Journal of Ceramic Processing Research. Vol. 17, No. 6, pp. 537~542 (2016)

Ceramic
Processing Research

Bridgman growth, luminescence and energy transfer studies of Tm** or/and Dy**
co-doped Bi;Siz;O,; crystal phosphor
Bobo Yang™®, Jiayue Xu™*, Jun Zou®, Yan Zhang®, Tian Tian?, Yaoqing Chu® and Meiling Wang®

“Institute of Crystal Growth, School of Materials Science and Engineering, Shanghai Institute of Technology, Shanghai 201418, PR. China
bSchool of Science, Shanghai Institute of Technology, Shanghai 201418, PR. China

Tm®*', Dy*" and Tm*/Dy** co-doped bismuth silicate (BisSi;O;,, BSO) crystals were successfully grown by the modified vertical
Bridgeman method. The crystals have about 80% transmittance in the range from 320 nm to 650 nm except several obvious
characteristic absorption peaks corresponding to transitions of 4f electrons of Tm>" and Dy*". The luminescence properties for
white light emitting diode (w-LED) were investigated. Energy transfer from the Bi* ions to the Tm** and Dy*' ions in Tm*
or/and Dy** co-doped Bi,Si;Oy, crystal has been established by photoluminescence investigation upon UV excitation. When
excited by a proper UV-light, Tm*" doped BSO crystal shows blue emission band centered at 460 nm ascribed to Tm** ("D, —
3F,), Dy** doped BSO crystal shows blue band at 480 nm (*Fo, — °H;s;,), yellow band at 574 nm (*Fs, — ®H,3,) and red band
at 662 nm (‘Fo, — °Hyy;) of Dy** ions. A white light with chromaticity coordinate of x = 0.3298, y =0.2905 by excitation of
357 nm is achieved from Tm*"/Dy*" co-doped Bi,Si;O, crystal. These results indicate that Tm*/Dy** co-doped Bi,Si;O;; as a
white emitting crystal has a potential application in white-LED.
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Introduction chemical stability. The rigid cyclic symmetric structure
of single crystals results in the high luminous
White light emitting diode (w-LED) is considered to efficiency of active ions. These excellent properties of
be the next generation solid-state light source that will single crystals are beneficial for LED applications to
replace the conventional incandescent and fluorescent obtain high stability, long lifetime, high luminous
lamps because of its high luminous efficiency, long efficiency, and good white color. Thus, it is a promising
lifetime, great energy saving and environmental safety way to use single crystals as phosphor in LED
[1-2]. There are two primary ways of producing white application [10-11].
light emitting diodes. One is to use individual LEDs Bismuth silicate (Bi;Si;O;,, BSO) crystal is known
that emit three primary colors-red, green, and blue - as an excellent scintillator, and has attracted broad
and then mix all the colors to form white light [3]. The interest in high-energy and nuclear physics experiments
other is to use a phosphor material to convert [12-14]. It has excellent properties, such as high
monochromatic light from a blue or UV LED to broad- hardness, large specific heat, small thermal expansion,
spectrum white lights, much in the same way a high optical damage threshold, and high optical
fluorescent light bulb works [4-5]. At present, the transmittance, which render it as a latent phosphor host
common way for assemble w-LEDs is combining an material for LED application. However, it is difficult to
ultraviolet (UV) or blue chip with down-converted grow BSO crystal due to the compositional deviation in
phosphors [6-7]. Up to now, many studies have been the melt [15-16]. Several methods were used to grow
carried out to obtain enough brightness for general BSO crystals, such as Czochralski [17] and Bridgman
lighting, in which useful method is to increase output [15-16, 18-19] growth method. Among these methods,
power of LED chips. However, this also increases the the vertical Bridgeman method was proved to be a
chip temperature, which may cause a deterioration of successful way to grow large and high quality BSO
the resin, which is used to fix the powder phosphors crystals. In previous work, we have reported the
onto the LED chip, and decrease the luminous growth and scintillation properties of pure and rare

efficiency and lifetime [8-9]. Compared with powder earth doped BSO crystals [20-23]. The cost of growing
phosphors, single crystals exhibit good anti-light BSO crystals is much lower than growing YAG
irradiation, as well as good thermal, mechanical, and crystals or other crystals for LED as the lower cost of
feed materials and lower melting point. It was reported

