
FULL PAPER

1700025 (1 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advopticalmat.de

Design and Realization of a Novel Optically Disordered 
Material: A Demonstration of a Mie Glass

José M. Miranda-Muñoz, Gabriel Lozano,* and Hernán Míguez*

DOI: 10.1002/adom.201700025

transport properties with applications 
in optoelectronic devices such as solar 
cells,[11–13] random lasers,[14–16] or white 
light-emitting diodes.[17,18] The actual 
spectral response of these systems, except 
for the case of photonic glasses, i.e., dis-
ordered packings attained from quasi-
monodisperse colloids,[19–22] cannot be 
predesigned on the basis of analytical 
models. However, significant efforts have 
been devoted lately to develop strategies to 
select the scattering properties of diffusive 
materials prior to fabrication.[23]

Herein, we introduce an optically 
random solid slab that behaves similarly to 
a liquid dispersion of monodisperse parti-
cles. Not only its optical response can be 
predetermined based on Mie theory, but 
also allows for a large amount of chromo-
phores to be loaded, as it is based on a 
high specific surface area (≈150 m2 cm−3) 

matrix embedding strongly scattering particles. A synthetic 
route to maximize the refractive index contrast between the 
two phases present in the material is also demonstrated. A 
full optical characterization is performed to attain all relevant 
parameters, namely, scattering (lsc) and transport mean free 
paths (lt), which are in fair agreement with Mie theory. The 
potential of this material that represents a novel demonstration 
of a Mie glass is confirmed by soaking the films in fluorescent 
dyes, whose spontaneous emission is enhanced by a factor of 
approximately three due to the combined effect of absorption 
reinforcement and outcoupling improvement.

2. Modeling

We performed an analytical study of our Mie glass based on 
Mie theory prior to material realization. A series of different 
available materials that can be synthesized in the form of a col-
loid of spherical particles, such as silicon oxide (SiO2), titanium 
oxide (TiO2), or polystyrene spheres, were considered. Based 
on a practical criterion, possible mesoporous matrices where 
to embed those particles were modeled. These included low 
density media for which a wide number of synthetic methods 
had been developed, such as mesostructured SiO2 and TiO2. 
Also, the effect of void scatterers, which would result from the 
etching of organic spheres in an inorganic matrix, was also 
accounted for. We assessed light propagation in Mie glasses 
based on the standard parameters used to characterized opti-
cally random media, i.e., lsc and lt. In particular, the model 

Herein, a diffusive material presenting optical disorder is introduced, which 
represents an example of a Mie glass. Comprising spherical crystalline TiO2 
nanoparticles randomly dispersed in a mesoporous TiO2 matrix, it is proved 
that the scattering of light in this inhomogeneous solid can be predicted in 
an unprecedented manner from single-particle considerations employing 
Mie theory. To that aim, a study of the dependence of the key parameters 
employed is performed to describe light propagation in random media, i.e., 
the scattering mean free path and the transport mean free path, as a function 
of the size and concentration of the spherical inclusions based on a com-
parison between experimental results and analytical calculations. It is also 
demonstrated that Mie glasses enable enhanced fluorescence intensity due to 
a combined absorptance enhancement of the excitation light combined with 
an improved outcoupling of the emitted light. The method offers the pos-
sibility to perform a deterministic design for the realization of a light diffuser 
with tailor-made scattering properties.
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1. Introduction

It is well known that the optical properties of dilute dispersions 
of spherical particles in liquid media can be understood based 
on the analytical results of Mie theory.[1,2] As long as the con-
centration of scatterers allows neglecting correlation effects, 
the behavior of the system can be easily extrapolated from that 
of the individual particles. Simultaneously, liquid media offer 
several advantages. First, they typically present a low refractive 
index, which favors reaching a high dielectric contrast between 
the medium and the dispersed phase, reinforcing the scattering 
strength of the scatterers.[3–9] In addition, they can serve as 
solvents of chromophores of different sort, whose absorption, 
and therefore emission intensity, can be enhanced by means 
of multiple scattering occurring in the dispersion. Such fea-
tures were taken advantage of in the 90’s of the 20th century to 
develop random lasers.[10]

