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Color tunable phosphors of KY3(1_x)TbsxFio (KY3F10:XTb?*) were synthesized by the hydrothermal (HT)
approach. The luminescence consists of a group of blue and green emission lines originating from
>D3—"F; and ®D4—F; transitions of Tb**, respectively. The emitting color tunes from blue to green by
gradually increasing Tb>* concentrations, which is attributed to the enhanced *D5-°D, cross-relaxation
(CR) between two Tb>* ions, as described by (°Ds, “Fg)-(°Da, “Fo). The CR process is analyzed based on
Inokuti-Hirayama model and ascribed to the electric dipole-dipole interaction. The energy transfer
critical distance and critical concentration between Tb3* jons are evaluated to be 8.03 A and
4.61 x 10%° cm 3, respectively. Moreover, the initial transfer rate on acceptor concentration is also
presented with an averaged CR coefficient.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth ions doped fluoride phosphors have attracted
extensive attention owing to their potential applications in
lighting sources, displays, optical transmission, medical diagnos-
tics, and biological fluorescence labels, etc. [1-4]. The fluoride
material KY5F;o with the cutoff phonon frequency of 400 cm™! is
applied as a laser material for the good optical and thermo-
mechanical properties [5]. The complex fluorides are convention-
ally synthesized by crystal growth or solid-state reaction method
[6-8]. However, such reaction requires high temperature, compli-
cated setup and pure inert atmosphere to avoid contamination
from oxygen. Recently, as a potential use in biolabels, the synthesis
methods for fluorides have been rapidly developed [9,10]. The
hydrothermal (HT) approach is proven to be a good choice to
synthesize KY5F;0:Tb>* phosphor with homogeneous and regular
morphology due to the convenience, exemption from pollution,
and the possibility of achieving satisfactory crystalline at a
relatively low temperature.

Amongrare earthions doped materials, the Tb>* doped phosphors
exhibit efficient green-emitting and have been used in the display
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and lighting fields, such as Y,0,S:Tb3* used in color television,
LaP0O,4:Ce®*, Tb>" used in plasma display panel (PDP) and LaMgA-
1:1019:Ce>*, Tb>" used in the fluorescent lamp. The green-emitting
lines are originating from the °D, energy-level. In some cases, Th>*
ions can also emit blue-sharp emission lines originating from the
energy-level of °D5. The non-radiative energy transfer from°D5 to°Dy
playsanimportantroleinthe luminescence of Tb*>* doped phosphors.
The quantitative theories for the non-radiative energy transfers have
been given by Forster [11] and Dexter [12,13]. Furthermore, many
efforts have been made to establish the theoretical model for
describing the interionic interaction [14-20]. Lots of research
concerning the energy transfer in solids has been carried out in
ordertodevelop novel luminescent materials for whitelight emitting
diode, long lasting phosphors and so on [21-24].

In this paper, the KY3F;0:Tb** nano/microcrystals were
synthesized by hydrothermal approach. We observed tunable
color luminescence in Tb>* doped KYsF;o as a function of Tb**
concentrations after UV excitation. The blue and green emissions
were detected, and with increasing Tb>* concentrations, the color
was tuned from blue to green, which was attributed to the CR
between Tb>* ions, as described by (°Ds, “Fg)-(°Da, “Fo). The
interionic CR process in KY3F;0:Tb3* was studied. The electric
multipole interaction was identified for the cross relaxation
between Tb3*. The energy transfer critical distance and critical
concentration between the Tb®* ions were evaluated based on the
Inokuti-Hirayama model.
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2. Results and discussion
2.1. Structural and morphology characteristics

