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Tb-»BOz:xEUSt (x = 0—1) microsphere phosphors have been successfully prepared by a simple hydrothermal
process directly without further sintering treatment. X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED),
photoluminescence (PL), low-voltage cathodoluminescence (CL), and time-resolved emission spectra as well as
lifetimes were used to characterize the samples. The as-obtained phosphor samples present sphere-like agglomerates
composed of nanosheets with highly crystallinity in spite of the moderate reaction temperature of 200 °C. Under
ultraviolet excitation into the 4f8 — 4f75d transition of Th®* at 245 nm (or 284 nm) and low-voltage electron beams’
excitation, TbBO3; samples show the characteristic emission of Th** corresponding to 5D, — Fs, 5, 4, 3 transitions;
whereas TbBO4:Eu®™ samples mainly exhibit the characteristic emission of Eu3* corresponding to Dy — Fp 1, »,
3, 4 transitions due to an efficient energy transfer occurs from Tb®* to Eu®*. The increase of Eu®* concentration
leads to the increase of the energy-transfer efficiency from Th®" to Eu®™ but also enhances the probability of the
interaction between neighboring Eu®*, which results in the concentration quenching. The PL color of ToBOs:xEu®t
phosphors can be easily tuned from green, yellow, orange, to red-orange by changing the doping concentration (x)
of Eu*, making the materials have potential applications in fluorescent lamps for advertizing signs and other color
display fields.

1. Introduction role in luminescent materials both from theoretical and
practical points of view.'“ It has been recognized that the
luminescence intensities of various rare earth ions can be
enhanced or quenched by the energy transfer from other co-
doped rare earth ions.'“** For example, the emission intensity
of Tb** is greatly enhanced by an energy transfer from Ce**
in LaPO4:Ce’", Tb3" phosphor, leading it to be an efficient
luminescent material for fluorescent lamps.'® It has also been
demonstrated that as a result of the energy transfer phenom-
ena it is possible to reduce the threshold energy of laser
oscillation in some solid laser materials.’® As the most
frequently used activator ions in luminescent materials, the
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Inorganic phosphor materials based on rare earth (RE)
compounds and RE ions doped compounds have been widely
used in modern lighting and display fields, such as fluorescent
lamps, cathode-ray tubes, field emission displays, and plasma
display panels because of their abundant emission colors
resulting from the 4f electronic shells.' Recently, the request
for light-emitting-diode (LED) converted phosphors has
triggered active research efforts in the investigation of single-
phased light-emitting phosphors via chemical approaches.?
It is well-known that the energy transfer plays an important
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it is well-known that an effective energy transfer can take
place from Tb3* to Eu®* in several hosts, such as tungstates,**
zeolite-Y,*" yttria,* porous silicon,*! and molybdates.** In
these works, there is a common feature that the Tb3" and
Eu’* ions are codoped in the third-party hosts. So far, only
limited information is available on Eu**-doped terbium-based
hosts, ™ whose crystal structures belong to both monoclinic
and hexagonal respectively.

To obtain desired RE ions doped phosphors, wet chemistry
processes, such as coprecipitation,®® hydrothermal
synthesis,” and colloidal chemistry®® are extensively used
because starting materials in these methods can be mixed at
molecular level and the reaction temperature for the forma-
tion of desired products is relatively low. However, most
phosphors prepared from wet chemistry methods crystallize
and exhibit luminescence only after being sintered at high
temperature. This is because OH™ groups and/or crystal water
molecules attached on the particle surface or in host lattice
are unavoidable and may quench the luminescence. Conse-
quently, further sintering these precursors at higher temper-
ature is needed to improve the luminescence intensity in most
cases.*"® However, this can not work for those phosphors
based on Tb?™, which will be favored over Tb*™ at elevated
temperature.

It is well-known that phosphors based on borates have
attracted much attention due to their high stability, low
synthesis temperature, and high ultraviolet and optical
damage threshold.”*® Rare earth orthoborates LnBO; (Ln
= lanthanides and yttrium) have been proved to be very
useful host lattices for the luminescence of Eu*" and Tb**,
which have been found wide applications in mercury-free
fluorescent lamps and various kinds of display devices.”" ™
For example, YBO;:Eu*" is currently used as a red compo-
nent in PDP television. Up to now, there have been many
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reports about synthesis and luminescent properties of LnBO;
and/or RE**-doped LnBO; materials except Ln = Pm, Tb,
Ho, and Tm.”™8 Unfortunately, so far little attention has been
paid to synthesis and luminescent properties of TbBO; and
TbBO;:Eu?", and the corresponding energy transfer from
Tb3" to Eu®*" in TbBO; host has not been realized and
reported. TbBO; is of hexagonal crystal structure, which may
be favorable for the energy transfer from Tb3* to Eu3* "

Accordingly in this article, we report the synthesis of
Tb-»BO;s:xEu*t (x = 0—1) microsphere phosphors directly
by a simple hydrothermal method without further sintering
treatment. The as-obtained products present sphere-like
agglomerates composed of nanosheets. In spite of the
moderate reaction temperature of 200 °C, the as-synthesized
TbBOs:xEu?" is highly crystalline. Moreover, we investigated
the energy transfer property from Tb*" to Eu*" in TbBO;,
and tunable emission colors were realized in these materials
by changing the doping concentration of Eu3*.