When it comes to solids, most attempts to realize multiple 
scattering media have been based on packings of high refrac-
tive index particles of variable dispersity to demonstrate novel 
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assumes that the average distance at which a photon propa-
gating through a solid dispersion of spherical scatterers within 
a porous matrix undergoes a scattering event is given by 
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where f is the particle volume filling fraction, r is the radius 
of the scatterers, and σsc is the scattering cross-section, which 
is determined by the complex refractive index of both the scat-
tering particle (Np) and the medium (Nm), as well as by the par-
ticle size and shape through the expression derived by Mie 
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being the wavelength of light and nm the real part of Nm.[1] 
For a generic spherical scatterer, the coefficients an and bn of 
Equation (2) can be written as a function of the Riccati–Bessel 
functions as it is described in the Supporting Information.  
lt is the length over which the direction of propagation of the 
photon is randomized, and it depends on the angular distribu-
tion of the scattering through the following expression[24]
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where θ is the scattering angle measured from the direc-
tion of the illumination, and the average of cosθ is calculated 
weighting the contribution of each θ according to the angular 
distribution of scattered intensity provided by Mie theory. A 
small sphere, in relation to the wavelength of the incident light, 
presents a dipole-like scattering. For larger spheres, however, 
the scattering becomes mainly forward. We have demonstrated 
elsewhere that spherical scatterers yield the most efficient scat-
tering of light in the forward direction when compared to large 
particles of similar size but other shape.[25] Moreover, the sym-
metry of the sphere ensures that light is scattered the same way 
regardless the incident direction of incoming light. As it was our 
goal to find optically random media that could serve to enhance 
the emission of dyes at optical frequencies, we focused on sys-
tems that, combining the materials available, displayed the 
shortest lsc at visible wavelengths. Among those candidates that  
perform the best as a multiple scattering system, we chose 
that made of titanium dioxide (TiO2) spheres surrounded by a 
thin void layer and embedded in a porous TiO2 matrix. This is 
practically achievable by playing with the different contraction 
of scatterers and the matrix when subjected to thermal treat-
ments.[25] Theoretical predictions for other optically random 
materials, as well as their experimental realizations, can be con-
sulted in the Supporting Information.

Figure 1a shows the spectral distribution of σsc of a TiO2 
sphere embedded in a TiO2 mesoporous matrix as a function 
of the sphere size. Calculations displayed in Figure 1a indicate 
that the scattering strength increases with the radius of the 
sphere for each wavelength, showing a resonant response for 

specific values of r, as it is well known.[24,26] Similar behavior 
has been observed in other resonant nanostructures.[27] 
Figure 1b shows the dependence of lsc with the sphere radius 
for three values of the volume filling fraction: f = 5%, f = 10%, 
and f = 15% at λ = 530 nm. For larger volume fractions the 
model should include more advanced contributions from 
dependent scattering and structure factor.[28] Overall, it can be 
observed that for a given wavelength and a given size of the 
scatterer the lsc reduces with increasing f, which implies longer 
residence times of the light in the material, due to a larger scat-
tering strength of the system. According to our calculations, 
the porosity of the embedding medium plays an important 
role, as further discussed in the Supporting Information. We 
will exclusively focus on matrices presenting 50% porosity, 
which is actually one of the most efficient matrices for the type 
of scatterer (dense titania surrounded by an air corona) herein 
considered.

