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A preliminary investigation of the scintillation response of rare earth-doped fluoride nanoparticles is reported. Nanoparticles
of CaF2 : Eu, BaF2 : Ce, and LaF3 : Eu were produced by precipitation methods using ammonium di-n-octadecyldithiophosphate
(ADDP) as a ligand that controls growth and lessens agglomeration. The structure and morphology were characterized by means
of X-ray diffraction and transmission electron microscopy, while the scintillation properties of the nanoparticles were determined
by means of X-ray and 241Am irradiation. The unique aspect of scintillation of nanoparticles is related to the migration of carriers
in the nanoscintillator. Our results showed that even nanoparticles as small as ∼4 nm in size effectively scintillate, despite the
diffusion length of e-h pairs being considerably larger than the nanoparticles themselves, and suggest that nanoparticles can be
used for radiation detection.

1. Introduction

Scintillators are luminescent materials that are used in the
detection of ionizing radiation. Accordingly, they find use in
a wide range of security, medical, industrial, and research
applications. Since the discovery of scintillator NaI : Tl in
1948, there has been continuous interest and investment in
new materials, and, as a result, hundreds of scintillators are
known today [1–7]. Some of the most used scintillators are
alkali, alkali-earth, and rare earth (RE) halides, including
NaI : Tl, LiI : Eu, BaF2(:Ce), CaF2 : Eu, CeF3, and LaBr3 : Ce.
Unfortunately, many of these materials are hygroscopic,
which impose severe limitations on their synthesis and use.

Over the past 10 years, there has been significant interest
in the investigation and evaluation of the performance of
nanoscale materials, with virtually all classes of materials
having been prepared as nanoparticles, particularly lumi-
nescent ones [8–14]. Nanoparticles are generally defined as
having sizes that range from 1 to 100 nm and consequently
have high surface-to-volume ratios. The relative dominance
of surface atoms in nanoparticles often allows for property
manipulation. For example, Stouwdam and van Veggel [15]

and Kömpe et al., [16] reported a substantially increased
quantum yield from RE-doped nanoparticles following
surface modifications, while Cooke et al. observed signif-
icant changes in the luminescence lifetime of Y2SiO5 : Ce
nanoparticles dispersed in different liquids [17, 18]. To date,
the investigation of luminescent nanoparticles has focused
mostly on quantum dots for lighting and display applica-
tions, while their application as scintillators is essentially
unexplored [19–25]. Nanoparticles correspond to a new
realm of opportunity for scintillation technologies, and this
work provides a preliminary investigation of the scintillation
response of RE-doped fluoride nanoparticles.

Scintillation corresponds to the emission of light upon
excitation due to ionizing radiation, and scintillation per-
formance is mainly characterized by luminosity, speed
(lifetime), and emission wavelength, with ruggedness, radi-
ation resistance, and thermal and chemical stability being
important characteristics of the scintillator material as
well. Scintillation efficiency, η, can be described by the
combination of three processes: conversion, β, transfer, Q,
and luminescence, S, summarized in the relation, η = βSQ
[26] and discussed in detail below.
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The first process corresponds to how efficiently the
energy of the incoming radiation is used to produce electron-
hole (e-h) pairs. For gamma-rays, β is commonly estimated
by dividing the energy of the gamma-ray by 2 to 2.5 times the
value of the bandgap energy. Once created, free electrons and
holes migrate through the lattice of the scintillator material.
While still energetic, they can ionize other atoms and the
new free electrons can further ionize other atoms, generating
a cascade. Through numerous inelastic interactions with
bound electrons, they lose energy and eventually become
incapable of creating further ionization. The duration of this
process is estimated to be 10−15 to 10−13 s and generates
conduction band electrons, valence band holes, excitons,
and plasmons. Once below the ionization threshold, these
free electrons and holes lose enough energy to strongly
interact with the vibrations of the lattice (electron-phonon
interactions) and thermalize within 10−12 to 10−11 s, moving
to the bottom of the conduction band and to the top of the
valence band, respectively. Typically, e-h pairs have diffusion
length of about 100 nm in ionic crystals [27].

During this migration through the lattice, a fraction
of the e-h pairs is lost, either trapped or recombined
nonradiatively at quenching centers, resulting in a decrease in
the number of pairs available to produce luminescence. Only
those pairs that reach the luminescent centers contribute to
scintillation, and the efficiency of this process is given by S.
The remaining e-h pairs that recombine at the luminescence
centers generate scintillation, and the intrinsic efficiency of
the radiative recombination at the luminescent center is
quantified by Q. Table 1 illustrates these quantities for some
bulk fluoride crystals, together with their luminosity [26].

