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h i g h l i g h t s

< In KYF4 hexagonal nanopowder an intense self-trapped exciton luminescence is detected.

< This excitonic luminescence in KYF4 hexagonal nanopowders is not quenched at 300 K.

< Emission band of excitonic luminescence overlaps with Ce3þ and Tb3þ 4f-5d absorption.

< In hexagonal KYF4 nanopowders an efficient energy transfer to Ce3þ and Tb3þ was found.
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a b s t r a c t

The KYF4 nanopowders, non-doped and doped with Ce3þ or Tb3þ, having well-crystallized, unag-

gregated, monodisperse (�15%) nanoparticles with the cubic (the size in the range fromw15 tow30 nm)

or hexagonal (fromw30 tow50 nm) crystal structure have been successfully synthesized by microwave-

hydrothermal treatment of as-precipitated gels. In KYF4 hexagonal nanopowders an intense STE-type

luminescence at w4.4 eV was observed which is not quenched at room temperature. In contrast to

single crystals or cubic nanopowders, in KYF4 hexagonal nanopowders doped with Ce3þ or Tb3þ, a rather

efficient energy transfer is observed from the host to Ce3þ or Tb3þ ions, respectively, because of over-

lapping the emission spectrum of STE-type luminescence and the spectrum of efficient absorption on 4f-

5d transitions in Ce3þ or Tb3þ.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In nanophosphors with reasonable sizes of nanoparticles (of the

order of 10 nm or larger corresponding to typical penetration

length of light for host absorption) the main spatial confinement

effect on optical properties is due to the increase of surface area/

volume ratio in nanoparticles, which leads to increased probability

of near-surface nonradiative decay, and accordingly to smaller

quantum yield (see, e.g. Tian et al., 2008). On the other hand,

nanophosphors can exhibit novel properties compared to tradi-

tional luminescent materials. In particular, a change in the crystal

structure of a nanosized material compared to the bulk one can

result in strong variations of luminescence properties of the

phosphor. For example, the bulk KYF4 crystallizes in hexagonal

phase (Le Fur et al., 1992) but nanosized particles of KYF4 tend to

crystallize in isotropic cubic phase due to lower specific surface

energy (Ayyub et al., 1995).

In the present work, luminescence properties of nanosized KYF4
powders undoped and doped with Tb3þ or Ce3þ have been studied

under excitation by UV and vacuum UV (VUV) synchrotron

radiation.

2. Experiment

KYF4 nanopowders were synthesized by microwave-hydro-

thermal treatment of gels freshly precipitated from aqueous
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solutions. Y(NO3)3$6H2O (Aldrich, 99.9% purity), Ce(NO3)3$6H2O

(Aldrich, 99.9% purity), Tb(NO3)3$5H2O (Aldrich, 99.9% purity),

KF$2H2O (KhimMed, 99.9% purity) and deionized water were used

as starting compounds. Solution of 5 mmols in total of

Y(NO3)3$6H2O and Ce(NO3)3$6H2O (or Tb(NO3)3$5H2O) with

Y3þ:Ce3þ (or Tb3þ) ratio 98:2 in 10 ml of deionized water was

prepared as well as solution of 20 (or 200) mmols of KF$2H2O in

30 ml of deionized water. After that solution of nitrates was added

dropwise to solution of potassium fluoride under vigorous stirring.

After preparation, the gels were heated in teflon autoclaves at

200 �C for 4 h using laboratory microwave-hydrothermal device

(Berghof Speedwave-3Mþ, frequency 2.45 GHz, output power

1.2 kW).

Using different F�:RE3þ molar ratio in initial solutions (4:1 and

40:1) KYF4 nanoparticles with hexagonal and cubic structure,

respectively, were obtained. It was shown in our previous paper

(Makhov et al., 2012) that large excess of precipitant (F�) in initial

solution allows obtaining nanoparticles of metastable cubic phase

using microwave-hydrothermal treatment. Transformation from

hexagonal to cubic phase and back is an excellent example of size-

dependent transformation (Ayyub et al., 1995). As the size of par-

ticles decreases, high surface energy triggers transformation from

anisotropic hexagonal to isotropic cubic phase, which is charac-

terized by lower surface energy. Addition of large excess of F�-ions

in reaction mixture leads to increase of supersaturation. It is well

known that with the increase of supersaturation the velocity of

nucleation increases significantly sharper than velocity of growth.

Thus, the large excess of F�-ions in the reaction mixture leads to

formation of larger amount of smaller particles and therefore to

stabilization of cubic phase.

The phase composition of synthesized samples was character-

ized by powder X-ray diffraction (XRD) analysis using Rigaku D/

MAX 2500 diffractometer with Cu Ka (k ¼ 1.5406 �A) radiation.

Identification of diffraction peaks was carried out using JCPDS PDF2

database. The transmission electron microscopy (TEM) images of

the samples were taken with Leo912 AB Omega microscope under

accelerating voltage 100 kV. The pure and doped with Tb3þ or Ce3þ

KYF4 single crystals, used as reference samples, were synthesized

by hydrothermal technique (Le Fur et al., 1992).

