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Photonic Tuning of the Emission Color of Nanophosphor

Films Processed at High Temperature
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Manuel Ocafia, and Herndn Miguez*

Photonics offers new possibilities to tailor the photoluminescence process in
phosphor-converted light emitting diodes. Herein, it is demonstrated that the
emission color of thin layers of rare-earth doped nanocrystals can be strongly

semiconductor nanocrystals.'% On top of
this, RE phosphors feature low toxicity due
to the absence of Pb or Cd, all of which
make them ideal candidates for photolu-

modulated in tunable spectral ranges using optical resonators specifically
designed to this end. GdVO,:Dy?* nanoparticles of controlled size and shape
are synthesized using a solvothermal method with which highly transparent
nanophosphor thin films are prepared. This paper designs and fabricates
optical multilayers, which are transparent in the UV and resonant at the
frequencies where the Dy3* ions emit, to prove that the color coordinates of
this emitter can be tuned from green to blue or yellow with unprecedented
precision. Key to the achievement herein reported is the careful analysis of
the structural and optical properties of thin nanophosphor layers with the
processing temperature in order to achieve efficient photoluminescence
while preserving the transparency of the film. The results open a new path for
fundamental and applied research in solid-state lighting in which photonic
nanostructures allow controlling the emission properties of state-of-the-art
materials without altering their structure or chemical composition.

1. Introduction

The most widely employed route to generate artificial light is
based on the use of high-efficiency UV or blue light-emitting
diodes (LEDs) where part of the emission is converted to the
visible by means of photoluminescent materials.') Among
the different compounds employed for photoluminescence,
rare-earth (RE)-doped crystals, so-called RE phosphors, have
been extensively studied over the last decades.’! In contrast
to other luminescent materials, RE phosphors do not suffer
from photobleaching, unlike fluorophore molecules, or from
surface recombination and carrier diffusion issues present in
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minescence in LEDs. Nevertheless, despite
the excellent optical properties and remark-
able thermal and chemical stability, color
tuning in RE phosphors is hard to achieve
through the modification of their intrinsic
material properties or excitation wave-
length, which limits the color quality of
LEDs."! Indeed, although routes based on
a mixture of different RE ions doping dif-
ferent matrices or the combination of sev-
eral RE ions codoping a given matrix have
been explored for color adjustment, white
light generated by these methods generally
suffers from reabsorption or poor color
stability since different emitting materials
may exhibit distinct thermal quenching
behavior and different aging rate.'>71%l An
alternative route to tailor the emission of
luminescent materials consists on the use
of resonant photonic nanostructures.'’->’l However, to date
standard phosphors have barely benefited from nanophotonics
since, in general, they are clusters of micrometer-sized crystals
and thus opacity is unavoidable due to significant light scat-
tering. This scenario has recently changed. Phosphors with par-
ticle sizes smaller than 100 nm and controlled shapes opened
the door to large-scale and low-cost fabrication of versatile trans-
parent emitting thin films based on RE-doped nanocrystals.[2¢!
In particular, techniques such as screen printing, dip coating,
and electrophoretic methods combined with high-temperature
annealing or cold isostatic pressing have been reported to
achieve transparent nanophosphor films with thicknesses on
the order of the micrometer,?’-33 which enable the development
of photonic-based strategies to mold the photoluminescence
process that seek to be herein investigated.