2. Experimental Section

Materials. The initial chemicals in this work, Tb;O7 and Eu,0;
(both with purity of 99.99%, Changchun Applied Chemistry Science
and Technology Limited, China), HCl, H;BO;, NH3-H,0, and
ethanol (all with purity of analytical reagent, Beijing Fine Chemical
Company, China), were used without further purification.

Preparation. The Tb(—,,BO3:xEu*" (x = 0—1) samples were
all prepared by a simple hydrothermal process. First, Tb4O7 and
Eu,03 were dissolved in dilute HCI respectively, resulting in the
formation of a colorless stock solution of TbCl; with 0.2 mol/L
and a colorless solution of EuCls with 0.0002 and 0.02 mol/L. In
a typical synthesis, the stoichiometric amounts of TbCl; solution,
EuCl; solution, and H3;BO; (100% excess) were mixed under
stirring, and then deionized water was added to the above mixture
to reach 41 mL for total volume of H,O. The solution was stirred
for another 30 min to form a clear aqueous solution. Then 25 wt%
of NH3+H,O (A.R.) was introduced dropwise to the vigorously
stirred solution until pH 8. After additional agitation for 40 min,
the as-obtained white colloidal precipitate was transferred to a 50
mL autoclave, sealed, and heated at 200 °C for 24 h. It was then
cooled to room temperature naturally. The products were then
collected by filtration, washed with ethanol, and deionized water
for several times, and dried in atmosphere at 100 °C for 6 h.

Characterization. The phase purity and crystallinity of the
samples were examined by powder X-ray diffraction (XRD)
performed on a Rigaku-Dmax 2500 diffractometer with Cu Ko
radiation (4 = 0.15405 nm). Fourier transform infrared spectroscopy
(FTIR) spectra were measured with PerkinElmer 580B infrared
spectrophotometer with the KBr pellet technique. Thermogravi-
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Figure 1. XRD patterns for TbBO3 (a), TbBO3:1%Eu* (b), and EuBO3
(c) samples.

metric analysis (TGA) data were recorded with Thermal Analysis
Instrument (SDT 2960, TA Instruments, New Castle, DE) with the
heating rate of 10 °C-min~! in a N flow of 100 mL-min~!. The
morphology and structure of the samples were inspected using a
field emission scanning electron microscopy (FE-SEM, XL 30,
Philips) and a transmission electron microscope. Low-resolution
transmission electron microscopy (TEM) images and selective area
electron diffraction (SAED) patterns were obtained using a JEOL
2010 transmission electron microscope operating at 150 kV. High-
resolution transmission electron microscopy (HRTEM) images were
performed using FEI Tecnai G2 S-Twinwere with a field emission
gun operating at 200 kV. Images were acquired digitally on a Gatan
multiple CCD camera. Photoluminescence (PL) excitation and
emission spectra were recorded with a Hitachi F-4500 spectropho-
tometer equipped with a 150 W xenon lamp as the excitation source
at room temperature. The cathodoluminescent (CL) measurements
were carried out in an ultrahigh-vacuum chamber (<107% torr),
where the samples were excited by an electron beam at a voltage
range of 1~5 kV with different filament currents, and the spectra
were recorded on an F-4500 spectrophotometer. The luminescence
decay curves and the time-resolved emission spectrum were
obtained from a Lecroy Wave Runner 6100 Digital Osilloscope (1
GHz) using a tunable laser (pulse width = 4 ns, gate = 50 ns) as
the excitation (Contimuum Sunlite OPO). All of the measurements
were performed at room temperature.

3. Results and Discussion

Structure and Morphology. Parts a—c of Figure 1 show
the XRD patterns of TbBO;, TbBO3:1%Eu’t, and EuBOs
samples, respectively. Both TbBO3; and EuBOj; exhibit very
similar X-ray diffraction patterns with hexagonal-vaterite
structure (parts a and c of Figure 1) so that we can expect
their full miscibility. Therefore, the whole solid solution
Tb;—,BO;:xEu?" from x = 0 to 1 is expected to form. The
calculated lattice constants using Jade 5.0 program, a = b
=3.792 A, c = 8.840 A for TbBOs,a = b = 3.805 A, c =
8.865 A for TbBO;:1% Eu’*, and a = b = 3.837 A, ¢ =
8.922 A for EuBOj; are well compatible with the literature
values from the standard card (JCPDS No. 24—1272 and
13—0485). It is worth noting that when the Tb’t was
substituted by the Eu’*, the lattice constants become a little
bigger and the corresponding XRD peaks move to a lower
degree (arrows in Figure 1). No additional peaks of other
phases have been found, indicating that Eu®" has been
effectively built into the TbBOj host lattice (part b of Figure
1). The relative intensity ratio of the diffraction peaks (002)
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Figure 2. FTIR spectrum (a) and TGA curve (b) for TbBO3:1% Eu?"
sample.

