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ABSTRACT: Terbium chain in the form of S — (Tb*"), — A
(S = Ce** or Eu*", A = Eu’"), as a promising energy transfer
(ET) approach, has been proposed to enhance Eu** emission
for solid-state lighting. However, the viewpoint of ET from S to
A via the terbium chain (Tb**—Tb**—Tb*'—...) is very
doubtful. Here, hosts of Ba,Ln(PO,);, LnPO,, LnBO,, and
Na,Ln,B,0, doped with Ce** — (Tb*"), — Eu** or (Tb*),
— Eu* are synthesized to prove the universality of S —
(Tb**), — A in inorganic hosts and to study the unsolved
issues. Saturation distance of Tb’*—Eu®', estimated with the
empirical data of different hosts, is proposed to be a criterion
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for determining whether a spectral chromaticity coordinate keeps constant. A branch model is put forward to replace the chain
model to explain the role of (Tb*), in ET from Ce*" to Eu** and the necessity of high content of Tb*'; the term “terbium
bridge” is used to replace “terbium chain”, and the value of 7 is determined to be two or three. The intensity quenching of Eu**
emission is attributed to the surface defects ascribed to the smaller particles and larger specific surface area rather than the
concentration quenching of Tb**. Based on the saturation distance and the mechanism of luminescence quenching, the necessary
concentration of Tb*" for (Tb*"), can be estimated as long as the cell parameters are already known and the luminescent
efficiency of Eu** can be further improved by optimizing the synthesis method to decrease the quantity of surface defects.
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1. INTRODUCTION

Phosphor-converted white-light-emitting diodes (pc-WLEDs)
are important candidates for replacing traditional light sources
due to their higher efficiency of energy conversion.'” The
commercial WLEDs, fabricated by blue-emitting chips coated
with the yellow-emitting Y;Al;O;,:Ce®" garnet, have several
drawbacks such as a high correlated color temperature (CCT)
and a low color-rendering index (CRI). Near-ultraviolet (n-
UV) based LEDs with tricolour phosphors, as an alternative to
the commercial WLEDs, are attracting attention due to their
tunable CRIs and CCTs by adjusting the ratios of tricolour
phosphors. Furthermore, the blue component of the
commercial WLEDs comes from the blue electroluminescence
that bleeds through the phosphor coating, which is strongly
dependent on the thickness of the phosphor layer. The ratio of
the bleeding blue light and the phosphor-emitting light cannot
be precisely controlled in the manufacturing industry, which
leads to poor CCTs and CRIs. However, n-UV based LEDs
may overcome this defect because human eyes are insensitive to
UV-light (350—370 nm), so the CRIs and CCTs are solely
controlled by the ratio of tricolour phosphors. This holds
potential for color uniformity in the LED packaging industry,
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and the pressing issues are the minimization of bleeding UV
light and seeking high efficiency tricolor phosphors.

The development of novel red phosphors is key in
researching n-UV based WLEDs due to the poor efficiency of
traditional red phosphors such as Y,05:Eu** and Y,0,S:Eu’
under 350—400 nm excitation.®”® Some efficient red phosphors
such as Lu,CaMg,(Si,Ge);0,,:Ce*" and Ca,(PO,),0:Eu*"
encounter the shortcoming of absorption in the green
region.'”"" Sensitization may enhance the UV excitation with
no obvious absorption in the blue and green region. Some
trivalent rare-earth ions with an f—f forbidden transition can be
effectively sensitized by Ce®* or Eu** ions with the f—d allowed
transition. However, the narrow line red or orange light-
emitting ions such as Eu** and Sm’' cannot be directly
sensitized by Ce®" or Eu** ions ascribed to the existence of
metal—metal charge transfer (MMCT), which quenches the
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luminescence of the sensitizer.
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Recently, a terbium chain has been put forward as an
intermediate to alleviate the MMCT effect in the host of YBO,
by A. A. Setlur."® A novel model of S — (Tb*), — A was
formed to explain the enhancement of the narrow line red
luminescent intensity of n-UV pumped phosphors. Here, “S”
represents the sensitizers with the allowed transition and “A”
represents the activators with the forbidden transition. Jia et. al
reported the enhancement of luminescent intensity of Sm>*
ions by realizing Eu** — (Tb**), — Sm’' in the host of
Sr,Ln(PO,);.'® Euw** — (Tb*), — Eu’* in the host of
Ba,Ln(BO;),Cl was a meaningful example for the application
of the terbium chain, and the tunable emission from green to
orange was realized by increasing the content of Tb*', though
the mixed valence phenomenon of europium ions is uncontrol-
lable."” (Tb*), — Mn?* in Sr;Tb(PO,); was a special form
because it is a simplified one without a sensitizer.'® The
simplified form, (Tb*"), — A, is an issue deserving research
because the MMCT effect is entirely alleviated in such a form
that the luminescent intensity might have a potential increase.
In hosts of Sr;Ln(PO,); and Ba,Ln(BO;),Cl as mentioned
above, a high content of Tb*" (90%) is necessary to achieve a
sufficient energy transfer (ET) and a stable spectral
chromaticity coordinate. In Na,Y,B,0,, we realized a constant
chromaticity coordinate by the complete ET from Tb*" to Eu®*
in Ce** » (Tb*), — Eu’" with a relatively low content of Tb*"
(45%—60%) and put forward a saturation distance between
terbium ions to explain the low concentration phenomenon.'?
Based on our theory, Ce** — (Tb*"), — Eu’* with a low
concentration of Tb* in other hosts is expected to be realized.
The research on the terbium chain was also extended to
oxynitride.”> The ET from Tb** to Eu** is insufficient, so the
green emission of Tb*" is obviously observed with a lower
concentration of Tb** and an evident quenching of Eu*" with a
higher concentration of Tb**.** A similar quenching phenom-
enon of Eu®* with a high content of Tb*" was also observed in
our previous work.'” However, the explanation is different, with
the mineral constitution affecting luminescent properties versus
the concentration quenching of Tb**".*