In this article, we demonstrate that optical resonators allow tai-
loring the color hue of nanophosphor thin films, opening a route
toward the development of new types of photoluminescence
layers. Among those RE ions that are attractive for the realiza-
tion of white light emission in a single phase host,** Dy**-doped
materials are interesting because they show two emission bands
in the blue and yellow spectral regions,* being the intensity of
the latter tunable through a careful selection of the inorganic
host in which Dy?*" ions are incorporated.?*3% In particular we
make use of GAVO, as an inorganic host since this matrix pro-
vides the phosphor with chemical stability and large absorption
cross section in the UV.#0* A solvothermal method is employed
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to synthesize GdVO,:Dy*" nanoparticles of a
controlled size and shape. We find the experi-
mental conditions to process these nanophos-
phors in the shape of films of controlled thick-
ness with excellent optical properties. To do
this, different material properties including
surface morphology, optical transparency,
along with the static and dynamic photoemis-
sion spectra of RE films annealed at different
temperatures are evaluated. As a result, we
find the sintering conditions that yield nano-
phosphor coatings emitting most efficiently
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while preserving transparency. Finally, a series
of photonic multilayers made of ZrO, and
SiO, that integrate such nanophosphor films
as optical cavities are designed and fabricated
using solution processing techniques. Tuning
the lattice parameter of the photonic multi-
layer allows tailoring the color of the photo-
emission of the Dy** nanophosphor from
green to blue or yellow with unprecedented
precision.

(1]

Intensity

2. Results and Discussion

Figure 1la shows the transmission elec-
tron microscopy (TEM) image of the as-
synthesized GdVO,:Dy** nanophosphors
(see the Experimental Section). Nanoparticles are almost
equiaxial with an average diameter of 35 £ 5 nm, which is in
excellent agreement with the average hydrodynamic diameter
(37 £ 13 nm) obtained from dynamic light scattering measure-
ments (Figure 1b). According to the X-ray diffraction (XRD) pat-
tern displayed in Figure 1c, nanophosphors crystallize into the
tetragonal GdVOy, structure (PDF 86-0996, ICDD 2014), being
32 nm the crystallite size estimated using the Scherrer formula.
These results indicate that nanocrystals present a single crystal
character and that they do not aggregate when methanol is
used as dispersant. Figure 1d shows the excitation (black line)
and emission (red line) spectra of GdVO,:Dy** nanocrystals
dispersed in methanol. The excitation spectrum consists of an
intense broad band centered at A = 276 nm, which can be attrib-
uted to the charge transfer from the oxygen ligands to the cen-
tral vanadium atom inside the VO,*~ groups.*?! Lines associated
to the direct excitation of Dy** ions cannot be observed because
the absorption cross section of the f~f transitions for the Dy3* is
significantly small compared to that of the VO,*~ groups, which
suggests that the excitation of the Dy** is mainly due to the
energy transfer from VO,>~ groups to Dy*" cations. The emis-
sion spectrum features two narrow bands upon excitation with
UV light (A = 276 nm): a blue band centered at A = 483 nm
that originates from the magnetic dipole transition between
*Fy;,~Hsy, and a yellow band at A = 572 nm from the hyper-
sensitive electric dipole *Fg;,~°Hy3, transition. No emission
from the VO,*~ groups is detected as expected,’ confirming
the efficient energy transfer from the VO,3~ group to Dy*" ions.

In order to prepare nanophosphor thin films, GdVO,:Dy**
nanoparticles dispersed in methanol are used as precursor sus-
pensions for the spin-coating process. This alcohol is chosen
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Figure 1. a) Transmission electron microscopy image and b) size distribution of GdVO,:Dy**
nanoparticles dispersed in methanol. c) X-ray diffraction pattern of dried GdVO,:Dy*" powder.
Standard PDF 86-0996, ICDD 2014 is also shown for comparison. d) Excitation (black) and
emission (red) spectra of the nanophosphors in methanol.

