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Abstract: We have prepared and studied the PbF2:(Yb
3+

,Er
3+

) co-doped 
nanoparticles, with chemical formula (Yb-Er)xPb1-xF2+x, where x = 0.29, 
Yb

3+
/Er

3+
 = 6, and estimated the energy efficiency for their 

cathodoluminescence, mostly of Yb
3+

, and up-conversion 
photoluminescence of Er

3+
 to reach more than 0.5% and 20%, respectively, 

which may be the highest to date for rare-earth doped nanoparticles. 
Electron beam induced temperature rise in the nanoparticles has been 
estimated by measuring the ratio of green emission bands of Er

3+
. These 

high efficiencies are due to high doping level of nanoparticles and due to 
low phonon energy of the PbF2 host. 
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1. Introduction 

The luminescent nanoparticles have been attracting recently an interest in nano-scale optics 
and photonics, for instance in plasmon near-field microscopy [1,2], nanolasers [2,3], 
nanophosphors [4,5], nanolabels [6–8] and nanosensors [9,10]. Rare-earth doped 
nanoparticles could be of particular importance since the rare-earth ions are well known as 
source of efficient luminescence, especially when doped in a host which has low phonon 
energy and capable of high doping level, such as ionic fluoride PbF2-based nanoparticles [11]. 

While the photoluminescence (PL) of rare-earth dopants has been a subject of intense 
investigations for decades, the reports about their cathodoluminescence (CL) are scarce, e.g. 
in [12–14]. To our knowledge, CL of rare-earth doped nanoparticles has not been reported to 
date and little has been reported about PL of rare-earth doped nanoparticles, e.g. in [9–11], in 
particular its intensity dependence has not been investigated. 

In this work we study CL and PL of Yb
3+

-Er
3+

 co-doped fluoride PbF2 nanoparticles of 8 

nm diameter with doping level up to 10 at% and active phonon energies below 250 cm
−1

. Yb
3+

 
is known to have strong infrared emission band about 1 µm wavelength and therefore might 
serve as infrared CL phosphor. Smaller portion of Er

3+
 ions was added to our samples since 

Er
3+

 emits two green PL bands and the ratio of these bands indicates the temperature rise in 
the emitting nanoparticles, see e.g. in [15,16]. Note, the temperature rise for few hundreds 
degrees Celsius is intrinsic for CL phosphors in cathode-ray tubes and it decreases efficiency 
of CL, e.g. in [17], therefore the knowledge of the temperature rise is important. The energy 
efficiency for CL has been estimated in the range from 400 to 1100 nm by comparison with 
CL intensity of etalon phosphor, as e.g. in [18]. 

We also have studied the intensity dependence of up- and down-conversion PL in these 
nanoparticles when pumped into absorption band of Yb

3+
 at about 980 nm. There is efficient 

energy transfer from Yb
3+

 to Er
3+

, which allows to pump PL of Er
3+

 via Yb
3+

, e.g. in [19,20]. 
Perhaps a largest to date up-conversion PL efficiency has been found, in particular, the sum 
efficiency of the red and green up-conversion PL bands of Er

3+
 became larger than efficiency 

of its down-conversion PL band at 1.55 µm, when normalized to one absorbed photon, at a 
pump power higher than 50 W/cm

2
. 
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2. Experimental and results 

The PbF2 nanoparticles co-doped with Yb
3+

 and Er
3+

 has been prepared by the method 
proposed in [11] by chemical etching of the respective Yb

3+
-Er

3+
 co-doped bulk glass-

ceramic, which was prepared as in [21]. The transmission electron microscope (TEM) images 
of nanoparticles aggregates/nanopowder are shown in Figs. 1(a), 1(b), 1(c), 1(d). The 
nanoparticles are spherical and homogeneous in diameter, which is about 8 nm and their 
chemical formula is (Yb-Er)xPb1-xF2+x, where x = 0.29, Yb

3+
/Er

3+
 = 6, as identified by means 

of transmission electron microscope with attachment for energy dispersion X-ray 
spectroscopy (TEM EDX) at Laboratoire de Photonique et Nanostructure, Marcoussis, France, 
and at TEM EDX facility of Antwerpen University, Belgium. 