Adv. Optical Mater. 2017, 5, 1700025

Figure 1. a) Calculation of the wavelength-dependent scattering cross-
sections for crystalline TiO2 nanospheres of different radius embedded 
in a mesoporous TiO2 matrix. b) Calculated scattering mean free path 
at λ = 530 nm versus the radius of the scattering centers for films with 
filling fraction f = 5% (solid line), f = 10% (dashed line), and f = 15% 
(dotted line).
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3. Experimental Realization

In view of the calculations, we choose 
spheres of two sizes, namely, r = 225 nm and 
r = 95 nm and three different particle den-
sity: f = 5%, f = 10%, and f = 15%, so as to 
demonstrate scattering media with distinct 
scattering properties. For the experimental 
realization of our Mie glass, crystalline 
submicron TiO2 spheres of similar sizes 
were dispersed in a random manner in a 
mesoporous TiO2 matrix as it is shown in 
the scanning electron microscope (SEM) 
images of Figure 2a,b. Layers with thick-
nesses ranging from ~2 µm to ~12 µm were 
prepared by means of solution processing 
in a one-deposition step, with no need of 
further treatments other than the thermal 
annealing required to achieve mechanical 
stability, following the procedure described 
in detail in the Experimental Section.

4. Optical Characterization

A spectroscopic analysis of the light reflected 
and transmitted by Mie glasses—as schemed 
in Figure 2c—is performed in order to 
assess their performance as light diffusers 
(see the Supporting Information for the 
complete set of experimental data). Figure 2d 
displays the transparency of the scattering 

media, defined as ( )db
400

2000
T∫ λ λ  where Tb is 

the ballistic transmittance, as a function of 

their thickness. Notice that a transparency 
value of 1 corresponds to a medium through 
which light goes through without being 
scattered. Results displayed in Figure 2d  
show that (i) transparency decreases with 
film thickness, (ii) the material becomes 
more diffusive for bigger scattering centers due to the fact that 
larger spheres feature higher scattering cross-sections (see 
Figure 1a), and (iii) if the size of the spheres remains fixed, 
larger values of f yield shorter lsc (see Figure 1b), and therefore 
highly diffusive media.

4.1. Analysis of the Scattering Parameters

The spectral lsc can be determined from experimental meas-
urements employing a model based on the Lambert–Beer law, 
according to 
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with Rs being the specular reflectance of the system and L the 
thickness of the layer. The complete derivation of Equation (2) 
can be found in the Supporting Information. To illustrate this, 

Figure 3a features the thickness dependence of 
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λ = 800 nm for the Mie glasses analyzed in Figure 2, which 
shows a linear dependence. From the comparison of the 
different curves in Figure 3a, it is clear that the slope of the 
linear fitting increases when larger scattering centers or higher 
loading fractions are considered. Higher slopes imply shorter 
values of lsc as displayed in Figure 3b. Figure 3c shows the cal-
culated lsc according to Equation (1). A fair agreement is found 
between experimental and calculated lsc, revealing that it is pos-
sible to describe the scattering behavior of these optically dis-
ordered films qualitatively and, to a good extent, quantitatively 
from analytical calculations based on single-sphere considera-
tions, hence confirming their behavior as Mie glasses. Please 
notice that lsc values are extracted from linear fittings in which 
r2 > 0.95. For the wavelengths at which this condition is not 
fulfilled, it is thus not possible to extract a faithful value of lsc 
from the measurements. The reason for this deviation may 
reside in the fact that, for longer wavelengths, lsc is expected 
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Figure 2. a) Dual column focused ion beam–secondary electron microscopy image of a cross-
section of a 7.5 µm thick film made of TiO2 spherical inclusions of radius r = 225 ± 20 nm 
surrounded by an air shell embedded in a mesoporous TiO2 matrix with filling fraction of 
f = 5%. b) Zoom-in of the mesoporous matrix in which the spherical shape of the scatterers 
is observed. c) Schematic of a Mie glass. d) Transparency as a function of film thickness for 
different Mie glasses made of TiO2 spheres of radius r embedded in a TiO2 porous matrix at a 
filling fraction f, namely, r = 95 ± 20 nm and f = 5% (red symbols); r = 225 ± 20 nm and f = 5% 
(blue symbols); r = 225 ± 20 nm and f = 10% (green symbols); and r = 225 ± 20 nm and f = 15% 
(magenta symbols). Colored lines are only guides to the eye.
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to be significantly longer than the thickness of the fabricated 
films, thus preventing the reliable estimation of its magnitude. 
Also, as the particle concentration becomes higher, the corre-
lation terms between scattering centers start to be significant 
at shorter wavelengths, thus limiting the validity of the model 
herein proposed. In order to gain insight into the angular dis-
tribution of the scattering in these media,[29] we study lt. The 
propagation of light through a random medium is considered 
diffusive when the scattering strength is weak (klsc ≫ 1). Such 
approximation is valid for distances greater than the average 
distance at which the direction of light is randomized by said 
scattering (L ≫ lt).[30] The diffusive regime is thus formulated 
through λ ≪ lt ≪ L and the spectral dependence of lt can be 
determined from the fitting of the stationary solution of the dif-
fusion equation[31]
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where Tt is the total transmittance of the random medium, α 
is the extinction coefficient, and ze and zp are extrapolation and 
penetration lengths, respectively. The latter are usually consid-
ered to be equal and can be calculated according to[19,20]
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with R being the polarization-averaged Fresnel reflectivity at 
the interface between the disordered material and the embed-
ding medium.[32] In particular, our random medium made of 
TiO2 spheres dispersed in a mesoporous TiO2 matrix yields 
R = 0.07 for f = 5%, R = 0.16 for f = 10%, and R = 0.27 for 