Moreover, a few RE-doped single crystal lanthanum fluo-
ride scintillators have been previously investigated. LaF3 : Ce
is a fast scintillator, with a reported luminosity of 2200
photons/MeV at 10% CeF3 doping [28], and LaF3 : Nd shows
weak scintillation of 270 photons/MeV at 173 nm [29]. While
the choice of host and dopant determines the efficiency of the
conversion and luminescence processes, the unique aspect of
scintillation in nanoparticles is related to the migration of the
carriers through the nanoscintillator.

2. Experimental Procedures

2.1. Synthesis of Nanoparticles. Solution precipitation takes
advantage of the solubility of certain compounds to pro-
mote chemical reactions and the formation of precipitates,
which, in our case, are the nanoparticles. The solubility
of a substance corresponds to its ability to dissolve into a
homogeneous solution in presence of a solvent. When dis-
solution occurs, molecules of the solvent arrange and bond
themselves around the molecules of the solute, generating
heat, increasing entropy, and making the solution more
thermodynamically stable than the solute alone. Several
different species can be formed in the solution, with the
solubility and the composition of its soluble components
depending on the pH. The chemical properties of the solvent
and solute, such as hydrogen bonding, dipole moment,
and polarizability play major roles in this process. Most

nitrates, sulfates, acetates, chlorides, bromides, iodides, alkali
metals, and NH4 compounds are soluble in water and can
be used as precursors, while carbonates, sulfites, sulfides,
phosphates, hydroxides, and oxides are insoluble. Synthesis
of RE-doped fluoride nanoparticles was carried out by
means of a modified solution precipitation method, where
soluble metal nitrates (Ca(NO3)2·4H2O (Fisher, 99.9%),
Eu(NO3)3·6H2O (Alfa Aesar, 99.9%), Ba(NO3)2 (Fisher,
reagent grade), Ce(NO3)3·6H2O (Acros Organic, 99.5%),
and La(NO3)3·6H2O (Aldrich, 99.99%)), and ammonium
fluoride (Acros Organic, >98%) were used as the precursors.
The solubility of a substance is further affected by the
temperature and the nature of the solvent, and also on
the presence of other substances dissolved in the solvent,
particularly complex-forming anions (ligands). Two precur-
sor solutions were used. One of them, contained NH4F,
the source of fluorine, and the ligand ammonium di-n-
octadecyldithiophosphate (ADDP) in 1 : 1 ethanol : water at
75◦C. The other solution contained the nitrates dissolved in
water and was the source of the host and dopant metals.

Solvents can affect the solubility, stability, and reaction
rates, allowing for thermodynamic and kinetic control over a
chemical reaction. The polarity, dipole moment, polarizabil-
ity, and hydrogen bonding of a solvent determine the types of
compounds it is able to dissolve and the solvents and other
liquid compounds it is miscible in. Generally, polar solvents
dissolve polar compounds, and nonpolar solvents dissolve
nonpolar compounds. Further, the choice of the solvent
should take into account the reaction mechanism. Protic
solvents like water solvate anions via hydrogen bonding,
favoring the dissociative reaction mechanism, while aprotic
solvents such as acetone or dichloromethane solvate cations
via dipole interaction, favoring the interchange mechanism.

Of particular interest is the use of ligands during
the synthesis of nanoparticles to control growth, avoid
particle agglomeration, and provide dispersability in organic
solvents. A ligand is an ion or molecule that bonds itself
to a metal atom forming covalent or ionic bonds; chelation
occurs when more than one chemical bond is formed with
the central metal ion. Ligands also can be used as a “capping”
agent to inactivate the metal so that it cannot react with
other elements or ions to produce precipitates. In this work,
the ligand ADDP is used in order to control growth and
to avoid agglomeration of nanoparticles, as already has
been demonstrated for the synthesis of other nanomaterials
[15, 30–36]. ADDP was synthesized as follows [30]. P2S5

(0.02 mol) and octadecanol (0.07 mol) were heated at 75◦C
for 3 hours, and the resulting suspension cooled to room
temperature at which point dichloromethane was added to
solution, followed by filtration. The solvent was evaporated,
the residue added into hexane, and ammonia was bubbled
through the solution. The resulting precipitate was separated
by filtration, washed with hexane, and dried. Water was
purified using a Nanopure Diamond purification system
from Barnstead International.

The synthesis of CaF2 : Eu, BaF2 : Ce, and LaF3 : Eu
nanoparticles consisted of dropwise addition of the nitrate
solution into the fluorinated solution while stirring to form
the nanoparticles in suspension. Rare earth doping levels
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Table 1: Parameters relevant to the scintillation performance of selected fluoride scintillators.