 

Fig. 1. (a,b,c,d) TEM images of nanoparticles with different spatial resolution. Black round 
spots of about 8 nm diameter are the nanoparticles comprising the aggregates/nanopowder. e) 
TEM image of single nanoparticle, where crystalline planes (1,1,1) of β-PbF2 are indicated. f) 
Electron diffraction pattern taken from nanopowder, where the diffraction rings from certain 
planes of the β-PbF2 are indicated. 

Figures 1(e), 1(f) indicate that the structure of the nanoparticles is a face centered cubic 
structure of the classic substituted fluorite (or β-PbF2 [21]), which is (Yb-Er)xPb1-xF2+x, where 
x = 0.29 [20 and refs therein]. The lattice parameter of the nanoparticles, Figs. 1(e), 1(f), is 
slightly shorter than in β-PbF2 due to smaller ionic radii of rare-earth ions compared to Pb

2+
, 

as argued in [21]. When doing the TEM EDX experiments, we have noted that the fluorine 
ions tend to move away from the area irradiated by the electron beam due to high superionic 
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conductivity of the β-PbF2 and negative charge of the electron beam. Therefore, the 
proportion of Yb, Er and Pb ions can be certainly found in TEM EDX experiments, while the 
proportion of registered F ions slightly depends on the parameters of the electron beam. As we 
have not found in EDX spectra any other elements apart from Yb

3+
 Er

3+
, Pb

2+
 and F

-
, the 

proportion of F
-
 ions was estimated exactly by charge compensation criterion, which 

corresponds to the classic substituted fluorite (Yb-Er)xPb1-xF2+x, where x = 0.29. The solubility 
of the rare-earth dopants in this stoichiometric compound of tveitite type will be addressed in 
the end of Discussion section. 

For measurement of CL, the nanopowder was placed on sample holder of scanning 
electron microscope (SEM) consisting of carbon membrane on copper grid. The SEM has an 
attachment to measure CL with CCD camera. The pieces of nanopowder were spread over 
areas of free carbon membrane and carbon membrane lying on Cu grid. Electron beam 
diameter on sample was 10 nm; exposure time to beam was 1 second. SEM was operating at 
20 kV and 3 nA. 

Figure 2 shows CL spectra of the nanoparticles spread over carbon membrane substrate 
(postsigned “C substrate”, red curve) and over carbon membrane on copper grid (postsigned 
“Cu substrate”, blue curve). Emission band of Yb

3+
 centered at about 1020 nm dominates the 

spectrum as expected due to higher concentration of Yb
3+

 ions and highest cross-section for 
this emission transition. Emission bands corresponding to Er

3+
 are postsigned in Fig. 2. The 

spectral response/sensitivity of the CCD detector was taken into account. Insert in Fig. 2 
shows expanded range of visible PL corresponding to transitions of only Er

3+
. 

Here we see two green emission bands of Er
3+

 from 510 nm to 535 nm, and from 535 nm 

to 565 nm corresponding to the 
2
H11/2→

4
I15/2 and 

4
S3/2→

4
I15/2 transitions. The integral intensity 

ratio of these two bands is defined by the temperature T of the emitting sample, [15,16 and 
refs therein], according to Eq. (1): 

 ln H

S

I B
C

I T

 
= − 

 
  (1) 

where IH and IS are intensity of the 
2
H11/2→

4
I15/2 and 

4
S3/2→

4
I15/2 emission bands, respectively, 

B and C are the constants [9,16 and refs therein]. The values of constants B and C for the 
studied PbF2 nanopowder have been found by measuring intensity ratio IH/IS with varying 
sample temperature by means of cryostat, while PL was pumped by low intensity light into 
upper lying 

4
F3/2 level of Er

3+
 avoiding heating of the sample by pump beam, as shown in Fig. 

3 in [9]. Using those values of B and C and intensity ratio of the 
2
H11/2→

4
I15/2 and 

4
S3/2→

4
I15/2 

emission bands, a 800°C heating was calculated for the red curve in insert to Fig. 2, which 
corresponds to nanoparticles placed onto C membrane. On the other hand, for the blue curve 
in the same insert, the heating was only up to 400°C; this indicates importance of Cu metal 
with high thermal conductivity for more efficient heat transfer. 

