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ABSTRACT: Nanoparticulate films with high up-conversion emission
(UC) properties were prepared by spray-deposition of nanometer-sized
YVO,:Yb,Er particles. The optical properties of YVO,:Yb,Er were
optimized upon annealing before the film deposition in order to get the
highest possible UC signal in the considered type of system. Thanks to a
simple model and some time-resolved spectroscopic investigations, the
contribution of the scattering to the UC signal could be separated from the
intrinsic properties (crystallinity, surface defects) of the material. The films
obtained by this technique present the advantages of having both high UC

and good transparency.
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1. INTRODUCTION

Up-conversion (UC) mechanism consists of converting two (or
more) photons of low energy into one photon of higher energy.
Typically, two near-infrared photons are absorbed, and a visible
photon is emitted. Since its discovery," UC has been widely
studied in bulk materials doped with lanthanide ions for the
development of many different applications (lasers,>® white
light production,* etc.). More recently, investigations have been
devoted to the study of UC in nano-objects with the main
motivation of using them as luminescent probes in biological
imaging® and to take benefit from both an excitation in a
spectral region where radiations are less absorbed by tissues and
a better z-resolution thanks to the quadratic nature of the
process.’ Another application of UC nanoemitters could be
envisioned to elaborate transparent UC emitting devices for the
photovoltaic applications”® or for the development of head-up
displays’ or full-color UC displays. The dispersion of
nanopowders in a nanostructured transparent polymeric
matrix'® or the formation of nanocrystals embedded inside a
glassy matrix and forming glass-ceramics''~™"> are currently
proposed for these purposes. However, the dilution of the
nanoemitters within a matrix reduces the overall emitted UC
signal. Elaborating coatings exclusively made of UC emitting
nanocrystals appears to be a real challenge with respect to the
optical and mechanical quality.

Regarding bulk materials, it is well-known that fluoride
compounds present higher UC quantum yield than oxides
because of their reduced phonon energy.'* At the nanoscale,
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the matrix phonon does not seem to be the limiting parameter
for UC efficiency when considering nonradiative de-excitations
from surface and volume defects."> Indeed, observing efficient
UC emission in nanoparticles is particularly tricky because the
small particle size induces a close proximity between lanthanide
ions and the surface where a large amount of quenching species
(hydroxyl or organic groups) are present, shortening excited
level lifetimes and thus reducing the UC efliciency. A large
number of studies have thus been devoted to producing
structured core/shell nanoparticles to minimize the effects of
surface traps."®™'? In addition, the volume defects in nano-
particles are also strong channels for nonradiative de-
excitations, as we recently showed through the study of the
optical properties of 40 nm YVO,:YbEr nanoparticles."
Nevertheless, the relatively low temperatures of synthesis
required to elaborate nanosized particles, as compared to bulk
compounds, lead to a limited control of particle crystallinity
and thus to the presence of crystalline defects that also limit
UC efficiency. In our previous work,"® we showed that ultimate
improvement of the particle crystallinity allows oxide nano-
particles of YVO,:Yb,Er to exhibit emission properties
comparable to those exhibited by fluoride nanoparticles.'® We
concluded that the disadvantage of oxides in terms of phonon
energy can be compensated with the ability to obtain particles
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Figure 1. (a) Evolution of the UC intensity of YVO,:20%Yb,2%Er as a function of the annealing temperature (M), under a 975 nm excitation of
about 100 W-cm? For comparison, measurements were done on YVO, powders incorporated into KBr pellets. Note that the y axis in log scale;
(inset) a typical UC spectrum of YVO,:20%Yb,2%Er. (b) Evolution of the crystallite size of YVO,:Yb,Er upon annealing temperature. In both
graphs, the star (%) corresponds to a YVO,:20%Yb,2%Er sample that has been annealed at 1000 °C in silica (protected annealing). For the

measurements, the silica has been removed.

with a better crystallinity than fluorides. In addition, oxides
present a better chemical stability and an easier functionaliza-
tion for aqueous dispersion as compared to fluorides. All this
provides strong motivation to keep considering oxides as good
candidates as UC nanoemitters.