because, as we mentioned before, no aggregation is observed
in the suspension as shown in Figure 1a, and at the same time,
films are obtained in few seconds during spin-coating. The
adhesiveness of nanophosphors to the quartz substrate was
improved by the previous deposition of a thin layer of ZrO,
between the phosphor layer and the quartz substrate. Figure 2a
displays a top view image of a nanophosphor film as prepared,
showing that full coverage of the substrate is attained. An
image of the cross section of such film reveals the different tex-
ture of the layers prepared, and demonstrates the uniformity
of both ZrO, and GdVO,:Dy*" layers with thicknesses of 32
and 405 nm, respectively, as shown in Figure 2b. We charac-
terize the surface topography of the films using atomic force
microscopy (AFM): Figure 2c displays a 2D map of the surface
of the film, whereas Figure 2d shows a topographic profile
along the line depicted in Figure 2c. The analysis indicates that
the films consist of closely packed particles, being the layers
highly uniform with a root mean square roughness (R, of
4 nm. Since the emission intensity of nanophosphors is lim-
ited by the low quantum yield that nanocrystals typically fea-
ture due to low crystallinity and large surface to volume ratio,*3!
GdVO,:Dy** nanophosphor films were subjected to a postan-
nealing process in order to mitigate this effect. Figure 2ef
shows a top view and a cross section image of a nanophosphor
film after annealing at 850 °C during 30 min. The particle size
of GdVO,:Dy** increases upon annealing at 850 °C together
with the crystallite size estimated by XRD (79 nm), while the
thickness of the layer decreased to 305 nm due to a densifi-
cation of the film (Figure S1, Supporting Information). High
temperature annealing yields optically flat crack-free layers, as
the surface profile analysis, presented in Figure 2h,i, indicates
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Figure 2. a,b) Scanning electron microscope (SEM) image of a top view (a) and a cross section of a GdVO,:Dy** film as deposited at room tempera-
ture (RT). c) Atomic force microscope (AFM) topography of the surface of the nanophosphor film as deposited at RT. d) Height profile along the line
depicted in (c). e-g) SEM image of a top view (e) and cross section with high (f) and low (g) magnification of a GdVO,:Dy** film annealed at 850 °C.
h) AFM topography of the surface of the film annealed at 850 °C. i) Height profile along the line depicted in (h).

(Rums = 39 nm that is significantly smaller than the wavelength
of visible light). Results from the structural characterization
of films annealed at 400 and 1000 °C are provided in the Sup-
porting Information (Figure S2). As shown in the low magni-
fication cross section image presented in Figure 2g, layers of
uniform thickness over large areas are attained after high
temperature treatment. Our results demonstrate that, due
to the ability of the nanocrystals to form a uniform layer and
their limited growth upon annealing, the high temperature
processing does not alter the structural, and therefore optical,
quality of the films. Notice that there are not so many examples
of nanostructures that endure temperatures as high as 850 °C
and can be still integrated in photonic devices.[*4

A spectroscopic analysis of the light reflected and transmitted
by nanophosphor films annealed at different temperatures
is performed in order to assess their transparency. Figure 3a
shows the spectral dependence of the ballistic transmittance (T5,
defined as the fraction of the incident light transmitted in the
incoming direction) of the nanophosphor films along with that
of a quartz substrate and a quartz substrate coated with a thin
ZrO, layer, which are also displayed in Figure 3a for referencing
purposes. Specular reflectance spectra of such nanophosphor
layers are shown in Figure S3 (Supporting Information). Nano-
phosphor films exhibit lower transmittance than the refer-
ence layers especially in the short wavelength range due to the
absorption of VO,*~ groups in the UV region. Intensity fluc-
tuations that arise from the interference between light reflected
and transmitted through the different interfaces of the system,
which is a clear signal of the high optical quality of the films fab-
ricated, are observable in all films annealed up to 700 °C. As the
annealing temperature increases, the transmittance of the films
reduces while spectral features fade, until they vanish for layers
annealed at 1000 °C. Figure 3b displays the transparency, defined
as |*° Ts(A)dA, of the nanophosphor layers as a function of
tempésroature. Notice that a transparency value of 100% corre-
sponds to a medium through which light goes through without
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being scattered. Black symbols displayed in Figure 3b show
that transparency is close to 90% and remains almost constant
from RT to 700 °C, whereas the material becomes diffusive for
temperature treatments above 850 °C. Indeed, the temperature
dependence of the transparency can be well explained looking
how the estimated GdVO,:Dy** crystallite size varies with tem-
perature (see red symbols in Figure 3b): it remains almost con-
stant from 32 nm at RT to 36 nm at 700 °C and then grows up
to 91 nm at 900 °C and to over 100 nm for higher temperatures.
Such rise in the crystallite size can be correlated with a grain
size growth that leads to an increase in the scattering strength
of the films, which lessens Ty and consequently the transpar-
ency of the nanophosphor coatings, as shown in Figure 3b. In
order to evaluate the performance of these layers for photo-
luminescence, it is also necessary to study how efficiently these
films absorb the UV wavelength with which the nanophosphors
are excited. Black symbols in Figure 3c shows the thermal treat-
ment dependence of the fraction of light absorbed by the films
at A= 276 nm, where the VO,*~ group absorbs, as shown in
Figure 1d. Our measurements indicate that the absorptance
decreases gradually from 80% for films annealed at 400 °C to
60% for films at 1000 °C. This originates from the enlargement
of the nanocrystal size with temperature, which causes a larger
fraction of the incident light to be scattered, as confirmed by the
diffuse transmittance measurements displayed as red symbols in
Figure 3c. Finally, Figure 3d shows digital camera pictures taken
from a film as deposited and films annealed at 700 and 850 °C,
which bring to light the high optical quality of the nanophosphor
layers developed and processed up to those temperatures.