The luminescence spectroscopy experiments were carried out at

the SUPERLUMI set-up of HASYLAB at DESY (Zimmerer, 2007) using

synchrotron radiation from the DORIS storage ring for excitation. A

0.3-m Czerny-Turner monochromator-spectrograph SpectraPro-

308i (Acton Research Inc.) supplied with fast microchannel-plate

photomultiplier tube Hamamatsu R3809U-50 was used for the

measurements of emission spectra in the spectral range of 200e

700 nm, for selecting the monitored wavelength when measuring

excitation spectra of emissions and for luminescence decay kinetics

measurements. The time resolution of the detection system was

w100 ps with a 130 ps length of the exciting synchrotron radiation

pulses followed with the period of 192 ns. Nanopowders were

slightly pressed into small copper cups (with a diameter of 3 mm

and thickness of 1 mm), which were then glued onto a copper

sample holder of a flow-type liquid helium cryostat. The KYF4
single-crystalline samples were grounded into powders prior to the

mounting onto a sample holder.

3. Results and discussion

The KYF4 powders, non-doped and doped with Ce3þ or Tb3þ,

having well-crystallized, unaggregated, monodisperse (�15%)

nanoparticles with the cubic (the size in the range from w15 to

w30 nm) or hexagonal (from w30 to w50 nm) crystal structure

have been synthesized. Concentration of the doping Ce3þ or Tb3þ

ions wasw2.0 mol%. Examples of XRD patterns and TEM images of

synthesized powders are shown in Figs. 1 and 2. It can be seen that

samples with cubic structure are almost free from hexagonal phase.

Unfortunately for samples with hexagonal structure it is hard to

make similar conclusion since all peaks corresponding to cubic

phase are very close to the ones of hexagonal phase.

Fig. 1. XRD of cubic (upper) and hexagonal (lower) KYF4:Ce
3þ nanopowders with

average particle sizes 19 and 36 nm respectively.

Fig. 2. TEM images of hexagonal KYF4:Ce
3þ nanopowders with average particle size

36 nm.
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One may notice that despite larger size of particles of hexagonal

phase observed by means of TEM comparing to particles of cubic

phase, XRD peaks of hexagonal phase have lower intensity and are

significantly broadened. This result allows making a suggestion

that for some reason the crystallinity of hexagonal particles is lower

comparing with cubic particles. One of the possible explanations

for this result is that formation of hexagonal phase partially or

entirely proceeds through formation of nuclei of cubic phase, which

later transform to hexagonal phase. Even after complete trans-

formation the low ordered zones can still remain available as the

processes of crystallization and ordering are rather slow at tem-

peratures of synthesis.

It is necessary to mention that the actual positions of the peaks

in the obtained XRD patterns for non-cubic samples slightly shift

with changing the particle size, i.e. there is always noticeable dif-

ference between experimental XRD pattern and the XRD pattern

from the database for hexagonal KYF4. For several samples the XRD

pattern can be fitted well enough as superposition of the patterns

for cubic KYF4 and KY3F10 phases. However, the formation of such a

KF-deficient phase as KY3F10 during cubic-to-hexagonal trans-

formation of KYF4 phase can be hardly expected. On the other hand,

the appearance of some intermediate phase on the stage of trans-

formation from cubic to hexagonal phase with crystal structure

similar to that of KY3F10 is possible. This can explain the moderate-

quality coincidence with the data from XRD database.

As has been shown recently (Makhov et al., 2012), the synthe-

sized nanopowders with the hexagonal structure show rather

intense broadband luminescence (at w4.4 eV at room tempera-

ture), which is efficiently excited in the region around the edge of

intrinsic absorption of the host and is only slightly quenched at

room temperature (Fig. 3).

The shape of the excitation spectrum of this emission is similar

to that of self-trapped exciton (STE) luminescence from a KYF4
single crystal with a dip at w11.0 eV, which is usually ascribed to

near-surface losses of excitations in the peak of excitonic absorp-

tion, although for nanopowders the excitation spectrum is much

broader. The observed properties of this UV emission can be well

explained within the model of luminescence from “near-defect

STEs”. The nature of this STE-type luminescence in hexagonal KYF4
nanopowders is still under discussion. As the phase transition from

metastable cubic to stable hexagonal phase of KYF4 is induced by

the growth of nanoparticles, our hypothesis is that forming hex-

agonal nanoparticles still contain small inclusions of cubic phase

undetectable by XRD analysis. These inclusions can be small-sized

core of cubic phase surrounded by massive shell of hexagonal

phase or very small cubic phase nanoparticles, incorporated in

aggregates of larger nanoparticles of hexagonal phase and, there-

fore, protected from the growth and transformation. Similar effect

of the presence of cubic core inside nanoparticles of hexagonal

phase was observed, for example, in ZnO (Ding et al., 2007). Exci-

tons created in hexagonal nanoparticles can become trapped near

such defects of crystal structure. Our experimental results have

shown that the smaller is the mean size of nanoparticles of hex-

agonal KYF4 phase in synthesized nanopowder the higher is the

intensity of this specific luminescence. This can be understood if

one assumes that the relative volume of inclusions of cubic phase in

nanoparticles of hexagonal phase increases if the size of these

nanoparticles is close to the critical one corresponding to the cu-

bicehexagonal phase transition. Anyway, additional studies are

needed for clarifying the mechanism of this luminescence and the

nature of defects involved. In particular, the presence of the third,

“intermediate” phase with crystal structure different from both

cubic and hexagonal phase, which is responsible for this specific

luminescence, can be also considered.