+Cormesponding author: that Dy*": BSO powder was a kind of direct white light
Tl : +86-021-60873581 phosphor under UV excitation [24]. However, our
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emitting phosphor, not a white light phosphor.[25] The
visible luminescence of Dy*" (*fy) ion mainly consists of
two intense bands in the blue (470 nm ~ 500 nm) and
yellow (570 nm ~ 600 nm) regions, which are associated
with  the 4F9/2—6H1 5/ and 4F9/2—6H13/2 transitions,
respectively. The latter one is a hypersensitive transition,
which is strongly influenced by the environment [26-28].
For BSO:Dy’" crystal, the intensity of yellow emissions
is much stronger than that of blue emissions, so the
mixed colors then form just stable yellow light. In
order to obtain white light, it may be a feasible way to
dope Dy*" ions with other RE ions in BSO. Tm®*
always can act as a blue luminescence center in many
host materials [29-30]. Thus, introducing the Tm?" into
the Dy’*-activated system may lead the generation of
white light. To the best of our knowledge, the
investigation of Dy**-Tm’" co-doped Bi,Si;O,, crystal
has not yet been reported until now. In this paper, we
report the growth of Tm’" or/and Dy** co-doped
Bi,4Si;01, single crystal by Bridgman method and
demonstrate the capability of generating white light
under excitation at UV light.

Experimental

Crystal growth

ngh purlty Tm203 (> 4N), Dy203 (> 4N), SlOz (> 41\0
and Bi,O3 (> 5N) were used as starting materials for Tm
or/and Dy co-doped BSO single crystal growth. These
starting materials were weighed according to the formula
of (Big.g95Tmy 005)4S13012, (Big.99Dy0.01)4S1301, and (Big.oss
Tmg 00sDyo.01)4S1301, and mixed in a ball mill coated with
polyethylene for 8h. The mixture was then held at 750°E
for 10hrs. After sintering, it was ground to powders and
mixed again in the ball mill for 3hrs. The samples were
then put into the aluminum oxide crucible and held at
850 °C for 12hrs to prepare Tm** or/and Dy*" co-doped
Bi,4Si;01, polycrystalline powders. The polycrystalline
feed materials were then loaded into the Pt crucible to
grow single crystal in the Bridgman furnace. The Pt
crucible was designed with a seed well. In this work,
the orientation of the seed crystal was chosen to be
<001>. The furnace temperature was set to 50 °C
higher than the melting point of BSO (1025 °C) and
controlled by an automatic temperature controller with an
accuracy of #2°C. The charge was kept at high
temperature for several hours to ensure complete melting
and to provide a stable temperature distribution. Then the
crucible system was cooled at a rate of 0.2 ~ 0.5 mm/h to
room temperature, and the crystals were taken out by
tearing the crucible. Tm®" or/and Dy**co-doped Bi;Si;O;»
crystals with a size of about ¢$25 mm x 80 mm were
successfully grown one time by the modified vertical
Bridgeman method.

Characterization
The as grown crystals were cut and polished for

measurement. Powder X-ray diffraction (XRD) was
performed to examine the phase structure of the as-grown
crystal using a D/max-2200 PC type diffractometer
(Rigaku Co. Ltd., Tokyo, Japan) at room temperature.
Polished square doped BSO crystal pieces with a width of
8mm and a thickness of 2mm were prepared.
Transmittance spectra were measured by means of a
spectrophotometer (Model Cary 5000 UV-VIS-NIR) at
room temperature in the wavelength range of 250 nm
~ 650 nm. The room temperature excitation, fluorescence
spectra and decay curves were carried out with Edinburgh
Instruments FLS920 spectrophotometer, using Xenon
lamp as a light source.

