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Abstract

The thermalization length distribution of electrameer their kinetic energy in
a conduction band is calculated on the basis ofdéita on the electron effective
mass, density of states in conduction band, ditepermittivity and energy of
longitudinal optical phonons. The method of modgliof a recombinational
luminescence intensity dependence on the nanojgasiie is proposed on the basis
of the assumption that the contribution to a recoatibnal luminescence gives only
those charge carriers which in the result of thémaaon did not reach a near-surface
layer of nanoparticles. Using such the approach theoretical dependence of
recombinational luminescence intensity on the nartope size for LaP® and
LUPQ, are calculated. The revealed correlation of expental and theoretical
dependences confirms that the commensurabilityledt®n thermalization length
with nanoparticle size is the main reason of thargldecrease of X-ray excited
luminescence intensity when the nanoparticle seoeahses.

Keywords: LaPQ, LuPQ, nanoparticles, X-ray excited luminescence, energy
band structure, electron thermalization length

I ntroduction

Studies of the nanoparticle luminescence parameigpendence on their size
are driven by a possibility to use the nanopadidie particular as luminescent
biolabels, nanoscintillators for radiotheraphy asmponents of the composite
nanostructured scintillators. For an impurity lussoence in case of intracenter
excitation it is known that the intensity of the issmon usually decreases with the
reduction of the nanopatrticle sizes. It is expldimath a nonradiative relaxation of

the luminescent centers due to the interaction suitiace defects. However the drop
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2
in luminescence intensity when the nanoparticle siecreases in case of intracenter

excitation is not as notable as in a case of badskhd or X-ray excitation. If
excitation energy is transferred to the lumineseetenters by free charge carriers,
the new channel of a nonradiative relaxation apeaieated free charge carriers can
reach a nanoparticle surface, where they have poramity to transfer excitation
energy to surface defects or to leave a nanopartictesults in strong dependence of
a recombinational luminescence on the nanopamizke. The probability to reach a
surface by free charge carriers is determined lyr#tio of thermalization length
(distance passed by an electron or a hole in tkeem@ization process) to the
nanoparticle size. The thermalization length ofekadk considered to be rather small
(for alkali halides it is estimated as a few nantare [1]) due to high effective
masses and possible self-trapping processes. dhere¢fie thermalization length of
electrons is considered as a decisive factor fa $eintillation process in
nanoparticles.

For verification of this assumption the attemptstmulate the dependences of
X-ray excited luminescence intensity on the nantgarsize for LaP@Pr and
LuPQOg-Pr which are considered as possible candidatassimias nanoscintillators for
radiotheraphy is made in this work. For such pdegbactical use the dependence of
X-ray excited luminescence intensity on their sgetudied (Fig. 1). Nanoparticles
were obtained and characterized as described3h [®s one can see from the figure
the intensity of X-ray excited luminescence shauigreases in the range of 15-40
nm nanoparticle sizes. According to the assumptie@se values of the nanoparticle

sizes should be commensurate to the average elébeonalization length.
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Fig. 1. Dependence of X-ray excited luminescentensity on the nanoparticle size

for LaPQ—Pr (circles) and LuP£Pr (squares).

1. Calculations of thermalization lengths distribution for secondary

electrons

The thermalization lengths distribution of secoydalectrons was calculated for
simulation of X-ray excited luminescence intensdgpendence on the size of
nanoparticles. Nowadays the theory necessary forassessment of electron
thermalization length is quite well developed. Foalculation of average

thermalization length of electrons with initial kitnc energyg,, for the case of one

branch of longitudinal optical phonons the follogriequation is used:

~ 2 3
IjLo(EeO):ﬁa,f3 £ | tanf ™o | B |y 2Ee0 |
| 9 °lm/m 2k T ) (7Q Q.
1

where a, — Bohr radius,s — effective dielectric permeabilitys(* =¢' -&7', ¢, —

o0

optical dielectric permeabilitys, — static dielectric permeability)yn, — effective
mass of an electrom, — mass of an electronQ , — energy of optical phonons [4].

In our estimations we take into account only onengm branch possessing the
highest energy. The thermalization on phonons Vather energies was not taken
into account. In result of such approximation thetated values of thermalization
length will be slightly underestimated (see Fign $4]).

The input data for calculation of electron thermation length distribution such
as density of electronic states in conduction band the effective mass of an
electron are obtained from electronic energy stmacof LnPQ (Ln=La, Lu) crystals.
For a LaPQ crystal the electronic energy structure from [Zlswised. The electronic
energy spectrum for a LuRCcrystal (Fig. 2) was calculated, using the PAW
formalism [6] taking into account the strong loaarrelations in a PBEO GGA
approach. The effective mass of electrons for LnE@stals was estimated from
dispersion of the lower branch of conduction bah@i-point. The effective masses

and other parameters of the crystals are spedcifiéddble 1.
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E(k), eV

Fig. 2. Energy band structure of a LuRsystal

Table 1. Optical and scintillation parameters oPy (Ln=La, Lu) crystals: m*/m—
ratio of effective mass to the mass of an electron,index of refractiong,, = r* —
optical dielectric permeabilityg;; — static dielectric permeabilitys — effective
dielectric permeability£™ =& - '), hQ, o — energy of longitudinal optical phonons.