f = 15%. Figure 3d shows the thickness dependence of 1
t

s

T
R−  
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Figure 3. a) ln(Tb/(1−Rs)) obtained from experimental measurements of ballistic transmittance (Tb) and specular reflectance (Rs) at λ = 800 nm 
as a function of film thickness for Mie glasses made of TiO2 spheres of radius r embedded in a TiO2 porous matrix at a filling fraction f, namely 
r = 95 ± 20 nm and f = 5% (red symbols); r = 225 ± 20 nm and f = 5% (blue symbols); r = 225 ± 20 nm and f = 10% (green symbols), and r = 225 ± 20 nm 
and f = 15% (magenta symbols). Gray lines represent linear fittings to the symbols according to Equation (4). b) Experimental and c) theoretical 
spectral dependence of the scattering mean free path of Mie glasses with r = 95 ± 20 nm and f = 5% (red line); r = 225 ± 20 nm and f = 5% (blue line); 
r = 225 ± 20 nm and f = 10% (green line); and r = 225 ± 20 nm and f = 15% (magenta line). d) Tt/(1−Rs)) obtained from experimental measurements 
of total transmittance (Tt) and Rs at λ = 800 nm as a function of film thickness for the Mie glasses discussed in (a)–(c). Gray curves represent fittings 
to the symbols according to Equation (5). e) Experimental and f) theoretical spectral dependence of the transport mean free path of the abovemen-
tioned Mie glasses.
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at λ = 800 nm for the Mie glasses under analysis fitted to 
Equation (5) to extract lt at this particular wavelength. Figure 3e 
displays the experimental lt spectra. For r = 95 ± 20 nm and 
f = 5%, Equation (5) yields values of lt longer than the thickest 
glass considered (~12 µm) for λ > 575 nm, being therefore not 
fulfilled the condition lt ≪ L. Hence, light propagation cannot 
be considered diffusive, Equation (5) is unable to describe 
the transport of photons for λ > 575 nm, and, consequently, 
values of lt attained in this spectral range are not shown in 
Figure 3e. It can be observed that larger scattering centers 
or higher loading fractions lead to shorter values of lt, being 
lt > lsc for each wavelength as expected from scattering centers 
that yield nonisotropic scattering. Figure 3f shows the spectral 
dependence of lt obtained from Equation (3). Good agreement 
is found between measured and calculated lt, despite some dis-
crepancies mainly observed for the glasses that present least 
scattering strength. It is also worth mentioning that the poly-
dispersity of the scattering centers can also induce deviations 
in the behavior of the samples with respect to Mie predictions. 
As particles of diverse sizes sustain resonances for different 
wavelengths, collective excitations are smoothed out when the 
size distribution is not sharp enough. In addition, our model 
does not account for the fact that each TiO2 sphere does not 
share the same geometrical center with its surrounding air 
shell. Disagreement between measured and calculated values 
is larger for the case of the transport mean free path, lt, as it 
depends both on lsc, which is a function of the scattering cross-
section, and the angular distribution of scattered light, which 
is presumably more sensitive to the deviations of the scatterer 
shape from a perfect sphere. Despite such discrepancies, these 
results further confirm that our inhomogeneous solids behave 
as solid dispersions of spheres, being possible to describe also 
the angular scattering properties of our random media using 
Mie theory.