The crystalline structure of the KYsF;o samples A and B doped
with 1 mol% Tb3* was investigated by the XRD. The rare-earth
compound of KYsF;¢ has a face centered cubic structure. The space
group is Fm3m(0;) and the symmetry of the rare earth sites is
tetragonal Cy4y, with the fourfold symmetry axis oriented along one
of the three cubic axes. The XRD data were collected by using a
scanning mode in the 20 ranging from 20° to 70° as shown in Fig. 1.
Both the sample A and B can be indexed to the pure KY3F;o phase
based on the standard card (JCPDS no. 27-0465) as shown at the
bottom of Fig. 1. It can be found that the XRD peaks are broad for
the sample A, reflecting the smaller particle size as is identified
with the FE-SEM image shown in the top-right corner of Fig. 1. The
particle size distribution is in the range from 20 to 40 nm. The XRD
peaks for the sample B are accurately accordant with the standard
card. Another inserted FE-SEM image shows morphology for the
sample B. It can be seen that the particle size of sample B became
much larger after thermal treatment in comparison with the as
prepared one. The average particle size is several hundreds
nanometers.

2.2. Luminescence characteristics

Fig. 2 shows the excitation (Aem=414nm) and emission
(Aex =218 nm) spectra of KY3F;0:0.01Tb>" (solid lines). The
excitation spectrum by monitoring the 414 nm emission is
composed of an intense broad band responsible for the
"F¢—4f75d transition and some weak lines corresponding to the
f-f transitions of Tb3*. Upon the 4f’5d excitation at 218 nm, there
appear two groups of emissions. The blue emission lines peaking at
382, 414, 436, 456 and 468 nm originate from the *D3;—’F
transitions, and the green emission lines peaking at 488, 542, 584
and 622 nm come from the D4—’F; transitions, respectively. The
energy of °Ds is about 5800 cm ™! higher than that of °D,. The de-
excitation from D5 to D, is owing to cross-relaxation (CR) and
multi-phonon relaxation processes. The CR process depends on the
Tb3* concentration, and the multi-phonon relaxation process
is related to the phonon frequency of the host. For a four- to
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Fig. 1. XRD patterns of KY3F;0:0.01Tb>* sample A (a), sample B (b) and the standard
KY3Fqo pattern (JCPDS #27-0465) (inset: SEM patterns for the same samples).
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Fig. 2. PLE (Aem =414 nm) and PL (Aex = 218 nm) spectra of KY3F;0:0.01Tb>*(solid
lines) and phosphorescence emission spectrum of KYsF;0:0.01Tb>*(dashed line).

five-phonon process, radiative and nonradiative decay have
comparable probabilities. However, if the band gap requires six or
more phonons to bridge it, the nonradiative relaxation becomes too
slow to compete. Therefore, Th>* activated phosphors with tunable
emitting colors can be achieved by choosing a low phonon frequency
host. We summarize the reported tunable color luminescence in
Tb** doped materials [25-41], as shown in Table 1. The approximate
values of the phonon frequency in some oxides containing ionic
complexes and fluoride compounds have been reported, such as
borates (~1300cm™!), phosphates (~1200cm™!), silicates
(~1050 cm™1), tungstates (~900 cm™!), aluminates (~850 cm™1),
fluorides (~450 cm™!).Itis found that if the phonon frequency of the
host is low enough (~1000 cm '), the emission from °D5 will be
detected due to the invalid multiphonon relaxation. The low phonon
frequency is needed to achieve the tunable blue-green phosphor. We
can see that the phonon frequency in fluorides is lower than that in
oxides containing ionic complexes. Though it is higher than that in
chlorides and bromides, the fluorides are more chemical stability
than other halides. Moreover, the elements Tb and Y belong to the
same group, which is propitious for Tb*>* to dope in KYsF;o. Fig. 3
shows the PL spectra of KY5F;o:Tb>* with different Tb>* concentra-
tions under 218 nm excitation, where the intensities of the blue

Table 1
Blue-green tunable color luminescence in Th**-doped oxides containing ionic
complexes and halide compounds.

Host [ref.]

