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Transparent nanophosphor films with high quantum
efficiency through cold compaction

R. Kubrin,® J. J. do Rosario® and G. A. Schneider?,

A facile method to improve transparency, mechanical stability and quantum yield (QY) of luminescent
nanoparticle films is presented. Porous layers of crystalline Y>0s:Eu nanophosphor with an average
particle size of 24 nm were produced by flame spray pyrolysis. The coatings were sandwiched between
two rigid substrates and exposed to cold isostatic pressing (CIP) at 900 MPa. The second substrate
could be removed afterwards without damage. Compaction increased the particle packing density up
to 60 vol.% and nearly eliminated light scattering in the films, thus making them transparent through-
out the visible range. At the same time, the luminescence decay time constant decreased from 3.3 to
1.4 ms confirming an increase of internal QY of the nanophosphor from 0.31 to 0.60. A good match of
experimental data with nanocrystal cavity model of radiative decay of photoluminescence was demon-
strated. The increase of external brightness of the coatings was limited to 28 % (for thin coatings it
even decreased) due to the onset of light trapping by multiple internal reflection. Deliberate introduc-
tion of scatterers on the surface of the film allowed increasing the extracted intensity by at least 70 %,
thus reaching 55 % of the maximum brightness of a commercial micrometer-sized Y»0s:Eu phosphor
powder. The CIP-processed coatings possessing final thickness between 1 and 12 um behaved as
smooth crack-free solid films with excellent mechanical stability. The proposed method of cold com-
paction offers an advantage of rapid processing avoiding high-temperature post-treatment for all
applications of transparent phosphor films and other optical coatings.

Introduction

One of the most important general assets of luminescent
nanoparticles is their vanishingly small light scattering efficien-
cy, which makes them particularly attractive for applications
demanding high optical transparency: transparent plasma dis-
play devices,® phosphor-converted white light-emitting diodes
(LEDs),> and radiation converters for dye-sensitized solar
cells.® Fabrication of transparent luminescent ceramics usually
requires sintering of pre-shaped powder samples at high tem-
peratures followed by polishing of the surfaces. Calcination-
and sintering-free deposition of transparent nanophosphor films
has been studied by numerous research groups.>?*% All pub-
lished methods are based on multi-step wet processing and
often involve addition of polymers as host materials. Alterna-
tively, phosphor nanoparticles could be continuously produced
and coated onto substrates by flame aerosol deposition
(FAD),* a rapid single-step processing method based on flame
spray pyrolysis (FSP).'? FAD results in homogeneous nanopar-
ticulate films from liquid solutions within minutes and is suc-
cessfully applied for deposition of optical fiber preforms,'® gas
sensors,* anti-fogging films,®® dye-sensitized solar cells,*®
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microfluidic devices,'” and flexible multifunctional nanocom-
posite films.?® The main drawback of FAD is that it usually
produces deposits with very low packing density of nanoparti-
cles (corresponding to volumetric porosity on the order of
98 %)** and poor mechanical properties. In most applications
denser, more stable coatings are desired. In the case of a lumi-
nescent material, the nanoparticle volume fraction directly
affects the brightness of emission and scattering losses of the
light transmitted through the film.** Having the means to in-
crease the packing density would be clearly beneficial for the
performance of nanophosphor screens in terms of quantum
efficiency, transparency, and screen resolution (for imaging
applications™).

Cold compaction of non-luminescent TiO, nanoparticle films
has been developed for fabrication of photoelectrodes for the
flexible dye-sensitized solar cells (DSSC).?**** Mechanical
compression of titanium dioxide films deposited by FAD was
also implemented recently by means of low pressure lamina-
tion.?> One of the general challenges encountered in compac-
tion of flexible photoelectrodes of DSSCs, which usually have a
thickness on the order of 10 um, is the uniformity of applied
pressure over the area as it requires special care in adjustment
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of parallelism and flatness of the pressing platens or rolls. To
improve on this issue, application of cold isostatic pressing
(CIP) was suggested.? It has been shown that CIP-compaction
increases the scratch resistance of the TiO, films 2’ and also
substantially improves their transparency.?

It is known that a change of particle packing density has a
strong influence on light scattering and radiative emission de-
cay rate of luminescent nanoparticles.!! To the best of our
knowledge, the effect of compaction on optical properties of
nanoparticulate films has not been systematically studied and
application of compaction techniques to nanophosphor coatings
has never been reported.