4.2. Mie Glasses for Color Conversion

As mentioned before, the porosity of the matrix allows the 
infiltration of chromophores, fluorophores, or polymers that 
bestows different functionalities on the system. So, finally, 
we perform an analysis of the spontaneous emission of Mie 
glasses and a reference, made exclusively of mesoporous 
TiO2, after sensitizing them with a red fluorescent dye. This 
fluorophore shows chemical stability and high quantum yield, 
which makes it of interest for color conversion in solid-state 
lighting.[33] Excitation and fluorescence spectra of this dye 
are available in the Supporting Information. We measure 
the angular dependence of the emission by means of Fourier 
image spectroscopy; please see the Experimental Section for 
further details. The data shown in Figure 4a, corresponding 
to the reference layer, reveal a Lambertian distribution of the 
light emission as expected for an optically flat emitting layer. 
When TiO2 scattering centers are integrated in the film the 
emission intensity is significantly enhanced while the angular 
profile is preserved, as it can be observed in Figure 4b. Indeed, 
a Lambertian profile of the emission is found regardless the 
size and concentration of the spheres as it is well illustrated in 
the Supporting Information.

We also characterized the emission of the Mie glasses and 
the reference in an integrating sphere, where light emitted in 
all possible directions is collected. Fluorescence spectra of Mie 
glasses with inclusions of r = 95 nm and f = 5%; r = 225 nm 
and f = 5%; and r = 225 nm and f = 10% (colored lines) are 
plotted in Figure 4c along with that for a reference film (black 
line) at the pumping wavelength λpump = 530 nm. The emission 
is enhanced for all Mie glasses, being possible to quantify the 
enhancement factor (ηPL) according to 
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where PL(λ) is the photoluminescence spectrum of the Mie 
glass and PLref(λ) is that of a layer of similar thickness devoid 
of scattering centers. The spectral dependence of ηPL, which, as 
expected, follows the trend imposed by the lsc and lt spectra, is 
shown in the Supporting Information. The emission enhance-
ment depends on phenomena occurring both at the pumping 
(ηpump) and at the emission wavelength (ηemi) of the light-emit-
ting molecules. Indeed, on the one hand, the emission intensity 
can be enhanced due to a resonant excitation, which causes the 
pumping light to be more efficiently absorbed by the dye mole-
cules. As the scattering mean free path shortens, the probability 
of incident photons undergoing scattering events becomes 
larger and so does the average length of the path traveled by 
them through the film. This gives rise to longer matter–radia-
tion interaction times, which results in increased absorption 
of the targeted wavelengths, in our case the excitation wave-
length employed (λpump = 530 nm). On the other, the amount 
of emitted light can be enhanced due to (i) an enhanced out-
coupling efficiency in defined directions and (ii) the spatial fluc-
tuations of the local density of optical states (LDOS) that are 
expected in complex disordered media,[34,35] which may result 
in an improvement of the quantum yield of the system. How-
ever, only the former of these two effects should play a signifi-
cant role in our Mie glass provided the low scattering strength 
that our materials feature. In turn, the outcoupling efficiency is 
expected to be enhanced due to the presence of the scattering 
centers, which are able to scatter light out of the material at 
angles above the escape cone, thus reducing light guiding along 
the layer. On the other hand, the photoemission intensity of the 
dye molecules embedded in the porous matrix will in principle 
depend on the radiative decay rate of the excited electron states, 
which in turn depends on the LDOS. No significant variation 
of the LDOS is expected as a result of the dilute dispersion of 
large scatterers present in the films. So, we may reasonably 
assume that no increase of the radiative decay rate of excited 
electrons and hence the quantum yield will be due to this 
effect. Improvement of the photoemission efficiency through 
the LDOS would entail the design of a very specific optical envi-
ronment conceived to that purpose, which is not the case.

