuable strategy to
improve light conversion. Herein, we utilize LSPR induced by gold nanoparticles (NPs) to enhance up-
conversion photoluminescence (UCPL) in transparent, i.e. scattering-free, films made of nanophosphors
formed by fluoride—oxyfluoride host matrix that feature high thermal stability. Transparency allows exci-
tation by an external source without extinction losses caused by unwanted diffuse reflection. We provide
a simple method to embed gold NPs in films made of YF/YOF:Yb** Er®* UC nanophosphors, via prepara-
tion of a viscous paste composed of both UC nanophosphors and colloidal gold NPs, reducing com-

Received 21st January 2022, plexity in sample fabrication. The dimensions of gold NPs are such that their associated LSPR matches

Accepted 1st April 2022 spectrally with the green emission band of the Er** doped nanophosphors. In order to demonstrate the
DOI: 10.1039/d2ma00068g benefits of plasmonic nanoparticles for UCPL in nanophosphor films, we provide a careful analysis of
the structural properties of the composite thin films along with precise characterization of the impact of
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Introduction

Rare earth-activated up-converting materials, typically
composed of an inorganic host matrix doped with lanthanide
ions, e.g., Er*", Ho®>", and Tm?®", have attracted a great deal of
scientific and industrial interest due to their unique non-linear
optical character." Their long emission lifetime, narrow
emission bandwidth and excellent photo-stability, result from
the 4f transitions of lanthanide ions, which allow them to have
enormous potential for different fields including biomedicine,>
light harvesting,® super-resolution microscopy® and color
display.® However, these materials present relatively low bright-
ness due to the intrinsically inefficient non-linear process,® and
their small absorption cross-section,”® which is challenging
when developing practical applications based on up-conversion
(UC) nanotechnology.

Several strategies to overcome the above-mentioned issues
have been designed in recent years. Most of them are related to
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the optimization of the material composition and chemical
structure, including surface passivation through core-shell
architectures,” dopant optimization'® or host engineering."*
Other strategies involve modification of the optical environ-
ment of the UC materials. Among these, localized surface
plasmon resonances (LSPRs)"” induced by metallic nano-
particles (NPs) appear as a valuable alternative to modulate
the emission of up-converting materials."*'® When metallic
NPs are illuminated, the electron cloud oscillates within the
skin depth of the metallic NP, which produces a significant
enhancement of the electric field intensity in the proximity of
the resonant NP. For up-converting nanoparticles (UCNPs)
located in the proximity of the metallic NP, such electric field
enhancement can modify the fraction of the incident light that
nanomaterials absorb if LSPR matches the excitation band of
the UC material, but also alter the dynamics of electron transi-
tions between the ground and excited states if metallic NPs are
chosen to be resonant with the emission of the UC materials."*

Several experimental demonstrations of the use of LSPRs to
enhance UCPL have been reported recently.’” " In fact, it has
been shown that aqueous solutions of different core/shell
heterostructures in which thin layers of gold or Au/SiO, nanor-
ods, capable of supporting LSPRs that match the emission or
excitation band of UCNP, allow enhancing UCPL."""*® Metallic
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NPs have been also successfully combined with UC materials
deposited as films or integrated into more complex architec-
tures. For instance, inorganic nanowires coated with Au nanor-
ods have proven useful to improve the emission of UCNPs
deposited atop.'® Also, the surface of a three-dimensional
photonic crystal was coated with UCNPs and gold nanorods
to prove a significant increase in the UCPL due to a combined
plasmonic/photonic effect.’* In another example, SiO,
microbeads decorated with Ag NPs coated with UCNPs have
demonstrated enhanced absorption and UCPL.>' However,
most of the proposed approaches involve complex preparation
techniques, which compromise their applicability.

Herein, we combine gold NPs and fluoride-oxyfluoride
UCNPs in a single film following inexpensive solution-based
preparation routes, and study UCPL. We use a fluoride-oxy-
fluoride matrix as the host material because these matrices
exhibit high conversion efficiencies typical of fluorides along
with the thermal stability associated with oxides.** Notice that
thermal stability becomes particularly relevant for applications
where high-power lasers are used as the excitation source.
Central to our approach is the development of unprecedented
optically transparent (i.e., scattering free) films made of UCNPs,
capable of hosting plasmonic particles and allowing their
excitation by an external source without extinction losses
caused by unwanted diffuse reflection. Hence, the LSPR of gold
NPs is targeted to be resonant with the emission band of the
UCNPs. Enhancement of the up-conversion effect is observed
and its plasmonic origin confirmed by the combined analysis of
the spectral dependence of the gold NP modified UCPL and its
decay dynamics. Furthermore, the effect of LSPRs on the inter-
play between excitation and relaxation processes occurring in
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the UCNPs is discussed on the basis of the changes observed in
the power dependence relation between excitation power and
emitted UCPL intensity.