In the present work, an attempt to radically compact FAD de-
posits is undertaken. We deploy high-pressure CIP to compress
Y,03:Eu nanophosphor coatings sandwiched between two rigid
substrates (thus, effectively applying the force uniaxially).
Optical transparency, photoluminescent (PL-) performance and
mechanical properties of compacted coatings are investigated.
The chemical composition of the nanophosphor was previously
optimized for the best performance.* We show that by FAD
and mechanical compaction it is possible to obtain mechanical-
ly stable transparent nanophosphor coatings within several
minutes without any thermal post-processing.

Experimental

Deposition of coatings: The deposition of Y,0;:Eu nanophos-
phor coatings performed at the Particle Technology Laboratory
at the Swiss Federal Institute of Technology (Zurich, Switzer-
land) was thoroughly described in our previous work.'! Hy-
drates of yttrium nitrate (99.9 %, ChemPur) and europium
nitrate (99.9 %, Alfa Aesar) were dissolved in ethanol (EtOH,
p.a.) and 2-ethylhexanoic acid (EHA, 99 %, Riedel-de Haén),
so that a 0.5 M solution of yttrium and europium nitrates in a
solvent composed of 50 vol.% EtOH and 50 vol.% EHA was
obtained. The flammable liquid precursor was fed into the
flame with a syringe pump at the rate of 11.7 ml min™ through
a capillary of an outside-mixing two-phase nozzle. The precur-
sor was dispersed with oxygen (at the rate of 3 I min, with a
constant pressure drop of 1.5 bar over the nozzle). The liquid
spray was ignited with a methane/oxygen pilot flame (1.4 and
2.8 1 min?, respectively). Samples of the phosphor doped
8 mol.% europium with coating densities up to 4 mg cm™ were
produced on water-cooled fused quartz substrates (30 mm di-
ameter, 1 mm thick, double-side polished) placed in 25 cm
above the burner nozzle. The average particle size derived from
the measurements of specific surface area was 24 nm and the
crystalline structure was mainly cubic (containing 15-18 wt.%
of the monoclinic phase).!! As a reference, a coating deposited
by gravitational sedimentation of a commercial phase-pure
cubic Y,03:Eu phosphor (MaTecK GmbH, 4.5 % Eu, dsgy = 4
pm, coating density 2.0 mg cm2) was used.*

Compaction: To mechanically compact the FAD deposits, a

blank fused quartz substrate was put on the coated side of each
sample, thus “sandwiching” the nanoparticle layer between the
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quartz plates. The two substrates were gently pressed together
(manually) until the blank one sufficiently adhered to the sam-
ple to allow further handling. The “sandwich” was enclosed in
an elastic air-tight casing and introduced in the cold isostatic
press (KIPP200ES, Paul Weber, Remshalden-Brunbach, Ger-
many). The samples were compressed at a pressure of 900 MPa
for 2 min. Pressurizing and depressurizing steps also had a
duration of 2 min. The substrates could be later separated by
introducing a scalpel blade between them. The compacted FAD
coating always stayed on its original substrate.

Characterization: The morphology of deposited layers was
investigated by scanning electron microscopy (SEM: LEO 1530
Gemini). The porosity of the coatings was calculated from their
apparent thickness (obtained from SEM of cleaved samples)
and coating density (obtained by weighing the substrates before
and after FAD). Measurements of hardness and elastic modulus
of compressed coatings were performed with a Nano Indenter
G200 system (Agilent Technologies, USA) equipped with a
standard XP indenter head with the Berkowich geometry. The
constant stiffness measurement (CSM) technique and an inden-
tation depth of 5 um were used. The measurements were per-
formed on the thickest sample (12 um) in order to minimize the
error due to proximity of the substrate. Indents were distributed
over the sample surface. Attenuance spectra of the FAD coat-
ings were taken with a Perkin Elmer “Lambda 1050 and a
Varian “Cary 500” UV-Vis-NIR spectrometers. The photolu-
minescence of the nanophosphor powders was examined with a
Varian Cary Eclipse fluorescence spectrometer. The measure-
ments of the PL-emission spectra were performed by exciting
the phosphor with a Xe flash lamp at a wavelength of 254 nm.
The brightness of photoluminescence of the phosphor coatings
was measured by a portable photospectrometer (Tristan 4,
MUT GmbH). A low-pressure mercury lamp (NU-8 KL, Kon-
rad Benda) at the wavelength of 254 nm was used as an excita-
tion source. Screen brightness was determined by the amplitude
of the main emission peak (A = 612 nm). Thickness of all sam-
ples except the thinnest one (0.23 mg cm?) was sufficient to
absorb most of the incident UV-light so that in most cases the
intensity of emission did not depend on exact value of coating
density.™