Figure 4d displays a bar plot of ηPL for the different 
Mie glasses considered at three different λpump, namely, 
λpump = 440 nm, λpump = 530 nm, and λpump = 575 nm. The size 
of each bar accounts for ηPL, corresponding the stripped region 
to ηpump, which equals the absorptance enhancement. Meas-
urements of the absorptance of the different Mie glasses and 

Adv. Optical Mater. 2017, 5, 1700025
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absorptance enhancement with respect to the reference layer 
are available in the Supporting Information. Results displayed 
in Figure 4d indicate that ηPL associated with the Mie glasses 
analyzed can be mainly attributed to an enhanced absorption 
caused by multiple scattering. An increase of either the size 
or the concentration of the inclusions yields a shorter lsc and 
therefore a larger ηpump and thus ηPL. Hence the scatterer-
loaded dyed film presents an effective absorption coefficient 
that is several times larger than the one it would show without 
particles embedded. We observe that ηemi of the different media 
is independent of λpump, showing higher ηemi for Mie glasses 
made of higher f due to the fact that they feature a shorter lsc—
see Figure 3c. We also observe that ηPL roughly equals ηpump 
for the Mie glass with r = 95 nm and f = 5% regardless of the 
pumping wavelength. Furthermore, although the difference 
is small, ηpump decreases for longer λpump, as lsc dictates; see 
Figure 3c. We attain a maximum ηPL of 2.68 for the Mie glass 
with r = 225 nm and f = 10% when λpump = 530 nm, being 
ηpump = 2.27. Our results indicate that the fine control over the 
multiple scattering properties possible in Mie glasses provides 
a similar fine-tuning of the spontaneous emission intensity 
extracted over large areas.

5. Conclusion

We have developed a novel optically disordered material, which 
constitutes an example of a Mie glass, whose scattering prop-
erties can be defined prior to fabrication. It has been demon-
strated that light propagation in our material can be described 
according to Mie theory based on the scattering properties of a 
single sphere, thus revealing that Mie glasses behave as solid 
suspension of spheres. Our method allows the realization of 
a deterministic design of the random medium in an unprec-
edented manner. In particular, it is possible to fix the scattering 
mean free path at will through a careful choice of the size and 
concentration of the dielectric scatterers included. Our Mie 
glass permits to enhance the spontaneous emission of light-
emitting molecules. We measure a fluorescence enhancement 
close to three, which is attributed to a combination of resonant 
excitation and a better outcoupling of the emitted light. Mie 
glass is confirmed to be an inexpensive material to investigate 
fundamental aspects of light propagation through random 
media, showing great potential for applications in which a fine 
control over light absorption and improved light outcoupling 
are sought for. Future work will focus on the realization of such 

Adv. Optical Mater. 2017, 5, 1700025

Figure 4. a,b) Fluorescence intensity as a function of the emitted wavelength and the angle of emission for a 7.5 µm thick mesoporous TiO2 film 
sensitized with light-emitting dye molecules (a) and for a similar film containing scattering centers with r = 225 ± 20 nm and f = 10% (b). c) Angular 
integrated fluorescence spectra measured from films incorporating spherical scatterers with r = 95 ± 20 nm and f = 5% (red line); r = 225 ± 20 nm and 
f = 5% (blue line); and r = 225 ± 20 nm and f = 10% (green line). Each spectrum is normalized to the emission of reference layer of similar thickness 
without any light scatterers (black line). d) Representation of the fraction of the fluorescence enhancement integrated for all angles and wavelengths 
for the Mie glasses discussed in (c) at the three different pumping wavelengths: λpump = 450 nm, λpump = 530 nm, and λpump = 575 nm.
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inhomogeneous solids based on other materials that may offer 
higher dielectric constant contrast between scattering centers 
and matrix, hence opening the possibility to study different 
light transport regimes.