Results and discussion
Gold nanoparticle-loaded nanophosphor films

Yttrium fluoride NPs co-doped with ytterbium and erbium
(YF3:Yb*"Er’") NPs were synthesized following a procedure
reported elsewhere.?” Their transmission electron microscopy
(TEM) image is displayed in Fig. Sla (ESIt), showing that
YF;:Yb*"Er** NPs are uniform and present an ellipsoid-like
morphology, with a mean long dimension of 152 nm + 15 nm.
In order to prepare nanophosphor films based on those NPs,
we develop nanocrystal-based pastes by mixing the phosphor
NPs with an organic binder, see the schematic processing in the
left side of Fig. 1a.>>** To embed metallic NPs in nanopho-
sphor films, gold colloids (see Fig. S2 of the ESI{) were
introduced into the YF3:Yb*"Er’" suspension during the paste
preparation, see the schematic processing in the right side of
Fig. 1a. Full details are provided in the Experimental section.
Nanophosphor films without and with embedded gold NPs
were fabricated by blade coating (see Fig. 1b). This method
allows obtaining mechanically stable and uniform films of
controlled thickness. The top view Scanning Electron Micro-
scopy (SEM) image of a representative nanophosphor film
devoid of gold nanoparticles is displayed in Fig. S1b (ESIf).
The image reveals a flat surface and a connected nanocrystal
network. Also, film processing does not alter the shape and size
of the nanophosphors. Fig. 1c and d present the top view SEM
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Fig. 1

(a) Schematic of the paste preparation method. (b) Sketch of the film processing. (c—f) SEM images with different magnifications of a top view

(c and d) and a cross section (e and f) of a nanophosphor film that contains 2 wt% of gold NPs. A single gold NP is highlighted with a red line in (d). (g) XRD
pattern of nanophosphor films with different contents of gold NPs. Reference patterns included in (g and h) are YF3 (dark yellow vertical lines, power
diffraction reference (PDF) No. 00-032-1431), Y,Og¢Fs (purple vertical lines, PDF No. 01-070-0867) and Au (green vertical lines, reference No. 00-001-

1172). (h) Details of (g) to highlight the Au signal.
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images of a nanophosphor film with 2.0 wt% of embedded gold
NPs with different magnifications. In particular, gold NPs
appear as bright dots in Fig. 1c. Elemental analysis of the
region shown in Fig. 1d further confirms the presence of gold
in the film (see Fig. S1c of the ESIY). Fig. 1e and f and Fig. S1d-h
(ESIT) show the SEM images of a cross section and pictures of
nanophosphor films with different amounts of embedded gold
NPs, which can be identified as bright dots in Fig. 1f. All films
are uniform with a thickness around 5 pum. Nevertheless, we
observe that the presence of gold NPs induces a certain increase
in the porosity of the films along with their thickness (see
Fig. S1d-g (ESIT)). We determined the crystalline structure of
our nanophosphor films by performing X-ray diffraction (XRD)
measurements. Full details are provided in the Experiment
section. Fig. 1g and h display XRD patterns of films with
different contents of embedded gold NPs. Analysis reveals that
the films present a two-phase mixture of orthorhombic YF;
(Powder Diffraction File (PDF) No. 00-032-1431)*° and orthor-
hombic Y,O¢F, (PDF No. 01-070-0867).>> The formation of
orthorhombic Y,O¢F, is due to the inherent instability of the
fluoride host. During annealing in an air atmosphere, O atoms
replace F ones and are incorporated in the lattice.>>*” Notice
that the intensity of the diffraction peaks and their full width at
half-maximum (FWHM) are very similar for all samples, which
indicates that all nanophosphor films feature similar crystal-
linity regardless of their gold content. In addition, the higher
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peak intensity of the gold signal (reference No. 00-001-1172) is
observed for nanophosphor films with a larger embedded gold
content, as highlighted in Fig. 1h.