Scintillator Bandgap (eV) β Q S η Luminosity (photons/MeV)

CeF3 10.4 0.61 1.0 0.13 0.08 3200

Ce0.5La0.5F3 10.4 0.61 1.0 0.16 0.1 4000

CaF2 : Eu 12.2 0.63 1.0 ∼1 0.6 24000

BaF2 (@310 nm) 10.6 <0.72 ∼1 >0.33 0.24 9950

10 nm

(a)

20 nm

(b)

100 nm

(c)

Figure 1: Selected TEM images of fluoride nanoscintillators: (a)
LaF3 : Eu, (b) BaF2 : Ce, and (c) CaF2 : Eu.

were 3 mol% for hosts CaF2 and BaF2 and 1 mol% for
LaF3. The final solution is stirred for 10 minutes and then
cooled down to room temperature. Further, the precipitates
were cleaned by washing in ethanol and water, followed by
dispersion in dichloromethane (Acros, anhydrous, AcroSeal,
99.9%) and precipitation with the addition of 20 mL of
ethanol. The resultant powder was dried for 2 days over
P2O5 in a desiccator. The nanoparticles could be dispersed
in tetrahydrofuran (Acros, anhydrous, AcroSeal, 99.9%) for
characterization and testing [31].

2.2. Characterization. Samples in powder form were char-
acterized for their morphology, structure, and scintillating
properties. Morphological and particle size analysis was
carried out using Hitachi H7600T transmission electron
microscope with 120 kV acceleration voltage. Structural
characterization was carried out through X-ray diffraction
(XRD) measurements using a Scintag XDS 4000 diffrac-
tometer equipped with a Cu Kα source aiming at phase
identification.

Scintillation response to two sources of ionizing radi-
ation, namely, X-rays from Ag and the natural decay
of 241Am, was carried out using radioluminescence (RL)
and differential pulse height distribution measurements,
respectively. RL measurements used a 40 kV Bullet X-ray
tube combined with a Ocean Optics USB-2000 miniature
fiber optic spectrometer. The distance from the X-ray target
to the sample was ∼3 cm, and the X-ray tube was operated at
100 μA. For each measurement, a crucible with 57 mm2 area
was filled with nanopowder such that each sample had the
same area exposed to the X-rays. Three measurements were
carried for each sample yielding a reproducibility of about
10%–15%. No correction for differential light scattering,
possibly arising from the different grain size distribution and
powder packing in the crucibles, was attempted. Differen-
tial pulse height distribution measurements used a Hidex
Triathler scintillation counter with a Hamamatsu R850-
photomultiplier tube and a 1 μCi 241Am (Eα = 5.5 MeV,
Eγ = 60 keV) source. The Trialther was configured with
logarithmic amplification to accentuate the difference in the
differential pulse height spectra. In our measurements, the
relative positions of the sample, detector and source were
kept fixed, with the plated 241Am source being suspended
∼1 cm above power contained in a 3.7 mL borosilicate glass
vial. The electronic noise background was determined by
measuring an empty flask in identical conditions as the
nanopowder sample.

3. Results and Discussion

The morphology of the nanoparticles, characterized by
transmission electron microscopy (TEM), is shown in
Figure 1. All the nanoparticles were found to have spheroidal
shapes, and analysis of numerous images yielded average
size and size distributions of each nanoscintillator. LaF3 : Eu,
CaF2 : Eu, and BaF2 : Ce nanoparticles were 4.4±0.8 nm (size
± standard deviation), 10 ± 2 nm, and 18 ± 3 nm in size,
respectively.

The structure of the nanoparticles was determined by
XRD to be face-centered cubic for the alkali earth fluorides
with space group Fm3m, in agreement with the International
Centre for Diffraction Data powder diffraction files 35-
0816 for CaF2, and 04-0452 for BaF2. The structure of
LaF3 : Eu nanoparticles was determined to be hexagonal
with centrosymmetric space group P3c1, in agreement with
powder diffraction file 32-0483 [36].

The photoluminescence of LaF3 : Eu nanoparticles and
the cathodoluminescence of submicrometric particles have
been reported before [15, 30, 35, 37, 38], while to the best
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Figure 2: RL spectrum of LaF3 : Eu nanoscintillator.

of our knowledge, the scintillation response of LaF3 : Eu
has not been investigated to date. Radioluminescence of
these nanoscintillators under X-ray irradiation is presented
in Figure 2, where a series of lines corresponding to the
5D0,1 → 7FJ transitions can be seen. Emission at 588 nm
dominates the spectrum, while the relatively high intensity
of the hypersensitive transition 5D0 → 7F2 at 614 nm
shows the existence of structural disorder that distort the
inversion symmetry around the Eu3+ ions. Such a result is not
surprising due to reduced dimensions of these nanoparticles
and the consequent high fraction of atoms on the surface.
It is well known that the loss of the three-dimensional
crystalline periodicity of the atomic potential that exists
inside a solid, and the lack of atoms to counter-balance and
fully compensate chemical bonds and charge requirements
result in structural modifications of the surface layer. The
observation of intense emission due to electric dipole
transitions of Eu3+ ions is ascribed to these modifications,
similarly to the observations reported in [35].