S — (Tb*"), — A is a promising method to enhance the red
emission of f—f transition ions such as Eu*, but the previous
research efforts were relatively independent and the universal
rule of obtaining a constant chromaticity coordinate is not
obvious. The saturation phenomenon of Tb** has never been
investigated systematically, and the reproducibility of this
phenomenon in other hosts is unknown. In S — (Tb**), — A,
the contents of S and A are usually less than 1%, while the
content of Tb* is up to 30%—99%.">'"* ! The terbium
chain (Tb**—Tb*—Tb*'—...) is usually used to explain the ET
from S to A. The point of view is very doubtful due to the lack
of direct evidence for the continuous ET among Tb** ions. The
reason why a relatively high Tb** content (>30%) is necessary
for the formation of the terbium chain is still a mystery.
Furthermore, the efficiency of sensitizer-free (Tb**), — Eu®* to
enhance the emission of Eu®* is never studied. Finally, the
mechanism for luminescence quenching of Eu** with a higher
Tb** content is also unclear.

In this work, we focus on the Ce>* — (Tb*"), — Eu’* system
rather than the Eu** — (Tb**), — Eu®" one because the ratio
and coexistence of europium ions are mysteries in most hosts.
Ce** — (Tb**), = Eu** or (Tb*"), — Eu* is introduced into
hosts of Ba;Ln(PO,);, LnPO,, Na,Ln,B,0,, and LnBO; (Ln =
Gd, Lu or Y), among which the space groups and the distances
of Ln**~Ln** are different, to prove the universality of Ce** —

(Tb*"), — Eu*" in inorganic hosts and to study some unsolved
issues, such as demonstration of an empirical saturation
distance for Ce** — (Tb*"), — Eu’', establishment of a
model to explain the potential value of sensitizer-free (Tb*"),
— Eu*, the significance of the sensitizer, and the mechanism
for luminescence quenching of Eu®" with a higher content of
Tb*". Moreover, a branch model is proposed to explain the ET
from Ce*" to Eu’* and the necessity of high Tb*" content for
Ce*" — (Tb*"), — Eu*", and the term “terbium bridge” is used
to replace “terbium chain”. The results indicate the existence of
an empirical saturation distance of Tb**—Eu’* for the terbium
bridge, the necessity of a sensitizer, and the significance of the
defect effect on the luminescence quenching of Eu®*. By
introducing a promising form of the terbium bridge and
decreasing the quantity of surface defects, we can reduce the
luminescent quenching effect.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. The raw materials are BaCO; (A.R.),
(NH,),HPO, (A.R.), NaHCO, (AR.), H;BO; (AR.), CeO,
(99.99%), Eu,0; (99.99%), Gd,05 (99.99%),Tb,0, (99.99%), and
Lu,0; (99.99%).

Stoichiometric amounts of raw materials were mixed, ground, and
sintered under various conditions, respectively. The conditions are
presented in Table S1.

2.2. Sample Characterization. Powder X-ray diffraction (XRD)
data were collected on a Rigaku D-max 2000 X-ray diffractometer with
Cu K, radiation (4 = 1.5405 A) to characterize the purity of the
phosphor samples and calculate the cell parameters. Photolumines-
cence (PL) and PL excitation (PLE) spectra were obtained on FPS
920 Time Resolved and Steady State Fluorescence Spectrometers
(Edinburgh Instruments) with a 450 W xenon light source.
Fluorescence decay time curves were measured using a 150 W
nF900 ns flash-light source on the same instrument.

