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ABSTRACT: One of the key issues in upconversion materials is the
design of an appropriate complex nanoarchitecture to control energy
migration. We propose here a numerical tool based on a Monte Carlo
approach capable of modeling the energy migration in particles with
diameters of up to a few tens of nanometers. To validate the approach,
the obtained results are compared with a wide range of published
experimental data. The proposed simulation allows us to guide the
optimal design strategies to develop upconverting nanoparticles for
light-harvesting applications.

■ INTRODUCTION

Up-conversion is a well -known optical process that allows us
to convert the absorption of low-energy photons into higher
energy photon emission. It was demonstrated in the late 1950s
by Bloembergen.1 A few years later, Auzel2,3 showed that it
could be combined with energy transfer. Such a process is
known as APTE (addition de photons par transfert d’eńergie)
or ETU (energy transfer upconversion). It has been widely
studied as a fundamental process and is currently commonly
used in bioimaging4 and for photovoltaic applications.5 This
process may involve various sequences of cooperative effects
and energy transfers. Wang et al. demonstrated in 2011 that
suitable core−shell structures enable us to force irreversible
energy migration of the excited states.6 A great number of
applications have been developed in this spirit, and numerous
new geometrical designs have been proposed.7−18

These experimental demonstrations are based on the
analysis of the emission efficiency measurements for various
core−shell structures, where active elements are supposed to
be homogeneously distributed. Because energy transfers are
strongly dependent on the acceptor−donor distances, natural
fluctuations and even gradients of concentrations might have a
significant impact. It is crucial to evaluate their effects to
properly describe the observed data and to optimize systems.
The goal is to design a model accounting for the complex
core−shell structure on the atomic scale and containing
various interfaces, which cannot be achieved by a simple
analytical model of diffusion. Villanueva-Delgado et al. have
recently proposed an approach based on the population
equation of individual elements, which has been solved,19 but
the system is then limited to thousands of atoms, which is two
orders of magnitude smaller than the particles considered in
our work and developed experimentally. We propose here a
Monte Carlo (MC)-based simulation to estimate these energy-

transfer efficiencies and trajectories that help in the design of
optimized systems on the atomic scale. Such designs of
complex structures allow us to fully control the migration of
excitation from a sensitizer to an active center, including
special functions, such as diode-like layer regarding these
migrations, which are crucial in the field of light harvesting for
photocatalysis. Monte-Carlo-based approaches to model
upconversion processes have already been proposed, but they
have been based on a kinetic approach to model the dynamics
of the upconversion.20,21 They therefore evaluated simple
geometries considering only one composition. Another work
by Wang et al.22 is closer to our approach. They modeled the
energy migration among the Yb ions sublattice for two
different crystalline structure. Compared with our work they
only considered first neighbors for the transfer and only
homoatomic transfers. Here, instead, we consider all
reasonably possible transfers, including those between ions of
different nature.

■ RESULTS AND DISCUSSION

The proposed model aims in estimating the efficiency of
energy migration of a high-energy excited state toward the
outer surface of a core−shell nanoparticle (NP) where
photocatalysis occurs. In our model, we consider a core
made of an up-converting material in which the high-energy
excitation state is reached through a primary optical excitation,
as schemed in Figure 1. The excitation can then be transported
to the outer layer by nonradiative energy transfer. The whole
process is called energy migration upconversion (EMU), as
introduced by Wang et al.6 When the high-energy excitation
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reaches the surface, the system is considered as ready for
photocatalysis. Despite the fact that we are focusing our
attention on converters for the photocatalysis effect, the model
can be generalized to other configurations. We are thus
considering a core−shell NP containing potentially multiple
shells. For validation, we have selected β-NaGdF4, a material
benefiting from abundant literature in terms of energy-transfer
and back-transfer efficiency data. It can be doped with various
activators, and a core−shell structure having different optical
functions can be prepared with the same host, with an epitaxy-
like interface, considered as perfect.
We are considering β-NaGdF4 doped with ytterbium and