6. Experimental Section
Calculations: The scattering cross-section of the spheres required for 

the determination of the scattering mean free paths was semianalytically 
obtained through Mie formalism. As scattering centers, stratified 
spheres comprising two phases were considered, being the first phase 
an anatase sphere of radius r and the second a surrounding air layer 
with thickness ≈0.5r. The scattering centers were embedded in an 
external medium, which consists of a mesoporous TiO2 matrix, for 
which 50% porosity was assumed. Notice that, although the model 
allows consideration of the absorption of the materials through the 
complex refractive index, the materials comprising our simulated layers 
do not present absorption in the visible range. The complex refractive 
indices of the materials employed in the calculations are available in the 
Supporting Information.

Sample Preparation: The films were prepared from a paste 
containing a mixture of the small TiO2 particles subsequently forming 
the mesoporous matrix and the submicron TiO2 spheres serving as 
scattering centers. For the synthesis of the spheres the procedure 
reported by Kim et al. was followed,[36] which provides control over 
their size. The pastes were prepared according to a method described 
in detail elsewhere.[25] 3 mm thick glass slides were used as substrates 
for the deposition of the layers after a cleaning process of 15 min 
sonication in ethanol absolute. Layers of 1 cm2 area and diverse 
thicknesses were deposited on the substrates via screen-printing from 
the previously prepared pastes. The thickness was varied by alternating 
screens with different meshes and changing the number of performed 
depositions. A process of evaporation of the solvent at 150 °C during 
5 min was required in between deposition for stabilization of the 
film. Films with thicknesses ranging from ≈2 to ≈12 µm resulted after 
sintering.

As for the preparation of the emitting glasses, layers with thicknesses 
around 7 µm were immersed in a 0.075 wt% solution of a perylene dye 
(Lumogen F Red 305, BASF) in ethanol absolute during 24 h.

Structural Characterization: Cross-section pictures of the materials 
under study were obtained using a dual-beam Zeiss Auriga FIB-SEM. A 
beam of gallium ions was generated and focused in order to etch the 
film, followed by exploration of the resulting cross-section employing an 
accelerated electron beam.

The values of the thickness of the films for the determination of the 
lsc curves were extracted and averaged from several cross-section SEM 
pictures of each film in different regions.

Optical Characterization: Measurements of the spectral ballistic 
transmittance and specular reflectance were performed using a UV–vis  
spectrophotometer (Cary 7000). Spectra were collected with an incident 
angle of 6° in the wavelength range comprised between 400 and 
2000 nm.

The absorptance spectra of the sensitized films were collected 
employing an integrating sphere (Labsphere, 10 in.) coupled to 
an optical fiber guiding the light into a spectrophotometer (Ocean 
Optics, USB 2000+). To that aim, the layers were illuminated by white 
light (Ocean Optics, HL-2000) through different ports of the sphere, 
according to a standard procedure.

The angular dependence of the emission spectra was measured 
using a back focal plane microscope with which it is possible to attain 
the intensity distribution of the emitted light over all wave vectors in 
the numerical aperture (NA) of the objective. In particular, the films 
were excited with a 532 nm laser diode and their emission collected 
by a 100× objective with 0.75 NA. Each point of the back focal plane 
could be associated with one k-vector. Consequently, scanning an image 
of the back focal plane of the imaging objective using a fiber coupled 

spectrophotometer (Ocean Optics, USB 2000+) enabled attaining the 
emission spectrum as a function of the angle of the emission.

The angular integrated emission and excitation spectra of the 
sensitized films were collected using a double monochromator 
spectrofluorometer (Fluorolog-3 Horiba Jobin Yvon). The measurements 
were performed inside an integrating sphere in order to collect light 
emitted in all directions. The emission spectra were measured at three 
excitation wavelengths, λpump = 440, 530, and 575 nm, whereas the 
excitation spectra were measured at λ = 616 nm.
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