Results and discussion

Packing density of nanoparticles and mechanical properties of
the coatings

Standard FAD technique implemented for yttria-based nano-
phosphors resulted in deposits with very sparsely packed nano-
particles (Figure 1a) corresponding to a particle volume fraction
of only 2.7+0.4 % (97.3 vol.% porosity).** After compaction of
films with a coating weight of 3.8 mg cm™? at 900 MPa, the
particle volume fraction estimated from the cross-sectional
SEM (Figure 1b) reached 59.6+1.5 %, thus approaching the
upper limits of loose random packing of monosized spherical
particles.®® In Figure 1 c) and d), high-magnification views of
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Figure 1. a) SEM of an as-deposited Y,03:Eu nanophosphor coating (top surface); b) cross-section of a compacted sample;
¢) top surface of a compacted layer; d) fracture surface of a compacted layer.

I

the top surface and fracture surface are shown, respectively.
Compressed coatings featured no cracks at the cm-scale and
surface roughness was on the order of the size of several nano-
particles.

More than 20-fold densification of the nanophosphor coatings
could be anticipated to dramatically affect their mechanical
properties. In the initial state (before compaction), no data
could be obtained with the available equipment because the
event of contact between the indenter tip and the coating could
not be detected. Figure 2 shows the results of nanoindentation
performed on CIP-processed coatings. Load-displacement
curves (Figure 2a) show a typical indentation profile with a
continuous loading curve followed by holding and unloading
segments. The absence of discontinuities in the load-
displacement curves indicates homogeneity of the layer. Start-
ing from the indentation depth of about 1000 nm, the film hard-
ness was on the order of 1.5-1.6 GPa (Figure 2b). The curves of
elastic modulus revealed a reproducible increase from approx-
imately 50 GPa at the depth of 1000 nm to about 60 GPa at
4000 nm (Figure 2c), which should be attributed to film densi-
fication as the indenter tip penetrates deeper into it.

When compared to the literature on mechanical performance of
transparent yttria (hardness 10.7 GPa, elastic modulus 178-185
GPa),*! the properties of the nanophosphor coatings are surely
significantly worse than those of the fully sintered material.
Nevertheless, this performance should constitute a sufficient
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mechanical stability for many applications. As opposed to the
original FAD coatings, compressed deposits could not be de-
stroyed by touching their surface and a tool was needed to
scratch them off the substrate. A successful substrate transfer of
compacted FAD-produced TiO, film possessing the elastic
modulus below 2 MPa was demonstrated.”® Furthermore, it can
be expected that the particle volume fraction and mechanical
properties of the nanophosphor coatings could be tuned be-
tween the original state and the values achieved in the present
work by simply varying the applied pressure.?

The thinnest compacted coating had a coating density of 0.23
mg cm™. Its geometrical thickness in the initial state was ap-
proximately 16 um. Nevertheless, even such a thin layer re-
tained its integrity upon “sandwich”-compaction and removal
of the second substrate. The thickness in the compacted state
was 1.0+0.1 pum, which corresponds to 43.4+4.4 vol.% particle
fraction, substantially lower than that of the thick coatings.
Worse compaction could be related to the small coating thick-
ness representing a challenge for the planarity of the substrates.
Processing of the films with thickness below 1 um would obvi-
ously require special care for the choice of the substrates.

The films of intermediate coating density (1.2 mg cm™®) could
be compressed to a thickness of at least 4.2 pm, which corre-
sponds to a particle fraction of 55.0+1.5 vol.%.
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cent (Figure 3a) so that the incident light experienced multiple
scattering before escaping from the coating. The values of