An analysis of both the static and dynamic photolumines-
cence (PL) of the fabricated GAVO,:Dy*" layers is also performed.
Figure 4a shows the annealing temperature dependence of the PL
intensity-integrated between 420 and 650 nm of nanophosphor
films excited at A = 276 nm. The different PL spectra are shown
in Figure S4 (Supporting Information). It can be observed that
the spectral position of the PL peaks remains unchanged with the
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Figure 3. a) Spectral dependence of the ballistic transmittance (Tg) of GdVO,:Dy** nanophos-
phor films deposited over a ZrO, coated quartz substrate as prepared (black) and annealed
at 400 °C (red), 600 °C (green), 700 °C (blue), 750 °C (cyan), 850°C (magenta), and 1000 °C
(orange). We also show Ty for a quartz substrate (gray) and a 35 nm thick ZrO, layer (dashed
gray) b) Annealing temperature dependence of the transparency (black symbols) and crystal-
lite size (red symbols) of nanophosphor films. Lines are only guides to the eye. c) Annealing
temperature dependence of the fraction of light absorbed (A, black symbols) and diffusely
transmitted (Tp, red symbols) by the nanophosphor films. Lines are only guides to the eye.
d) Digital pictures of light reflected under daylight from nanophosphor films on quartz placed
over a white paper in which a flower is sketched in a direction close to the normal to the surface
(upper panels), and over a black paper at an oblique angle (lower panels).

structural defects and surface traps, which
lessens the nonradiative decay rate of Dy3*.
This is in agreement with the *Fy, lifetime
rise observed in Figure 4c that leads to an
improved quantum yield (from 2.6% at RT to
21.1% at 700 °C), which results in a higher
PL intensity when the temperature increases
from RT to 700 °C, as observed in Figure 4a.
A further increment of the annealing temper-

annealing temperature. Regarding PL intensity, three different
regions can be identified in the plot: (i) it increases with temper-
ature treatments up to 700 °C, (ii) it plateaus between 700 and
800 °C, and finally, (iii) the intensity shows a reduction for temper-
atures higher than 800 °C. In order to shed some light on the phys-
ical origin of this behavior, we perform an analysis of the decay
dynamics of the nanophosphor PL. To illustrate this, Figure 4b
displays decay curves of the *Fy, level of Dy** activators monitored
at A =572 nm under excitation at A = 276 nm for the films as pre-
pared and annealed at 400, 700, and 900 °C. A double exponential
model can be employed to fit the time-resolved PL measurements