Spectroscopic analysis of the up-conversion
photoluminescence

Fig. 2a and b present the total transmittance and absorptance
measurements of nanophosphor films with different contents
of embedded gold NPs. A broad band, between ~450 nm and
~800 nm, associated to the LSPR of gold NPs is clearly
observed for gold-containing films.'®'***° Notice that the
intensity of the band increases with the gold content in the
nanophosphor films. Moreover, its spectral position slightly
shifts to the red (from 523 to 540 nm) for the films with the
highest loading, which can be associated with dipole coupling
of plasmon modes in individual NPs.*’ However, for low
amounts of gold, e.g. 0.125 and 0.25 wt%, the extinction peak
increases but its spectral position barely changes, as shown in
Fig. 2. We attribute this deviation to a certain lack of uniformity
in the films for a low gold concentration. Similar features are
observed in the reflectance spectra (see Fig. S3a (ESIT)). Addi-
tionally, the insets in Fig. 2a and b show a dip in transmittance
associated to an absorption peak at ~980 nm which is corre-
lated to *F,,,—°Fs,, transition of the Yb*" ions.>*?*? Please note
that (i) the reference film’s average transparency (around 90%,
see Fig. Sih, ESIt) is preserved to a great extent after the
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(a) Experimental total transmittance, (b) absorptance, and (c and d) average UCPL intensity spectra of nanophosphor films containing gold NPs

with different loadings. This is 0.125 wt% (green curve), 0.25 wt% (blue curve), 0.5 wt% (purple curve) and 1.0 wt% (orange curve). Measurements on a
reference layer (devoid of gold NPs) is also displayed for comparison as a black curve. Green and red UCPL emission bands are highlighted as shaded
areas in (b). (e and f) Integrated UCPL intensity enhancement as a function of gold content for each emission band. UCPL intensity is integrated between
510 and 570 nm for the green band, and between 620 and 720 nm for the red emission band. To calculate the enhancement at each loading, integrated
values are divided by the average integrated UCPL intensity of the reference nanophosphor films. UCPL measurements are performed using a 980 nm
(~45.0 W cm™~?) continuous wave laser as the excitation source.
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inclusion of gold NPs in the spectral region where no LSPR
associated extinction is expected (4 >800 nm) and (ii) the
absorption at 4 ~980 nm of the nanophosphor films, which
can be estimated from the depth of the transmission dip, is
nearly identical regardless the gold loading (see Fig. S3b, ESIt
for a more detailed analysis of this feature), which indicates the
absence of plasmonic enhancement effects in this region.

In order to analyze the emission properties of nanopho-
sphor films with and without the embedded gold NPs, we use a
980 nm laser as an excitation source that matches the *F,,—
’F;,, transition of the Yb*' ions. Fig. 2c and d display their
green and red emission bands, which are associated with the
transitions of *S, /5, >Hy4)5; and “Foy, to the ground state 1,5/, of
Er*" ions, respectively (see Fig. S4 of the ESIt). Our films also
present a weak blue emission band, see Fig. S3c (ESIt), corres-
ponding to the *Hg/,~"115, transition of Er’* ions.>'%3*3> The
detection of these visible emission bands of Er** transitions by
excitation through Yb®* ions confirms the UC mechanism, with
energy transferred between the *Fs, and “I,,, levels of Yb*" and
Er*" ions."?%*° Qur results also show that embedding gold
NPs in nanophosphor films leads to a spectrally sensitive UCPL
enhancement, which is dependent on the gold content and
different for each emission band, as shown in Fig. 2e and f. A
statistical analysis of the integrated UCPL intensities was
performed by normalizing them to the average of the UCPL
intensity of the reference nanophosphor films (devoid of gold
colloids). Notice that the spectral position of the LSPR overlaps
well with the green emission band of the nanophosphors (green
shaded region in Fig. 2b), which enables energy transfer
between the nanophosphors and the plasmonic particles.**>
However, this transfer depends strongly on the average distance
between luminescent centers and metallic NPs,'8%%**%* which
is affected by the concentration of gold NPs in the film. The
intensity of UCPL depends on two distinct processes: (i) the
feeding of Er** levels, and (ii) the relaxation to the ground state,
which can be radiative and nonradiative. Gold NPs might
accelerate the population of the Er’*" intermediate level and
enhance the radiative rate, but at the same time gold excess can
also lead to UCPL quenching. As a result, for the green emis-
sion band, the UCPL enhancement reaches the highest value
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(~1.7 fold) for low gold loading (see Fig. 2e), which is asso-
ciated to an increase in the radiative decay rate of Er**,'*41°
The enhancement gradually reduces with gold content. As a
matter of fact, the presence of gold NPs brings about absorp-
tion losses and introduces non-radiative decay channels that
are detrimental for the UCPL, as previously reported for NaY-
F4:Yb,Er NPs decorated with Ag NPs.*® In contrast, for the red
emission band (red shaded region in Fig. 2b), UCPL is
enhanced roughly by ~30% for gold-containing films, as
shown in Fig. 2f. Since the Er*" red emission band only overlaps
with the tail of the LSPR, the contribution of plasmon emission
enhancement is expected to be low. In this case, the improve-
ment of the UCPL can be mainly attributed to a combination of
near field effects and improved outcoupling due to plasmonic
scattering.