6001 a) attenuance (expressing the losses due to absorption and scatter-
500+ ing) measured for such thick coatings in the visible range were
= 400- quickly growing from 0.8 (~15 % transmittance) at the wave-
é length of 800 nm to 2.7 around 380 nm (< 0.2 % transmittance,
< 300+ Figure 4a); the rest of the incident light was scattered in all
g 200- directions. We assume here that absorption of visible light can
- be neglected for our films so that the attenuance equals the
100+ scatterance.
0- Figure 3b shows that the compressed coatings were fully trans-
T . T . T . parent. Practically no blur of images in the background was
0 1OOQ 2000 3000 4000 5000 observed. Attenuance shifted well below 0.5 throughout the
Displacement, [nm] visible range. For example, for the main emission wavelength
of the Y,03:Eu phosphor (612 nm), it was equal to 0.146 units,
3.0 which means that at least 71 % of the incident photons would
— 925 b) be transmitted through the coating without being scattered or
g ' reflected. Some residual scattering was surely still present
Q20 because the transmission losses on the order of 29 % could not
%) - be explained exclusively by the Fresnel reflection loss. The
% 1.5 effective refractive index of the compacted nanophosphor nggge
'E 1.0 can be estimated by the linear permittivity mixing rule
s 1
I
0.5 Nere =+ fyN2+(1-1,) "
———— 1 ! where fy, is the particle volume fraction and np is the refractive
0 1000. 2000 3000 4000 5000 index of the dense bulk phosphor. Taking the refractive index
Displacement, [nm] of Y,0; of 1.93 % and the particle volume fraction of 0.596,
one obtains the effective refractive index of 1.62, which was
— 1004 also derived from Yoldas mixing rule, Bragg-Pippard,®* Mo-
& necke,® and Fricke formulations.%®
& 801 ¢
:.' For a film of refractive index of 1.62 deposited on a fused
3 60 silica substrate (1.46), the total single-pass Fresnel reflection
'g M loss at near-normal incidence does not exceed 10 %. The resid-
Eo 40- ual porosity is, thus, responsible for the decrease in transmit-
0 tance around the wavelength of 612 nm by approximately 20 %
*%' 20 in the absolute figures (i.e., the rest of the total transmission
] loss of 29 %). For shorter wavelengths, this contribution slowly
increases reaching 40 % at the blue edge of the visible range

0 T T T T 1
0 1000 2000 3000 4000 5000 (380 nm).
Displacement, [nm]
Figure 2. a) Load-displacement curves from nanoindenta-
tion; b) hardness-displacement curves; c) Elastic modulus-
displacement curves.

Optical transparency of the nanophosphor films

The remarkable changes in the optical properties of the nano-
phosphor coatings could be observed by naked eye (Figure 3).
When compared to the conventional phosphor coatings consist-
ing of micrometer- or submicrometer-sized particles with the
equal coating density, as-deposited FAD-coatings had up to two
orders of magnitude lower scatterance in the visible range.’*
Nevertheless, at the high coating densities of approximately
4 mg cm’2, even the nanophosphor films became rather translu-

Figure 3. a) as-deposited Y,03:Eu nanophosphor coating;
b) compacted coating, 3.8 mg cm™.
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Figure 4. Attenuance of Y,03:Eu nanophosphor coatings before and after compaction: a) 3.8 mg cm™; b) 0.23 mg cm™.

Figure 4b shows the evolution of attenuance of the thinnest
compacted nanophosphor film. In the original state, transmit-
tance decreased from 93 % around the wavelength of 800 nm to
42 % at 380 nm. In the same range, transparency of the com-
pacted film only changed from 98.5 % to 94 % over the same
wavelength range.

The decrease of scatterance, despite the fact that the number of
nanoparticles each photon should intersect stays constant,
should be attributed to the effects of dependent scattering.
When the distance between the scattering centers falls short of
the wavelength of the incident light, the scattering efficiency of
each single particle starts to decrease. For nanoparticles with
the size substantially below the wavelengths of visible light, the
conditions for the onset of dependent scattering are fulfilled for
any realistic packing density in the packed state.'® Decreasing
porosity is expected to reduce scattering. At the same time,
absorption of light, which dominates the attenuation in the UV-
range, should be much less affected by compaction. These
predictions are supported by the experimental results in Fig-
ure 4.

Photoluminescent properties of the compacted nanophosphor
coatings

Densification of nanophosphor films did not introd

uce any significant changes in the spectra of excitation and
emission of luminescence (Figure 5). The main peak of emis-
sion was found at the wavelength of 612 nm — characteristic for
Eu®*-ions in cubic Y,0;. The excitation spectrum featured a
wide peak in the range between 220 and 270 nm due to the
charge transfer band (electrons from the valence band undergo
transitions to the excited states of Eu-ions). At wavelengths
shorter than 220 nm, fundamental absorption across the
bandgap of yttrium oxide mainly contributes to excitation of
photoluminescence.?":%

The main performance parameter of a luminescent material is
the efficiency of conversion of the excitation energy in the

This journal is © The Royal Society of Chemistry 2015

emitted light. In the case of photoluminescence, it is described
by a number ratio of emitted and absorbed photons usually
termed quantum yield (QY). Under constant excitation condi-
tions, QY is directly proportional to the intensity of emission so
that an estimate of efficiency of a phosphor can be obtained by
comparing its brightness with that of a sample with a known
QY. Provided that the spectral distribution of emission is the
same for both the material under investigation and the reference
phosphor, it is sufficient to relate the intensities of the main
emission peak.