Since the electron beam can be focused into spot down to 10 nm, right in a single 
nanoparticle, this nanoparticle can be locally heated to the desired temperature (identified by 
ratio of green emission bands of Er

3+
) and used, for example, for nano perforation of 

underlying thin metal film, which is otherwise impossible, i.e. by pure electron beam. 
Most of emission bands seen in CL spectra of Fig. 2 are also observed in PL spectra in 

Fig. 4. In addition, some extra emission bands are detected in CL spectra of Fig. 2, which may 
correspond to emission from some upper lying levels of Er

3+
, which is typical for CL since 

electron beam can excite any level of Er
3+

. These extra emission bands may also come from 
unidentified impurities, i.e. from Eu

3+
, which are unavoidable in rare-earth chemicals even of 

highest purity, such as we used (ErF3 and YbF3 of REacton grade, 99.99% purity, from Alfa 

Aesar). Also, Er
3+

 has emission band 
4
I9/2→

4
I15/2, which overlaps with 

2
F5/2→

2
F7/2 band of 

Yb
3+

 at about 1 µm, but that band of Er
3+

 is much weaker than Yb
3+

 band due to order of 
magnitude weaker oscillator strength and smaller doping level compared to Yb

3+
. 
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Fig. 2. Cathodoluminescence spectra of Yb3+-Er3+ co-doped nanopowder normalized to 
emission band at 650 nm. Insert shows expanded area between 450 to 725 nm. CCD detector 
operates in spectral range between 450 to 1000 nm; therefore emission band of Yb3+ about 
1000 nm is approximated above 1000 nm by the corresponding photoluminescence band (black 
curve) of the same nanoparticles excited via Er3+ co-dopant at 650 nm. Emission transitions are 
postsigned according to energy level diagram in Fig. 3. 

Then we have estimated energy conversion efficiency for emission bands of CL. For this, 
first we have measured, in the same experimental conditions, CL spectrum from the reference 
aluminum film, for which the energy conversion efficiency spectrum was earlier defined in 
our laboratory using standard CL phosphors [17,18]. In our set-up, the CL is collected by 
parabolic mirror with 2π steradian solid angle, which assures that luminescence is collected in 
the same experimental conditions for the reference sample, and for the investigated sample. 
Then, we compared spectra from Fig. 2 with spectrum from this reference aluminum film and 
estimated the energy conversion efficiency for spectra of Fig. 2. The following values for 

energy conversion efficiency η were obtained for the blue curve in Fig. 2: for 
4
S3/2→

4
I15/2 band 

of Er
3+

 η = 2.09 × 10
−4

, for 
4
F9/2→

4
I15/2 band of Er

3+
 η = 8.29 × 10

−4
, and for 

2
F5/2→

2
F7/2 band 

of Yb
3+

 η = 4.05 × 10
−3

, so that the total quantum yield of the visible emission bands of Er
3+

 

and emission band of Yb
3+

 was about 6 × 10
−3

 or 0.6% which is perhaps the only available 
value to date for rare-earth dopants nanoparticles. 

For measurement of PL, the nanopowder was placed and squeezed between two 
microscope slides, so that the thickness of nanopowder layer was several hundred microns. 
The nanopowder was then set onto a stage of CRAIC QDI 2010 microspectrophotometer, 
which allowed measuring the PL of the nanopowder via microscope. The PL was excited by 
the beam of 100 mW laser diode operating at 980 nm wavelength, and incident onto the 
nanopowder layer at the angle of 45°. The beam was focused with a laser collimator. The PL 
was simultaneously measured by two CCD cameras, which operate in the visible and near 
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infrared ranges of spectrum, respectively. The total spectral response of the 
microspectrophotometer was evaluated and taken into account. 
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Fig. 3. Energy level diagram of Yb3+ and Er3+. The down-headed arrows indicate transitions 
postsigned in spectra of Figs. 2 and 4, respectively. 