3. RESULTS AND DISCUSSIONS

3.1. Phase and Cell Parameters. In order to compare
with previous reports and obtain some general information on
S — (Tb*), — A, typical hosts of Ba;Ln(PO,);, LnPO,,
LnBOj;, and Na,Ln,B,0, were chosen. Among those hosts, the
distances of Ln**—Ln’" are different so that the universality of
the distance effect in the terbium bridge can be proved. Rietveld
refinements were performed to verify the purity of the phases
and calculate the cell parameters, especially the cell volume (V)
so as to lay a foundation to analyze the saturation phenomenon
and the distances between Tb** ions. The structure parameters
of Ba,La(PO,),** TbPO,* GdBO,** and Na,Gd,B,0,*
were used as initial parameters for Ba;Ln(PO,);, LnPO,,
LnBOj;, and Na,Ln,B,0; in the Rietveld analysis, respectively.
The representative results are shown in Figure 1, Tables S2 and
S3. Here, Ba,Ln(PO,); and LnPO, are representatives of
phosphates. Rare earth ions occupy a single site (4a) in LnPO,
which belongs to I41/amd (no. 141) tetragonal framework. In
Ba;Ln(PO,);, Ba®* and rare earth ions are disordered in a single
crystallographic site (16¢) in the cubic space group I43d (no.
220), so the average distances of the rare earth ions are longer
than those in LnPO,. A similar comparison can be found in
borates, LnBO; (P63/mmc (no. 194) - hexagonal), and
Na,Ln,B,0, (P121/C1 (no. 14) - monoclinic). GdBO; and
LuBOj are isostructures, in which rare earth ions occupy the 2a
site. In Na,Ln,B,0,, two different sites (4¢) are occupied by
rare earth ions.* Doping a high concentration of Tb** ions will
not produce a new phase in those polycrystals due to the
isostructure properties.
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Figure 1. Refinement results and crystal structures of Ba;Tb-
(PO,);:1%Eu®" (a), TbPO,:1%Eu*" (b), GdBO;:0.2%Ce*",45%
Tb%,0.5%Eu*" (c), and Na,Gd,B,0,:0.2%Ce>*,45%Tb>*,0.5%Eu>
(d).

3.2. Saturation Phenomenon and Saturation Distance
of Terbium Bridge in Phosphates. A sensitizer-free terbium
bridge in the form of (Tb*"),-Eu*" is introduced into
Ba;Lu(PO,); and YPO, due to the poor n-UV excitation of
Ce’" in these hosts.””*® The enhancing effect of the sensitizer-
free terbium bridge will be discussed in the following sections.
The PLE spectra of Ba;Lu(PO,);:wTb*,1%Eu®" monitored at
611 nm are depicted in Figure 2a. The f—d and f—f transitions
of Tb** are becoming stronger gradually with increasing doping
content of Tb*" ions, while the f—f transitions intensity of Eu®"
("F, = °D, peaked at 393 nm and "F, — 3D, peaked at 464
nm) almost remains constant. The corresponding emission
spectra excited at 377 nm are presented in Figure 2b. The
emission of Tb>" increases and then decreases while the
intensity of Eu’* increases continuously with increasing the
content of Tb**. The results indicate that there is ET from Tb**
to Eu’* in the host of Ba,Lu(PO,);. However, the green
emission of Tb*" s still obvious with the high concentration of
Tb** (99%) and the chromaticity coordinate is still shifting.
This is a special phenomenon in contrast to the previous
reports in which the green emission is almost completely
undetected and the chromaticity coordinate is constant in a
relatively low content of Tb* (45%—60%) in YBO;' or
Na,Y,B,0,.">" The ET is incomplete even though the content
of Tb* is over 90% in Ba;Lu(PO,),, which leads to a yellow
emission combined with the green of Tb*" and red of Eu*".
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Figure 2. Photoluminescence excitation (dg, = 611 nm) (a),
Photoluminescence spectra (dg, = 377 nm) (b), and digital photos
in 365 nm UV box (inset in (b)) of Ba;Lu(PO,);:wTb**,1%Eu*".

This indicates that the concentration of Tb** might be the
inferior requirement to form terbium bridge.

It is significant to analyze the forming condition of a terbium
bridge because it forms in various concentrations for different
hosts.">'”'%2% The distances of Tb*" ions in different
concentrations are focused and compared due to the ruleless
forming concentration and the deep connection of ET and ions
distance. The decay curves of Tb** in Ba;Lu(PO,);:wTb*",1%
Eu® and CIE chromaticity diagram are depicted in Figure 3,
and the detailed information on the chromaticity coordinate,
distance between Tb**—Eu*" ions (R), and average decay time
(r) are presented in Table 1. The values of R and 7 are
calculated by eqs 1°° and 2°° respectively.

1/3
R 2[ 3V ]
4rxN (1)
f0°°1(t)t dt
/O°°1(t) dt @)

where V is the volume of the unit cell, N is the number of
certain ions in the unit cell, x is the total concentration of Tbh**
and Eu®" ions in the host, and I(t) is the luminescent intensity
at time t.

The shifting from green to red of the chromaticity coordinate
and the decreasing average decay time of Tb** with increasing
content of Tb*" ions in Ba;Lu(PO,); indicate the strengthening
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Figure 3. Decay curves for the emission at 542 nm of Tb* ions in
Ba;Lu(PO,);:wTb*,1%Eu® (1, = 377 nm) (a), YPO:xTb*,1%Eu*
(Agx = 378 nm) (b), and the corresponding CIE chromaticity diagrams
(c) and (d).

