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Effect of the effective refractive index on the
radiative decay rate in nanoparticle thin filmsf

Manuel Romero, Juan Ramon Sadnchez-Valencia, Gabriel Lozano &/ * and

Hernan Miguez =) *

In this work, we theoretically and experimentally study the influence of the optical environment on the
radiative decay rate of rare-earth transitions in luminescent nanoparticles forming a thin film. We use elec-
tric dipole sources in finite-difference time-domain simulations to analyze the effect of modifying the
effective refractive index of transparent layers made of phosphor nanocrystals doped with rare earth
cations, and propose a correction to previously reported analytical models for calculating the radiative
decay rate. Our predictions are tested against an experimental realization of such luminescent films, in
which we manage to vary the effective refractive index in a gradual and controllable manner. Our model
accurately accounts for the measurements attained, allows us to discriminate the radiative and non-radia-
tive contributions to the time-resolved photoluminescence, and provides a way to rationally tune the
spontaneous decay rate and hence the photoluminescence quantum yield in an ensemble of luminescent

rsc.li/nanoscale nanoparticles.

Introduction

Luminescence is essentially a quantum phenomenon that
depends on the probability of an excited electron decaying to
the ground state by emitting a photon, which is mainly deter-
mined by the set of energy levels of the material. In addition
to the intrinsic structural properties of the emitter, the optical
environment influences the radiative decay probability (I';aq)
through the local density of optical states (LDOS)."! Drexhage
demonstrated this photonic effect by measuring the photo-
luminescence (PL) dynamics of an emitter as a function of its
position relative to an interface.> Since then, a wide variety of
optical materials made of dielectrics and metals, nano-
structured at the scale of the targeted photon wavelength, have
been used to manipulate the LDOS and thus modify the PL of
nanomaterials, including semiconductor nanocrystals, organic
molecules or rare earth (RE) phosphor nanoparticles.**°
However, the simplest approach to changing the LDOS of a
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light source is to modify the refractive index (n) of the medium
in which it is embedded, which can easily be done in simple
systems such as nanoparticle dispersions by using solvents
with different values of n."''® Indeed, an almost cubic depen-
dence of I'.,q on the solvent refractive index has been observed,
which has been classically explained by the use of local field
cavity models."””2° Although this theoretical formalism can be
applied to any luminescent nanoparticle, including dye-doped
polymer beads or semiconductor quantum dots, most reported
examples involve phosphor nanoparticles. In fact, Senden
et al. used LaPO, nanocrystals doped with Ce*" or Tb** with a
size of ~4 nm in various solvents and confirmed the validity of
these models for luminescent nanoparticles in suspension."*
Besides, cavity models have also been employed to explain
variations in I'q in concentrated suspensions.’®'”?° In par-
ticular, the dependence of I',4 in Eu3+-doped Y,O; nanocrys-
tals with particle sizes between 7 nm and 12 nm has been suc-
cessfully described by replacing the solvent refractive index
surrounding the emitting nanoparticles by the effective refrac-
tive index of the suspension (rg), estimated assuming that
the nanocrystals occupy 23% of the volume.'® Nevertheless,
the interparticle distance in a film decreases to almost zero,
allowing for near-field interparticle interactions that lead to
deviations from cavity models, making necessary to introduce
an explicit dependence with the particle filling fraction (c,p)."*
To the best of our knowledge, a study of the dependence of
I'tag ON Negr in thin films made of luminescent nanoparticles
has never been carried out, despite its relevance to the large
number of applications in which solids made with nanoemit-
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ters are employed, including imaging, sensing, signalling,
colour conversion, or quantum technologies.** 3

Here we present a thorough theoretical and experimental
analysis of the variation of the emission properties of a model
luminescent nanoparticle as a result of being part of thin
films with gradually variable n.s To this end, we combine
LDOS calculations with a detailed photophysical characteriz-
ation of the fabricated phosphor nanoparticle thin films. In
particular, we model I';,q, find deviations between finite-differ-
ence time-domain (FDTD) simulations and the cavity models,
and propose a correction which accounts for the c,, of the
films. A careful analysis of the time-dependent PL and the PL
quantum yield (PLQY) of the films allows the estimation of
Iaq from measurements of GdVO4Eu®" nanoparticle-based
films of variable refractive index, providing an experimental
validation of the proposed model. As a result, we demonstrate
a simple method to tune the I'.,q in phosphor thin films,
which holds great promise for any application where lumines-
cent nanomaterials are integrated as coatings, including
sensing, labelling or colour conversion in displays or lamps.