Oxides containing ionic complexes Y4AlL09 [25]
Li4SrCa(Si0y);, [26]
CaWO0y, [27]
CaSc,04 [28]

Li(Y, Gd)(PO3)4 [29]
LaGaOs3 [30]
CsYP,07 [31]
Y5Als045 [32]
GdTa0, [33]

Halide compounds CagLnyNay(PO4)sF, (Ln=Gd, La) [34]
Rb,KInFg [35]

B-NaYF, [36]

K>YFs [37]

ZBLAN [38]

a-GdOF [39]

CsMgCls [40]

CsMgBr3 [40]

CsCdBrs [40,41]
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Fig. 3. PL spectra of KY3F;0:XTb>" recorded after 218 nm excitation, where the
intensities of the blue emission originating from °Ds; are normalized (inset:
schematic energy levels of KYsF;o:Tb** showing physical mechanisms for cross-
relaxation energy transfer).

emission originating from °D; are normalized. At low concentrations
of Tb**, the blue emissions from the °D5 level are dominant in the
fluorescence spectra, indicating that the °Ds level is effectively
populated when excited at 4f’5d configuration. The emission
intensity ratio of green to blue enhances remarkably with increasing
Tb3* concentration, which is attributed to the enhancement of the
cross relaxation energy transfer among Tb>* ions as shown in the
inset of Fig. 3. A donor Tb>* jon decays nonradiatively from the
excited state °D; to the °D,4, simultaneously, a nearby acceptor Th>*
ion is excited from its ground state “Fg to an intermediate state “Fo,
then the Tb>* jon at “Fy returns to ground state via multiphonon
relaxation. It can be sure that the change in profile of the emission
spectrum would cause a variation of the color coordinates of
KY5F10:Tb>* phosphor. Fig. 4 shows dependence of color coordinates
on the Tb3* doping concentration in the Commission on Illumination

Fig. 4. CIE chromaticity diagram according to the PL spectra.

(CIE) chromaticity diagram. It is seen that the color coordinates of
KY5F;0:Tb>* phosphor can be tuned in a large extent from blue to
green by increasing the Th>* doping concentration.

2.3. CR energy transfer

In principle, the mechanism for energy transfer between
luminescent centers can be classified as dipole-dipole (D-D)
interaction, dipole-quadrupole (D-Q) interaction, quadrupole-
quadrupole (Q-Q) interaction, and exchange interaction [12]. For
exchange interaction, the energy transfer rate depends strongly on
the donor-acceptor distance R which is much shorter than that for
electric multipolar interaction. In general, the exchange interaction
will dominate when the critical distance Ry is shorter than 3-4 A
[22]. In this work, the average distance between Tb>* ions is
estimated by [12,19]:

1/3
A (1)
where ny is given by xNy with Ny = n/V being the number of Y sites
per unit volume in KY3Fo. x is the Tbh3* doping concentration, n is
the number of lattice sites that can be occupied by Y>* ions in a unit
cell, and V is the volume of the crystallographic unit cell. In our
present case, V=1542 A> and n =24, Ny=1.56 x 10%? cm>. The
calculated values of Ry, are 24.8, 14.5, 11.6, 9.2, 8.0, 7.3, 6.8 and
6.4 A when the Th>* doping concentration (the molar ratio of Th>*
to Y>*) equals 0.001, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06,
respectively. Thus, it can be concluded that the cross relaxation
between Th*" may occur via the electric multipole interaction.

The enhancement of CR can decrease the lifetime of the °Ds
level, while the lifetime of the ®D, level is unaffected if the Tb>*
concentration is below the quenching point [12]. In order to
analyze the dynamic process of the CR, the fluorescence lifetimes of
>Ds(t) for samples with different Tb>* concentrations were
measured upon 355 nm pulsed laser excitation as represented
in Fig. 5. The decay of D5 remains exponential function for the
sample of KY5F;0:0.001Tb®*, and with the increasing of Tb>*con-
centration, it becomes non-exponential function. The mean
lifetimes are calculated according to the Inokuti-Hirayama model
as following definition [12]:
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Fig. 5. Fluorescence lifetimes of °Ds; of KYsF;o:xTb®* (inset: dependence of
fluorescent lifetime of D3 on Th>* doping concentration, solid curve is the fitting
curve derived based on the Dexter’s model).
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where [(t) represents the fluorescent intensity at time t. The values
are 1.95, 1.73, 1.42, 1.16, 0.87, 0.63, 0.46 and 0.36 ms and
represented in the inset of Fig. 5. The experimental data are well
fitted with the relationship established by Dexter [12]:

To

T(x) = /3 (3)