for TbBO;, TbBO3:1%Eu*", and EuBO; products is much
higher than the conventional value (JCPDS No. 24—1272
and 13—0485, not shown here due to the limited space),
indicating that the samples tend to be preferentially oriented
due to the natural growing habit of forming 2D morphology
during growth process of rare earth orthoborates.®>** What
is more, high crystallinity can be obtained at a relatively low
temperature.”® This is important for phosphors, because high
crystallinity always means less traps and stronger lumines-
cence. In addition, Tb*" compound was prepared through
hydrothermal process without reductive ambience for
protection.

Part a of Figure 2 shows IR spectrum of TbBO3:1% Eu**
sample. There is a group of bands in the region 800—1200
cm™! in vaterite-type borates. The IR spectrum of our present
sample was in accordance with the references.”® Accordingly,
the intense absorption band extending from 800 to 1200 cm ™!
(peaks at 836, 906, and 1169 cm™!) can be ascribed to a
vaterite-type borate. A small peak near 563 cm™! can be
distinguished as an in-plane blending of the BO4 group or
the BO; group in vaterite-type borates. This is in good
accordance with the XRD result above. The peaks of 3366
and 1639 cm™! are ascribed to the OH stretching vibration
mode and the HOH bending vibration mode of the H,O
molecule, respectively. The existence of water may arise
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Figure 3. SEM images of the TbBOs3:1%Eu’* sample (a, b), representative
TEM image of the TbBO3:1% Eu’* nanosheets shed from the microspheres
after ultrasonic treatment for 30 minutes (c), the corresponding electron
diffraction pattern (d), HRTEM image of the broken nanosheet shown in
part ¢ (e), as well as the corresponding fast Fourier transform algorithm
(FFT) image of part e (f).

from residual water in the sample and/or absorbed moisture
during the measurement. For precise estimate the proportion
of water in the sample, we did TG analysis as shown in part
b of Figure 2. The weight loss of 2% before 180 °C is due
to evaporation of weakly bonded molecules, that is, residual
water molecules attached on the particle surface in the
sample.”® Generally, most phosphors prepared from wet
chemistry methods crystallize and exhibit luminescence only
after being sintered at high temperature. In our present work,
we do not further calcine the hydrothermal products at high
temperature for two reasons: (1) the TbBO;:Eu®" samples
obtained through hydrothermal process have high crystallinity
(Figure 1) and they have relative strong luminescence
intensity (Figure 4); (2) Tb3*-based host was prepared
through hydrothermal process without reductive ambience
for protection (while Tb3* will be oxidized to Tb*' at
elevated temperature). This is also one of the merits for
preparation of TbBOs:Eu*t phosphors via the hydrothermal
process.

The SEM images of the ThbBO3:1%Eu** sample are shown
in parts a and b of Figure 3, which exhibit that the sample
consists of microspheres with diameter of about 15 4m, each
of which is constructed by densely packed nanosheets with
thickness of about 25 nm. Detailed surface observation (part
b of Figure 3) implies that most of the nanosheets are linked
together by both edge-to-edge and edge-to-surface conjunc-
tions; the nanosheets extend outward from the center of the
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Figure 4. Excitation (a, ¢) and emission (b, d) spectra of the TbBOj3 (a, b)
and TbBO;:1%Eu3" (c, d).

microstructure, and a few of them attach to each other.
Therefore, such an architecture is a result of some type of
self-assembly. !0

To further study the fine structure of the above micro-
spheres, TEM was performed. Part ¢ of Figure 3 shows a
broken flake of the sphere obtained by ultrasonic treatment
for about 30 minutes. These nanosheets are several hundred
nanometers in the planar dimensions with smooth surfaces.
The corresponding SAED pattern of the broken nanosheet
taken along [001] zone axis shown in part d of Figure 3
reveals that the nanosheet ED pattern is characteristic of a
hexagonal TbBOs:Eu**, in good accordance with the XRD
result. Moreover, SAED patterns taken from both different
areas on a single fragment and different fragments were
found to be identical within experimental accuracy, indicating
that the TbBO;:Eu*" nanosheets are single-crystalline and
that different nanosheets have identical crystallization habits.
The patterns also reveal that the nanosheetes are stable
enough to withstand the irradiation of convergent high-energy
electron beams. Part e of Figure 3 is a high-resolution TEM
image of the TbBOs;:1%Eu*" nanosheets, which was taken
with electron beam along [001] zone axis, perpendicular to
the wide surface of the sheet. The lattice fringes show the
imaging characteristics of the hexagonal TbBOj crystal, in