Table 1. Chromaticity Coordinate, R (Tb**-Eu®"), and 7 of
Tb** Emission with Various Tb*>" Concentrations in
Ba;Lu(PO,);:wTb*,1%Eu*" and YPO:xTb*",1%Eu’*,
Respectively

Ba;Lu(PO,),

Tb*% chromaticity coordinate R (A) 7 (ms)
0% (0.50, 0.33) - -
20% (0.37, 0.55) 13.76 2.99
40% (0.40, 0.54) 11.01 2.84
60% (0.44, 0.52) 9.65 2.50
80% (0.46, 0.50) 8.78 2.17
99% (0.49, 0.48) 8.18 1.79

YPO,

Tb>*% chromaticity coordinate R (A) 7 (ms)
10% (0.51, 0.38) 1075 224
25% (0.55, 0.39) 8.08 1.70
40% (0.57, 0.38) 6.94 135
55% (0.58, 0.37) 627 1.09
70% (0.59, 0.37) 579 0.87
85% (0.59, 0.37) 5.44 0.72
99% (0.60, 0.37) 518 0.57

ET from Tb> to Eu’* ions. However, the chromaticity
coordinate shifting is incessant and it fails to shift into the
red region even though the content of Tb*" is up to 99%, being
in contrast to the low content of Tb** ions (45%—60%) with a
constant chromaticity coordinate and red emission in
YBO,.'>'® Obviously, the insufficient ET of Tb** — Eu®* is
responsible for the conspicuous green emission of Tb** and the
incessant chromaticity coordinate shifting in Ba;Lu(PO,);. And

the distance of Tb**—Eu*" should be responsible for the
insufficient ET. Therefore, we put forward a hypothesis that a
terbium bridge is completely formed, corresponding to a
constant chromaticity coordinate and indicating an unchanged
shape of PL spectra, when the average distance of Tb**—Eu’**
ions is less than the empirical saturation distance. Here, the
value of R(Tb**—Eu’*) in Ba;Tb(PO,);:1%Eu*" is calculated to
be 8.18 A, which is too large for Tb*" to sufficiently transfer its
energy to Eu®* and corresponding to the unsaturation
phenomena of yellow emission and incessant shifting of the
chromaticity coordinate. Similar unsaturation Iphenomena were
observed in Ba,Tb(BO,),Cl:Eu**,Eu*,'”?" in which the
distance of Ln**—Ln*" is always over 7.2 A, being still too
long for ET of Tb** — Eu®.

In YPO,, the saturation phenomenon is expected to be
observed due to the shorter distances between rare earth ions.
As presented in Figures 3b—d and 4, a gradual changing of
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Figure 4. Photoluminescence excitation spectrum of TbPO,:1%Eu**
(a), Photoluminescence spectra of YPO,:xTb**,1%Eu®" with excitation
of 378 nm (b), amplifying version of PL spectra (c) and photos of the
corresponding samples in 365 nm UV box (inset in (c)).

spectra, decreasing decay time, and shifting chromaticity
coordinate are observed, indicating the successful formation
of a terbium bridge in YPO,. The changing trend of the
chromaticity coordinate in YPO:xTb*",1%Eu’" with increasing
Tb* content is shown in Table 1. The shifting of the
chromaticity coordinate becomes unclear when the total
concentration of the Tb*" and Eu®" ions is over 41%, which
shows that the saturation phenomenon is observed when the
distance of Tb**—Eu®" is shorter than 6.94 A.

The obtained value of R(Tb*—Eu’*), 6.94 A, may serve as
an empirical distance for the terbium bridge in other hosts as
long as the cell parameters are known. Therefore, the terbium
bridge in the form of Ce** — (Tb*"), — Eu’' is introduced
into borate compounds, GdBO; and Na,Gd,B,0;, to confirm
the universality of the value.

3.3. Application of the Empirical Saturation Distance
in Borates Doped with Terbium Bridge. We obtained the
empirical saturation distance of Tb**—Eu** (6.94 A) for LnPO,
in the above section. Equation 1 is rewritten to confirm the

dx.doi.org/10.1021/am5027924 | ACS Appl. Mater. Interfaces 2014, 6, 10792—10801
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universal applicability of the empirical saturation distance in
estimating the appropriate saturation content of Tb®" in other
hosts doped with a terbium bridge:

6V
RN (3)

where N =2 and 8 for GdBO; and Na,Gd,B, 0O, respectively, R
= 694 A, and V is the volume of the unit cell, which is
calculated through refinement and shown in Table S2. The
doping of Tb* has little influence on the volume of the two
hosts, 113.9—113.1 A® for LnBO; and 622.8—620.7 A for
Na,Ln,B,0,. The values of saturation concentration x, the sum
of Tb** and Eu*', are estimated by putting the values into eq 3,
and the results are 32.31%—32.54% and 44.33%—44.48% for
LnBO; and Na,Ln,B,0-, respectively.

Experiments introducing a terbium bridge into LnBO; and
Na,Ln,B,0; hosts were done to confirm the estimation. The
doping contents of Ce** and Eu’" are fixed to 0.2% and 0.5%
respectively to alleviate the MMCT effect in borates. As
presented in Figure Sa and c, the broad bands in the n-UV
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Figure 5. Photoluminescence excitation (y = 45%, Ag,, = 593 nm) (a),
photoluminescence spectra (lg, = 361 nm) (b) of GdBO;:0.2%
Ce** yTb*,0.5%Eu®", PLE (z = 45%, Ag, = 593 nm) (c),
photoluminescence spectra (Ag, = 360 nm) (d) of
Na,Gd,B,0,:0.2%Ce**,zTb**,0.5%Eu**, and photos of the corre-
sponding samples in 365 nm UV box (insets in (b) and (d)).