Results and discussion
Theoretical calculation of the radiative decay rate

The radiative decay rate of a randomly oriented two-level
emitter under the dipole approximation is given by:"

Jm)[p|2

Bhé’onl

Tag = LDOS(r, w) (1)
where p is the dipole moment of the quantum emitter, o is the
angular frequency of the emitted photon, ¢, is the dielectric
permittivity of vacuum, n is the refractive index of the
medium, 7 is the reduced Planck’s constant and r is the posi-
tion of the dipole. In turn, the LDOS is proportional to the
trace of the dyadic Green function (&) according to:

2

2wn o

LDOS(r, @) =~ Tr [Im{G(r, r, w)}] (2)
being c¢ the speed of light in vacuum. In this way, LDOS is com-
pletely determined only by the magnetic permeability x4, n and
the geometry of the system. The analytical calculation of I'1,q
through the LDOS in arbitrary structures is not straight-
forward, and in the case of a random dense packing of nano-
particles the problem becomes computationally burdensome
as it involves the resolution of large linear systems.>* For this
reason, FDTD simulations combined with dipole sources are
typically used to calculate the enhancement of I',q4 associated
with the presence of complex photonic structures.*>™>”
Specifically, simulating the radiated power from an electric
dipole antenna allows the calculation of I'yag as:*

4jp|’

= holdP (P)(d,r,w) (3)

rad
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where d is the dipole moment of the antenna and (P) is the
mean power radiated by the dipole. In the case of randomly
oriented emitters, three orthogonal orientations of the dipole
antenna should be calculated and averaged. This quantum
classical connection provides an efficient way to calculate
radiative rates in arbitrary structures, which we will use to
assess the effect of interparticle interactions in nanoparticle
thin films. We calculated I'y,q/Ty -’y being the radiative rate in
vacuum- for an emitter in the center of a nanoparticle with a
diameter of 50 nm and a refractive index n,, suspended in a
homogeneous medium with a refractive index 7.y, as shown in
the schematic of Fig. 1a. The results are shown in Fig. 1b. We
performed a series of simulations for n,, = 2.0 and calculated
the relative difference A between the FDTD results and the
exact solution of the problem given by G.>* Good agreement is
found when comparing simulated and analytical results, with
random values of A less than 16%, associated with the numeri-
cal error of the FDTD method. In what follows, we make use of
a modified version of the analytical expression reported by
Duan and Reid for the I';,q of a single nanoparticle in suspen-
sion in the limit where the size of the nanoparticle is much
smaller than the wavelength:'”

2
- 3next2
Trad = ToTr [Im{GH = I'oNext (m (4)

In our case, as an effective medium is considered, the
medium refractive index () shall be substituted by n.g, con-
stituting what we will refer to as the particle in effective
medium (PEM) model. To account for interparticle inter-
actions in a film, we then calculated the (P) of an electric
dipole antenna placed at the center of a nanoparticle thin film
with a moderate filling fraction (c,, = 30%) for two different
values of the n,, -specifically n,, = 1.7 and 2.0- as a function of
the n.g, as shown in Fig. 1c. Note that n.¢ of any material is a
function of the indices of its individual constituents (n;) and
their respective loading fraction (¢;). In the case of a nano-
particle thin film, we have:

Neff = F(nnp7 Cnp; Mpore; Cpore) (5)

where 7pore and cpore are the refractive index and the filling
fraction of the material filling the pores between the nano-
particles. The function F can be given by any of the existing
effective medium approximations (EMA). In this work, the
Bruggeman effective medium approximation was used because
it describes media with moderate and high values of ¢,p.”” In
addition, the n.g of the film was modified in the simulation
either by changing n,qr or by introducing nanoparticles with a
lower n,, into the film. Note that, unlike other proposed
models,'® our approach can be extended to composite films
consisting of more than one type of nanoparticles. Our simu-
lations consider a layer of thickness 500 nm, but the results
are not dependent on this parameter. For the moderate cy,
under consideration, an almost identical dependence of I'.q
on the refractive index to that expected for a nanoparticle sus-
pended in a homogeneous medium with an index n.g (see

