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CaF,, CaFZ:Eu2+ and Can:Eu3+ nanoparticles were synthesized by the chemical sedi-
mentation method. The study of intrinsic and impurity recombination luminescence of the
nanoparticles was carried out using synchrotron radiation. The intrinsic and impurity
luminescence intensity was found to depend significantly on the nanoparticles size. The
surface defects, the ratio between the thermalization length of photoelectrons and the
nanoparticle size are crucial for luminescence intensity of the nanoparticles. The lumines-
cence caused by the charge-transfer to Eu3* ions is dominant for the small size nanoparti-
cles.

Hamouactumer CaF,, CaF2:Eu2Jr u CaF2:Eu3Jr CHUHTEe3UPOBAHLI METOAOM XUMHUECKOTo
ocakaenusa. VceiegoBanue cOOCTBEHHON M NPUMECHON pPeKOMOMHAIIMOHHON JIOMUHECIeHI[UN
HAHOYACTUI[ IIPOBEJEeHO ¢ HCIOJL30BAHMEM CHUHXPOTPOHHOIO M3AydeHHUdA. BLIABIeHA 3HAUL-
TeJIbHAs 3aBUCHUMOCTL MHTEHCUBHOCTHA COOCTBEHHON U IPUMECHON JIOMUHECIIEHIIMH OT pasMe-
poB HaHouacTull,. IloBepXHOCTHLIE HePeKThI, AIMHA TEPMAJU3AIUN (POTOIEKTPOHA U pasMep
HAHOYACTUILI SABJAIOTCA ONPeIeNA0UMA A UHTEHCUBHOCTH JIIOMUHECIEHIIUU HaHOoJaC-
tun. JIIOMUHeCHeHIMs ¢ IepeHocoM sapsga K EuSY moHaM mpeofmagaeT Ijs HAHOUACTHL
MAaJILIX Pa3MepoB.

Bnacna ma Odomiwmxoea ~nrominecyenyia nanowacmunox CaF,, Can:Eu2+ ma
Can:Eu3+ npu eucoxkoenepzemuinomy 30yduwcenni. A.B.Huwwosuyw, B.B.Bicmoscvruil,
H.€.Mimina, O.C.3aivenrxo, O.B.I'ekmin, A.C.BoIOUWLUHOBCOKUIL.

Hanouacruaxu CaF,, Can:Eu2+ Ta CaFZ:Eu3+ CHHTE30BaHO METOZOM XiMiuHOro ocamkeH-
Ha. Hocaimxenua BaacHol Ta xoMimikoBol pekomOinaniiiHol JoMiHecueHIil HAHOYACTUHOK
IPOBENEHO 3 BUKOPHCTAHHAM CHUHXPOTPOHHOI'O BUIIPOMiHIOBAHHA. BHsBJIeHO 3HaAUHY 3a-
JeKHiCTh IHTEHCHBHOCTL BJacHOI Ta IOMIiIMIKOBOI JoMiHecieHIril Bix posmMipie HAHOUACTUHOK.
IToBepxueBi medexTu, CHIBBigHOMIEHHS MIiK MOOBMKMHOMIO TepMaJisamii ¢oToenrekTpoHa Ta
PO3MipOM HAHOYACTUHKM € BHU3HAUAJBHUMU IJIA iHTEHCHBHOCTI JiIOMiHecIlleHIIl HaHouacTu-
HOK. JllomiHecIeHIlid 3 IepeHeceHHAM 3apAIy OO0 Eu3* iomam ¢ epeBaKAUOI0 [IJIsI HAHOYAC-
TUHOK MAaJHX POo3Mipis.
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1. Introduction

Crystals of pure and impurity doped
fluorides (such as BaF,, CaF,, SrF,) are tra-
ditional objects of research for study of the
mechanism of scintillation processes. At the
same time, some of them exhibit the accept-
able scintillation parameters. Thus, for ex-
ample, a scintillator based on CaF,:Eu?*
demonstrates a light yield about
19,000 photons/MeV [1] and BaF, crystals
— 10,000 photons/MeV for self-trapped ex-
citon (STE) luminescence with decay time of
600 ns and 1,800 photons/MeV for core-va-
lence luminescence (A = 225 nm, T = 0.9 ns)
[2]. Also, there are publications, in which it
is reported a relatively high light yield for
SrF, — 18,000 photons/MeV and SrF,:Ce —
8,600 photons/MeV [3].