range in the PLE spectra of GdBO;:0.2%Ce’",45%Tb>*,0.5%
Eu® and Na,Gd,B,0.:0.2%Ce>*,45%Tb*",0.5%Eu>" indicate
the sensitization effect of Ce* ions. The PL spectra of
GdBO0,:0.2%Ce*" ,yTb**,0.5%Eu** and Na,Gd,B,0,:0.2%
Ce* zTb*,0.5%Eu’" are shown in Figure Sb and d, illustrating
that, with increasing content of Tb>, the green emission of
Tb*" decreases, while the red emission of Eu*" increases first
and then decreases. The results demonstrate the ET from Tb**
to Eu** and the formation of a terbium bridge, Ce*>* — (Tb*'),
— Eu’', in the two hosts. The relative intensity of the emission
with different concentrations of Tb*>" will be discussed in the
next section. Here, the chromaticity coordinate and R(Tb*'—
Eu’") of the two phosphors are depicted in Figure 6 and Table
2. It can be observed that the chromaticity coordinate shifts to

10796

GdBO,;: (@))N&,GB,0;: b

2-2771
86%Ce’*,yTb3*,o.5°/oEu3* 0.2%Ce*,zTb™,0.5%Eu™

2=60%~99.3%

=45%~99.3%

Figure 6. CIE chromaticity diagrams of GdBO5;:0.2%Ce* ,yTb**,0.5%
Eu’* (a) and Na,Gd,B,0,:0.2%Ce* zTb**,0.5%Eu*>*" (D).

Table 2. Chromaticity Coordinate and R (Tb**—Eu**) with
Various Tb** Concentrations in GdB0;:0.2%
Ce*',yTb*,0.5%Eu’" and Na,Gd,B,0,:0.2%Ce*",2Tb**,0.5%
Eu®', respectively

GdBO,
Tb**% chromaticity coordinate R (A)
15% (0.48, 0.46) 8.89
30% (0.62, 0.37) 7.09
45% (0.63, 0.36) 620
60% (0.64, 0.36) 5.64
75% (0.64, 0.36) 523
90% (0.64, 0.36) 492
99.3% (0.64, 0.36) 477
Na,Gd,B,0,
Tb>*% chromaticity coordinate R (A)
15% (0.47, 0.47) 9.86
30% (0.60, 0.38) 7.87
45% (0.64, 0.36) 6.89
60% (0.64, 0.36) 626
75% (0.64, 0.35) 5.82
90% (0.64, 0.35) 547
99.3% (0.64, 0.35) 5.30

the red zone with increasing content of Tb®" and almost
becomes constant when the total content of Tb*" and Eu’* is
over 30.5% and 45.5% for GdBO; and Na,Gd,B,0,,
respectively. The experimental values are amazingly close to
the predicted ones which are 32.31%—32.54% and 44.33%—
44.48% even though the hosts are very different. This indicates
the universal applicability of the empirical saturation distance in
phosphate and borate. Conversely, the saturation distance
R(Tb*—Eu*") for GdBO, and Na,Gd,B,0, can be calculated
according to the chromaticity coordinate with eq 1. The
calculated values are 7.09 and 6.89 A for GdBO; and
Na,Gd,B,0,, respectively, being very close to that for YPO,,
6.94 A. For Na,Y,B,0.,"” the saturation distance is obtained as
being ~6.9 A. All the results suggest that there is an empirical
saturation distance for the terbium bridge in various inorganic
hosts, and the value is within the range of 6.89—7.09 A. The ET
process is sufficient when the average distance of Tb**—Eu®" is
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lower than this empirical value. The f electrons are shielded so
that the luminescence properties of Tb* and Eu®* are not
sensitive to the environment. Therefore, the empirical
saturation distance is feasible in different hosts.

It is important to note that the empirical saturation distance
of Tb**—Eu®*" is applicable to situations in which the content of
Eu’* is low (<1%) because a higher content of Eu** not only
enhances the ET from Tb** to Eu*, leading to a weaker Tb**
emission and a constant chromaticity coordinate, but also
enhances the MMCT effect between Ce** and Eu®, which
seriously quenches the luminescence. Therefore, it is not
feasible to dope a high concentration of Eu® ions in the
terbium bridge of Ce** — (Tb*"), — Eu’". A high content of
Tb* ions can shorten the distance of Tb**—Eu’* and increase
the ET possibility from Tb*>" to Eu*. In addition, the ET
efficiency from Ce** to Tb*" increases extremely as the distance
of Ce** and Tb** decreases. Then the emission of Ce**
becomes unobvious, having little impact on the emitting
color and chromaticity coordinate. Hence, the empirical value
of saturation distance is instructive for research efforts focused
on introducing S — (Tb**), — A in other hosts with a low
concentration of activator ions (Eu®*).

3.4. Mechanism of Energy Transfer fromStoAinS —
(Tb**), — A. The average distance between Tb*' ions was
considered, and the cascade model of terbium chain (Tb*—
Tb**—Tb*-.. ) was put forward to explain the ET of S to A in
S — (Tb*), A5 Nevertheless, no direct evidence
supports the long—range cascade ET of “Tb*—Tb* — Tb**-..”
and such an ET process is unreasonable for the following
reasons.