(10) Zhang, N.; Bu, W. B.; Xu, Y. P.; Jiang, D. Y.; Shi, J. L. J. Phys.
Chem. C 2007, 111, 5014.
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which the d spacing of 0.33 nm corresponds to the distance
of the (100) planes. Further analysis indicates that the
TbBO;:Eu*" nanosheet grows along the [100] or [010]
crystallographic direction and is enclosed by 4 (001) facets,""
that is, the widest facets, as suggested in the XRD measure-
ment. The corresponding fast Fourier transform algorithm
(FFT) image (part f of Figure 3) shows the nature of 2D
structure of hexagonal TbBO;:Eu*" nanosheets.

Luminescence Properties. Photoluminescence Proper-
ties. The TbBO3 sample emits bright-green light under UV
excitation. Figure 4 shows the excitation (a) and emission
(b) spectra of the sample. The excitation spectrum of TbBO3
monitored with 543 nm emission of Tb3* (°Dy; — 7Fs)
consists two main features, a broad structured plateau with
maxima at 245 and 284 nm in the range of 200—300 nm,
corresponding to spin-allowed 4f% — 4f75d' ("F¢ — D)
transition with higher energy (245 nm, AS = 0) and spin-
forbidden 42 — 4175d' ('Fs — °D) transition with lower
energy (284 nm, AS = 1) of Tb** ion, respectively;**'? and
the characteristic f — f transition lines within the Tb" 4f®
configuration in the longer wavelength region, assigned as
the transitions from the "Fg ground state to the different
excited states of Tb?*, that is, 306 nm (°Hg), 321 nm (°Dy),
345 nm (°G,), 356 nm (°D,), 363 nm (°L o), 375 nm (°Gg),
381 nm (°Ds), and 488 nm (°D,), respectively.'® Note that
the AS = 1 component is 5600 cm ~' below the AS = 0
component for the Tb>" 4f% — 4{75d' transition, basically
agreeing with the literature values (5800—6000 cm™') in the
oxide host lattices.'**? Upon excitation into the 4f8 — 4f75d!
transition at 245 nm (or 284 nm), the obtained emission
spectrum (part b of Figure 4) of TbBO; consists of f — f
transition lines within 48 electron configuration of Tb**, that
is, 5Dy — "Fs (488 nm) in the blue region and Dy — Fs
(543 nm) in the green region, as well as Dy, — "F, (589
nm) and °D; — "F; (625 nm) in the red region. The strongest
one is located at 543 nm corresponding to ’D;, — 7Fs
transition of Tb3*. The decay curve (part a of Figure 5) for
the luminescence of Tb?* (monitored by Dy — 7Fs, 543 nm)
can be well fitted into single exponential function as [ = I,
exp(—1/7) (where 7 is the 1/e lifetime of the Tb3* ion), and
the lifetime 7 for the Dy state of Tb3" is determined to be
0.18 ms in TbBO3 sample.

However, the green emission of the TbBO3 host material
changes greatly when doping Eu?" in it. The TbBO;:1%Eu’*
sample shows a red-orange emission under UV excitation.
Figure 4 shows the excitation (c) and emission (d) spectra
of the sample. The excitation spectrum recorded at the 592
nm (°Dy — F;) of Eu*" is composed exclusively of the
excitation bands of Tb3", which is identical with the
excitation spectrum of Tb*" in TbBOj; (part a of Figure 4),
except for some minor f — f transition lines within the Eu**
4f° configuration (396 nm, 'Fy — 3Ls; 406 nm, 'Fy — Dj;

(11) Hu,J. Q.; Bando, Y.; Zhan, J. H.; Li, Y. B.; Sekiguchi, T. Appl. Phys.
Lett. 2003, 83, 4414.
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Su, Q. J. Mater. Chem. 1995, 5, 1151. (d) Blasse, G.; Bril, A. Philips
Res. Rep. 1967, 22, 481.

(13) Thomas, K. S.; Singh, S.; Dieke, G. H. J. Chem. Phys. 1963, 38, 2180.

7266 Inorganic Chemistry, Vol. 47, No. 16, 2008

Yang et al.