Figure 4 shows PL spectrum of the nanopowder pumped at indicated power of the 980 nm 

laser diode. The pumping was done mostly into absorption band 
2
F7/2→

2
F5/2 of Yb

3+
 and to the 

much lower degree into absorption band 
4
I15/2→

4
I9/2 of Er

3+
, as can be seen in energy level 

diagram of Fig. 3. It is because the absorption cross-section of the former band of Yb
3+

 is 3.3 
times larger than for the later band of Er

3+
, and concentration of Yb

3+
 ions is 6 times larger 

than of Er
3+

 ions. The spectrum consists mainly of up-conversion PL bands centered at 650 
and 550 nm (2-photon processes), 410 nm (3-photon process), e.g. in [22], and down-
conversion PL band at 1530 nm (single-photon process), e.g. in [23]. The resonant 
luminescence band was obscured in this measurement due to strong background of scattered 
and reflected laser beam, while intensity of other luminescence bands were negligible 
compared to those shown in Fig. 4. The maximum pump intensity of 100 mW corresponds to 
the pump power density of about 80 W/cm

2
, taking into account a radius of 200 µm of laser 

spot as shown in Fig. 5. 
The bands corresponding to 2- and 3-photon up-conversion luminescence processes have 

been multiplied by factor of 2 and 3 in Fig. 4, respectively because emission of these bands 
occurs only when 2 and 3 photons are absorbed, respectively, while down-conversion band 
emits already after absorption of one photon [22]. Therefore, the quantum efficiency for up- 
and down-conversion luminescence bands per one absorbed photon can be compared from 
the spectra presented in Fig. 4. 

At the lowest pump powers up to 5 mW, only the down-conversion PL band at 1.5 µm is 
present. With increasing the pump power, up-conversion PL bands emerge in the spectrum. At 
the highest pump power of 100 mW, the total energy flux in up-conversion PL bands becomes 
larger than for down-conversion PL band. In particular, at this pump power, the integrated 
area for the 410 nm band equals to 17200, for the 525 and 550 nm bands equals to 93213, and 
for the 650 nm band equals to 334070 resulting in total of 444483 square units, which is larger 
than the integrated area for the 1530 nm down-conversion PL band at 441914 square units. 

#123976 - $15.00 USD Received 8 Feb 2010; revised 14 Mar 2010; accepted 15 Mar 2010; published 13 Apr 2010
(C) 2010 OSA 26 April 2010 / Vol. 18, No. 9 / OPTICS EXPRESS   8841



While the down-conversion PL band shows a linear increase with pump power, typical of 
single photon processes, the up-conversion PL bands show super-linear dependence typical of 
2 and 3-photon processes [19]. In particular, the red PL band at 660 nm has a power 1.8 on the 
Log-Log dependence of its intensity versus pump intensity, which is typical of 2-photon 

processes. The ratio of green PL bands 
2
H11/2→

4
I15/2 and 

4
S3/2→

4
I15/2 of Er

3+
 is small indicative 

of negligible temperature rise in the nanopowder, in particular perhaps due to heat release 
from the nanopowder into the holding microscope slides. Therefore, we assume that 
efficiency of up-conversion PL might be further increased should it be possible to further 
increase the pump power density. 
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Fig. 4. Photoluminescence spectra of Yb3+-Er3+ co-doped nanopowder excited at indicated 

pump powers and wavelength of the laser diode into absorption band 2F7/2→
2F5/2 of Yb3+. The 

up-conversion luminescence parts corresponding to 2- and 3-photon processes are multiplied 
by factor of 2 and 3, respectively. 
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Fig. 5. Image of illuminated spot on the surface of Yb3+-Er3+ co-doped nanopowder layer 
spread between microscope slides. Black square in the center has size 42 × 42 µm. 

Figure 5 shows an image of photoluminescent spot on the surface of nanopowder, which 
was taken by a photocamera attached to the microspectrophotometer. The increase in intensity 
of the image in Fig. 5, from dark to bright, corresponds to strengthening of the intensity of the 
signal detected from the illuminated spot. We note the bright speckle dots in the image of Fig. 
5, which are chaotically distributed across the illuminated spot. These chaotic distributed dots 
have also been seen by naked eye as green speckle dots on the surface of the nanopowder 
layer due to stronger green up-conversion luminescence signal. The random luminescent dots 
in the nanopowder have also been seen by the eye when scanning a focused beam of 2 mW 
laser diode across the surface of nanopowder, indicative that they are not due to 
unhomogeneity of laser beam, but rather are due to properties of the nanopowder. One of 
possibilities is that the random luminescent dots may be due to random nanolasing in the 
nanopowder, as observed e.g. in luminescent ZnO nanopowder [24], however possibility 
requires a separate investigation. 