First, the ET process always takes place from the high energy
sensitizer to the low energy activator.

Then, the probability of ET between Tb**—Tb** is low due
to the little overlap between the PLE and PL spectra of

Th3+ 2631-33

And finally, the probability for the cascade ET goes down
exponentially.

As shown in Figure 7a, with the assumption that the ET
probability of Tb>*~Tb*" is p (p < 1), then the probability of n-
grade cascade ET, P, equals p", which is extremely low when the
n value in (Tb*"),, is larger than S. That is to say, the ET from S
to A via the terbium chain (Tb**—Tb**—Tb*~—...) is a small
probability event. Therefore, the cascade model of the terbium
chain is infeasible.

Here, we put forward the branch model to explain the whole
process of ET for the terbium bridge in Figure 7b and Figure
S1. The whole process consists of four procedures.

Procedure A. Ce®" ions, excited by UV light, may give out an
emission or sensitize Tb*" ions in the ground state. The
interaction between Ce>*—Tb*" is very common and proved to
be very effective by many works.>* ™3¢

Procedure B. The excited Tb®" ions may give out a weak
blue emission of °D; — 713J or transfer the energy to Eu’" in the
way of Tb**(°D,) + Eu**('F,) — Tb**(’F ,) + Ev’*(°D,) +
A,>" 7% where Ay, is the phonon energy.

Procedure C. Besides procedure B, an excited Tb*" ion may
release the energy in the way of cross-relaxation with another
terbium(I1I) ion in the ground state: Tb**(°D;) + Tb**("F,) —
Tb**(°D,) + Tb**("F,), which is in favor of the green emission
of °D, — F, 41,42

Procedure D. The energy of Tb*" in °D, can also ﬂow to
Eu’* through the process of Tb**(°D,) + Eu**('Fy) + A,
Tb*(’F,) + Eu®* (°D,).***
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Figure 7. Energy transfer models of terbium chain (a) and terbium
bridge (b), and the distances between rare earth ions in Ce’* —
(Tb*), — Eu™* (c).

The Eu®* ions are sensitized by Tb** unaffected by the
procedure that is followed, which is consistent with the
decreasing average time of Tb* in Figure 3a, b and Table 1.
Moreover, the PLE spectra of Ba;Lu(PO,);:wTb*",1%Eu’*" and
TbPO,:1%Eu** in Figures 2a and 4a demonstrate that the
emission of Eu®* originates from the *D; (377—378 nm) and
D, (488 nm) energy levels of Tb*', corresponding to
procedures B and D. The values of distances between rare
earth jons are calculated with eq 1 and presented in Table S4 to
further confirm the branch model. For GdBO;:0.2%Ce**,30%
Tb**,0.5%Eu’", the average distances of Ce—Eu, Ce—Tb, and
Tb—Eu are 24.95, 7.11, and 7.09 A, respectively. Therefore, the
length of the intermediary system (Tb*"), is estimated to be
10.75 A, being about 1.5 times the average distance of Tb—Tb
as shown in Figure 7c. This indicates that there are two or three
terbium ions between Ce®* and Eu®*" ions in the Ce** —
(Tb**), — Eu®" system. The result is similar for
Na,Gd,B,0,:0.2%Ce’**,45%Tb**,0.5%Eu’*. Consequently, the
branch model is more appropriate than the cascade one because
the ET process is completed with only two or three terbium
ions.

The ET of Ce**—Tb*" is efficient; however, the efficiency of
ET in Tb*—Eu* is poor due to the extremely unobvious
overlap of the PLE spectrum of Eu** and the PL of Tb*".
Therefore, it is necessary to raise the content of Tb** to shorten
the average distance of Tb**—Eu®" and increase the probability
of ET in procedures B and D. Furthermore, the decay time for
Sd — 4f of Ce’" is as short as nanoseconds, while the values for
°D, — "F; of Tb*" and °D, — "F; of Eu** are on the order of
microseconds, so Tb** ions also play the role of storing the
energy from Ce3***°
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3.5. Sensitizer-Free Terbium Bridge in GdBO;. A
sensitizer-free terbium bridge like (Tb**),—Eu®" is ideal
because the MMCT quenching effect*® between Ce**—Eu’* is
totally eliminated and the content of Eu** can be increased to
further enhance the ET of Tb® — Eu®*. However, the allowed
f—d transition of the sensitizer is valuable. An intensity
comparison of different forms, (Tb*"),—Eu®* versus Ce**—
(Tb**),—Eu’*, was performed in GdBO; ascribed to dual
characters of sensitizer. The PLE spectra of GdBO;:Tb**,Eu®*
are presented in Figure 8a. The intensity of the 'F, — °Lg

GdBO,:Tb™,Eu™,,=593 nm(g)| |GdBO,:Ce™,Tb™ Eu™" (b
1 ——0.5%Eu™ ——00.5%Eu [\ A, =593 nm
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Figure 8. Photoluminescence excitation (dp, = 593 nm) and

photoluminescence spectra with various doping contents of rare
earth ions in GdBO;:Tb* Eu®" (a) and GdBO;:Ce**, Tb* Eu** (b),
photoluminescence spectra of GABO,:Eu®" with presence or absence
of Ce* or Tb* (c), and comparison of the integrated intensity and
photos of the corresponding samples in 365 nm UV box (inset in (c)).