The strategy developed in our group for elaborating highly
efficient UC nanoemitters consists of first synthesizing the
nanoparticles by aqueous coprecipitation at room temperature
and then in annealing them at high temperature in a matrix to
avoid their sintering and increase their crystallinity.”® This
“protected annealing” strategy has appeared to be very efficient,
leading to oxide particles with ultimate emission properties.
This process nevertheless presents some drawbacks, mainly
because it is time-consuming and hazardous, thus only allowing
the production of particles in small quantities. Although it is
not restrictive for biological labeling applications, this drawback
is a severe limitation in the context of UC emitting coatings
because the weak absorption cross-section of lanthanide ions
requires the elaboration of relatively thick (typically of a few
microns or more) films to get enough UC signal.

Some physical methods, such as the pulsed laser deposition
technique,” can successfully produce UC emitting films;
however, the film thickness is limited, and these techniques
are often time-consuming, expensive, and limited to small
substrates. In this study, we present a method based on spray-
deposition of YVO,:Yb,Er particles to prepare transparent UC
emitting coatings that are scalable on large dimensions and over
flexible substrates. We focus our work on the possibility to get
high UC intensity and a controlled transparency of the
coatings. With the aim of obtaining the highest UC intensity,
we also address the problem of comparing UC efliciency of
powder samples, showing that it is often biased by scattering
effects.

2. EXPERIMENTAL SECTION

2.1. Synthesis of YVO,:Yb,Er. YVO, nanoparticles doped with 2
mol % Er** and 20 mol % Yb** ions have been synthesized by room-
temperature coprecipitation according to a previously reported
method."® Briefly, 15.6 mL of Y(NO,); (0.1M), 4 mL of Yb(NO;),
(0.1 M), and 0.4 mL of Er(NO;); (0.1 M) were slowly added to 20
mL of Na;VO, (¢ = 0.1 M) at room temperature under vigorous
stirring. After a 30 min reaction time, the precipitate was purified by

successive centrifugations and washings in water (three times, at 11
000 rpm for 1S5 min). The obtained solution consists of
Yo,5Ybg,Erg0,VO, nanoparticles dispersed in water. These nano-
particles, labeled YVO,:Yb,Er in the following, were dried in an oven
and annealed at different temperatures (400—1200 °C with a 5 °C/
min ramp) for 10 h.

To compare UC efficiency on powder samples, we mixed a small
amount of the obtained powders (10 mg) with KBr (150 mg) and
pressed the mixtures to form dense pellets (pressure, S0 kN).

The powders, annealed at 800 and 1200 °C, aggregated, and
partially sintered, were ground using a planetary mill to reduce the
aggregate size. Typically, 300 mg of powder was mixed with 30 mL of
diethylene glycol in the milling bowl, which was then shaken at 450
rpm for 10 min. After a S min break to evacuate heat, the process was
repeated four times. The resulting mixture was then inserted into
centrifugation tubes and the solid content was retrieved after a 40 min
centrifugation at 11 000 rpm. Two additional ethanol washings were
performed (11 000 rpmy; i.e, g-force = 11 353, 30 min) to finally obtain
particles in suspension in ethanol, which is perfectly appropriate for
the elaboration of coatings by spray-deposition, as explained hereafter.
The whole synthesis process is illustrated on Figure S1 (Supporting
Information).

Non annealed YVO,:Yb,Er nanoparticles were encapsulated into a
SiO, sol—gel matrix before a thermal treatment. This process enables
high-temperature annealing treatment without inducing particle
sintering. This process is called “protected annealing”. A silica sol
was prepared by mixing S mL of triethoxyorthosilicate, S mL of
ethanol, and 2.05 mL of water at pH 1.25. The mixture was heated at
60 °C under reflux for 1 h. YVO,:Yb,Er nanoparticles were dispersed
into the silica solution with a dispersing agent (PE6800) in the molar
proportion Y/Si/PE6800 = 1:5:0.05 and dried in an oven until total
evaporation of the solvent was achieved. The composite powder was
then annealed at 1000 °C for 10 h. After annealing, the nanoparticles
encapsulated into the silica matrix can be retrieved by dissolving the
silica matrix in a HF solution (5%), as previously reported.”