Undoped BaF2 is known to luminesce due to cross
luminescence and self-trapped exciton recombination, while
the presence of Ce is known to eliminate these recombination
mechanisms [see [39] and references there in]. Vissert et
al. carried out a detailed investigation of the effects of Ce
doping on the luminescence of this scintillator, and identified
three distinct luminescent centers related to the Ce dopant,
named centers Ce1, Ce2, and Ce3, with the dominance of
a given center depending on the Ce concentration. For
concentrations around 1 mol% and higher, photolumines-
cence emission was observed in the approximate range of
330–370 nm and ascribed to center Ce2. Those authors also
determined the photon output under X-ray excitation of
BaF2 : Ce for a wide range of Ce concentrations and based
on their results the RL emission of a 3 mol% doped crystal is
due to the Ce2 center [39]. Figure 3 presents the RL spectrum
of BaF2 : Ce nanoparticles investigated in this work under X-
ray irradiation. The nanoparticles scintillate at 350 nm, and
no sign of the self-trapped exciton radiative recombination at
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Figure 3: RL spectrum of BaF2 : Ce nanoscintillator.
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Figure 4: RL spectrum of CaF2 : Eu nanoscintillator.

around 300 nm was observed. Similar results were observed
in 1 mol% Ce doped BaF2 ceramics and crystals [40, 41].

The photoluminescence response of CaF2 : Eu nanopar-
ticles showed that emission is composed of electronic
transitions from Eu2+ and Eu3+ ions. Similarly to the LaF3:Eu
nanoparticles, structural disorder manifested in terms of
deviations from inversion symmetry around the Eu3+ ion
made the hypersensitive transition 5D0 → 7F2 particu-
larly intense [36]. Radioluminescence results are shown in
Figure 4, where a broad band centered at 420 nm due to
the emission of Eu+2, and the emission lines in the 550–
750 nm range due to the 5D1 → 7FJ transitions of Eu+3

can be observed. Similarly to LaF3 : Eu, the relatively intense
emission of the 5D1 → 7F2 transition at 611 nm shows
the existence of structural disorder that distort the inversion
symmetry around the Eu3+ ions.

The scintillation response of CaF2 : Eu nanoparticles
under 241Am irradiation determined by means of differential
pulse height distribution measurements is presented in
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Figure 5: Corrected differential pulse height distribution measure-
ment of CaF2 : Eu nanoscintillator.

Figure 5 after the subtraction of the electronic noise, where
a photopeak centered around channel 120 can be observed.
This signal is due the irradiation of 5.5 MeV alpha particles
from the 241Am source, since shielding of the alpha particles
resulted in no detectable net signal under the experimental
conditions employed here. Under irradiation of X-rays and
alpha particles, a great number of e-h pairs are formed.
As discussed in the introduction, the migration of the e-h
pairs through the scintillator is inherent to the scintillation
mechanism and scintillation occurs when they recombine
at the RE ions. The net scintillation intensity is determined
by the competition between radiative recombination at
the luminescence sites versus nonradiative recombination
at quenching centers, particularly on the surface of the
nanoparticles, and trapping of the carriers. Given the fact
that the diffusion length of e-h pairs in the alkali halides
is around 100 nm [42], and tens of nm in oxides and
oxy-sulfides [43, 44], it is interesting to observe efficient
scintillation when the dimensions of the nanoparticles are
considerably smaller than the diffusion length, concomitant
to a relatively high probability of nonradiative recombination
on the surface of the nanoparticles. This result has relevant
implications on the use of nanoparticles for radiation
detection.

4. Summary and Conclusions

The use of luminescent nanoparticles as scintillators is a
new field, and in this work, a preliminary survey of the
scintillation response of fluoride nanoscintillators CaF2 : Eu,
BaF2 : Ce, and LaF3 : Eu was carried out using both X-rays
and 241Am sources. The unique aspect of scintillation in
nanoparticles is related to the migration of the carriers
through the nanoscintillator, and our results showed that
even nanoparticles as small as ∼4 nm in size effectively scin-
tillate under irradiation. This is an interesting result given
that the diffusion length of e-h pairs in many scintillators

is determined to be in the range of tens to a 100 nm,
and significant nonradiative recombination at the surface
of the nanoparticles should be expected. These results also
show that RE-doped fluoride nanoparticles can be used for
radiation detection of a wide range of ionizing radiations,
and that this topic is worth further consideration and deeper
investigation.
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