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic of a nanoparticle of refractive index n,, suspended in a homogeneous medium of refractive index ney:. (b) Simulated radiative
rate (dots) of an emitter placed at the center of a particle suspended in a medium of refractive index ne,. Calculations obtained from the dyadic
Green function are shown as a solid line for comparison. The relative difference between theory and simulations is shown in the lower panel. (c and
e) Schematic of a system made of nanoparticles of refractive index n,, with a loading fraction c,, = 30% (c) and ¢, = 64% (e). (d and f) Simulated
radiative rates of an emitter placed at the center of a nanoparticle near the center of the films as a function of the effective index of the medium in
which the emitter is embedded are shown as dots whereas the calculations given by the dyadic Green function of a particle suspended in the same
effective medium are shown as solid lines. Red dots correspond to nanoparticles with n,, = 2.0, while the blue dots correspond to nanoparticles
with nn, = 1.7. All the calculations were performed for nanoparticles with a radius of 25 nm. Our correction to the cavity model is plotted as a dotted

line in (d) and (f).

Fig. 1d) is found, as already reported for nanocrystals in sus-
pension.'’ However, slight discrepancies appear when increas-
ing the refractive index difference between n,,, and that of the
effective medium when neg < 1,5, suggesting that the influence
of particle interactions not considered in the EMA is overlooked
in eqn (4). More specifically, deviations between the I'q pre-
dicted by FDTD calculations and those estimated by the particle
suspended in an effective medium model show up, especially
when neg < npp. This is explicit in simulations performed for a
densely packed nanoparticle thin film with ¢,, = 64%, sketched
in Fig. 1e, whose results are plotted in Fig. 1f. Note that the asym-
metric behaviour of the system with respect to the sign of the
refractive index difference between n.g and ny,;, stems from Mie
theory. An intrinsic asymmetry in scattering efficiency is observed
as a function of the refractive index difference between the par-
ticle and the surrounding medium (see Fig. S1f). Additionally,
our results serve to establish an approximate filling fraction
range where the PEM model can be applied. In this context,
attending to the reduced level of deviation from the PEM for ¢,
= 30%, we can estimate the validity of the PEM for ¢,, < 30% for
the refractive index values considered. We propose a correction in
the expression of I',q given by eqn (4) to account for the effect of
interparticle interactions in layers made of luminescent nano-
particles. This correction is only valid when 7. < n,, and takes
the following form:

Cnp .
rrad = FO ° <@) ‘Tr [Im{GPEM}] (6)
Nnp

where ¢, is given by the sum of each individual nanoparticle
filling fraction c,p,; in a composite, and Gpgy is the vacuum-

This journal is © The Royal Society of Chemistry 2023

normalized dyadic Green function in the PEM model. If the
homogeneous refractive index is replaced by n.e and take the
limit where the size of the nanoparticles is much smaller than
the wavelength, our expression gives:

Cn 2 2
Megr \ ™ 3Neft
1 =Iy-n — T S 7
rad = 20 el (nnp) (Zneffz +nnp2) @)

that fairly reproduces the dependence of I';,q on neg for all sets
of simulations (see dotted lines in Fig. 1d and f). Note that our
correction does not include any empirical constants as fitting
parameters. Instead, it involves only physical quantities: 7y,
Cnp and ne. Moreover, it respects the bulk limit, Z.e. when the
nanoparticles are embedded in a medium with the same index
(Mefr = N, as in a dense layer), I = ny,l,.'* Also, in the limit of
low filling fraction, ie. ¢,, — 0, our correction recovers the
expression of a particle in a homogeneous medium (eqn (4)).

A case study: GAVO,:Eu’*-based nanoparticle thin films

Phosphor nanoparticles were chosen as the experimental
probe to demonstrate the effect of n.s on I'1.q. Phosphors are
key materials for efficient light generation due to their chemi-
cal and thermal stability combined with a high PLQY.? In par-
ticular, we employ GdVO,:Eu’* nanoparticles with an approxi-
mate size of 50 nm (see Fig. 2a), which exhibit bright PL with a
narrow PL emission peak at 4, = 620 nm when excited in the
UV.*° These nanoparticles allow the preparation of thin films
(see Fig. 2b) that are uniform in thickness and transparent in
the visible spectral region. In addition, these nanophosphor
films feature reduced light scattering,*® which allows n. to be
determined using standard spectroscopic techniques. In fact,
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Fig. 2 (a) TEM image of GAVO4:Eu®* nanoparticles. (b) Secondary (SE)
and backscattered electrons (BSE) SEM images of a thin film made of
GdVO4:Eu®* nanoparticles. (c) TEM image of GdVO4Eu®** and SiO,
nanoparticles, the latter being less contrasted. (d) SE and BSE images of
a cross section of a thin film with a ratio of GdVO,4:Eu®* to SiO, nano-
particles of 0.22. The TEM scale bars correspond to 200 nm, while the
SEM scale bars correspond to 500 nm.