2.2. Preparation of YVO,:Yb,Er Coatings. Nanoparticulate
coatings were prepared using spray-deposition.” Briefly, YVO,:Yb,Er
particles in ethanolic solutions (¢ ~ 2 g/L) were put in a Paasche
Talon airbrush and sprayed onto 1 X 1 in,, 1 mm thick microscope
slides. These substrates were previously heated at 60 °C, close to the
evaporation temperature of ethanol, which allows the formation of
homogeneous coatings and avoids solution dripping.

2.3. Structural and Optical Characterizations of YVO,:Yb,Er
Particles and Coatings. Powder X-ray diffraction (XRD) patterns
were measured on a Philips X'Pert instrument with a Cu K cathode.
They enable the determination of the material phase and the crystallite
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size from the full-width half-maximum (fwhm) of the diffraction peaks.
Particle size and particle and film morphology were investigated by
scanning electron microscopy (FEG-SEM Hitachi 4800). Particles
were also observed by transmission electron microscopy (TEM;
Philips CM 30).

YVO,:Yb,Er powders in KBr pellets were excited at 975 nm using a
1 W laser diode (L97SP1WJ Thorlabs) and their UC emission was
detected with an Ocean Optics spectrometer (QE 65000). To
compare the efficiency of the different samples, green and red
emissions were integrated between 500 and 600 nm and 600 and 700
nm, respectively, and normalized in acquisition time. Time-resolved
experiments were performed on powder samples using a short (<10
ns) pulsed laser MOPO system at 979 nm and measured with different
photomultipliers at 1050 or 550 nm. The effective lifetimes of the °F;,
level of Yb*" and *S,, level of Er** were calculated using the following
formula:

f0°°t x I(t)
AT

Direct transmission measurements of the different coatings were
performed on an absorption spectrometer (Cary S50). Further
measurements were performed using BYK Gardner haze-gard plus
equipment, enabling us to measure the percentage of total transmitted
light through the films, the haze corresponding to the wide-angle
scattering (i.e., the percentage of light transmitted in the 0—87.5° and
92.5—180° light cones), and the clarity corresponding to the narrow
angle-scattering, (i.e., the percentage of light that is deviated from less
than 0.1° from the axis of the incident light when the light passes
through the sample). Emission intensity of YVO,:Yb,Er coatings was
recorded on the same optical bench as YVO,:Yb,Er powders.

3. RESULTS AND DISCUSSION

3.1. Evolution of the YVO,:Yb,Er UC Intensity upon
Annealing Temperature. 3.1.1. Experimental Results. The
up-conversion emission of YVO,:Yb,Er particles was studied
under a 975 nm excitation. The emission spectrum (Figure 1a,
inset) is characteristic of a Yb—Er system with bands centered
at 520 nm, 550 and 660 nm corresponding to the *H;,,, —
Mis/» S35 = "5, and *Fy); — *Ij5), of Er'' respectively.
Intensities of both green and red up-conversion emissions
drastically increase with the increase of the annealing
temperature, as shown in Figure la and Figure S2 (Supporting
Information). Note that the y axis is in log scale. This evolution
is well-known**** and can be explained, at least partially, by the
removal of hydroxyl surface groups that are particularly
detrimental for UC, as these groups have high phonon energies
(e.g, ~3300 cm™" for —OH), favoring nonradiative pathways.
Indeed up-conversion processes are very sensitive to non-
radiative relaxations, which hinder efficient energy transfers
between Yb and Er ions by shortening lifetime of intermediate
states involved in the UC process, thus preventing high UC.
However, the UC intensity continues to increase very
significantly for annealing temperatures above 800 °C, a
temperature over which almost no organic group should
remain. Other parameters should thus be taken into account to
explain this increase of luminescence.