PL(f)=A, e /" + Aye™/® (1)

where 7; and 7, are the long and short decay components asso-
ciated to the transition of Dy*" cations that sit in the bulk or
close to the surface of the nanoparticle, respectively, and A; and
A, are the fitting constants. The average lifetime (1) of *Fy),
electronic levels of GdVO,:Dy** films heated at different tem-
peratures can be calculated according to

L Jmed adiaq
| Lyt AT+ AT

(2)
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ature of the nanophosphors leads to a reduc-

tion of lifetime that can be attributed to an
enlargement of the radiative decay rate. From 700 °C the crys-
tallite size grows significantly, which may increase the effective
refractive index of nanophosphor layers and therefore modify
the local density of photonic states available for the decay of
Dy** cations.?>*~#8] Such increase in the radiative decay leads
to a slight increase of the PL between 700 and 800 °C, which
may suggest a minor change in the quantum yield (from 21.1%
at 700 °C to 25.1 at 800 °C). Interestingly, decay curves extracted
from films annealed above 750 °C are fitted using a single expo-
nential model (see Table S1, Supporting Information), which
indicates that, as a result of crystallite growth combined with
the removal of impurities adsorbed at the nanoparticle surface,
from 750 °C different locations of the rare cations are indistin-
guishable. Annealing the films at temperatures above 850 °C
produces a further decrease of the lifetime along with a reduc-
tion of the PL, as displayed in Figure 4a,c. Such depletion of
the intensity can be attributed to the decrease in the fraction of
UV light absorbed shown in Figure 3c along with a halt of the
quantum yield of the system (25.9% at 900 °C). As it is our goal
to find the experimental conditions under which to prepare
nanophosphor coatings that are both transparent and bright, we
focus on films annealed at 700 °C to continue with our study.
In Figure 4d we present the PL intensity of films of different
thickness. PL spectra are displayed in Figure S7 (Supporting
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nanoparticles both prevents the penetration
of the porous nanophosphor layer and pro-
vides high thermal and mechanical stability
to the ensemble. The porous nature of the
nanoparticle-based films makes the optical
properties of the photonic structure sensitive
to environmental vapor pressure variations,
as it has been investigated for other porous
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emission of the nanophosphors can couple.
Such resonant modes are allowed states
in the photonic pseudogap, which are sig-
naled by dips in the reflectance spectrum
of the resonator, being their spectral posi-
tion defined by the lattice parameter of the
multilayer and the thickness of the optical
cavity (see Figure S8, Supporting Informa-
tion). Figure 6a-d shows the reflectance
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Figure 4. a) Annealing temperature dependence of the photoluminescence (PL) intensity of
GdVO,:Dy*" nanophosphor films normalized to the PL of the film annealed at 700 °C. b) Time
dependence PL of nanophosphor films as prepared (black) and annealed at 400 °C (red), 700 °C
(purple), and 900 °C (green). c) Annealing temperature dependence of the average lifetime of
the films. d) Film thickness dependence of the PL intensity of nanophosphor layers annealed

at 700 °C normalized to the intensity of the thickest layer.

Information). PL increases with the amount of material up to
a thickness of 350 nm, where the PL plateaus, meaning that
such thickness is enough as to absorb the complete fraction of
the incident light that is not reflected in the nanophosphor/air
interface as it would be required if such films were integrated
as photoluminescent materials in LEDs.