1+ (x/xo)
where T, is the intrinsic decay lifetime of the donor (Tb*"), 7(x) is
fluorescent lifetime at accepter (Tb>*) concentration x, xq is the
critical concentration with the same dimension as the doping
concentration x, and s =6, 8 or 10, indicating D-D, D-Q and Q-Q
interactions, respectively. It was found from the fitting process that
s is close to 6, thus implying that the possible energy transfer
mechanism is D-D. For the slightly doped sample of
KY5F10:0.001Tb3*, the CR energy transfer from °D; to °D, is
negligible, and the multi-phonon relaxation is considered to be the
only way to make the °D, populated. The decay time 1.95 ms of °D5
in KY3F;0:0.001Tb®" obtained from a pure exponential decay is
assumed as the initial lifetime of °D5(7o). In the present system, the
critical concentration xq is fitted to be 0.028 mol. Therefore, the
average distance between Tb>* can be calculated to be 8.17 A by
Eq. (1), which is considered as the critical distance for the Tb>" in
KY5Fo.

In the above analysis, we present an intuitive method to
determine the ionic interaction. The critical concentration and
distance are approximated. For a donor-acceptor system, the
fluorescence decay curves in Fig. 5 reflect the dynamic process of
energy transfer. It can be seen that the decay curve of °Ds for the
sample of KY5F;0:0.001Tb>" remains exponential function and can
be described as

Inar>zloexp(—§%) (4)

where Ipg(t) is the luminescence intensity at time t, Iy is the
luminescence intensity at t = 0 and 7y is the intrinsic lifetime of °Ds.
With increasing Tb®* doping concentration, the decay curves
become non-exponential. It is well known that the Inokuti-
Hirayama (I-H) model has succeeded in describing the non-
exponential fluorescent decay, in which the intensity can be
expressed as follows [14]:

In(t) = Io exp [_T—to —gn[‘ <1 - %) nAR3 <i>3/s} (5)

To

where Ip(t) is the fluorescent intensity at time t for the system in
the presence of energy transfer. s = 6, 8, and 10, are for D-D, D-Q,
and Q-Q interactions, respectively. IT1 —3/s) is a Gamma
function, n,4 is the number of acceptor ions per unit volume, and
Ry is the critical distance. According to Egs. (4) and (5), we can
obtain that

M) o4 (1 3\, ()

Too(D) exp { 3 nF(l S)nARO fo (6)
The ratio Ip(t)/Ipo(t) characterizes the decay of excited donors to

the acceptors via CR. From Eq. (6), one has
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Fig. 6. The relationship of In(Ipo(t)/Ip(t)) vs t plotted in a double logarithmic
coordinate for sample KYsF;o:xTb>* with x = 0.01.

According to Eq. (8), logio {In[Ipo(t)/Ip(t)]} acts as a linear
function of logo t with a slope of 3/s. Fig. 6 shows the log-log
plot of In[Ip(t)/Ino(t)] versus t for sample 0.01 Tb>* doped KY5Fio.
It is demonstrated that the slope for t> 0.5 ms is 0.58 which
is more close to 1/2, indicating an electric dipole-dipole
interaction for CR. From Eq. (7), In[Ip(t)/Ipo(t)] is proportional to
¢/ with a slope of —(4/3)7 (1 — 3/s)naR3(1/7)*/*. Regarding s as
6, we have plotted In[Ip(t)/Ipo(t)] versus t'?> for the samples
KY3F;0:xTb®* with x=0.005, 0.01, 0.02, 0.03, 0.04, 0.05 and
0.06 mol, as shown in Fig. 7. The best fitting to the curves of
Tb>* concentration in range from 0.005 to 0.04 mol yields the value
R8/Tp =138 x 10°*° cm® s~!, where 1/t is the CR rate between
the donor and acceptor at the critical distance with 7o =1.94 ms,
then Ry is calculated to be 8.03 A. The critical concentration can be
determined by ny = 3/47R3, receiving a value of 4.61 x 10%° cm~3,
which denotes the Tb>" doping concentration x = 0.03 mol. The
critical concentration calculated by I-H model has a good match
with the value derived from Eq. (3) through a numeric fitting.
Fig. 7 shows large deviation between the experimental data and
fitting curves for the samples KYsF;o:XTb>* with x=0.05 and
0.06 mol, which suggests that the I-H model is not available. The I-
H model is applicable with a precondition that the energy
migration between the donors can be neglected. In the present
system, the critical concentration is around 0.03 mol. With the