Through the Scherrer’s analyses of X-ray diffraction patterns
of YVO,:Yb,Er upon annealing, the average crystallite size was
determined: it strongly increases with the annealing temper-
ature (Figure 1b), showing the increase of the particle
crystallinity. This enlargement implies a reduction of volume
defects and thus favors the UC emission by limiting the
nonradiative de-excitations. In addition to crystallite growth,
there is also particle growth, which modifies the scattering rate

within the sample by artificially increasing the excitation rate
and modifying the collected UC. Finally, the particle growth
may also influence the radiative de-excitation rate as it modifies
the average refractive index nearby the emitters and thus
modifies the radiative lifetime. Indeed, the influence of the
surrounding dielectric medium on the fluorescence lifetime of
rare-earth-doped materials has already been discussed in the
literature. The first report in the literature was done in 1999 by
Meltzer et al,, who published that the radiative lifetime of Eu**
in Y,0; 10 nm particles was 4 times longer than in the
corresponding bulk material due to the change of refractive
index of the surrounding medium.”® More recently, Vetrone et
al. showed a lengthening of the *S;,, and *Fy, level lifetime of
Er’* in Lu,O; 50 nm nanoparticles compared to bulk
material. >’ Regarding the 40 nm YVO, nanoparticles, this
effect has been highlighted when the compound is doped with
Eu’* ions.>*%%

As a summary, different factors may contribute to the
increase of the UC intensity with the annealing temperature in
the 0—1200 °C temperature range: (1) the reduction of
nonradiative de-excitations because of the removal of surface
and volume traps (2) the scattering, associated with the particle
growth and (3) the effect of the dielectric medium through the
increase of the effective refractive index associated with the
particles growth, affecting radiative recombination rates.

In order to prepare transparent YVO,:Yb,Er coatings with
the highest UC, it is necessary to understand how the different
contributions influence the UC efliciency. To separate the
contributions (those due to intrinsic properties of YVO,:Yb,Er
particles and those due to the scattering), the Yb—Er system
was modeled, and additional experiments, including time-
resolved spectroscopy, were performed.

3.1.2. Presentation of the Model. According to the model
described in ref 30 and the energy level diagram described in
Figure S4 (Supporting Information), the following population
equations can be written:

dN N
Yo _ o PNy — Ybl

dt Tvb (1)
dN, N,
? = CoNgNyp; — CN\Nyy,; — 71 @)
dN, N,
— = CNNy,, — —

dt T, 3)

where ¢ is the absorption cross-section of Yb**, p is the
excitation photon flux, 7y, is the *Fs , level lifetime of Yb*', 7, is
the *I;;, level lifetime of Er’*, and 7, is the *S,, level lifetime
of Er*.

In this model, we hypothesize that Ny, is depleted only by
the linear rate (*F5, — F,) and that the depletion due to the
ETU transfers is neglected. This can be justified by looking at
the emission spectra in the NIR and visible ranges (Figure S3,
Supporting Information). The emission corresponding to the
*F;), — ’F,, transition of Yb** dominates the spectra for both
micro- and nanosized particles. According to this model, in the
steady-state regime and at high excitation intensity, the UC
intensity can be written as

T
1= CONONYbOUphv[ﬁ]TYb
7

4)
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The values of 7, and 7y, have been measured as a function of
the annealing temperature and are reported in Figure 2. Some
of the fluorescence decays are also presented in Figure S5
(Supporting Information).
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Figure 2. Evolution of annealing temperatures of *S;,, Er’*and °F),
Yb** lifetimes in YVO,:Yb,Er powders under a 975 nm excitation.

7, is given by the expression (1/(7*)) = ((f(ED)(43))/
(n(n* + 2)*)) where n is the refractive index of the dielectric
medium surrounding the emitters. According to our previous
study on YVO, nanoparticles,””*** the radiative lifetime in
YVO,:Yb,Er nanoparticles is affected by the dielectric environ-
ment. Consequently, as the measurements are performed on
YVO, powders embedded into pressed KBr pellets, the
considered refractive index is n = ngg, = 1.56 for nanoparticles
and n = fiyyo, = 2 for micron-sized particles.