thulium ions as the core. Ytterbium is present at high
concentration to ensure a strong infrared light absorption
and to efficiently promote thulium ions into a high excited
states (with energy above the 1I6 level; see Figure S1). From
that level, Tm3+ → Tm3+ energy transfer may occur, but cross-
relaxation leads to step-by-step energy losses, as explained by
Liu et al.23 Tm3+ → Gd3+ energy transfer can occur between
ions being separated by short distances, while Gd3+ → Gd3+

energy transfer is very efficient. Contrary to Tm3+, cross-
relaxation cannot occur between Gd3+ ions. It is why β-
NaGdF4 is preferred to β-NaYF4. Gd

3+ from the host acts as an
energy mediator through its 6Pi,

6Ii, or
6Di multiplets. On the

basis of these processes, the excitation is redistributed among
the different ions constituting the structure and the model aims
to evaluate the contributions of the different ions to the
emission and the fraction of excitation reaching the surface of
the nanocrystal. As an indicator of the reached surface, we
consider an outer layer of β-NaGdF4:Tb

3+. Tb3+ excited states
show a good resonance with Gd3+ excited states, allowing an
efficient transfer from Gd3+. In addition, our results can be
compared with the obtained results from literature through the
observed typical green emission intensity from the Tb3+ ions.
We particularly focus our attention on the energy migration
depending on the compositions of the nanocrystal.
Details of the numerical calculations are given in the

Supporting Information. The various transfer probabilities,
namely, Tm3+ ⇌ Tm3+, Tm3+ ⇌ Gd3+, Gd3+ ⇌ Gd3+, Gd3+ ⇀
Tb3+, and Tb3+ ⇌ Tb3+ used in our Monte Carlo code, are
based on the critical radius model considering dipole−dipole
interaction. The critical radius Rc is the distance between a
donor and an acceptor for which the energy-transfer
probability from donor to acceptor is equal to the radiative
probability of the donor. Considering dipole−dipole inter-
actions the relative probability of transfer is proportional to
(Rc/R)

6,24 where R is the real distance from donor to acceptor.

While the physical reason comes from a change of transition
rate, using a critical radius approach allows us to avoid the time
parameter in the model. The transfer between two species can
then be described by only one parameter Rc in addition to the
geometrical layout of the atoms. The parameters Rc

start,
considered as initial values, are obtained from literature and
summarized in Table 1. As described later, these initial values
are not the best values allowing us to fit the experimental data,
and the optimized ones are then deduced (Rc

opt).

We selected the Wichmann−Hill random number generator,
which offers the best compromise between the calculation
speed and randomness. To generate the atomic positions, we
use a representative supercell of the considered material
described as a list of atomic positions (x,y,z). The supercell is
then reproduced in the three directions, generating a cube
whose sides are larger than the particle diameter. As previously
explained, we applied our model on β-NaYF4 and β-NaGdF4
hosts. According to the CCDC file 872707, the space group for
β-NaGdF4 is P6̅ with unit-cell parameters a = 6.0400(10) Å
and c = 3.6100(6) Å and a cell volume of 114.05(3) Å3.26

Y, Gd, Yb, Tm, and Tb ions are randomly distributed
according to the desired composition. The nanocrystal design
may include multilayers assuming perfect interfaces. We have
considered the cell parameter of NaGdF4, whatever the
content of the metallic ions. Note that the cell parameter of
NaYbF4 is similar to <2% difference (a = 5.927 Å27) and that
the cores we are considering contain at least 50% of Yb3+.
Because the dipole−dipole transfer is strongly sensitive to

the interatomic distance, fluctuations may be observed from
one distribution to another. For each composition, we have
performed the calculations over 250 randomly prepared
geometries. For each generated geometry we evaluated over
5000 tracks the probability for an excitation to reach the
surface when the core has been excited. From one step to the
next, the transfer probability for a given pair of ion is deduced
from Table 1. We neglected all of the transfer with a
characteristic time one hundred times higher than the radiative
lifetime of the donor. In other words we consider only acceptor
ions that are at smaller distances than Rc·99