1L, ,(t)
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vs t'72 for the samples KY5F, o:xTb>", the solid lines indicate the

Fig. 7. In(Ip(£)/Ipo(t))
fitting results.
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doping concentration increases, the energy migration between
donors may get faster. This fast energy migration effectively
averages over the various individual donor environments so that
the CR rate is the same for all donors and can be written as
Weg=( Wy ) x [17]. Moreover, Eq. (5) is not applicable at initial
times, because it is obtained by assuming the nearest distance
between a donor and an acceptor to be 0, leading to an infinite
initial CR rate. Fig. 6 shows an increase in slope when the time t is
below 0.5 ms, which exhibits that Eq. (5) is not applicable. The
increase in slope (when t is below 0.5 ms) exhibits linear behavior
flt) = exp(— Winit) compared with a £/ variation at longer times.
The energy transfer rate can be described by W;,; = <rD),§1} - <to)’1
with (tp); is the initial decay rate. Fig. 8 shows a linear
dependence of W;,; on x. The slope gives a constant around
5824 ms .

3. Conclusions

The Tb** doped KYsF;o phosphors have been prepared by the
hydrothermal approach, which exhibit two groups of emissions
originating from °D5 and °D, energy-levels. The intensity ratio of
blue to green-emitting is reduced with increasing Tb>* concentra-
tions via the CR described by (°Ds, “Fg)-(°Da, “Fo). According to the
I-H model, the electronic dipole-dipole interaction between Th>*
governs the dynamic CR process. The CR parameters are
determined with the critical CR distance Ro=8.03 A and the
critical concentration ng=4.61 x 102° cm—>. Moreover, we also
discuss the status of the initial decay curves which the I-H model is
not available. The dependence of averaged CR rate on acceptor
concentration is presented with a CR coefficient to be 58.24 ms™'.

4. Experimental
4.1. Sample preparation

Aqueous solutions of kalium fluoride (KF, AR grade) and
ammonium hydrogen fluoride (NH4HF,, AR grade) with a molar
ratio of 1.0/4.5 were mixed in a Teflon beaker to form a clear
solution 1. Another mixed solution 2 of Ln(NO3); (here Ln®* = Y3*
and Tb?*, and the molar ratios of Tb>* to Y>* are 0.001, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06) and ethylenediamine tetraacetic acid
(EDTA) with a molar ratio of 1.0/1.0 was prepared in a Teflon cup. A
milky suspension was first formed when the clear solution 1 was
added into solution 2 with a molar ratio of 20/3 under stirring for

1 h. The initial pH value of the reaction system was around 3.0. The
suspension was then filled in a Teflon-lined stainless steel
autoclave and sealed for hydrothermal crystallization at 170 °C
for 18 h. After the autoclaves were cooled, the white powder
(sample A) were washed with distilled water and dried in a
desiccator at 80 °C, then annealed at 300 °C for 2 h to get the final
product (sample B).

4.2. Characterization

The crystalline structures were characterized by X-ray diffrac-
tion (XRD) (Rigaku D/max-rA power diffractometer with Cu KR
(A = 1.54178 A) radiation source). Field emission scanning electron
microscopy (FE-SEM) (Hitachi S-4800, Japan) was used to
determine the morphology of the studied samples. Photolumines-
cence (PL) and photoluminescence excitation (PLE) spectra of the
phosphors were measured by using HITACHI F-4600 fluorescence
spectrophotometer. In fluorescence lifetime measurements, the
third (355 nm) harmonic of a Nd-YAG laser (Spectra-Physics, GCR
130) was used as excitation source, and the signal was detected
with a Tektronix digital oscilloscope model (TDS 3052). All of the
above measurements were performed at room temperature.
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