In recent years, the possibility of
nanocrystal applying for new composite
scintillation materials creation is quite ac-
tively discussed [4]. Such nanosize scintilla-
tors could partially replace to some extent
the traditional crystal scintillation materi-
als, production technology of which is quite
expensive. The luminescent nanoparticles
can find its application as: the additives to
polymeric films for X-ray registration, the
luminescent markers for biomedical re-
searches and the nanoscintillators for pho-
todynamic radiotherapy [5]. For these aims
it is necessary to use the nanoparticles of
small size demonstrating the desirable light
yield. Therefore, the researches aimed to
elucidate the regularities of high-energy ra-
diation interaction with the nanoparticles
are actual. One of these research aspects is
the clarification of luminescence intensity
dependence on the nanoparticles size and on
the energy of excitation quanta, and in par-
ticular the analysis of intrinsic and impu-
rity recombination luminescence intensity.
From this point of view, the CaF, nanopar-
ticles doped with Eu3t and Eu?* ions may
attract attention as nanoscintillators for
photodynamic therapy and the luminescent
biomarkers which can be exited by the opti-
cal and X-ray quanta. High penetration
ability of X-rays and overlapping of
CaF,:Eu3+ and CaF,:Eu?* nanoparticle emis-
sion with the transparency range of the bio-
logical tissue may allow the visualization of
the processes deeply inside of tissue.

2. Experimental

CaF,.Ln (Ln = Eus*, Eu2*) nanoparticles
were synthesized from aqueous solutions of
CaCl,, LnCly and NH4F salts in the presence
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Fig. 1. Luminescence excitation spectra of euro-
pium ions in CaF2:Eu2+ nanoparticles with the
average size 140 nm (curve 1), 50 nm (curve 2)
and 20 nm (curve 3) for A,, =425 nm. The
normalized STE luminescence excitation spec-
trum of CaF, nanoparticles — 140 nm (curve 4)
and 20 nm (curve 5) for A,, = 800 nm. The
reflection spectrum of the bulk CaF, ecrystal
(curve 6).

of ethanol to slow down the chemical reac-
tion speed with the purpose to reduce
nanoparticle size [6, 8]. Water solution of
CaCl, was slowly added with 1 drop/s rate
to the solution of NH,4F at vigorous mixing.
As a result a white fine-dispersed precipita-
tion was obtained. The precipitation was
separated by centrifuge and washed out by
distilled water several times to the neutral
pH value. The CaF,:Ln nanoparticles ob-
tained were dried under vacuum to constant
weight. In order to obtain the nanoparticles
of different size the samples were annealed
at different temperatures. The nanoparticles
sizes were determined by X-ray diffraction
method, evaluating the diffraction peak
width and using Scherrer equation. The
typical average sizes of the nanoparticles
are 20+140 nm.

Luminescence studies of CaF,, Can:Eu?’+
and CaF2:Eu2+ nanocrystals were performed
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using synchrotron radiation at SUPERLUMI
station of HASYLAB (DESY, Hamburg) [7].
The luminescence excitation spectra were
measured upon excitation with the quanta
energy range 4+40 eV and the spectral reso-
lution of 0.8 nm. The luminescence spectra
were registered in the range of 200+800 nm
with the resolution of ~2 nm. All measure-
ments were performed at room temperature.

3. Results and discussion

3.1. Luminescence properties of
CaF, and CaF,.Eu2+ nanoparticles

In the STE luminescence excitation spec-
trum (A,,, = 300 nm) of the CaF, nanoparti-
cles one can distinguish several spectral en-
ergy ranges (Fig. 1, curves 4 and 5). The
first energy range of the spectrum, which is
responsible for the optical mechanism of
STE creation (hv < E, =12.1 V), is the
most effective for the STE excitation. Also,
the high intensity of the STE excitation oc-
curs in the range of multiplication of the
electronic excitations (hv > E, + E,,). The
threshold of the electronic excitations
growth, which is observed in this range, is
in a good agreement with the energy Av =
E, + E,, = 23.3 eV and is a result of photo-
electron scattering on the valence electrons
with the creation of secondary excitations
[9]. Detailed mechanism of the STE lumi-
nescence excitation of the CaF, nanoparti-
cles is discussed in [8].

The luminescence excitation intensity re-
flects the tendency of intensity decrease
with the nanoparticles size reduction (Fig.
1, curves 4 and 5). In the range of electron-
hole pair creation (E; < hv < 2E,) the lumines-
cence excitation is gless effectlve Here, the
intrinsic luminescence intensity decreasing is
caused by the photoelectron thermalization
length exceeding of the nanoparticles size [8].