1/6 from the donor
ion. The distribution of probability density of the remaining
process is then normalized to 1 for each donor, thus becoming
a distribution of probabilities. The sequence of energy transfers
ends when a radiative recombination occurs. Typical tracks are
presented in the Supporting Information (Figure S2).
Our model relies on the measure of the critical radius of

transfer for the different possible pairs of ions obtained from
the literature. These values are nevertheless scarce and even
sometimes contradictory for the compositions we are
interested in. Kiliaan et al. have studied the energy transfers

Figure 1. Scheme of the process modeled. The upconversion process
is not modeled; only the transfer between Tm, Gd, and Tb is
modeled.

Table 1. List of Critical Radii Used for the Estimation of the
Dipole−Diplole Energy Transfera

D ⇌ A Rc
start (nm) Rc

opt (nm)

Gd ⇌ Gd 0.39−0.6 0.75
Gd ⇀ Tb 1.38 0.9
Gd ⇀ Tm 0.5
Tm ⇀ Gd 0.5
Tb ⇌ Tb 1.2−1.42 1.4
Tb ⇀ Tm 0.75
Tm ⇀ Tb 0.5

aRc
start are derived from Kiliaan et al.25
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in Na(Y,Gd)F4 doped with Ce3+ and Tb3+.25 They derived a
critical radius for Gd3+ to Gd3+ between 0.39 and 0.6 nm. At
the same time, they deduced a critical radius for the transfer
5D3 →

7F0 to
7F6 →

5D4 in Tb3+ of ∼1.42 nm. Later Fournier
et al. found a value of 1.2 nm for the same transfer between
Tb3+ ions.28 From the value of transfer rates calculated by
Kiliaan et al., one can also deduce a value for the Gd3+ to Tb3+

transfer of 1.38 nm. It should be noted, however, that there are
huge discrepancies in the literature on the critical radii from
one composition to another and even for the same
compositions. For instance, the Gd3+ to Gd3+ critical radius
varies from 0.3925 to 1.86 nm.29 Additionally no critical radius
value was found for Tm3+ to Gd3+ energy transfer, but this
particular one has a marginal effect, as explained later. Other
energy transfer can be discarded. Indeed, Tb3+ → Gd3+ cannot
occur because the excited state 5D2 of Tb

3+ lies below the Gd3+

excited states. Therefore, once the energy has been transferred
to continuum of excited states above the level of terbium ions,
the energy will rapidly decrease by phonon emission down to
the 5D3 level without any back-transfer capabilities. Similarly
Tm3+ to Tm3+ cross-relaxation can happen but generally only
for excited levels that are below those of gadolinium. Tm3+ can,
in principle, transfer to Tb3+ ions directly, but no values are
available in the literature for transfer from the high states of
Tm3+ (1D2 or above) to Tb3+.
The Rc values have then been optimized by making a

multiparameter optimization of their values to best fit a
number of experimental data detailed below. First, we validated
our model considering the structures studied by Wang et al.6

Figure 2 presents the evolution of Tb3+ emission for core−
shell−shell nanoparticles in which Tm3+ ions are separated
from Tb3+ ions by an undoped NaGdF4 layer. This structure is
particularly suitable for the analysis of the transfer between Gd
ions. Because the Rc parameters obtained from literature
contain some uncertainties, optimization is required. We are
thus facing a multiparameter problem. It requires us to order
the importance of potential Rc fluctuations on the efficiency.