In our previous work, from the typical quantum efficiency of
commercial Y,O3:Eu phosphors (0.95)%* and relative maximum
brightness of the uncompacted Y,03:Eu FAD-deposits
(33 %), an estimate of their quantum efficiency on the order
of 0.31 could be obtained. Correcting this figure for up to
18 wt.% of “passively” absorbing monoclinic yttria present in
the deposited films, the actual quantum efficiency of pure cubic

— Excitation Emission
=
&,
>
=
(%))
C
(0]
b
£
_
o

200 300 400 500 600 700 800
Wavelength, [nm]

Figure 5. Spectra of excitation and emission of photolumi-
nescence of the compacted FAD-deposited Y,0O5:Eu nano-
phosphor coating.
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phosphor phase should be approximately 0.38. Strictly speak-
ing, the UV-light absorbed by the monoclinic phase is not com-
pletely lost as it also emits photoluminescence at different
wavelengths. Nonetheless, this modification is substantially less
efficient than the cubic one'! and it does not any peaks of emis-
sion at 612 nm so that it is rejected in the measurements of
brightness.

The changes of external QY after compaction featured a pro-
nounced systematic dependence on the thickness of the films.
The most prominent increase of the luminescence intensity
measured normally to the surface of the substrate was observed
for the thickest coatings (3.8 mg cm™) and was equal to 28 %.
In this way, they reached 40 % of the maximum brightness of
the coatings made of the commercial micrometer-sized
Y,03:Eu powder. At the same time, for the thinner coatings the
PL-intensity emitted normal to the substrate usually even de-
creased, e.g., it dropped by 30 % for the coatings of 1.2 mg cm’
2 which possessed the highest brightness in the uncompacted
state. In the case of the thinnest studied coating (0.23 mg cm),
the decrease of brightness was even more significant - nearly
60 %. Such a dependence of brightness on thickness of the
nanophosphor films cannot be explained by variation of nano-
particle packing density/effective refractive index of the coat-
ings and must be a result of a special loss mechanism.

Various sources of losses in the luminescent coatings were
recently treated by G. Dantelle et al.* It was shown that in the
absence of scattering in the phosphor film its brightness is
severely affected by the light extraction issues. Light emitted in
the volume of the phosphor coating experiences internal reflec-
tion at the interface with air. For the effective refractive index
of 1.62, theoretically less than 11 % of the total emission inten-
sity escapes at each of the two surfaces of the film; the rest
78 % (=100 % —11 % * 2) is trapped inside and experiences
multiple internal reflections toward the edges of the sample. In
the full absence of scattering, light trapping can cause the
brightness drop by a factor of about 4.7. For the coatings inves-
tigated in this work, the ‘guiding’ effect is counteracted by the
volume scattering due to residual porosity which, at least in the
case of the thickest coatings, allows more than theoretically
predicted 11 % of emission to escape from each surface of the
film.

In the presence of light trapping processes, which are not active
in uncompacted nanophosphor films or reference samples made
from the strongly scattering commercial Y,03:Eu powder, the
direct comparison of PL-brightness cannot be reliably used for
assessing QY of compacted samples. Alternatively, QY can be
derived from the transient characteristics of emission*!

QY = (2)

where t© and tr are the overall and the radiative exponential
decay time constants, respectively. The experimentally ob-
served overall emission decay time constant t comprises con-
tributions from radiative and non-radiative decay paths (tg and
Tnr Fespectively)®
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Equations 2 and 3 can be combined. The experimentally ob-
served decay time constant of emission changed from 3.27 to
1.40 ms, i.e., by a factor of 2.33 If the non-radiative decay time
constant was assumed unaffected by compaction and the initial
value of QY was 0.38, the absolute quantum efficiency of the
cubic Y,03:Eu nanopowder would have to increase by almost
100 % upon compaction to 59.6 vol.% and reach 0.73. The
apparent efficiency of the nanophosphor with admixture of
monoclinic phase should be then equal to 0.60 (i.e., 63 % of the
maximum brightness of the coarse-grained commercial Y,05:Eu
reference). As anticipated from the lower particle volume frac-
tion of the thinnest compacted coatings (43.4 vol.%), the corre-
sponding luminescence decay time constant was longer than
that of the thickest coatings (1.62 vs. 1.40 ms, respectively),
which results in an estimate of the true quantum efficiency for
the cubic phase of 0.69 and apparent efficiency of 0.57, thus
still promising a drastic increase of QY.