Up-conversion photoluminescence dynamics

In order to shed some light on the mechanism behind the
UCPL enhancement observed, time-dependent measurements
are performed. We monitor the green emission band of nano-
phosphors, associated to transitions of *S;, and ?H,q,, to the
ground state “I;s5,, of Er’* ions, which matches well with the
LSPR of gold NPs. A two-exponential model

I[t) :Ale—t/'rl +A2€7t/u

is employed to describe the PL dynamics of nanophosphors. It
accounts for the two different decay rates (t; ' and 7, ')
expected for Er’*" cations located in each crystalline lattice
(YOF and YF). A; and A, are fitting constants associated with
the relative weight of each contribution to the sum. The average
lifetime is calculated using the following equation

= ZA’T%/Z At

This model has been recently proven as a useful tool to
correlate the structural and optical properties of UC nanopho-
sphor films.?* The results are shown in Fig. 3 and Table S1
(ESIt). The average lifetime of green Er’* transitions, *S;,, and
*H, ), to the ground state *I;5/,, devoid gold NPs is ~ 46 s, as it
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Fig. 3

(a) Time dependence of the UCPL of nanophosphor films with embedded gold NPs (green dots) and devoid them (black dots). Their

corresponding fitting curves are also shown as solid lines. (b) Extracted average lifetime as a function of gold content. A 980 nm pulsed laser is used

as an excitation source. Emission is collected at 539.4 nm.
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has been reported for similar host crystal phases.”””*” The
introduction of plasmonic colloids leads to the reduction of
the lifetime components (z; and t,) and, thus, the average
lifetime of Er*", which originates from the fast decay channels
introduced by the metal. Average lifetime reduction is more
pronounced for the film in which gold NPs are embedded with
0.125 wt%. Interestingly, the reduction of the lifetime for each
component is very similar (~10%), see Fig. S5 (ESI{), indicat-
ing plasmonic colloids influence green Er*" transition regard-
less of the crystal lattice site where Er*" ions sit. This enhanced
radiative decay rate, y, along with an increase in the UCPL
intensity shown in Fig. 2e, unambiguously indicates an
increase of the local photon density of states, prpos, which is
expected to occur in the vicinity of plasmonic particles.!>"*57>°
This phenomenon, also known as Purcell effect, is a direct
consequence of Fermi’s Golden rule, formally expressed by the
formula:>!

260 2
Y= %M Proos (s ®)

in which the spectral and spectral dependence of the p;pos is
explicitly indicated, 7 is the reduced Planck constant, &, is the
vacuum permittivity and p is the transition dipole moment
corresponding to the electronic transition of frequency w.