We have tuned each ion pair’s Rc values around the initial value
for several thicknesses of the undoped layer. The evolution
shown in Figure 2 allows us to estimate that the maximum
sensitivity on the overall efficiency comes from the Gd3+ →
Gd3+ critical value. Rc for Tb

3+ → Tm3+ transfer plays a role
mainly for weak undoped thicknesses. Then, the Gd3+ → Tb3+

and Gd3+ → Tm3+ Rc values marginally affect the curves.
Finally, we have not detected any significant changes when
changing Rc for the Tm

3+ → Gd3+, Tm3+ → Tb3+, and Tb3+ →
Tb3+ transfer. The curves are thus not presented here but in
the Supporting Information, Figure S4.
When comparing the simulations to the experimental data, it

clearly appears that the Rc values proposed by Kiliaan et al.25

(0.4−0.6 nm) for the Gd3+ to Gd3+ transfer Rc are
underestimated. Rc

opt of about 0.7 to 0.75 nm better fit the
data. The multiparameter optimized data are listed in Table 1.
From the experiments, the evolution of the efficiency as a
function of the undoped layer thickness appears monotonic.
Nevertheless, the investigated thicknesses were 0, 3, and 5 nm.
The simulation highlights that a maximum occurs for
thicknesses below 1 nm. On one hand, the process benefits
from an increase in the thickness of the undoped layer to limit
the back transfer Gd3+ → Tm3+. On the contrary, when the
Gd3+ → Gd3+ transfer probability is high, having a large
thickness increases the time spent in the intermediate layer,
which is always detrimental to the excitation migration toward
the surface, even in perfect crystals. Our model allows us to
obtain the optimum thickness of the undoped NaGdF4, which
was not observed by the experiments and which is in the range
of a few atomic layers.
To demonstrate the crucial role of the intermediate anti-

back-transfer layer, the results can be compared considering
NaYF4 instead of NaGdF4. Contrary to Gd3+, Y3+ cannot lead
to any energy transfer toward other active ions. This
intermediate layer thus acts as a passive spacer. Experimental
results were published in 2012 by Su et al.16 By comparing our
results with their experimental data (see Supplementary Figure

Figure 2. Effect of the change of Rc value for different couples of donor−acceptor ions on the evolution of the normalized Tb emission ITb3+(d)/
ITb3+(0) for core−shell−shell nanoparticles. Tm3+ and Tb3+ are separated by a NaGdF4 shell layer of varying thickness d. The blue star points are
derived from figure 3d in ref 6. The lines are the results obtained from the modeling with varying values of critical radii corresponding to different
transfer noted on the upper left or right corner of each layer, while the other Rc values are kept at their optimal values (Table 1). The dark yellow
curve corresponds to the best-fit values. Error bars are for 95% confidence intervals (2σ).
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S5), we can better optimize the values of Gd3+ → Tb3+ and
Tb3+ → Tm3+ critical radii. From this comparison with the two
experimental multilayered nanoparticles, a reasonable set of
critical radius values can be extracted that differ from the initial
values summarized in Table 1. Those values are used in the
following text.
We have considered up to now a random distribution of the

cations according to a defined composition. This statement
can, in fact, be not true, and some deviations might be
observed due to the segregation that our model is able to
reproduce. Wang et al.6 have considered a core made of
NaYxGd(1−x)F4:Yb,Tm and a shell of NaGdF4:Tb. It appears
that for any reasonable range of critical radius the simulation
(red curve) cannot correctly reproduce their data (blue stars),
as shown in Figure 3. At low Gd3+ concentration the

simulation predicts a transfer efficiency toward the outer
shell one order of magnitude higher than observed. The
experimental data would in first approximation suggest that the
transfer Gd3+ → Tb3+ and Tm3+ → Tb3+ is less efficient than
expected, but because the critical radii are physical constants,
the only acceptable explanation is a modification of the mean
Gd3+−Tb3+ and Tm3+−Tb3+ average distances. Such a
situation may occur if the distribution of the cations is not
homogeneous in the case of the solid solution. We have thus
considered hypothetical distribution coefficients to design the
nanoparticle for the modeling. Two examples of such a
segregation are presented in Figure 3. In the first case (green)
we suppose that yttrium ions are segregated to the surface and
the core thus forms a core−shell system, with the core being
made of NaGdF4 and the shell made of NaYF4, according to
the composition of the supposed solid solution. As an
illustration, for 25% Gd3+ in the core the intermediate
NaYF4 layer has a thickness of 0.75 nm. In the second case
(magenta) we consider that Y3+ are segregated together with
Yb3+ so that the intermediate layer is a NaYF4:Yb