Upon excitation in the range of band-to-
band transitions of CaF, matrix (Av >
12.1 eV), one can observe the band at
425 nm in the CaF,:Eu?* nanoparticle lumi-
nescence spectra (Fig. 2), which is attrib-
uted to 4/65d! — 4f7 transition in Eu?*
ions. The STE luminescence intensity of
CaF, and 425 nm band of the CaFZ:Eu2+
nanoparticles reveal a similar dependence
on the nanoparticle size reduction. Thus,
the luminescence intensity of CaFZ:Eu2+
nanoparticles significantly decreases with
the nanoparticle size reduction (Fig. 2) and
the luminescence is almost absent for the
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Fig. 2. Luminescence spectra of CaF2:Eu2+ for
different nanoparticles sizes (hv,,. = 20.6 eV).
The average nanoparticles size: 1 — 140 nm,
2 - 80 nm, 3 - 50 nm, 4 — 28 nm, 5 — 20 nm.
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Fig. 3. Normalized luminescence excitation
spectra of Eud* center emission at 620 nm in
CaFQ:Eu3+ and STE (300 nm) in CaF, (curve 3).
The average nanoparticles size: 20 nm (curve 1),
140 nm (curves 2 and 3).

small nanoparticles with size a < 50 nm in
the band-to-band excitation range (Fig. 2,
curves 4 and 5). Such a behaviour can be
explained by the increasing of surface defects
quantity with the nanoparticles size reduction
and the photoelectron thermalization length
exceeding of the nanoparticles size.

The luminescence excitation spectra of
Eu2t centers (Fig. 1, curves 1, 2 and 3) also
demonstrate the tendency of luminescence
intensity decreasing with the nanoparticle
size reduction. The luminescence excitation
spectra of the CaF2:Eu2+ nanoparticles re-
veal a regularity which is characteristic for
the recombination luminescence mechanism
in the case of electron-hole pair recombina-
tion with the Eu2* centers. At such excita-
tion luminescence mechanism the main
growths of luminescence occurs in the case
of electrons and holes formation in the con-
duction and valence band providing Av >
E,. The luminescence excitation threshold
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Fig. 4. Luminescence spectra of CaF2:Eu3+ for
20 nm (a) and 60 nm (b, ¢, d) nanoparticles
sizes at different excitation energies.

related to electronic excitation multiplica-
tion in the case of formation of secondary
electron-hole pairs is observed at energies
hv 2 25.4 eV, which slightly exceeds 2E,.
The position of this threshold coincides with
the threshold of electronic excitations mul-
tiplication in CaFZ:Eu2+ bulk crystals [9].

3.2. Luminescence properties of
CaF,:Eu3+ nanoparticles

The luminescence spectra show the typi-
cal Eu3* ion lines in the red spectral area.
These lines correspond to transitions from
the excited 5D0 level to 7Fj (J =0,...,6) lev-
els of 4f6 configuration [11]. In the case of
CaF,:Eu3* nanoparticles the luminescence
spectra demonstrate dependence on the
nanoparticle size and the exciting energy of
quantum (Fig. 4). In order to elucidate the
optimal condition for the Eu3* ion lumines-
cence, the luminescence excitation spectra
of CaF, at 300 nm (Fig. 3, curve 3) and
CaF,Eu* at 620 nm (Fig. 3, curve I) for
large nanoparticles (a = 140 nm) were com-
pared. As it can be seen in Fig. 3, the Eu3+
luminescence in the CaF, nanoparticres
with size of a = 140 nm is efficiently ex-
cited in transparency range of the nanopar-
ticles at Av < 10 eV. Moreover, the Eu3* lumi-
nescence intensity is low in the case of photon
quanta energy 10 eV <hv <E,=12.1 eV.
Thus, the excitation via energy transfer from
STE to Eud* ions is insignificant. For band-to-
band transition range (hv > E,) the EuS* ion
luminescence is also ineffective, this feature
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of luminescence intensity is observed in the
bulk crystals too [10].