E;, eV | m*/mq n € Eq € hQ, o, eV
LaPQ, 8,4 3,3801| 1,79 [7] 3,204 11,1 [8] 4,504 0,1289 [9
LuPGQ, (8,8 3,4559 | 1,68 [10] 2,822 10,58 [11] 3,848 0,1{3H

Calculations of thermalization length distributitor secondary electrons were
carried out by the technique described in [4] vatily one difference: the density of
electronic states in conduction band was taken adoount for distribution of
secondary electrons over kinetic energy. Insteadhef n(Eg function [4] the
N(Eeq)-9(E) product, where g(E) - density of electrostates in conduction band
(Fig. 3), was taken. Results of calculation of sel@wy electrons distribution over

thermalization lengths are presented in Fig. 4.0As can see from the figure the
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average thermalization length of electrons for LalCsmaller in comparison with

that for LUPQ.
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Fig. 3. Density of electronic states in conductiamd (solid) and the function of
secondary electrons distribution over kinetic egengthe [0,Ej] range (dash) for
LaPQ, and LuPQ crystals
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Fig. 4. Distribution of secondary electrons theimalon length for LnPQ(Ln=La,
Lu) crystals

2. Simulation of recombinational luminescence intensity dependence on the

nanoparticle sizes
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Dependence of recombinational luminescence intesitthe nanoparticle size

was simulated assuming that the commensurability setondary electrons
thermalization length and the nanoparticle sizethe main reason of their
luminescence quenching upon the X-ray excitatiorother words, if in the result of
thermalization the electron reaches a nanopauiatéace, then its relaxation will be
nonradiative, for example, with the participatioh surface defects. Also, it is

assumed that the formation of excitons or a recoatlmn with impurity centers

happens only for thermalized electrons with kinereergy equal to the energy of
optical phonons.

For calculations of X-ray excited luminescence nstyy dependence on
nanoparticle size the probabiliB(R,d) of radiative relaxation of a secondary electron
formed at distancd from the center of a nanoparticle with the radidR > d) was
determined in the following way. Let thér) function define the thermalization
length distribution for secondary electrons of asctebn band possessing the kinetic
energies in the [OEg] range, and,, - the maximum value of thermalization length.
Let the sphere of the radilig built with the center in a point of secondary &iec
creation be called a thermalization sphere. The fof nanoparticles is considered to
be spherical. Then the probabilig(R,d) of radiative relaxation of a secondary
electron will be defined by the intersection aréahe thermalization sphere and the
sphere of the nanoparticle. In other words, we needind the part of the
thermalization sphere that is within a nanopartidaking into account
"iInhomogeneity" of the thermalization sphere, whistdefined by thé(r) function.
Drawing an analogy between distributidéfn) and the density of a material, the
probability of radiative relaxation of a secondatgctronP(R,d) was found as the
ratio of "mass" of the thermalization sphere phdttis within a nanoparticle to
"mass" of all thermalization sphemg.

Based on the above, the probabilyR,d) of the radiative relaxation of a
secondary electron formed at the distaddeom the center of a nanoparticle with
radiusR can be obtained using the ratios given below.ghatgon is carried out in

spherical coordinates with origin at the centethefthermalization sphere:



() d+l, < R—the thermalization sphere is completely withimaaoparticle =>
P(Rd) = 1;

(i) R+d <I,,— a nanoparticle is completely within the theretion sphere

m fon sin(@)d@ fodcos(9)+\/dzcosz(9)+R2—d2 l(T’)T‘ZdT'

my [T sin(6)d6 [ 1(r)r2dr

P(R,d) =

(ii) the thermalization sphere contains only atdia nanoparticle
m f091 sin(9) do folm L(r)ridr

= +
Mo ["sin(6) d6 [™ L(r)r2dr

P(R,d) =

fdcos(6)+Jd2cosz(9)+R2—

0 l(r)r=dr

fenl sin(6)d@
fon sin(0)do folm L(r)r2dr

+

)

d?+1y,°—R?
wheref; = arccos(———).
2dly,

Knowing the function P(R,d) the probability of emission of the whole
nanoparticleP(R) can be found by integrating(R,d) over the nanoparticle volume
and dividing by its volume. According to the modeé function P(R) will describe
the dependence of recombinational luminescencasityeon nanoparticle size.

Results of simulation for LnP{Ln=La, Lu) nanoparticles are shown in Fig. 5.
As one can see, the intensity of a recombinatidmainescence starting from a
certain nanoparticle size begins to decrease shdfpl the simulated (Fig. 5) and
experimental (Fig. 1) data quite good correlatien observed — values of the
nanoparticle sizes, in the range of which the ssrplecrease of recombinational

luminescence intensity is observed, are 20-50 nm.
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Fig. 5. Calculated dependencies of recombinatiomriescence intensity on the size
of LaPQ (dash) and LuP£Xsolid) nanoparticles

Conclusions

The revealed correlation of experimental and sitedladependencies of
recombinational luminescence intensity on the narape size confirms a
hypothesis, that the main mechanism of recombinatibuminescence quenching is
connected with the capture of secondary electrgribd nanoparticle surface defects
or their escape from nanoparticles.

From the studied dependencies of recombinationnastence intensities on
size of the lanthanide phosphate nanoparticlésllaws that nanoparticles with high
energy of optical phonons and effective mass ofggha&arriers can be perspective
nanoscintillators, because the threshold of X-naypihescence quenching will be
observed for such nanoparticles at lower sizes.sidenng it, other oxygen
containing nanoparticles based on aluminates, ag#&; vanadates, and also
multicomponent compounds containing several catioas also be perspective

materials for nanoscintillators.
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Distribution of secondary electrons thermalization length is calculated for
LaPO, and LuPO,

Dependence of X-ray excited luminescence intensity on the nanoparticle size
was simul ated

Correlation of experimental and simulated dependencies was found

The search criteriafor scintillating nanoparticlesis proposed
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