GdVO,:Eu®" thin films have an n.s = 1.4 in the visible range, as
we will show later. To change the film index in a controlled
way, in one approach, we prepare nanocomposite thin films
made of GAVO,Eu*" and SiO, nanoparticles of similar size
(see Fig. 2c¢). By including as building blocks nanoparticles
with a composition of lower refractive index (1.46 vs. 1.75) we
manage to controllably reduce n.g. Also, we take advantage of
the accessible porosity of the films and infiltrate their void
space with polymers, thus changing the refractive index of
interstices between nanoparticles (1,0re), hence increasing 7.
So, in order to access a wide range of n.¢ values, uniform films
with thicknesses ranging from 250 nm to 2 pm with different
Si0, to GdVO,:Eu®* cnp Were prepared (see Fig. 2d) and then
infiltrated with polymers: poly(methyl methacrylate) (PMMA, n
= 1.49), polyvinyl alcohol (PVA, n = 1.48) or polydimethyl-
siloxane (PDMS, n = 1.40). Although the mixing of phosphor
and SiO, nanoparticles results in different film thickness
values due to variations in particle concentration dispersion,
this parameter does not change I,,q, as mentioned above.
Please note that the approach herein taken allows tuning 7.
in a broad range, overcoming a common limitation in the
study of photonic effects on the I,q of luminescent
nanoemitters.

We extract the optical constants of our films by fitting the
spectral dependence of the ballistic transmittance (T) and the
specular reflectance (R) measured for different angles of inci-
dence, following a procedure that has been thoroughly
described before (see the Methods section).>’ In Fig. 3 we
show the experimental R and T (black lines) and their corres-
ponding theoretical fits (grey lines) using the Bruggeman
EMA. The calculated filling fraction of the only-nanophosphor
films is ¢,p = 55 + 5%. To account for the observed variation in
the n.¢ of the samples prepared in different batches, a certain
spread was included in the calculated c¢,, and 55% was taken
as the nominal value. The obtained 7.y of the GdVO,Eu®*
films was nqs = 1.40, which becomes n.s = 1.63 when the air
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Fig. 3 Experimental transmittance and reflectance spectra (black lines)
and corresponding theoretical fits (grey lines). The angle of incidence of
the unpolarized light is 30°. The lower lines correspond to a composite
made of GdVO4:Eu®* and SiO, nanoparticles, the middle lines corres-
pond to a GdVO,4:Eu®* film and the upper lines correspond to a GdVOy,:
Eu®* film embedded in PMMA. The calculated refractive index of each
material is also shown.

voids are infiltrated with PMMA, or ¢ = 1.60 when infiltrated
with PDMS. Besides, we prepared composite films in which
the SiO, to GdVO,:Eu®** volume ratio was varied as 1:5, 1:1.25
and 1:0.22, resulting in ney = 1.37, 1.32, 1.27, respectively.
Effective refractive index values were further confirmed by
ellipsometry (see Fig. S27).