transition (~393 nm) of Eu’* increases slightly with increasing
content of Eu’*. However, the transition intensity of Tb*"
within the scope of 330—385 nm and the corresponding
emission of the samples as shown in Figure S2 almost remain
constant, indicating that the increasing concentration of Eu®"
has little influence on the luminescence enhancement by Tb**
— Eu’* excited with n-UV light. Comparison of PLE and PL
spectra of GdBO,;:0.5%Eu* (1), GdBO,:45%Tb*,0.5%Eu* (2),
and GdBO;:0.2%Ce*",45%Tb*",0.5%Eu*"(3) are depicted in
Figure 8b and c, respectively. In Figure 8b, sample 2 produces
an obvious excitation in the n-UV region compared with sample
1. Furthermore, sample 3 has a dominant excitation band
attributed to the f—d transition of Ce®", which demonstrates the
enhancement effect of Ce*" ions for the terbium bridge in the
n-UV region. As presented in Figure 8c, the emission intensity
is enhanced 9.79 times with sensitization of Tb** ions and
111.12 times with sensitization of Ce>* and Tb*" ions, which
demonstrates the more efficient sensitization effect of the
Ce**—(Tb**),—FEu®*" form compared to the (Tb**),—Eu®*" one
in the n-UV region. However, the red/orange (R/O) ratio is
less than 1 due to the dominant 5D0—7F1 transition. The R/O
ratio may increase with increasing content of Eu** according to
the theoretical research.*” Nevertheless, the increasing content

of Eu®" aggravates the MMCT effect and the emission intensity
decreases. This is the dilemma to be solved in the future.

3.6. Mechanism of Luminescence Quenching of Eu3*
Activated by Terbium Bridge. The luminescence quenching
of Eu** activated by the terbium bridge with a high content of
Tb* was observed and reported in previous works.'”*°
Nevertheless, the quenching mechanism is unclear. Jia et al.*°
suggested that the concentration quenching of Tb*" is the
dominant mechanism, while we suggested that the ratio of
Tb**/Y>* has a dominant influence on the emission intensity
because Tb** and Y*' ions are high content components in the
host matrix.'” The critical concentration of Tb** is 10% in the
Na,Ln,B,0, (Ln = Y or Gd) system;'”*® however, the
emission quenching of Eu’* is observed when the content of
Tb** is over 60% for Na,Y,B,0.'” and over 45% for
Na,Gd,B,0; as shown in Figure 9a, indicating that the
concentration quenching of Th** might be a secondary factor
for decreasing the luminescent intensity of Eu’".
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Figure 9. Integrated intensity of the emission for Na,Gd,B,0,:0.2%
Ce*,zTb**,0.5%Eu®" (a), Ba;Lu(PO,);:wTb*,1%Eu** (b),
YPO,:2Tb*,1%Eu® (c), and LnB0O;:0.2%Ce* yTb**,0.5%Eu** (Ln
= Lu or Gd) (d).

As shown in Figure 9b—d, the changing trends of
Ba;Lu(PO,);:wTb**,1%Eu®", YPO,:xTb**,1%Eu®*, and
LuBO;:0.2%Ce*" yTb**,0.5%Eu’*, in which the emission
intensity increases with the increase in concentration of Tb**
to nearly 100%, further demonstrate the minor influence of
concentration quenching of Tb*>" and the importance of the
ratio of elements. Conversely, the introduction of Lu** into
LnBO; quenches the luminescence of Eu’. The changing
trends for GABO; and LuBO; are different as shown in Figure
9d, though the crystal structure and the distances between Ln*"
ions are similar. With increasing content of Tb*, the
luminescent intensity of GdBO;:0.2%Ce’**,yTb*",0.5%Eu*"
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increases first and then decreases when y is over 45%, and
finally reaches the intersection point (TbBO;:0.2%Ce**,0.5%
Eu®") with the trend line of LuBQ;:0.2%Ce**,yTb**,0.5%Eu’*,
indicating that the variation in luminescent intensity is a result
of the different ratio of elements constituting the host matrix.
Similar phenomena were reported in CagMgR-
(PO,),:Eu**Mn** (R = Y, La),* Ba,Ln(BO,),Cl:Eu (Ln =
Y, Gd, Lu),"” and SrgMgLn(PO,),:Eu** (Ln = Y, La).*
Terbium(I1I) ions, as a high content substituting element, are
suggested to work as crystal constructing components to affect
the luminescent intensity based on the results above. In
LnBO;:Ce**, Tb**,Eu’, a high content of Tb*" may lower the
emission intensity and Lu** lowers the intensity even more,
once more demonstrating that concentration quenching of
Tb*" is the secondary cause because the concentration of Tb**
decreases and the quenching effect of Tb** is weakened when
Lu** is taking the place of Tb*".