100- da
ThBO,
—_ 80 %, =285nm
= =543 nm
@ 60 Round circles: experimental data
“5 Red solid line: fitting results by
= I(t) = 1,exp (-tix)
2 o t=0.18ms
]
T 204
04
00 02 04 06 0.8 1.0
100 4 b
TbBO,:1%Eu™
80 A, =285nm
A= 543 nm

8

Round circles: experimental data
Red solid line: fitting results by
It) = 1 exp (-tic)

t=0.003 ms

Intensity (a. u.)
ES

0.0000 0.0025 0.0050 0.0075 0.0100 0.0125
Decay time (ms)

Figure 5. The decay curves for the luminescence of Tb*" in TbBO3 (a)
and TbBOs:1% Eu’™ (b).

and 468 nm, "Fy — 3D, as assigned in part ¢ of Figure 4).
Although in general there exists a charge transfer band of
Eu’"—0? around 250 nm for Eu*" in the rare earth
orthoborates LnBO; (Ln = Lu and Y),”*®% here it is
strongly overwhelmed by the absorption of the 4f8 — 4{75d!
transition of Tb*" in TbBOj; host lattice. The presence of
the excitation bands and lines of Tb3" in the excitation
spectrum monitored with Eu*t emission clearly indicates that
an energy transfer has occurred from Tb*t to Eu" in the
TbBO;:1%Eu’" sample. Excitation into the 4f% — 4{75d!
transition of Tb?* excitation band at 245 nm (or 284 nm)
yields mainly the emission of Eu’t (°Dy — "F, at 579 nm,
Dy — F; at 592 nm, Dy — "F, at 610 and 626 nm, Dy —
F; at 649 nm, and °Dy — "F4 at 706 nm), together with the
very weak emission of Tb** (°D; — Fs at 543 nm, which
only can be seen in the figure magnified to 50 times, green
line), as shown in part d of Figure 4. This is further indicative
of the energy transfer from Tb3" to Eu** in ThbBO3:1%Eu®*
sample. Similar to the single exponential luminescence decay
of Tb*" in TbBO; sample, the luminescence decay curve of
Tb*" (part b of Figure 5) in the TbBO53:1%Eu** sample can
also be well fitted into single exponential function, and the
lifetime 7 for the 5Dy state of Tb3™ is determined to be 0.003
ms in the TbBOs:1%Eu*t sample, which is much shorter
than that in TbBO; (0.18 ms). Obviously, the shortening of
the lifetime in TbBO3:1%Eu’" with respect to TbBOs is due
to the occurrence of the energy transfer from Tb*" to Eu’*
in the former sample.*™

Figure 6 shows the emission spectra of TbBOs:xEu*" (x
= 0—1%) under 245 nm excitation. In the undoped TbBO3
(x = 0), only the characteristic emissions of Tb*" are



Eu’* in ThBO; Microspheres

7\.“ =245nm 543

488 589 625 ThBO,

N [ A TbBO,:0.001%Eu*
-~ *MM\-& TbBO,:0.003%Eu>
3
<
; TbBO,:0.007%Eu*
‘B A
g TbBO,:0.03%Eu*
L4
£

ThBO,:0.05%Eu*

TbBO,:0.1%Eu®

502
{\ 610 ) .
579 626 TbBO,:1%Eu

450 500 550 600 650 700 750

Wavelength (nm)

Figure 6. Emission spectra of the TbBO3:xEu’t samples with different
concentration (x = 0—1%) under 245 nm excitation.

Table 1. Energy Transfer Efficiency (17gr) from Tb*" to Eu*, the Life
Time 7 for the Luminescence of Tb*", Integrated Emission Intensity of
Tb3* and Eu’* in the TbBOs:xEu?" (x = 0—1%) Samples upon
Excitation into the Tb*" Excitation Band with 245 nm

X
0 0.001% 0.003% 0.007% 0.03% 0.05% 0.1% 1%
I (Tb*) 7102 11107 10706 8017 5593 3899 2591 926

I (Eu’h) 3318 5959 8855 19901 19436 19326 18433
7 (ms) 0.18 0.09 0.08 0.06 0.04 0.03 0.02 0.003
ner (%) 50 55 66 78 83 89 98

observed. With the doping of Eu*t (x = 0.001%), besides
Tb*" emissions, we can also observe the characteristic
emissions of Eu3*. With the increase of Eu?* concentration,
the luminescence of Tb*' begins to decrease (Table 1), and
that of Eu®" increases first, both due to the enhancing the
probability of energy transfer from Tb** to Eu’t along with
the increase of Eu*" concentration. The luminescence of Eu?"
reaches the maximum at x = 0.03%, and then begins to
decrease (Table 1) due to the concentration quenching
effect.*” This effect can be confirmed by the fluorescent
dynamics of Eu**, as shown in Figure 7, from which a faster
fluorescence decay of Dy state of Eu** in TbBO3:5% Eu**
(2.45 ms) is observed than that in TbBO;: 0.03%Eu’" (2.91
ms). All results above indicate an efficient energy transfer
from Tb>" to Eu?". Also, such energy transfer behavior
shows that the as-synthesized TbBOs:Eu®* is not a mixture
of TbBO; and EuBOs, but a solid solution, in which Eu3*
has successfully incorporated into TbBOj lattice.* Otherwise,
the Tb3" — Eu’" energy transfer can not occur in the
separated phases. The energy transfer efficiency from Tb*"
to Eu** depends strongly on the doping concentration of Eu**
in TbBOs host, just like that of LaPO,:Ce’*, Tb3*.'* The
energy transfer efficiency from a donor (Tb*") to an acceptor
(Eu") can be calculated according to the formula ngr = 1

(14) Yu, M.; Lin, J.; Fu, J.; Han, Y. C. Chem. Phys. Lett. 2003, 371, 178.
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Figure 7. Decay curves for the luminescence of Eu*" in the TbBO5:0.03%
Eu3* and TbBO3:5%Eu3".