Eu®" cations in our GdVO, nanoparticles exhibit four main
atomic transitions, giving rise to the measured PL spectra
shown in Fig. 4a. Although these transitions are associated
with the *D, excited state, they can exhibit different values of
I'taa depending on the probability of the transition to the
ground state. LDOS affect atomic transitions depending on
their magnetic or electric nature.>” We calculated the ratio of
the total intensities of the forced electric dipole FED and mag-
netic dipole (MD) transition®” and obtained a mean value of
11.49. Thus, the FED transitions are dominant in our system
(°Do — F,, 'F3, 'F,), allowing us to focus on the electric part
of the LDOS. In addition, different radiative rates may be
associated with a given atomic transition if, for example, the
LDOS varies in the spatial region where Eu®" cations are dis-
tributed within a nanoparticle. To shed light on this possible
effect, in Fig. 4b we have used LDOS theory applied to spheri-
cal systems”® to calculate analytically the ratio of the I'r,q of an
emitter placed near the surface (I's) of a nanoparticle (n,, =
1.75) with radius Ry, suspended in a homogeneous medium
with refractive index ney, to the I't,q of an emitter located at
the centre of the same nanoparticle (I'c). From these calcu-
lations, it can be concluded that I'\,q varies by less than 5%
within the volume of our nanoparticles, given the particle size
and the n., values considered. Therefore, LDOS variations
within a nanoparticle are neglected in our analysis, as expected
for nanoparticles which are much smaller than the
wavelength.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Experimental PL spectra of a GdVO,:Eu®** nanoparticle film
excited at 300 nm. The fundamental level of each Eu®* transition is
shown. (b) Calculated ratio between the radiative rate near the surface
(I's) and at the center (I'c) of a spherical nanoparticle with refractive
index n,, = 1.75 for 1o = 620 nm, as a function of the nanoparticle radius
(Rpart) @and the refractive index surrounding the nanoparticle (ne,). Solid
(dashed) lines enclose the set of parameters for which the variation
between I's and I'¢ is less than 5% (20%). (c and d) Experimental photo-
luminescence decay for a GdVO4:Eu®* film before (dark blue symbols)
and after (light blue symbols) PMMA infiltration (c), and for a composite
film made of GdVO,4:Eu®* and SiO, nanoparticles before (red symbols)
and after (yellow symbols) PVA infiltration (d). Fits are shown as black
and grey curves. The residuals of the fits are shown in the lower part of
the plots. Measured quantum yield values are also indicated in the upper
part.

Time-dependent PL measurements were performed for the
prepared samples to study the depopulation of *D, level after
UV excitation (de. = 300 nm) and hence, obtain I'.q (see
Fig. 4c and d). This is given by the sum of the four main Eu**
radiative transition rates. PL intensity I(¢) is typically fitted
using a bi-exponential model according to:

I(t) =1Io - [wy exp(—T ot - t) + Wy exp(—Tiors - t)] (8)

where I'y,; with i = 1 or 2, is the total decay rate of the ith com-
ponent -sum of I'1,q; and non-radiative decay rate (I'yy,;)-, W; is
its corresponding weight and I, the initial PL intensity. Fits
can be found in Fig. S3. The bi-exponential model has been
reported to explain time-dependent PL measurements in RE-
doped nanocrystals. It suggests that it is not possible to assign
a single intrinsic rate to all the cations in our films. Although
it has been shown that cross-relaxation and concentration
quenching play an important role in the analysis of the time-
dependent PL,*® the physical origin of the bi-exponential
model remains rather unclear. Some works attributed this
behaviour to different local environments of RE cations in the
lattice, assuming that different non-radiative decay paths
occur near the surface or in the bulk of the nanoparticle,****
while others explained the deviation from the single exponen-
tial behaviour according to an energy transfer process between

This journal is © The Royal Society of Chemistry 2023
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the crystal host and cation acceptor.®® Within this latter
hypothesis, Inokuti and Hirayama developed a donor-acceptor
energy transfer model,’” which has been used to explain PL
decay in RE-doped materials.*®*® It succeeded in fitting
experimental decays of YVO,:Eu®*" nanocrystals,*® explaining
the deviation from mono-exponential decay by attending to
Eu-Eu multipolar interaction. However, although this model
gave significantly better results than the single exponential
model, the calculated bi-exponential fits were superior in our
case (see Fig. S37T). Fig. 4c and d show measured PL decay
spectra of the only-nanophosphor film (Fig. 4c) and the com-
posite film with the highest amount of SiO, (Fig. 4d), before
and after polymer infiltration. Bare films show similar average
lifetime values (see Fig. S4f), although they have different
effective indices (1.40 vs. 1.27). Furthermore, polymer infiltra-
tion leads to a significant decrease in the lifetime for both
cases while the PLQY hardly increases or even decreases (see
Fig. S51), which cannot be explained by the modification of
the optical environment alone. Therefore, the observed life-
time reduction results both from a modification of I'.,4 accord-
ing to eqn (7) and the emergence of new non-radiative decay
channels. We measure the PLQY, which can be defined as the
ratio between radiative and total decay rates in order to extract
Iiaq from I In a general case, PLQY is given by the ratio
between the radiative and total -sum of radiative and non-
radiative- decay rates as:

rrad _ Frad
Ftot Frad + Fnr

PLQY = (9)