Nevertheless, how the ratio of rare earth ions (Gd**/Tb%*/
Lu’") affects the luminescent intensity is still unknown. The
radii of ions are considered. The radii of Gd**, Tb*, and Lu®*
are 0.938, 0.923, and 0.861 A, respectively, with a CN of 6 in
LnBO;. When the Ln*" sites are occupied successively by Gd**,
Tb*', and Lu*', the radii of the ions are decreasing continuously
and the luminescence is quenching as well. It is possible that
the decreasing radius reduces the cell volume and the distance
between the ions (Ce** and Eu®*), which enhances the MMCT
effect.* However, the consistency of the radius decreasing and
luminescence quenching is no more than a coincidence. In
Na,Y,B,0,:Ce**, Tb*" Eu*, Y*" ions are replaced by Tb** with
a larger radius, the emission is still quenched.19 Therefore, there
is no necessary connection between the radii-distances effect
and the luminescence quenching phenomenon.

It is well-known that the surface state may impressively alter
the luminescence properties of phosphors.®’ The surface
defects serve as quenching centers and, thus, play important
roles in the fluorescence quenching.”>~>* Therefore, the
quenching effect might be a result of the increasing quantity
for surface defects, which originate from the changing ratio of
rare earth ions (Gd**/Tb*/Lu**).>>*® Such defects can absorb
the energy from the luminescence centers by the process of ET.
Therefore, we put forward a hypothesis to explain the
luminescence quenching phenomenon in the terbium bridge:
the ratio of rare earth ions has an influence on the surface states
of the phosphors and finally affects the quantity of surface
defects and the emission intensity of Eu’*. In LnBO;:0.2%
Ce*,0.5%Eu® (Ln = Gd*, Tb*, Lu*"), a higher content of
Tb>" creates more quenching centers, which quenches the
luminescence. This quenching phenomenon is even more
serious when Lu®** is doped.

Luminescence decay time measurement was performed to
confirm the hypothesis and the effect of quenching centers. As
depicted in Figure 10, the decay time of Eu’* decreases when
the ratio of Tb*" increases and the decreasing trend is even
more obvious when Lu** ions are doped. Usually the decrease
of luminescence decay time is a result of ET.”” However, Eu®*
ions do not serve as sensitizers in the LnBO; system due to the
absence of appropriate activators. Furthermore, the possibility
of self-quenching is ruled out because the content of Eu®* is as
low as 0.5%. Therefore, the energy of Eu® is transferred to
quenching centers (receptors) and, thus, leads to the decrease
of emission intensity and decay time of Eu®". The result of the
luminescence decay time measurement is well consistent with
the defect-quenching hypothesis as mentioned above. We can
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Figure 10. Luminescence decay time of Eu** in LnBO,;:0.2%Ce**,0.5%
Eu** (Ln = Gd**/Tb*/Lu’") samples and the corresponding average
decay time (inset) (dg, = 361 nm, A, = 593 nm).

draw a conclusion that the increasing ratio of some ions may
create more defects and finally generate a quenching effect in
the system of the terbium bridge with the form of S—(Tb*"),—
A. How the ratio affects the surface states is still an unsolved
problem. To overcome the defect-quenching effect, it is
suggested that the number of defects be decreased by the

method of controlling the temperature, synthesis time, and
adding flux.>®

4. CONCLUSIONS

In summary, Ba;Ln(PO,);, LnPO,, LnBO;, and Na,Ln,B,0,
doping with various contents of Ce*, Tb*, and Eu** were
synthesized. All the cell parameters were calculated with
Rietveld refinement for estimating the average distances of rare
earth jons. The saturation distance of Tb**—Eu’* ions is
estimated to be 6.89—7.09 A in phosphates with the empirical
data of hosts and is proved to be applicable to borates and
other inorganic hosts with the terbium bridge. The chromaticity
coordinate remains constant when the distance of Tb*>*—Eu®" is
shorter than the empirical saturation distance, or the
concentration of Tb** exceeds the corresponding saturation
concentration. As the distance of Tb*>*—Eu®" is shorter than the
saturation distance, the energy is almost transferred from Tb**
to Eu’* so that the green emission of Tb*" disappears. Then the
chromaticity coordinate remains constant. And the terbium
bridge of S — (Tb*"), — A is proved to be able to form in
various inorganic hosts. The branch model for the ET of Ce*'—
(Tb*),—Eu’* is put forward to explain the role of (Tb**), in
the ET from Ce** to Eu®" and the necessity for a high content
of Tb*". The term “terbium bridge” is used to replace “terbium
chain” to show the roles of (Tb**),, in the ET process of Ce**—
(Tb**),—Eu’", and the value of n is determined to be two or
three. The comparison of luminescent intensity demonstrates
that the S — (Tb*"), — A form terbium bridge is more ideal
than the sensitizer-free one even though the latter can be
enhanced by increasing the content of Eu**. Finally, the
mechanism for quenching the emission of Eu** with a high
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content of Tb*" is proposed, and the ratio of host constituting
ions is thought to respond to the quantity of defects in the
crystal and has a great influence on the luminescent intensity.
In other words, the defect-quenching effect should be
responsible for quenching the emission of Eu®* activated by
the terbium bridge with a high Tb>" content. Based on the
above-mentioned conclusions regarding the terbium bridge, we
can estimate the saturation concentration of Tb*" in other hosts
for the terbium bridge with the value of saturation distance
(~6.9 A) for Tb**—Eu** and optimize the luminescence
properties of Eu’* activated by the terbium bridge by the
method of controlling the number of surface defects in the
phosphors.
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