For Ce3þ doped samples it was found that in contrast to

KYF4:Ce
3þ single crystals or cubic nanopowders, the intensity of

Ce3þ 5d-4f luminescence in hexagonal KYF4:Ce
3þ nanopowders is

considerably increased (also at room temperature) under excitation

in near-excitonic region hn ¼ 10e12 eV (Fig.4). In this spectral re-

gion the shape of excitation spectrum of Ce3þ 5d-4f luminescence

in hexagonal KYF4:Ce
3þ nanopowder is very similar to the shape of

excitation spectrum of excitonic luminescence in undoped hexag-

onal KYF4 nanopowder with the onset at hnw 9.5 eV. This effect is

due to the fact that in hexagonal KYF4:Ce
3þ nanopowder a rather

efficient energy transfer from STE-type centres to Ce3þ ions is

observed because of overlapping the emission spectrum of STE-

type luminescence and the spectrum of efficient absorption on

4f-5d transitions in Ce3þ (see Fig. 4).

Under Ce3þ 4f-5d excitation (at w4.3 eV) in hexagonal

KYF4:Ce
3þ nanopowders the Ce3þ 5d-4f luminescence is practically

not quenched and has a bit longer decay constant than that of

single-crystalline sample showing decay with s ¼ 33 ns (Fig.5).

Under excitation in excitonic region (at hn¼ 10e12 eV) the decay of

Ce3þ 5d-4f luminescence in hexagonal KYF4:Ce
3þ nanopowder

Fig. 3. Emission spectra under excitation at 11.3 eV (left) and excitation spectra of

emission at 4.4 eV (right) for undoped hexagonal KYF4 nanopowder at 300 and 8 K.

Fig. 4. Emission (under excitation at 11.3 eV) and excitation (for emission at 4.4 eV)

spectra of STE-type luminescence in undoped hexagonal KYF4 nanopowders (dotted

lines) and excitation spectra of Ce3þ 5d-4f luminescence (at 3.8 eV) in hexagonal

nanopowder (solid line) and single crystal (dashed line) of KYF4:Ce
3þ.
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becomes non-exponential thus showing the presence of some

quenching. However the intensity of Ce3þ 5d-4f luminescence un-

der excitation in this spectral region is much higher than in the case

of single crystalline sample or cubic nanopowders.

For Tb3þ doped samples it was found that Tb3þ 4f-4f lumines-

cence in hexagonal KYF4:Tb
3þ nanopowders is also excited

efficiently in the region above the edge of intrinsic absorption of the

host, and also in contrast to single crystals or cubic nanopowders

(Fig.6). This effect has the same nature as in Ce3þ doped samples

and is due to overlapping of emission spectrum of STE-type centres

in hexagonal KYF4 nanopowders with the edge of absorption on 4f-

5d transitions in Tb3þ although for Tb3þ ions overlapping is with

absorption band corresponding to weaker spin-forbidden 4f-5d

transitions atw5 eV.

The support of the model suggesting the existence of the cubic

core or clusters inside hexagonal nanoparticles can be found by

comparison of the shapes of excitation spectra of Tb3þ lumines-

cence for these three types of samples. The excitation spectrum for

hexagonal nanopowder in the near-excitonic region (10e12 eV)

looks as superposition of excitation spectra for single crystal

(having hexagonal structure) and cubic nanopowder.

4. Conclusions

In KYF4 hexagonal nanopowders an intense STE-type lumines-

cence at w4.4 eV is observed which is not quenched at room

temperature. In contrast to single crystals or cubic nanopowders, in

KYF4 hexagonal nanopowders doped with Ce3þ or Tb3þ, a rather

efficient energy transfer is observed from the host to Ce3þ or Tb3þ

ions, respectively, because of overlapping the emission spectrum of

STE-type luminescence and the spectrum of efficient absorption on

4f-5d transitions in Ce3þ or Tb3þ.
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Fig. 5. Decay curves of Ce3þ 5d-4f luminescence (at 3.8 eV) in hexagonal nanopowder

and single crystal of KYF4:Ce
3þ under Ce3þ 4f-5d excitation (at w4.3 eV) and host

excitation (at 11.2 eV for nanopowder and at 13.8 eV for single crystal).

Fig. 6. Excitation spectra of Tb3þ 5D4e
7F5 luminescence at 543.3 nm for cubic and

hexagonal nanopowders and single crystals of KYF4:Tb
3þ.
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