3. Discussion 

Lanthanide dopants, such as Eu
3+

, Tb
3+

 and Tm
3+

are known as one of best red, green and blue 
CL phosphors, respectively [12–14,17]. On the other hand, infrared CL phosphors have not 
been widely investigated, since the main application of CL was in the visible fluorescent 
lamps and cathode ray tubes. It is seen from Fig. 2 and the above mentioned estimate of 
energy conversion efficiency of 0.5%, that Yb

3+
-doped nanoparticle may be a good infrared 

nano-scale CL phosphor due to its high cross-section emission at about 1 µm. These 
nanoparticles can be also nanoscale light sources because a nano-scale size pump is available 
with the electron beam, which can be focused down to some nanometers, i.e. onto single 
nanoparticle [18]. To our knowledge, to date this is a first observation of CL from the 
lanthanide doped nanoparticles. 

The current-to-light conversion efficiency of best CL phosphors is in the range of only 
several percents, therefore a substantial temperature rise up to hundreds degrees Celsius is 
inevitable in CL phosphors, e.g [17]. The temperature rise quenches CL [17]; therefore it is 
important to be aware of actual temperature of CL phosphor to optimize its operation. Here 
we showed that the temperature rise in CL phosphor can be estimated by its co-doping with 
smaller portion of Er

3+
 ions and measuring the ratio of two thermalised green emission bands 

of Er
3+

. 
The conversion efficiency in our case is lower than in commercial CL phosphors for 

visible range due to several reasons, which may be principally overcome: i) the heating of 
nanoparticles is stronger than in bulk materials due to lower heat release [9], resulting in 
stronger quenching of CL in nanoparticles ii) Yb may be intrinsically less efficient phosphors 
than the standard phosphors based on Eu and Tb iii) the surface of the nanoparticles can be 
contaminated with water and OH radial impurities which quench CL. 

It is seen from Fig. 4 that Yb
3+

-Er
3+

 co-doped nanoparticles can also serve for efficient 
light frequency up-conversion when the pump power exceeds about 10 W/cm

2
. We could not 

measure the resonant luminescence of Yb
3+

-Er
3+

 co-doped nanopowder at about 1000 nm due 
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to strong Rayleigh scattering and reflection of pump laser beam typical of nanopowders, see 
break in Fig. 4.. However, it was possible to measure the resonant emission band and the full 
emission spectrum of the respective Yb

3+
-Er

3+
 co-doped bulk transparent glass-ceramics, 

where the same Yb
3+

-Er
3+

 co-doped nanoparticles are dispersed in glassy matrix [11,20–23] 
and Rayleigh scattering and reflection for the pump laser beam are essentially weaker. In the 
latter case, the measurement was done with a grating dispersion spectrometer and, 
sequentially, with several photodetectors, normalizing the respective sequential spectra to the 
overlapping emission bands, while the spectral response of the spectrometer was taken into 
account, as in Ref [22,25]. The spectrum of bulk glass-ceramics is shown in Fig. 6, when 
pump power was 50 W/cm

2
. When we compare the spectrum for bulk glass-ceramics in Fig. 6 

and the respective spectrum of nanopowder at the same pump power in Fig. 4 (dark green 
curve), we see that these spectra are very similar, apart from the resonance emission band, 
which is absent in the spectrum of nanopowder as it was discussed above. Thus, the resonance 
emission band is assumed to be the same in bulk glass-ceramics and in nanopowder, as well as 
the remaining parts of their spectra. 
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Fig. 6. Photoluminescence spectra of bulk Yb3+-Er3+ co-doped glass-ceramics excited at 50 

W/cm2 pump power and wavelength 980 nm of the laser diode into absorption band 2F7/2→
2F5/2 

of Yb3+. The up-conversion luminescence parts corresponding to 2- and 3-photon processes are 
multiplied by factor of 2 and 3, respectively. 