The above estimates show that suppression of the light trapping
in the compacted nanophosphor films would allow almost dou-
bling the intensity of emission as compared to the initial, un-
compacted state. Although the bright emission from the lateral
edges of the samples could be observed visually, quantitative
measurements of the total emission intensity could not be per-
formed due to the lacking equipment. Therefore, another way to
demonstrate the actual gain in QY of the nanophosphor films
had to be found.

Introduction of a strongly scattering surface layer

One of the 1.2 mg cm™ samples, which usually demonstrated a
30 % intensity drop upon compaction, was sandwiched not with
a blank substrate but with a layer of strongly scattering sub-
micrometer-sized particles of another phosphor, yttrium alumi-
num garnet (YAG) doped with terbium, produced by flame-
assisted spray pyrolysis in our previous work.*> YAG host is
transparent down to a wavelength of 200 nm,*® and photolumi-
nescence of Tb-ion in YAG is not efficiently excited at
254 nm.*?> Compression by the otherwise standard CIP-assisted
procedure resulted in a structure shown in Figure 6. The top
surface of the nanophosphor film was covered with a rough
particulate crust able to disrupt the multiple internal reflection
of light. At the same time, full loss of transparency was ob-
served (attenuace at the emission wavelength reached 1.9 units,
i.e. less than 1.3 % transmittance, spectra not shown). In this
experiment, the improvement of light extraction factor comes at
cost of inferior transparency. However, it is not suggested as a
general way of using the nanophosphor coatings but only in-
tends to prove that the quantum efficiency indeed increases
after compaction, while internal reflection of light is responsi-
ble for the losses of emission intensity in the thin films. Bright-
ness of emission was measured in two configurations depicted

This journal is © The Royal Society of Chemistry 2015
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Figure 6. SEM-images of the Y,03:Eu nanophosphor film covered with the YAG:Tb scatterers: cross-sectional view (a), top

view (b).

in Figure 7 and referred to as forward (F) and backward (B)
modes.

In the forward direction, the exciting radiation from the UV-
lamp is first incident on the layer of scatterers, where a relative-
ly large fraction of UV-light is diffusely reflected back from the
sample (attenuance at 254 nm was reaching 2.6 units). UV-
photons diffusely transmitted through the layer of YAG:Tb
excite luminescence in the compacted Y,03:Eu film. In spite of
the fact that the flux of UV-photons reaching the Y,03:Eu was
diminished by scattering on YAG:Tb particles, PL-brightness
of the sample in the conventional F-mode increased to 40 % of
the commercial Y,03:Eu phosphor, i.e. increased by at least
30 % of the initial value instead of the usually observed de-
crease.

By exposing the same sample to the UV-light in the backward
direction, the loss of intensity of exciting UV-radiation by
scattering on YAG:Tb particles could be avoided. Strong light
scattering in this layer still could have a negative influence on
measured PL-brightness as light generated in the nanophosphor
film was diffusely reflected back to the substrate and could tend
to preferably escape from the sample towards the UV-lamp and

a) | : | b) | :
Scatterers '
Scatterers

Figure 7. Configurations of a) forward (F-mode) and b)
backward (B-mode) exposure of the sample containing
scatterers.

This journal is © The Royal Society of Chemistry 2015

not towards the detector. Nevertheless, the brightness in the B-
mode further increased and reached 55 % of the commercial
coarse-grained reference, thus improving over the performance
of the uncompacted nanophosphor film of the same coating
density by nearly 70 %. Only weak traces of emission from
YAG:Tb could be detected in both F- and B-configurations,
which did not affect the measured values of brightness of com-
pacted Y,03:Eu nanophosphor as the contributions from both
phosphors were spectrally resolved. It also has to be noticed
that for the standard compacted Y,03:Eu nanophosphor layers
without deliberately introduced scatterers there was no signifi-
cant difference between the PL-brightness obtained in the F-
and B-modes.

Optimization of properties of the scattering layer potentially
could allow further increasing of film brightness. From this
point of view, it seems feasible to double the brightness of
emission and approach the apparent quantum efficiency of 0.60
calculated above from the measured decay time constants and
the initial quantum efficiency of 0.31.

Modeling of the photonic effects of compaction on the radiative
decay rate of photoluminescence

The above estimates of boosted QY were obtained without
making any explicit assumptions on the changes of the radiative
decay rate. At the same time, the dependence of PL-
performance on packing density of nanoparticles is mostly
related to the shortening of the radiative decay time constant of
excited ions embedded in media with higher refractive index.
This relation is usually discussed in terms of two alternative
approaches: a real cavity model and a virtual cavity model.***°
It has to be mentioned that these models are usually tested for
luminescent centres dispersed in continuous liquids or solids of
varying refractive index. To the best of our knowledge, the
influence of compaction of nanophosphors not embedded in
any dense media has not been reported.