Once we have demonstrated bright GdVO,:Dy*" films with
high optical quality, we aim at creating a photonic environment
capable of modifying the emission spectrum of such nanophos-
phors. To achieve this, GAVO,:Dy** nanocrystals are integrated
in an resonator as an optical cavity between two multilayers
that behave as dielectric mirrors in a broad spectral range that
includes the emission lines of Dy*" ions. The alternate dielec-
tric layers of choice, made of SiO, and ZrO, nanoparticles, were
selected due to (i) their compatibility with sequential solution
processing, (ii) their refractive index contrast, which provides
efficient broad band reflection with just a few alternate layers,
and (iii) their transparency in the UV region for A > 200 nm,
a requirement to achieve efficient excitation of the emitters
employed. The thickness of each layer in the resonator can
be precisely determined through the deposition conditions,
which allow an accurate control over the photon modes of the
cavity. Figure 5 shows cross section images of the resonators
as prepared and thermally annealed at 700 °C. Scanning elec-
tron microscope (SEM) pictures reveal smooth and continuous
interfaces between different types of layers with absence of
interpenetration before and after heat treatment, which dem-
onstrates that the structural quality of the complete ensemble is

Adv. Optical Mater. 2017, 5, 1700099 1700099 (5 of 8)
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400 500 and emission spectra upon excitation with
A = 276 nm of four resonators designed
to exhibit resonant cavity modes matching
the emission lines of the Dy?*. Indeed, effi-
cient coupling between light emitted by the
nanophosphors and optical cavity modes
is attained for those wavelengths in which
spectral overlap between emission bands
of Dy** and dips in the reflectance spectra
occurs. As a consequence, the emitted light is funneled from
the optical resonator, resulting in a PL directional enhance-
ment due to an efficient out-coupling of the emitted light in
the normal direction.®" For the sake of comparison, we also
show the emission spectrum of a reference layer consisting
of a 340 nm thick GdVO,:Dy** nanophosphor layer sand-
wiched between two ZrO, films of 60 and 10 nm, respec-
tively. Emission spectra displayed in Figure 6a,c shows that

Figure 5. a) Scanning electron microscope (SEM) image of a cross sec-
tion of a resonator in which the central layer of GdVO,:Dy** is acting as
an optical cavity. b) SEM image of the same resonator after annealing at
700 °C. ¢) Low magnification SEM picture of (b).
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Figure6. a—d) Reflectance (black) and photoluminescence (red) spectra obtained from GdVO,:Dy**-containing optical resonators annealed at 700 °C built
using dielectric multilayers made of five unit cells with structural parameters: SiO,/ZrO;: 95 nm/60 nm and ZrO,/GdVO,/ZrO,: 80 nm/340 nm/10 nm,
labeled as #1 (a), SiO,/ZrOy: 95 nm/60 nm and ZrO,/GdVO,/ZrO,: 165 nm/340 nm/10 nm, labeled as #2 (b), SiO,/ZrO,: 125 nm/65 nm and
Zr0,/GdVO,/ZrO,: 80 nm/340 nm/10 nm, labeled as #3 (c), and SiO,/ZrO,: 125 nm/65 nm and ZrO,/GdVO,/ZrO,: 165 nm/340 nm/10 nm, labeled
as #4 (d). The emission of a reference sample consisting of a nanophosphor layer of similar thickness is also plotted in each panel with a gray curve
that has been filled with the same color. €) CIE Chromaticity coordinates of the films whose response is shown in (a)—(d). f) Digital pictures taken
under daylight of the light reflected by nanophosphor-containing multilayers over a white paper in which a flower is sketched (upper panels), and of
the light emitted by the samples using a UV lamp to excite the Dy*" cations (lower panels). Pictures under daylight are taken at an oblique angle to

show it is possible to see through nanophosphor films.

we can enhance the blue (1.9-fold respect to the emission
intensity of the reference blue line) or yellow line (1.5-fold)
while keeping the other line, yellow or blue, respectively,
almost unaltered. Analogously, Figure 6b,d shows that we can
diminish the PL of the blue (0.3-fold) or yellow line (0.4-fold)
while keeping the intensity of the complementary yellow or
blue, respectively, barely unaffected. Our results demonstrate
that the emission color of nanophosphor layers can be accu-
rately tuned from green to blue or yellow as shown in the
chromaticity diagram presented in Figure 6e. To exhibit a
clear visual effect of the large tunability of the color coordi-
nates of the Dy*" ions attained when using an optical reso-
nator, Figure 6f shows pictures, taken with a digital camera,
of patent yellow and blue emission of transparent nanophos-
phor films embedded in photonic multilayers devised to this
end. For the sake of comparison we also display the emission
of the reference, which shows a green hue. To the best of our
knowledge, our results constitute the first example of fine
tuning of the spectral emission properties of single phase
phosphor layers processed at high temperature by means
that do not involve changing their chemical composition.