3+(50%). For
the same example as above (25% gadolinium), the thickness of
the intermediate layer is then 1.6 nm. The best fit would be

obtained for an intermediate case where part of yttrium and
ytterbium atoms are segregated. It is noteworthy that the
thickness of the intermediate layer is still pretty small and
therefore difficult to detect experimentally by electron energy
loss (EELS) or energy-dispersive X-ray spectroscopy on a
transmission electron microscope. Such segregation might be
smoother than a real core−shell structure. It nevertheless
reproduces the tendency. Apart from the potential distribution
coefficient, we have noticed that the fluctuation of geometries
coming from the random generation of structures leads to a
spread of efficiencies of ∼15% (see Supplementary Figure S6).
It suggests that special configurations of active ion distributions
are significantly more efficient.
It is also interesting to compare our model to results

obtained for more complex systems such as those developed
for photocatalysis. Since 2013 there has been a number of
studies on the combination of upconverting nanoparticles with
titania particles to create some IR-sensitive photocatalyst.
While many teams30−34 have synthesized NaYF4:Yb,Tm
particles decorated with titania nanoparticles, Chen et al.35

have synthesized NaGdF4:Yb,Tm decorated with titania. For
yttrium-based systems, no increased solar-driven photocatalysis
was observed. For gadolinium-based systems a strong increase
was observed. If we consider two model systems of yttrium-
and gadolinium-based core surrounded by a shell of terbium-
doped NaYF4 used to mimic the titania, then we observe a
huge difference in terbium emission, as can be evidenced on
Figure 4. This stresses the importance of gadolinium energy

transfer to bring as much UV excitation toward the outer layer
of the core particle. This phenomenon is paramount for
obtaining strong enhancement of photocatalysis. In the case of
yttrium-based nanoparticles, excited Tm3+ ions can radiate in
the UV, but most of the emission will lead to visible photons
unusable for photocatalysis. On the contrary for Gd3+-based
particles, the higher excited levels of Tm3+ are harvested by
gadolinium and transported to titania at the surface.

Figure 3. Evolution of the normalized Tb emission for core−shell
nanoparticles with Tm3+-doped NaYxGd(1−x)F4 in the core and
NaGdF4 doped with Tb3+ in the shell. The blue stars are derived from
Figure 3c in Wang et al.6 The other lines are the results obtained from
the modeling under different conditions. Red circles correspond to
NaYxGd(1−x)F4:Yb,Tm@NaGdF4:Tb. For green rhombus, yttrium
ions have been segregated in an intermediate undoped NaYF4 layer.
For magenta stars, both yttrium and ytterbium have been segregated.
In both segregated structures the overall number of each ions has
been kept identical. Error bars are for 95% confidence intervals (2σ).

Figure 4. Amount of Tm3+ emission compared with Tb3+ plus Gd3+

emission for two different core−shell structures. On the left,
NaYF4:Yb,Tm@NaYF4:Tb, and on the right, NaGdF4:Yb,Tm@
NaYF4:Tb. Error bars are for 95% confidence intervals (2σ).
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■ CONCLUSIONS
Using a Monte-Carlo-based simulation describing the energy
migration through dipole−dipole transfers in core−shell
nanostructures, we were able to reproduce the tendency of
the observed data in the literature. It highlights that the already
published nanostructures are not yet optimized to reach the
best efficacy. In the case of photocatalysis where the
photoexcitation has to migrate toward the surface, our study
shows that nanolayers of two to three atomic layers of the anti-
back-transfer intermediate shell would be more efficient by
∼45% compared with the one already published. This
simulation model can be extended to a wide variety of
complex nanosystems where energy transfer is a crucial
parameter for the targeted application.
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