Note that this expression (eq 4) does not take into account
the scattering of emitted light. The UC intensity, which is
effectively collected onto the detector, corresponds to eq S:

IC=1XS§, (5)

where S, corresponds to the scattering rate of the emitted light.

3.1.3. Determination of the Weight of the Different
Contributions. To determine the influence of the YVO,:Yb,Er
intrinsic properties and of the scattering on the UC intensity,
we compared samples annealed at different temperatures. In
addition, we compared YVO,:Yb,Er nanoparticles annealed at
1000 °C in a protective silica matrix, which enabled us to have a
sample that had undergone a thermal annealing but whose
particle size remained small, limiting the scattering effect. The
emission intensity and crystallite size of this sample are
reported as stars (%) in Figure 1.

An UC intensity ratio of 100 was found experimentally
between two samples annealed at 1000 °C, one classically
(labeled IC,y,,) and one annealed in silica (IC,oy,’; Table 1).
Note that the main difference between the two samples is the
crystallite size, related to the difference of particle size."”> To
explain this intensity difference, we calculated the expected
value using (eq 4). Details of the calculation are given in section
S6 of the Supporting Information. Briefly, considering that the
two samples only differ by their grain size, the model allows us
to calculate the ratio of scattered (incident and emitted) light
between the two samples, corresponding to a factor of 30. As
the UC intensity ratio is experimentally of 100, we deduce that
there are some intrinsic differences between the particles
annealed at 1000 °C and those annealed at 1000 °C in the silica
matrix that are responsible for a variation by a factor of ~3.3

Table 1. Structural and Spectroscopic Data of Some
YVO,:Yb,Er Compounds That Have Been Annealed under
Different Conditions

crystallite Ty, 2
size (us)  (us) (o
YVO,:Yb,Er annealed 18 nm 1.9 2.6 ICgy = IC 000/1750

at 600 °C

YVO,:Yb,Er annealed 82 nm 70 264 ICyp
at 1000 °C

YVO,:Yb,Er annealed 22 nm 26 8.9
at 1000 °C in silica—
silica removed with
HF

IC1000" = IC1000/100

“Collected up-conversion intensity.

(=100/30) of the UC intensity. This factor of 3.3 may
correspond to remaining defects at the surface of the
nanoparticles.

Similarly, the UC intensity ratio between one sample
annealed at 1000 °C (ICqy) and one annealed at 600 °C
(ICg) can be measured experimentally (~1750; Table 1).
This comparison enables us to determine the contribution of
the scattering (see sections S7 and S8, Supporting Informa-
tion). In this case, the scattering of the excited and emitted light
contributes to a factor of 28 at the UC intensity. We deduce
that the change of microstructure (improved crystallinity and a
reduction of surface and volume defects) between an annealing
at 600 °C and an annealing at 1000 °C contributes to an
increase of the UC by a factor of 1750/28 = 62.5.

These comparisons show that an annealing treatment
drastically increases the UC efliciency as it is often reported,
but the contribution of the scattering effect due to particle
growth, rarely mentioned in the literature, should not be
minimized. These results are in accordance with the recent
study on NaYF,:Yb,Er published by Dyck et al.,, who show the
existence of an optimal annealing temperature to get strong UC
intensity while maintaining particle shape.*!

The method we developed allows the quantification of
contributions of both microstructure and scattering and the full
understanding of the evolution of the UC intensity of
YVO,:Yb,Er upon annealing.

3.2. YVO,Yb,Er Up-Conversion Emitting Coatings.
3.2.1. Coating Preparation. In light of the above study,
thermal annealing of YVO,:Yb,Er nanoparticles synthesized by
coprecipitation is necessary in order to get highly efficient UC
emitting coatings. As the final goal is to obtain coatings with
controlled transparency, the size of YVO,:YbEr particles
should remain at the nanometer scale. One possibility could
be to apply our protected annealing process' and then deposit
the particles; nevertheless, we focused on another strategy that
proved to be simpler and thus allowed for higher mass
production. The basic principle relies on the thermal annealing
of nanoparticles powder and the reduction of agglomerate sizes
by mechanical grind.