Power-dependent photoluminescence

UC materials feature a unique dependence of the emission
intensity with the excitation power, which originates from the
interplay between relaxation and energy transfer processes
involved in the UC mechanism.>>”* In order to investigate
the influence of the metallic NPs on the nonlinear nature of the
UC process, we measure the UCPL of the green and red
emission bands for different values of the excitation power.
Details are provided in the Experimental section. Fig. 4a shows
the integrated green and red UCPL intensity of a reference
(devoid gold NPs) UC nanophosphor film as a function of the
excitation power. UCPL associated with the green and red
emission bands increases quickly with power.>>*® A similar
behavior is observed for phosphor films with embedded gold
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NPs, see Fig. S6 and S7 (ESIt). UCPL power-dependence origi-
nates from the depopulation of the “I;;,, intermediate energy
level of Er*" due to competition between (i) the energy transfer
up-conversion (ETU) rate to high-energy levels of Er*" ions, and
(ii) relaxation to the ground state, see Fig. S4 (ESI{).”” In the
weak power regime, relaxation dominates over ETU and UCPL
exhibits a quadratic power dependence associated with the
sequential absorption of two photons. Indeed, data shown in
Fig. 4a can be fitted with a slope of ~2.0. Above a certain energy
threshold, the “I,;,, intermediate level saturates, because of the
fast energy transfer rate from the Yb®" sensitizer and, thus,
UCPL is achieved by the absorption of only one photon,
following a linear power dependence.’*>® The power density
at which the transition between the quadratic and linear regime
occurs is known as the critical power density (CPD), and it has
been demonstrated to be affected by plasmonic resonances.*®
The power dependence of UCPL intensity has been widely
studied and most reports show a quadratic (linear) dependence
in the low (high) excitation power range. However, specific
values of the excitation power density used are very different
in each study ranging from ~1 W ecm 2,°> 1-10 kW cm™?,>78
to ~100 kW cm™2.*>® Such differences may originate both
from the intrinsic efficiency of the different UC materials under
study and the collection efficiency of the experimental setups
used to record the signal in each case. Although our excitation
source is not powerful enough to reach CPD, we find that fitted
slopes for both red and green emission bands reduce with the
gold content, as plotted in Fig. 4b and c. Slope reduction
induced by LSPR has been already observed for YF,:Yb-Er UC
particles deposited on gold nanorods®*® and for YF,:Yb-Er
based nanocavities.”®> However, its physical origin remains
elusive. Herein we speculate that slope reduction with gold
content may be related to the transition between quadratic and
linear excitation regimes. Indeed, we consider that LSPRs
might accelerate the energy transfer from the *Fs, energy level
of Yb*" to the “I;;, of Er*", see Fig. S4 (ESIf). Consequently,
saturation of this intermediate energy level is easier to reach, as
the transition between quadratic and linear excitation regimes
is gradually accelerated. This is in agreement with the study of
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(a) Integrated UCPL intensity as a function of the excitation laser power (colored dots) for the red UC band (between 620 nm and 720 nm) and the

green one (between 510 and 570 nm) of UC nanophosphor film without gold NPs. Fittings are shown as solid lines. The films are excited with a 980 nm
continuous wave laser operating at full power. A computer-controlled neutral density filter wheel is used to attenuate the output of the laser and excite
the films at a lower excitation power. (b and c) Extracted value of the slope obtained from the fitting of the power dependence UCPL as a function of gold

content for green (b) and red emission bands (c).
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Andersson-Engels and co-workers®” in which they point out
that there is a gradual shift between power regimes, existing in
an intermediate excitation power range in which the slope goes
from 2.0 to 1.0 in a continuous manner. Finally, we observe that
the slope of the red emission band is smaller than that of the
green for all nanophosphor films. It has been reported that the
CPD of red emission is lower than that of the green band,>
which has been attributed to the feeding mechanism of the
*Fo;, energy level. Concretely, the *I;;, intermediate level
relaxes to 1,3, and then ETU occurs from this level to *Fy,,
see Fig. S4 (ESIt). Besides, there is a minor contribution of the
relaxation from *H,4,, and S, energy levels to the *Fy,, which
increases for a high excitation power,**>> which is responsible
for the different CPD observed for the red and green emission
bands.”?

Conclusions

We have developed a simple method to prepare uniform up
conversion (UC) films with embedded gold NPs, which are
resonant with the emission bands of Er’*. We investigate the
effect of LSPR induced by gold NPs on the photophysical
properties of UC films. The introduction of gold NPs does not
alter the crystalline structure of the UC material but strongly
influences the UC photoluminescence of the nanophosphors.
We observe that the green emission band of Er** is improved at
a low gold content due to an enhanced radiative decay rate.
Increasing gold content causes, in turn, a reduction in the
green UCPL enhancement due to the absorption of gold NPs. In
contrast, the red emission band of Er’", spectrally detuned
from the LSPR, is hardly affected by the plasmonic colloids,
which highlights the physical origin of the UC emission
enhancement observed. Besides, the analysis of the influence
of embedded gold NPs on the power-dependence of the UCPL
intensity reveals that increasing gold content reduces the
quadratic dependence typically expected for these systems.
We argue that such reduction is due to a faster saturation of
the “I,;, intermediate energy level of Er** caused by a
plasmonic-mediated enhanced energy transfer from the *Fs,
level of Yb*". Our study shed light on the influence of plasmo-
nic resonances in UC.