On the one hand, I'1aq1 = I'rad,2 in the biexponential model
because the LDOS does not vary within a RE-doped nano-
particle. Considering this, PLQY can be expressed in the bi-
exponential model -see the ESIf for a relationship between
PLQY and transition rates in the Inokuti-Hirayama model- in
the following manner:

PLQY = I'ad (ﬂ + 22 ) (10)

rtot,l rtot,z

In this way, the combination of absolute PLQY measure-
ments (see Fig. S51) and PL decay fits enables a general way to
discriminate the radiative contribution to the total rate, allow-
ing us to calculate I'1,q for films with different effective refrac-
tive index, as shown in Fig. 5. Experimental results indicate
that I'1.q follows an almost cubic dependence with 7. Note
that the data in Fig. 5 are obtained using the biexponential
model. However, our conclusions are independent of the
model used (see Fig. S7f). Specifically, our results further
support that I'j,q4 in nanoparticle films deviates from the
dependence expected from the PEM model (gray solid line)
and rather behaves like the correction proposed in eqn (7)
(black dashed dotted line). The strong dependence of I',q with
the n.s reveals the enormous potential of refractive index
engineering to increase the emission rate of luminescent films
which can be key in Li-Fi (Light Fidelity) applications.*’ In
fact, the I';,q increases from 350 to 550 Hz with the infiltration
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Fig. 5 Calculated radiative decay rate (I',q) for films with different
values of the effective refractive index (neg). The grey dashed line
corresponds to linear scaling as expected for emitters in a homo-
geneous medium, the grey solid line is given by the LDOS calculation of
a nanoparticle suspended in a medium with ngg, and the black dashed
dotted line corresponds to the proposed correction. Error bars are
included to account for the variation in nanoparticle filling fraction
between similar samples. Square points correspond to composite-based
films, while triangles correspond to only-phosphor-based films.

of PMMA, achieving a 57% increase when the n.¢ goes from
1.40 to 1.63.*> Although the PLQY is slightly higher when our
nanophosphor films are embedded in polymers (from 0.52 to
0.55 with PMMA, see Fig. S5, the improvement is less than
expected (22%) considering the change in I,q. To explain this,
we also extracted I, (see Fig. S6 and S7t) and found that the
non-radiative contributions increased when the nanophosphor
films were modified, either by adding SiO, nanoparticles or by
infiltrating the films with polymers. We attribute this to a
change in the chemical environment of the nanocrystals or
their surface properties, inducing new non-radiative decay
channels for the deexcitation of Eu®" transitions that partially
counterbalance the enhancement of I'.,4. It highlights the rele-
vance of limiting the impact of non-radiative decay channels
in order to fully exploit the benefits of photonic effects in
phosphor nanoparticles. These results support the use of our
model to engineer the radiative rate of generic luminescent
nanoparticle films, ie., not only including those made of
phosphor nanoparticles, as we have just demonstrated with
the case study presented, but also others like dye-doped
polymer beads or semiconductor nanocrystals.

Conclusions

We have demonstrated the feasibility of the FDTD method to
calculate changes in the I';,q due to the optical environment,
and applied this general method to elucidate the impact of the
refractive index in luminescent nanoparticle thin films. We
have found deviations from the PEM model as the film filling
fraction increases, which have been accounted for in a correc-
tion based solely on physical parameters. The first experi-
mental study of the dependence of the I'i,q of luminescent
nanocrystals on the 7. of a thin film is also presented, with a
detailed analysis of PL decays and PLQY measurements, which
allowed us to discriminate between radiative and non-radiative
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processes taking place in our samples. The high level of agree-
ment between theoretical and experimental results points at
the refractive index modification in nanoparticle thin films as
a straightforward and simple method to enhance or inhibit
the radiative decay rate of light-emitting materials. Although
fundamental in nature, our results hold great promise for
applications where control of the emission rate is critical,
such as lighting, medical imaging, or optical wireless
communications.

Methods

Simulations

FDTD simulations were carried out using commercial software
(Ansys©, Lumerical FDTD). All the calculations used a uniform
discretization with 2 nm mesh and absorbing boundary con-
ditions (PML).

For the case of a particle in a uniform medium, a simu-
lation domain of (0.4 x 0.4 x 0.4) um® was used and an electric
dipole was placed in the centre of the particle. A single orien-
tation of the dipole was used, given the spherical symmetry of
the system.