RSC Advances, 2015, 00, 1-10 | 7
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The real cavity model assumes a substitutional impurity in an
empty cavity having a refractive index of vacuum. The radia-
tive decay time constant is expressed by*

o 1 A )
R ’
f(ED)[ 3n2, 2
2nZ +1| &

where f(ED) is the oscillator strength of the specific electric
dipole transition and 2, is the wavelength in vacuum. For the
change of the effective refractive index from 1.02 to 1.62, it
predicts shortening of zz by a factor of 2.5. Considering that at
the same time the overall decay time constant changed by the
factor of 2.33, the QY (Equation 2) and the maximum bright-
ness of the nanophosphor films could improve by not more than
approximately 5 %. Thus, it should be concluded that the real
cavity model is inappropriate for the compacted nanophosphor
coatings, although it was applied in majority of reports on em-
bedding of emitting ions in media with different refractive
indices.*5¢

According to the virtual spherical cavity model, which assumes
an interstitial impurity in a cavity with the refractive index of
the surrounding medium, the change of the radiative decay
constant can be expressed by the following equation***

1 2

RTTED) 1 2
{ (nIZEFF +2)} Nepe

The increase of the effective refractive index of the coating
from 1.02 to a value of 1.62 would result in shortening of the
radiative decay time of the transition tg by a factor of 3.7 in this
case.

(5)

For comparison, taking the overall decay time constant of
1.40 ms and the quantum efficiency of 0.73 for the pure cubic
Y,03:Eu in the compacted state, as it was calculated in the
previous section, the radiative decay time constant must be
equal to 1.92 ms. Thus, it would have decreased by a factor of
45 from the initial state (QY =0.38, 1=3.27ms,
Tr = 8.65 ms).

If the virtual cavity model was used to predict the shortening of
the radiative decay time constant (while leaving the initial QY
unfixed), the values of 0.50 and 0.79 would be derived from
Equations 2 and 3 for the initial and final quantum efficiencies
of the thickest compacted nanophosphor coating, respectively.
However, such high initial QY could not be confirmed by
measurements of brightness. Additionally, the increase of QY
upon compaction of investigated Y,03:Eu nanophosphor ap-
pears limited to 58 %, which falls short of 70 % gain in bright-
ness experimentally demonstrated in the previous section. Both
contradictions could be resolved if the effective refractive index
of the compacted nanophosphor was higher than 1.62. For
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example, the shortening of the radiative decay time constant by
the factor of 4.5 would be expected for the refractive index of
1.73 corresponding to the particle volume fraction of 73 % by
Equation 1. However, this result does not comply with the
situation reflected in the SEM images. Achieving such a high
packing density of ceramic nanoparticles for pressing with
pressures below 1 GPa is also not expected from the literature
on compaction of nanopowders.*®

The inconsistency of experimental results for the decay of pho-
toluminescence from rare earth-doped nanoparticles with either
of the two discussed models was recognized by several re-
searchers.**®® |t was suggested that PL-properties of nanophos-
phors in media with different refractive indices can be better
described by a modified empty cavity model, referred to as a
nanocrystal cavity model, where the refractive index of vacuum
is substituted for that of the host material of nanoparticles ny¢

1 2
g =
f (ED)

- (6)
23nEFF 2 Nerr
2nEFF +Nye
In this model, the radiative decay time constant decreases by a
factor of 4.2 while ngr changes from 1.02 to 1.62. This value is
very close to 4.5 calculated from the initial brightness of the
coatings and measured decay time constants before and after
compaction. Obviously, the nanocrystal cavity model is the
most suitable for the nanophosphor coatings under investiga-
tion. The small residual difference could be attributed to either
not precisely known refractive index of the phosphor material
or underestimated initial QY of the coatings.
The relation between porosity and the effective refractive index
of solid films is a subject of numerous studies®? and there is
no common opinion on which mixing rule is the most appropri-
ate. It is known that experimentally measured values of the
mean refractive index can exceed the estimates produced by
approaches based on linear permittivity mixing,>® such as the
one applied here (see Equation 1). The effective refractive
index could also be affected by the presence of monoclinic
phase, which has higher gravimetric density and potentially
should have somewhat higher refractive index. Unfortunately,
no data on its value could be found in the literature so that its
influence on the effective index of the studied films remains
uncertain. No significant influence of Eu-doping on the average
refractive index is expected as the refractive index of pure
Eu,03 (1.97)* is only slightly higher than that of Y,03, and its
concentration is relatively low.
As the value of the effective refractive index could not be ex-
actly adjusted, the shortening of the radiative decay time con-
stant by the factor of 4.2 can be used in further analysis as the
worst-case scenario. According to Equation 2 and 3, an increase
of QY of the pure cubic Y,03:Eu to approximately 0.75 can be
predicted for the compaction to 60 vol.%. In the absence of
light trapping and assuming the presence of 18 wt.% of the
“passive” monoclinic phase, the PL-brightness of the compact-
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ed coating could ultimately reach 67 % of that of the state-of-
the-art commercial coarse-grained reference.