— Idly (= 1 — t/1,), where Iy (7) and Iy, (7,) are the
corresponding luminescence intensities (lifetimes) of the
donor (Tb*") in the presence and absence of the acceptor
(Eu®") for the same donor concentration (here, we overlooked
tiny change of the donor (Tb*") concentration), respec-
tively.'* We investigated systematically the energy transfer
efficiencies of Tb*"™ — Eu?" in TbBOs:xEu?™ (x = 0—1%)
systems by calculating the lifetimes of Tb>*, and the results
are listed in Table 1. Clearly, it is known from Table 1 that
with the increase of Eu’t concentration, the energy transfer
efficiency from Tb*" to Eu" increases gradually. This is
because the energy transfer probability from Tb’t to Eu’"
is proportional to R7® (R is the average distance between
Tb>* and Eu®*)."> When the Eu** concentration is equal to
1% mol of Tb3*, ner reaches the value as high as 98%, but
the emission of Eu’t is not the strongest because the
concentration quenching has occurred at this relative high
concentration. The strongest emission was observed when
the Eu*" concentration is around 0.03% mol with an energy
transfer efficiency from Tb*" to Eu’t of 78%.

The PL color can be tuned from green, yellow, orange, to
red-orange by changing the doping concentration of Eu**
ions due to different energy transfer efficiencies at different
Eu’" concentration. Part a of Figure 8 shows the correspond-
ing CIE chromaticity diagram of TbBO;:xEu*" (x = 0—1%)
phosphors with different doping concentration of Eu** ions.
The black dots indicate the CIE chromaticity coordinate
positions. The CIE chromaticity coordinates change from x
= 0.2573 y = 0.4384 for TbBOs to x = 0.5655 y = 0.3589
for TbBO3:1%Eu’*" (labeled in part a of Figure 8 with an
arrow) by changing the doping concentration of Eu’t from
x=01t0 1% in TbBOs:xEu** phosphors. The corresponding
luminescence color can be changed from green, yellow,
orange, to red-orange, which can be seen clearly from the
photographs of the TbBO;:xEu*t samples presented in part
b of Figure 8 where a 254 nm UV lamp was used as an
excitation source and the samples were put onto filter paper
in a dark room.

(15) Riwotzki, K.; Meyssamy, H.; Kornowski, A.; Haase, M. J. Phys. Chem.
B 2000, 104, 2824.
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Figure 8. CIE chromaticity diagram (a) and the luminescent photographs
(b) for the TbBOz:xEu>* samples (x = 0—1%). Here, a 254 nm ultraviolet
lamp was used as an excitation source, and the samples were put onto filter
paper in a dark room.

To study the energy transfer process from Tb*" to Eu?"
in TbBO3:Eu*" in more detail, time-resolved emission spectra
of TbBO;:0.03%Eu*" were measured by excitation into the
Tb3* band with a 285 nm laser. The emission spectra
collected at different delay times (#4) are shown in Figure 9.
When 73 = 0.1 us, only the characteristic emission of Tb>*
is observed; no Eu’" emission is present because the
excitation energy of Tb*" has not been transferred to Eu’*
within this short time. When #; = 10 us, the emission of
Tb3" starts to decrease accompanied by the presence of Eu’*
emissions due to the energy transfer from Tb3*. The emission
of Tb** decreases gradually with further increase of the delay
time, whereas that of Eu** begins to increase due to transfer
of more excitation energy from Tb*" to Eu*t. When 73 =
500 us, the emission of Tb*" disappears, and the emission
spectrum contains exclusively that of Eu’t. When ¢4 > 500
us, the Eu’" emission also begins to decay gradually and
disappears finally due to the depopulation of the excited states
(figures are not shown due to the limited space). Actually,
we cannot conclude whether the energy transfer from Tb3*
to Eu?" is of radiative type or nonradiative type just from
the time-resolved emission spectra shown in Figure 9. In
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Figure 9. Time-resolved PL spectra of the TbBO3:0.03%Eu’" sample (Aex
= 285 nm laser).