In the nanoparticle thin film simulations, simulation
domain was of (1.0 x 1.0 x 1.1) um® and the thickness of the
film was 500 nm. For the low filling fraction film, a random
set of spheres was generated, while special code developed by
others*® was used to generate a random close-packing of
spheres. In these cases, three simulations of three orthogonal
dipole orientations were performed and averaged to account
for random dipole orientation. The dipoles were placed in the
centre of a particle which is near the geometric centre of the
film, which is chosen as a representative point of the film.

Synthesis of GAVO4:Eu*" nanocrystals, nanocomposite and
thin films

Synthesis of GdVO,:Eu®*" nanophosphor was performed follow-
ing a solvothermal method previously reported.** Eu*" concen-
tration was fixed at 10% (GdyoVO4:Eug>"). Briefly, uniform
NPs were obtained through homogeneous precipitation reac-
tion from the RE precursors and sodium orthovanadate in EG/
water mixture at 120 °C. Polyacrylic acid (PAA) was added
during the synthesis as functionalization agent. As a result,
sized-controlled nanophosphors with colloidal stability dis-
persed in methanol were attained.

Nanocomposite dispersion by directly adding certain
volume of LUDOX® TMA colloidal silica (34 wt%) suspension
in water to the GdVO,:Eu®" suspension in methanol. Various
suspensions with distinct SiO,/GdVO, ratios were prepared
and sonicated for 15 min to avoid aggregation.

Thin films were prepared by spin coating over fused silica
substrates and annealed at 500 °C for 1 h to remove organic
binders and improve GAVO:Eu®" crystallinity.

Infiltration with polymers was performed by drop casting in
all cases. In the case of PMMA, a 5 wt% solution in anisole
was deposited over the thin film, and no heating was applied

This journal is © The Royal Society of Chemistry 2023
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to evaporate the solvent. For PVA, a 1 wt% solution in water
was deposited and heated at 70 °C for 1 h to evaporate the
solvent. PDMS was prepared by mixing 9 parts in weight of
Sylgard 184 prepolymer and 1 part of curing agent. After vigor-
ously mixing, the mixture was placed in vacuum to remove air
bubbles. After the infiltration process, the sample was heated
to 90 °C for 1.5 hours to enable polymerization.

Photoluminescence measurements

Emission spectra and time-dependent PL intensity were
measured with an Edinburgh FLS1000 spectrofluorometer
under an excitation of A, = 300 nm. Time-dependent PL
measurements were registered for the most intense Eu®*" emis-
sion band at 620 nm using a MCS method and a pulsed xenon
lamp at 40 Hz repetition rate. Time window was set to 20 ms
with 4000 channels and a maximum count number of 5000.

PL decay fittings were obtained from weighted least squares
minimization. Poisson weights w; were considered, being the
objective function % to minimize:

N
=Y w}-(si-5;) (11)
i
where S; correspond to the experimental data, and S; is the
result of the fittings which depends on the fitting parameters
-see eqn (8)- and N is the number of data points. The weights
are given by the following expression:

1
S’

l

w; = (12)

Finally, the chi-square parameter (y*) can be calculated as
h/N.

Quantum yield measurements

Absolute quantum yield measurements were performed in a
Hamamatsu Photonics equipment consisting in an integrating
sphere connected to a photo spectrometer and to a xenon
lamp as excitation source. This equipment is able to count the
number of absorbed and emitted photons, estimating the
PLQY.

Refractive index determination

Refractive index determination was carried out by theoretically
fitting R and T spectra measured for three different incident
angles in a commercial Cary 5000 UV-Vis-NIR coupled to a
double goniometer (UMA accessory). The transfer matrix
method is used to theoretically calculate R and T at the same
angles of incidence and then to minimize the difference
between experimental data and calculations by varying the
refractive index of the film and its thickness. Our model
accounts for a small fraction of scattering given by the experi-
mental 1-R-7, as our samples are non-absorbing in the visible.
It also allows for some variation in film thickness to account
for thickness inhomogeneity in thick films. Finally, a commer-
cial variable angle spectroscopic ellipsometer (VASE) from J.A.

This journal is © The Royal Society of Chemistry 2023
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Woollam Co., Inc. was used to confirm the refractive index
data.

Abbreviations

EMA  Effective medium approximation
FDTD Finite-difference time-domain
LDOS Local density of optical states

PEM  Particle in effective medium

PL Photoluminescence

PLQY Photoluminescence quantum yield
RE Rare earth
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