According the UC intensity values reported in Figure 1, we
chose two samples: one annealed at 800 °C and the other
annealed at 1200 °C. The mechanical grinding was performed
in a liquid environment to minimize aggregation. After
successive washings by centrifugation, the particles were
retrieved in ethanol. SEM and TEM images of both types of
particles were taken, as illustrated in Figure 3.

The nanoparticles resulting from an annealing at 800 °C
followed by a mechanical grinding (labeled P800G) are
aggregated, but the individual 40 nm starting nanoparticles

dx.doi.org/10.1021/am5065377 | ACS Appl. Mater. Interfaces 2014, 6, 22483—-22489
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Figure 3. SEM images of YVO,:Yb,Er particles resulting from (a) thermal annealing at 800 °C for 10 h and a grinding and (b) thermal annealing at
1200 °C for 10 h and a grinding. (Insets) TEM images of the corresponding particles.

Figure 4. SEM images of coatings obtained by the spray-deposition (a) of YVO,:Yb,Er particles after a thermal annealing at 800 °C and a mechanical
grinding and (b) of YVO,:Yb,Er particles after a thermal annealing at 1200 °C and a mechanical grinding. (a, inset) Cross-sectional image of the film.

The film thickness is measured to be ~2 ym.

can be still distinguished. At the opposite, the nanoparticles
resulting from an annealing at 1200 °C followed by a
mechanical grinding (labeled P1200G) do not present any
microstructure. The sintering is complete, and the morphology
of the initial particles has completely disappeared.

Particle coatings onto glass substrates were elaborated by
spray-depositing 2 mL of colloidal solutions containing either
P800G particle or P1200G particle solutions (c ~ 2 g/L). Their
morphology has been studied by SEM (Figure 4).

A much more homogeneous surface coverage is obtained
when the P800G particles are used compared to that of
P1200G particles. The cross-section of the film made from
P800G particles reveals a relatively homogeneous thickness
(~2 pm), as illustrated in the inset of Figure 4a. This difference
of film morphology arises from the fact that the same quantity
of matter is deposited, but because the P1200G particles are
bigger, the film is incomplete and rougher. Moreover, the
difference can be explained by the likely mobility of the P800G
particles that are composed of aggregates of nanoparticles. The
rearrangement of these units seems possible during the spray-
deposition and the drying phase. This explanation is reinforced
by the study of single drop spraying (Figure S9, Supporting
Information) which reveals that the solution made of P800G
behaves like a colloidal solution of nanoparticles, forming rings
when reaching the substrate.”?

Qualitatively, the mechanical properties of the film made of
P800G particles, and especially the particle adhesion onto the
glass substrate, appear greatly improved as compared to those
of the film made of P1200G particles. Note that spraying non
annealed nanoparticles and performing a thermal treatment
after the deposition is not an appropriate choice as we face
cracks and problems with the substrate thermal resistance.

3.2.2. Film Optical Properties. The absorption spectra of the
films obtained by spraying 2 mL of either P800G particles or
P1200G particles are presented in Figure S. The transmission

100

80+

(=23
o
1
.
.

Transmission (%)
»
o
1
.
.

N
o
1

M T M T T M
300 400 500 600 700 800
Wavelength (nm)

Figure S. Transmission spectra of films made by spraying (black solid
line) 2 mL of P1200G nanoparticles, (gray solid line) 2 mL of P800G
particles, and (gray dotted line) 0.5 mL of P800G particles.

spectra look different between these two samples, probably due
to different scattering regimes linked to the different surface
coverage of the samples. One can note that, although the film
made of P1200G particles does not present a complete surface
coverage, its transparency is lower (7% at 800 nm) than the
film made with the same quantity of P800G particles (16% at
800 nm).