general, radiative energy transfer only occurs in some crystals
and the energy transfer among rare earth ions is of nonra-
diative type, that is, the resonant energy transfer occurs via
the electric dipole—dipole or electric dipole—quadrupole
interactions.'®** The same situation (nonradiative energy
transfer) also holds for the energy transfer from Tb** to Eu’*
in our present work, which was well demenstrated in other
hosts in previous reports.*

A summary of the emission and energy transfer process
of Tb*" and Eu’* in TbBO;:Eu*" is shown schematically in
Figure 10.* First, electrons on Tb** ions are excited from
the ground state (4f®) to the excited state (4f75d) by UV light.
Subsequently, these electrons relax to the lowest excited state
D, through multiphonon relaxation then either return to the
ground state to produce the Tb** emissions Dy — "Fe, 5. 4, 3),
or transfer their excitation energy from °Dy (Tb*") level to
the higher excited energy levels of Eu3t (4f%) through cross
relaxation, which relax to the D, (Eu?") level, where the
red-orange emission (°Dy — "Fy, 1. 2, 3. 4. 5, 6) takes place.
Because the Dy — "Fg_ s 4, 3 emission of Tb** is effectively
overlapped with the "Fy, | — °Dy, i, 2 absorption of Eu’", the
energy transfer from Tb3" to Eu®' is very efficient in
general.'® Moreover, the hexagonal crystal structure of
TbBO; also favors the energy transfer from Tb3* to Eu?* "

According to the model we proposed above, if Tb*" ion
was excited from "Fg — 3Dy, there should be energy transfer

(16) Nakazawa, E.; Shionoya, S. J. Chem. Phys. 1967, 47, 3211.
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Figure 10. Scheme of energy transfer from Tb>" to Eu*. The up solid
arrows represent photoexcitation, the down solid arrows mean emission,
and the down dash arrows denote multiphonon relaxation.
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Figure 11. Emission spectra of the TbBO3:0.03%Eu’*, TbBO3, EuBO3
samples upon excitation into the "Fg — Dy transition of Tb3* at 488 nm,
respectively.

from the excited °Dy level of Tb** to the 3Dy, i, » level of
Eu’t in TbBOs:Eu™ sample. Upon excitation into the 7Fg
— 3D, transition of Tb*" at 488 nm, the emission spectra of
TbB05:0.03%Eu*", TbBO;, and EuBO; are presented in
Figure 11 for comparison. The emission spectrum of the
TbB03:0.03%Eu’" sample obtained by excitation with 488
nm ("Fg — 3D, of Tb*") has principally the same feature as
that of monitoring at 245 nm (Figure 6), and no emission is
observed for pure EuBO;, This further demonstrates that Tb**
ion may act as a good energy donor, from which energy can
be transferred to an acceptor Eu’t.

Cathodoluminescence Properties. Similar to the emission
under UV excitation, the TbBO; and TbBO;:1%Eu’" samples
also exhibit strong green and yellow light, respectively, upon
excitation with an electron beam (accelerating voltage = 3
kV; filament current = 102 mA). Typical emission spectra
are shown in parts a and b of Figure 12, respectively. For
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Figure 12. Typical cathodoluminescence spectra of the TbBO3 (a) and
TbBOs:1%Eu’* (b) (accelerating voltage = 3 kV; filament current = 102
mA) and the CL intensity of the TbBO3 and TbBO3:1%Eu’" samples as a
function of accelerating voltage (c).

the undoped TbBOs3, the CL emission spectrum (part a of
Figure 12) is basically identical with the PL spectrum (part
b of Figure 4). However, for TbBOs:1%Eu*t sample, the
CL spectrum (part b of Figure 12) shows great difference
with the PL spectrum (part d of Figure 4), that is, strong
Tb*" emission is still observed in the former besides the
strong Eu*t emission, whereas in the latter only the Eu?* is
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presented due to an efficient energy transfer from Tb?* to
Eu** (the Tb*" emission can be neglected, part d of Figure
4). That is to say, the efficient energy transfer from Tb*" to
Eu*t has not occurred in TbBOs:1% Eu?" under the
excitation of electron beams. This is not surprising in view
of the different CL mechanism from the PL one.!” In PL,
the UV and/or visible light is used to excite luminescent
materials. The energy of these photons are only around 4~6
eV. However, for CL, the energy of fast electrons under the
acceleration of anode voltage can be tuned from a few
thousands to thousands of electronvolts. So, the excitation
energy on a single particle is much larger in CL than that in
PL. The UV and/or visible usually excite the dopant ions
(activator or sensitizer) directly (so the energy transfer
process can occur and be identified). However, the fast
electrons as a high-energy particle always excite the host
lattice. After penetrating into the host lattice of a luminescent
material, the fast primary electrons will give ionization. This
ionization creates many secondary electrons. These secondary
electrons can also give ionization and create many secondary
electrons. These secondary electrons excite the host lattice
and create many electron—hole pairs, leading to the formation
of bound excitons.'® These excitons, if formed, decay
nonradiatively through a resonant or quasi-resonant transfer
to the 4f shell of Tb*" and/or Eu’t ions and give their
characteristic emissions. As a result, the energy transfer from
Tb**" to Eu** can be neglected in the CL process, and they
show their own luminescence respectively excited by the
electrons.