Experimental section
Chemicals

For the synthesis of up-converting nanoparticles, yttrium(m)
chloride hexahydrate (YCl;3-6H,O, Sigma-Aldrich, 99.9%),
erbium(u) chloride hexahydrate (ErCl;-6H,O, Sigma-Aldrich,
99.9%) and ytterbium(m) chloride hexahydrate (YbCls-6H,0,
Aldrich, 99.9%) were selected as lanthanide (Ln) precursors.
1-Butyl, 3-methylimidazolium tetrafluoroborate, ([BMIM]|BF,,
CgH,5sBF,N,, Fluka, >97%) and diethylene glycol (DEG)
(Sigma-Aldrich, 99%) were used as the fluoride source and as
the solvent respectively. For the preparation of paste, ethyl
cellulose (Sigma-Aldrich, powder) was used as the organic
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binder and a-terpineol (SAFC, >96%) was used as a solvent.
Commercial gold nanoparticles purchased from
Nanoimunotech.

were

Synthesis of up-converting nanoparticles

Yttrium fluoride nanoparticles doped with 20% ytterbium and
2% of erbium were synthesized following a procedure pre-
viously reported.”*** In brief, YCl; (1.872 mmol) and YbCl;
(0.48 mmmol) were dissolved together in DEG (105.6 ml) under
magnetic stirring and heating at 70 °C, and ErCl; (0.048 mmol)
was dissolved in another vial containing 12 mL of DEG at the
same conditions. After dissolving, ErCl; was added to a solution
of YCl; and YbCl; precursors, then the mixture was cooled to
room temperature. Consequently, 2.4 mL of [BMIM]BF, was
poured onto this above mixture keeping the magnetic stirring
for few minutes at room temperature to obtain a homogeneous
mixture. The final solution was heated at 120 °C for 15 hours,
then cooled to room temperature. The resulting particles were
centrifuged and cleaned three times with absolute ethanol,
then dispersed in ethanol for the paste preparation.

Nanophosphor paste preparation

Reference paste was carried out following a procedure pre-
viously reported.?* Briefly, nanophosphor particles, with mass
m,,, were dispersed in ethanol and sonicated with a tip
sonicator for 10 min to minimize the aggregation of particles.
An amount of 0.3 my, of ethyl cellulose was added to the
nanophosphor particle suspension, followed by a process of
magnetic stirring for 5 min and tip sonication for another
5 min. Subsequently, an amount of 4 m,, of o-terpineol was
added, following the same sequence of magnetic stirring and
tip sonication. Finally, the evaporation of solvent at reduced
pressure resulted in a viscous paste. Pastes containing gold NPs
were fabricated following the same procedure but with the
addition of the desired amounts of gold NPs in the suspension
of nanophosphor particles (see Fig. 1a).

Nanophosphor film preparation

Nanophosphor films without and with embedded gold nano-
particles were prepared using a blade coating method. A frac-
tion of nanophosphor paste, without or with gold nanoparticles
incorporated, was placed on a glass substrate and extended
over it (see Fig. 1b).>> The resulting films were annealed for
30 minutes in a hot plate at 400 °C with a rate of 2 °C per minute.

Morphological and structural characterization

Transmission electron microscopy (TEM) (Philips, Model
200CM) was selected to disclose the shape and size of the
synthesized nanophosphor particles. Top view and cross sec-
tion of annealed nanophosphor particle films without and with
embedded gold nanoparticles were obtained using Scanning
Electron Microscopy (SEM) (Hitachi Model S4800 microscope).
The structural properties of those films were characterized
using X-ray diffraction (XRD). XRD patterns were obtained
using a Panalytical X’pert Pro.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Optical characterization

Total transmittance (Ty,.) and total reflectance (Ry.) were
measured using an UV-vis-IR spectrophotometer Cary 7000
equipped with an integrating sphere. The absorptance was
calculated using the following equation.

A=1— Tiot — Rior

Photoluminescence (PL) and PL decay measurements were
performed using a spectrofluorometer (Edinburgh Instru-
ments, Model FLS1000). As an excitation source, we used a
980 nm laser (2 W of optical power) operating at maximum
power in continuous mode for static UC measurements and in
pulsed mode (repetition rate of 250 Hz and pulse width of
360 ps) for time-dependent PL intensity analysis. A computer
control neutral density filter wheel was applied before the
sample to study the power dependence of UCPL intensity.

Lifetime analysis

Time-dependent UCPL results were analyzed using FAST soft-
ware from Edinburgh, taking into account the instrumental
response function using the Exponential Component Analysis
(Reconvolution) model.
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