Adv. Optical Mater. 2017, 5, 1700099 1700099 (6 of 8)

3. Conclusions

In summary, we have demonstrated that photonic nanostruc-
tures offer a new route to tailor the emission properties of
nanophosphors accurately. We found the experimental condi-
tions under which to prepare rare earth ion containing films
that are bright and transparent. We synthesize GdVO,:Dy**
nanocrystals of controlled size and shape that we deposit as
thin films. A thorough structural and optical characterization
reveal that a post processing of the films at high temperature
allows increasing the emission intensity of the nanophos-
phors by more than one order of magnitude while preserving
their transparency, which enables their integration into
optical resonators. A careful design of the structural param-
eters of such resonators to sustain photonic modes at the
emission lines of Dy** cations allows tailoring the chroma-
ticity of the emission with high precision. The combination
of nanophotonics and nanophosphor materials pave the way
for a new generation of optically active materials for integra-
tion in light-emitting devices of enhanced functionality and
improved performance.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

Materials Preparation: Chemicals: Gadolinium(Ill) nitrate hexahydrate
(Gd(NO3)3-6H,0, Aldrich, 99.9%), dysprosium(lll) nitrate hydrate
(Dy(NO3)3xH,0, Aldrich, 99.9%), sodium orthovanadate (Na;VO,,
Aldrich, 99.9%), PAA (average M, = 1800, Aldrich), ethylene glycol
(EG), zirconium (IV) n-propoxide 70% in T-propanol (Aldrich),
triblock copolymers Pluronic F127 (M,, = 12 600), 2,4-Pentanedione
(acetylacetonate, acac, AlfaAesar), SiO, (LUDOX TMA, Aldrich),
polystyrene (Aldrich, 182427), toluene, absolute ethanol, methanol, HCI
(3.571 mol L', Panreac) and MilliQ water.

Nanophosphor  Synthesis:  For the GdVO4Dy** nanophosphors
synthesis, a method based on the facile solvothermal route described
in ref. [43] was used. Suitable amounts of RE nitrates were dissolved
in ethylene glycol (2.5 mL). The doping concentration of Dy** in
the GdVO, host was fixed at 2% in molar ratio. To facilitate the
dissolution of reagents in EG the solutions were mildly heated (=80 °C)
under magnetic stirring. In a separate vial, a weighted amount of
Na;VO, and 2 mg mL™" of PAA were dissolved in an EG-H,O mixture
(1 mL EG + 1.5 mL H,0). After cooling down to room temperature, both
solutions were then admixed while keeping the magnetic stirring. In the
final solutions, the total RE and the NazVO, concentrations were kept
constant at 0.02 and 0.1 mol L™, respectively, whereas the final EG-H,0
volumetric ratio was 3.5:1.5. The as-prepared solutions were then aged
for 3 h in tightly closed test tubes using an oven preheated at 120 °C.
Then, the resulting dispersions were cooled down to room temperature,
centrifuged to remove the supernatants, and washed twice with ethanol
and once with distilled water. Finally, the precipitates were redispersed in
methanol with a concentration of 5% by wt.

ZrO; Precursor Sol Synthesis: Sols were prepared following a synthesis
reported elsewhere.Pl Briefly, a mix of ethanol, acac, zirconium
n-propoxide, HCI, water and F127 in a molar ratio of 40:1:1:1:20:0.005 is
prepared. Zirconium propoxide, acac, and F127 were dissolved in 80%
of the total ethanol and the mixture was stirred for T min. HCl and water
dissolved in the remaining ethanol were added dropwise while stirring to
the first solution. The final sol was then stirred during 1 h.