It is seen in Figs. 4 and 6 that the total photon flux in up-conversion PL bands (at pump 
power above 50 W/cm

2
) per one absorbed photon overcome the photon flux in the down-

conversion PL band at 1550 nm and resonant PL band at 1020 nm. This indicates a very high 
conversion efficiency, or quantum yield, for the up-conversion PL at high pump power 
density. For example, at pump power of 50 W/cm

2
, as seen in Figs. 4 and 6, the total photon 

flux in up-conversion PL bands comprises more than 25% of the total PL flux. Here we note 
that the value of up-conversion yield higher than 20% at pump power density about 50 W/cm

2
 

has been estimated by Rodriguez et al in [22] for the bulk sample of single Er
3+

-doped glass-
ceramics based on analysis of its full PL spectrum and pump power dependence of the 
resonance PL band. Now we see that in Yb

3+
–Er

3+
 co-doped bulk glass-ceramics (Fig. 6) and 

nanoparticles (Fig. 4) the quantum yield for up-conversion PL is higher than in Er
3+

 single 
doped sample [22]. This may be because the Er

3+
 dopant is only a minor dopant in Yb

3+
-Er

3+
 

co-doped samples in this paper, its concentration is 7 times smaller than it was in Ref [22]. 
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This results in suppression of depopulation of excited Er
3+

 levels due to the cross-relaxation 
process [22] and suppression of heating loss due to non-radiative decay of excited levels of 
Er

3+
 [9], because the excited electrons are kept the most of time on the excited level of Yb

3+
, 

which does not depopulate non-radiatively. Therefore, we conclude that the total quantum 
yield for the up-conversion red and green PL bands in Fig. 4 exceeds 20% at pump power 
density above 50 W/cm

2
. 

To explain the reasons for high quantum efficiency of CL and up-conversion PL, we note 

that the probability ( )n

nr
W T  for non-radiative/phonon assisted decay of the rare-earth energy 

level with simultaneous emission of n phonons at temperature T is defined by Eq. (2) 

 
exp

1 1
( )

n

nr

rad

W T
τ τ

= +   (2) 

where 
exp
τ  is the experimental lifetime and 

rad
τ  is the radiative lifetime of the level. It is seen 

from Eq. (2) that the ( )n

nr
W T  term should be suppressed to support the radiative decay. On the 

other hand, ( )n

nr
W T  is also defined by Eq. (3): 

 ( ) (0) 1 exp

n

n n

nr nrW T W
kT

ω
−

 −  
= × −   

  

ℏ
  (3) 

where n is the number of phonons ωℏ , which bridges the gap between the emitting level and 

the nearest lower lying level. Thus, ( )n

nr
W T  increases drastically with ωℏ  (or decreases 

drastically with n) and therefore, for efficient radiative decay/emission of the emitting level, 

according to Eqs. (2) and (3), ωℏ  should be as small as possible, i.e. substantially smaller 

than 500 cm
−1

. The nanoparticles proposed in this paper offers maximal phonon energy 

coupled to the rare-earth dopant as small as 250 cm
−1

, which therefore ensures small values of 

the non-radiative decays ( )n

nr
W T  and consequently, high values of radiative decays. 

The high, up to 10 at.%, doping level of these nanoparticles, as follows from the chemical 
formula of the nanoparticles (Yb-Er)xPb1-xF2+x, where x = 0.29 (Fig. 1), assures efficient 
energy transfer between the Yb

3+
 and Er

3+
 co-dopants, which defines the mechanism for the 

up-conversion co-operative luminescence at the high doping level, e.g. in [19,22]. In this 
respect, the homogeneity of the dispersion of Yb and Er ions in the PbF2 lattice is important. 
The RexPb1-xF2+x is known as a stoichiometric compound, where Re is a rare-earth atom or Y 
atom, x = 0.29 and Ca may substitute for Pb. This stoichiometric compound is called tveitite 
and rare-earth ions dissolve in this compound without clustering, e.g. in [26,27 and refs 
therein]. Apparently, the high luminescence yield reported in this work proves high 
solubility/dispersion of the rare-earth dopants in tveitite structure because the clustering of the 
dopants could result in the concentration quenching of luminescence. 

4. Conclusion 

We have shown results which indicate that the PbF2 nanoparticles can be doped with rare-
earth ions, such as Yb

3+
 and Er

3+
, to very high doping level of 10 at.%, and their luminescence 

is still not concentration quenched. The high quantum yields for the cathodoluminescence and 
up-conversion photoluminescence in these nanoparticles are due to that high doping level and 

very low active phonon energy of 250 cm
−1

, of the PbF2 host, which suggest that these 
nanoparticles provide perhaps the highest available quantum yields for cathodo- and 
photoluminescence of rare-earth dopants. 
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