Available information concerning the
europium ion excitation in the transparency
range of the matrix allows to attribute the
transitions in the near exciton range of the
CaFZ:Eu?’+ nanoparticles (Fig. 8). According
to [12] the absorption spectrum of the
Can:Eu3+ bulk crystal reveals two charge-
transfer bands (CT) from fluorine to euro-
pium ions at 6.85 eV (CTy) and 8.35 eV
(CT;). We can also observe two bands at
~8.8 eV and ~6.5 eV in the luminescence ex-
citation spectrum of the CaFZ:Eu3+ nanopar-
ticles which can be attributed to the charge-
transfer bands. From this point of view a
band at ~8.3 eV is caused by the charge
transfer involving the fluorine ions in regu-
lar lattice and the second one at ~6.5 eV is
by the charge-transfer from interstitial
fluorine ion to europium ion. In addition
there is a band at ~5.1 eV (a = 140 nm),
which is not present in the bulk crystals,
perhaps it is a result of the charge-transfer
involving the oxygen ions [13].

For small Can:Eu3+ nanoparticles (a =
20 nm) the charge-transfer band involving
the regular fluorine ions is practically ab-
sent, and the charge-transfer bands involving
interstitial fluorine and oxygen ions are pre-
dominant in the spectrum (Fig. 3, curve 1I).
The observed bands could be conditionally
ascribed to the charge transfer involving
the fluorine surface defects (band at
~6.1 eV) and oxygen defects (band at
~5.83 eV and ~4.5 eV).

The structure of 4f—4f luminescence spec-
trum of Eu3* ion strongly depends on local
symmetry of the Eud* center. This circum-
stance allows the revealing of the Eu3* cen-
ters with different symmetry in the ecrystal
lattice [12]. In the CaF2:Eu3+ nanoparticles
with size of a > 40 nm (Fig. 4, b, ¢, d) one
can observe two different the EuS* centers
with O, and C4,-symmetry. The formation
of such symmetry centers is typical in the
case of lanthanide ions doped into fluoride
crystals [12]. In the case of Oj,-symmetry
centers one can observe the dominant band
caused by 5D0 - 7F1 transition, and for C,,-
symmetry 5D0 - 7F2 transition band is pre-
dominant. Such relation between the mani-
festation of Dy — “F; and 5Dy — "F, tran-
sitions is in a good agreement with selection
rules for magnetic-dipole and electrie-dipole
transitions. For the cubic centers with the
inversion symmetry the magnetic-dipole
5D0 - 7F1 transitions are dominated by the
luminescence intensity. In addition, when
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the symmetry is reduced and the inverse
center is absent, the electric-dipole
5D0 - 7F2 transition predominates [11].

The Oh—Eu3+ centers with dominating
band at 590 nm (°Dy — "F,) are mainly ex-
cited in the transparency range of the CaF,
nanoparticles (a > 40 nm) in the charge-
transfer band involving F~ ions located in
regular positions (8.1 eV). Meanwhile, the
C4\,—Eu3+ centers revealing the dominating
band at 620 nm (5D0 - 7F2) are mainly ex-
cited in the band peaked at 6.8 eV and is
caused by the charge-transfer from F~ ions
located in the interstitial lattice sites.

The band peaked at 590 nm dominates in
the emission spectra under excitation in the
fundamental absorption range of the CaF,
matrix. As the size of nanoparticles is re-
duced a < 40 nm (Fig. 4a) the luminescence
spectra shape does not reveal the dependence
on excitation energy and demonstrate the
commensurability of intensity of 5D0 - 7F1
and 5Dy — "F, transition attributed to the
centers with O, and C,,-symmetry, respec-
tively. Such luminescence spectrum behav-
iour indicates that the luminescence from
the low symmetry centers excited with the
charge-transfer from oxygen ion to euro-
pium ion is predominant for the small
nanoparticles (@ < 40 nm).

4. Conclusions

CaF,, CaF,:Eu?* and CaF,:Eu3* nanopar-
ticles with size of 20+140 nm were synthe-
sized by the chemical sedimentation
method. The STE luminescence intensity of
the CaF, nanoparticles significantly de-
creases with reduction of the nanoparticle
size. Such dependence is caused by the pho-
toelectron thermalization length exceeding
the nanoparticles size. In this case the elec-
tron can leave the nanoparticle or be cap-
tured by the surface defects. These reasons
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lead to the decreasing of recombination lu-
minescence intensity of impurity centers in
the CaF,:Eu2* and CaF2:Eu3+ nanoparticles.
The Eu®* ions in CaF,:Eud* nanoparticles
create the O, and C,,-symmetry centers.
The luminescence of EU‘y3+ centers excited in
the range of charge-transfer transitions is
less sensitive to the nanoparticle size reduc-
tion. The luminescence of the Eu3* centers
with charge-transfer from the impurity oxy-
gen ions to EuS* ions is predominant in the
small CaF,:Eud* nanoparticle, and itself
centers have C,,-symmetry.
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