The CL intensity for the TbBO; and TbBO;:1%Eu*"
samples were investigated as a function of accelerating
voltage, as shown in part ¢ of Figure 12. When the filament
is fixed at 102 mA, the CL intensities of the TbBO; and
TbBO;:1%Eu’t samples increase upon raising the accelera-
tion voltage from 1 to 5 kV. Remarkablely, the CL intensity
seems to jump at V =4 kV and shows nonlinear relationship
as a function of accelerating voltage, which might be related
to the specific structure of each sample and the dependence
of sensitivity of CL intensity on quite a few unexpected
foreign factors.”!'? For cathodoluminescence, the Tb** and
Eu’t ions are excited by the plasmons produced by the

(17) Liu, X. M.; Lin, J. J. Mater. Chem. 2008, 18, 221.

(18) Diallo, P. T.; Boutinaud, P.; Mahiou, R.; Caperaa, J.; Cousseins, J. C.
Phys. Status Solidi A 1997, 160, 255.

(19) (a) Yang, J.; Quan, Z. W.; Kong, D. Y.; Liu, X. M.; Lin, J. Cryst.
Growth Des. 2007, 7, 730. (b) Yang, J.; Li, C. X.; Cheng, Z. Y.; Zhang,
X. M.; Quan, Z. W.; Zhang, C. M.; Lin, J. J. Phys. Chem. C 2007,
111, 18148. (c) Liu, X. M.; Lin, J. J. Phys. Chem. C 2007, 111, 16601.
(d) Liu, X. M.; Lin, C. K.; Luo, Y.; Lin, J. J. Electrochem. Soc. 2007,
154, J21. (e) Liu, X. M.; Pang, R.; Quan, Z. W.; Yang, J.; Lin, J. J.
Electrochem. Soc. 2007, 154, J185. (f) Lee, Y. H.; Song, M. H.; Ju,
B. K.; Shin, D. K.; Oh, M. H. J. Vac. Sci. Technol., B 1997, 15, 512.
(g) Vecht, A.; Smith, D. W.; Chadha, S. S.; Gibbans, C. S. J. Vac.
Sci. Technol., B 1994, 12, 781. (h) Wei, J.; Zhang, B. L.; Yao, N.;
Wang, X. P.; Ma, H. Z.; Wang, S. M. J. Vac. Sci. Technol., B 2001,
19, 1082.
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incident electrons. The electron penetration depth can be
estimated by equation

LIA1=250(A/ p)(E/Z"?)" 1)
where n = 1.2/(1 — 0.29 logypZ), and A is the atomic
weight, p is the density, Z is the atomic number, and E is
the accelerating voltage (kV).?° For TbBO;:xEu*, the
electron penetration depth at 2 kV is 18.6 nm. This value
is within the thickness of the TbBOs:1%Eu’t nanosheet
observed from SEM (part b of Figure 3). With the increase
of accelerating voltage, more plasmons will be produced
by the incident electrons, which results in more Tb3* and
Eu’" ions being excited and thus a higher CL intensity.
The increase in electron energy is attributed to deeper
penetration of the electron into the sample, which is
governed by eq 1. The deeper penetration of electrons into
the sample results in an increase in the electron—solid
interaction volume in which excitation of Tb*" and Eu’*t
ions, which is responsible for light emission, takes place.
Therefore, an increase in interaction volume, which
effectively determines the generation of light inside the
sample, with an increase in electron energy brings about
an increase in the CL brightness of the TbBOj:xEu’*t
samples.?!

4. Conclusions

In summary, we have demonstrated that a simple and mild
hydrothermal method for synthesis of Tbg—,BOz:xEu’*
(x = 0—1) microsphere phosphors directly without further
sintering treatment and reductive ambience for protection.
An efficient energy transfer can occur from Tb3* to Eu" in
TbBO; host for the first time, which is ascribed to the energy
overlap between Tb3" and Eu*" (Tb*":°Dy; — "Fg. 5. 4. 3 =
Eu*™:"Fy 1 — 3Dy, 1, » + AE) and hexagonal crystal structure
of TbBO; host. By controlling the doping concentration of
Eu’" (x = 0—1%), the luminescent color could be modified
from green, yellow, orange, to red-orange easily due to
different composition of emissions of Tb*", and Eu?" resulted
from different energy efficiency at different doping concen-
tration of Eu?". The CL spectrum of TbBO3:1%Eu*" shows
great difference with the PL spectrum due to the different
mechanism between CL and PL process. The study opens a
novel pathway for tuning the luminescence properties by
energy transfer and excitation sources.
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