By extrapolation of the dependence of QY of the cubic
Y,03:Eu nanophosphor for the case when the particle volume
fraction equals 1.00 (pore-free solid), a value of 0.82 is ob-
tained, i.e., 86 % of brightness of the benchmark commercial
phosphor. The missing 14 % can be attributed to quenching on
the surface or other defects of crystalline structure often ob-
served for phosphor nanoparticles.*** This also means that if
further mechanical compaction was possible, it could not bring
more than 10 % improvement over the QY of 0.75 already
achieved in this study. It can be concluded that the investigated
technique of cold compaction allows to appreciably narrow the
gap in performance of nanophosphors and their micrometer-
sized counterparts.

One can anticipate that obtaining the phase-pure cubic nano-
phosphor, suppression of “surface quenching” and light trap-
ping would be more advantageous than the attempts to compact
the films with even higher pressures. The pure cubic nanophos-
phor with the particle volume fraction of 60 % potentially could
reach QY of 0.93 once the “surface quenching” is fully elimi-
nated. The feasibility of reduction of negative effects of imper-
fect crystallinity and surface quenching on phosphor efficiency
was already reported for several luminescencent nanopow-
ders.4°’54

Conclusions

Cold compaction of nanophosphor films deposited by flame
aerosol deposition was shown to be a viable means to obtain
optically transparent and mechanically stable coatings. Uniaxial
compression between two rigid flat substrates pressurized iso-
statically by a conventional cold isostatic pressing can increase
the packing density of phosphor nanoparticles from 2.7 vol.%
to 59.6 vol.% without introducing cracks in the films. Hardness
and elastic modulus of the compacted films reached 1.5 and
50 GPa, respectively, enabling safe handling and appreciable
stability for demanding applications. Brightness of the films
increased only slightly upon compaction or even decreased.
From the decrease of the luminescence decay time constants,
the increase of the apparent QY of nanophopshor from approx-
imately 31 % to 60 % could be estimated. It was also possible
to increase the light extraction efficiency from the compacted
nanophosphor film by intentional introduction of a strongly
scattering surface layer. The maximum brightness of the
Y,03:Eu nanophosphor coating of 1.2 mg cm™ covered with a
layer of sub-micrometer-sized YAG:Tb particles demonstrated
the increase from 33 % to 55 % of brightness of the reference
coarse-grained commercial phosphor powder coating, thus
confirming a considerable increase in quantum yield of the
nanophosphor.

Our data shows that the nanocrystal cavity model is the most
appropriate for describing the variation of the radiative decay
rate while neither the real nor virtual cavity models could be
supported. Based on the chosen model, it is predicted that the
further improvement of PL-performance can be rather achieved
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by synthesis of phase-pure nanophosphor and inhibition of
“surface quenching” while compaction with even higher pres-
sures would have only a minor effect.

Combination of FAD with CIP enables rapid deposition of
optical coatings, starting from liquid precursors and ending
with solid transparent films, within just several minutes and
without exposing the substrates to very high temperatures (FAD
on polymer substrates was already demonstrated).”*® By vary-
ing the applied pressure, it should be possible to tune the densi-
ty, effective refractive index and transparency of the coatings.
Multiple deposition and compression cycles with stepwise
decreasing pressure could facilitate fabrication of structures
with graded refractive index to counteract the effect of light
trapping while sustaining optical transparency of the struc-
tures.*®

ClP-assisted cold compaction can be applied to any other nano-
particulate films, including other phosphor materials, flexible
substrates, and coatings deposited by methods other than flame
spray pyrolysis. Nanoparticulate coatings compacted by the
suggested technique can also be used for producing polymer-
infiltrated composites®® with ultra-high nanoparticle loading
comparable to those produced, for example, by a recently pub-
lished Capillary Rise Infiltration method.5®
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