Nanophosphor Layer Preparation: ZrO, films were deposited over a
quartz substrate by spin-coating (Laurell WS-400) using 190 uL of the
ZrO, precursor sol with an acceleration ramp of 11340 rpms™ and a
final rotation speed of 3000 rpm. The film was annealed at 400 °C for
10 min. Then, a 120 nm thick layer of GdVO,:Dy*" nanophosphors was
deposited by spin-coating using 180 pL of nanophosphor dispersion
with an acceleration ramp of 11340 rpms™ and a final rotation
speed of 1500 rpm. In order to obtain layers of different thickness,
several GdVO,:Dy*" layers were deposited using the same deposition
conditions. The as-prepared nanophosphor coatings were annealed at
different temperatures (up to 1000 °C) for 30 min.

Optical Multilayer Preparation: Optical multilayers were fabricated
by the alternated deposition of layers prepared with ZrO, precursor
sol and SiO, nanoparticle suspension.’? Polystyrene was employed
to prevent the infiltration of the ZrO, precursors into the SiO, and the
GdVO,:Dy** layers, which are inherently porous. The multilayer starts
with the deposition of the ZrO, sol on top of a clean quartz substrate.
This first layer was treated at 400 °C for 10 min. Next, a layer of SiO,
nanoparticles was deposited on top of the ZrO, layer. After that, 180 uL
of the polystyrene solution (0.5 wt% toluene solution) was spin-casted
onto the preformed multilayer structure with an acceleration ramp of
11340 rpms™" and a final rotation speed of 3000 rpm. This process was
repeated until five unit cells were deposited. Then, a nanophosphor layer
sandwiched between two ZrO, layers was deposited to build an optical
cavity. The multilayer was annealed at 700 °C for 30 min to provide the
system with mechanical stability. Another five unit cells were deposited
after the sample cooled down to room temperature. Finally, a layer of
ZrO, was deposited to complete the photonic multilayer, which was
annealed at 700 °C for 30 min again. For the sake of comparison, a
GdVO,:Dy*" nanophosphor layer sandwiched between two ZrO, layers
annealed at the same temperature (700 °C) for 30 min was also prepared
for referencing purpose.
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Characterization: Structural Characterization: The crystalline structure of
as-prepared nanophosphors was investigated by XRD (Panalytical X'pert
Pro). The crystallite size was estimated from the most intense XRD peak
of the GdVO, structure by using the Scherrer equation. The shape of
the nanophosphor was examined by TEM (Philips 200CM). The particle
size distributions were obtained from dynamic light scattering (Zetasizer
Nano ZS90, Malvern). SEM images of the multilayer films deposited onto
quartz were taken by using a microscope Hitachi S4800. The infrared
spectra of the nanophosphors diluted in KBr pellets were recorded in a
Jasco FT/IR-6200 Fourier transform infrared spectrophotometer.

Surface Characterization: The surface of the nanophosphor films was
characterized by AFM (Park Systems XE-100) working at tapping mode.

Optical Characterization: The excitation and emission spectra as
well as the lifetime of these samples were measured in a Horiba
JobinYvon spectrofluorometer (Fluorolog FL3-11). Total reflectance,
total transmittance, diffuse transmittance, ballistic reflectance, and
ballistic transmittance were measured using a Cary 7000 series UV-vis—
NIR spectrophotometer along with an integrating sphere attached to
it. Quantum yield measurements were performed using a Hamamatsu
C9920-02 QY. Excitation wavelength was fixed at 276 nm and the
emission intensity was integrated in the spectral range comprised
between 400 and 700 nm. Notice that reported values account for both
the intrinsic yield of the Dy** and the efficiency of the energy transfer
process between the vanadate group and the rare earth ion.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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