On the same graph (Figure S) is added the absorption
spectrum of a film corresponding to the spray-deposition of 0.5

dx.doi.org/10.1021/am5065377 | ACS Appl. Mater. Interfaces 2014, 6, 22483—-22489
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Figure 6. (a) UC emission spectra of Yb,Er:YVO, films made by spraying (black solid line) 2 mL of P1200G particles, (gray solid line) 2 mL of
P800G particles, and (gray dotted line) 0.5 mL of P800G particles. For clarity, the spectra have been stacked and enlarged as indicated. (b)
Photograph of the film made by spraying 0.5 mL of P800G particles under a 1IW 975 nm excitation. The transparency of the film is illustrated by the

presence of a blue LED placed at 8 cm on the other side of the film.

mL of P800G particles. The resulting film has an average
thickness of ~0.5 um. By dividing the volume of sprayed
solution by 4, we increased the transparency from 16% for the 2
pm thick film to 80% for the 0.5 yum thick film.

Additional haze measurements were performed, enabling the
quantification of the scattered transmission of the samples
(Table 1). The film made of 0.5 mL of P800G particles
presents the highest total transmission and the smallest haze, in
accordance with the direct transmission measurements (Figure
5). For the films made of 2 mL of P800G or P1200G particles,
the total transmission and haze are similar, but the clarity value
is higher for the film made of 2 mL P1200G particles. This
result can be explained by the inhomogeneous surface coverage
of this film.

The UC properties of these different films are reported in
Figure 6a. The film corresponding to the spray-deposition of 2
mL of P1200G particles strongly emits by UC, with an intensity
difference of a factor of 12, compared to the film made of 2 mL
of P800G particles, and 480, compared to the film made of 0.5
mL of P800G particles. The strong differences in terms of UC
intensity should be related to the differences observed on
powder samples and described in the first part of this paper.
According to the evolution in Figure 1, the difference in terms
of UC emission between the film made of P1200G particles and
the film made of P800G particles should be of the order of 100,
whereas experimentally, a value of 12 is found. This can be
explained by the fact that the film made of P1200G particles is
incomplete (Figure 4b). The quantity of matter that is probed
by the incident light is probably less than expected, diminishing
the UC signal. Between the film made of 2 mL of P800G
particles (thickness = 2 ym) and the one made of 0.5 mL of
P800G particles (thickness = 0,5 ym), a factor of 4 in terms of
UC intensity would be expected to take into account the
difference of film thickness. Experimentally, a factor of 40 is
found. The difference corresponds to the increased scattering in
the 2 ym thick film (Figure S, Table 2), enhancing the incident
and the emitted light pathway and leading to a strong increase
of the UC.

The photograph in Figure 6b illustrates the combined
properties of the 0.5 um thick film: the high transparency,
allowing the observation of an object situated at a few
centimeters away from the film, and the strong up-conversion
emission, which is easily detectable with the naked eye.

22488

Table 2. Haze Measurements Performed on the Different
Films Indicating Total Transmission through the Samples,
Scattered Transmission, and Clarity Value

total
transmission haze clarity
film made of 0.5 mL P800G particles 89.3% 338%  97.5%
film made of 2 mL P800G particles 69.3% 97.1%  774%
film made of 2 mL P1200G particles 69.3% 96.6%  85.3%

B CONCLUSIONS

A detailed study of the UC intensity in YVO,:Yb,Er showed the
necessity to anneal YVO,:Yb,Er nanoparticles prepared by
coprecipitation to get a high UC signal. A model based on time-
resolved spectroscopy measurements enabled us to quantify the
effect of the modifications of the intrinsic properties of
YVO,:Yb,Er upon annealing on the UC emission and gave
evidence of the drastic effects of the scattering. To produce
YVO,YbEr UC emitting coatings with controlled trans-
parency, a trade-off should be found between high UC

emission and controlled film transparency.

B ASSOCIATED CONTENT
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Additional spectroscopic characterizations, SEM images, and
details of the calculations leading to the quantification of the
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