Results and Discussion

The XRD pattern of the Tm**/Dy*" co-doped BSO
sample is shown in Fig. 1. Based on the PDF#33-0215,
the XRD spectrum shows that the diffraction peaks and
relative intensity of the crystal sample are in agreement
with the formation of orthorhombic structured BSO.
No impurity phase such as the Tm,0; and Dy,0; was
detected in the doped sample. A small shift of the
diffraction peaks is attributed to the lattice distortion
resulted from the accommodation of Tm** and Dy’'in
the Bi4Si;O,, lattices. The Lattice constants of the
as-grown Tm’"/Dy** co-doped Bi,Si;O;, crystal are
a=b=c=1.0282 nm calculated from the XRD patterns.

The transmittance spectra of Tm*" or/and Dy** co-
doped BisSi30y; crystal samples is shown in Fig. 2.
The crystals have about 80% transmittance in the range
from 320 nm to 650 nm. For Tm’":Bi,Si;O;, crystal
sample, there is one absorption band are observed at
357 nm in the UV region. For Dy**:Bi,Si;O;, crystal
sample, there are several obvious characteristic
absorption bands corresponding to transitions of 4f
electrons of Dy*" at 323 nm, 348 nm, 363 nm, 390 nm
in the UV region. For Tm**/Dy*" co-doped Bi,Si;O;,
crystal sample, there are several obvious characteristic
absorption bands corresponding to transitions of 4f
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Fig. 1. Powder X-ray diffraction patterns of the Tm*"/Dy*" co-
doped BSO crystal.
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Fig. 2. Transmittance spectra of Tm®" or/and Dy

Bi4Si;0; crystal sample.
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Fig. 3. Excitation spectra of Tm* and Tm*"/Dy*" co-doped
Bi4Si;0; crystal monitored at 460 wavelengths.

electrons of Tm** and Dy’" at 323 nm, 348 nm, 357 nm,
363 nm, 390 nm in the UV region of the transmission
curves. All the absorption bands can be ascribed to the
transitions from the ground states of Tm**/Dy*" to their
excited states which are labeled, respectively. It seems
that the optical absorption strength of Tm®*/Dy**co-
doped Bi4Si;0q, crystal is the superposition of the
Tm** and Dy’" single doped Bi,;Si;O, crystal.

Fig. 3 shows excitation spectra of Tm** and Tm’"/
Dy** co-doped Bi,Si;O;, crystal samples at room
temperature monitored at 460 nm wavelengths. From
Fig. 3, we can find that for the both two crystals there
is a broad band in a wavelength range between about
240nm and 310nm corresponding to oxygen to
bismuth charge transfer band, and one excitation peak
located at about 357 nm band corresponding to the
transitions of *Hg — 'D, of Tm’", in the excitation
spectrum monitored at 460 nm. The excitation spectra
showed an overlap between 220 nm and 400 nm, which
indicates that the emission at 460 nm is just ascribed to
Tm** in Tm**/Dy** co-doped Bi,;Si;O,, crystal. It is
observed that the excitation spectrum monitored at
574 nm of Tm**/Dy** co-doped Bi,Si;O;, crystal sample
from Fig. 4 consists of a broad band in a wavelength
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Fig. 4. Excitation spectra of Dy 3" and Tm3/Dy*" co-doped
Bi,Si;0), crystal monitored at 574 wavelengths.
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Fig. 5. Emission spectra of Tm>* or/and Dy** co-doped Bi;Si;0;,
crystals under excited by 288 nm.

range between about 240 nm and 310 nm corresponding
to oxygen to bismuth charge transfer band. Above about
288 nm, which corresponds to the band gap of BSO, all
the excitation peaks can be assigned to the 4f-4f
transitions of Dy*". Like the phenomenon described of
the excitation spectra of Tm** and Tm?**/Dy*" co-doped
Bi4Si;01, crystal, the excitation spectra showed an
overlap between 220nm and 400 nm in Dy’ and
Tm**/Dy** co-doped Bi;Si;O,, crystal, which indicates
that the emission at 574 nm is just due to Dy*" in Tm?*/
Dy** co-doped Bi;Si;O, crystal.

Fig. 5 shows photoluminescence emission spectra of
Tm** or/and Dy*" co-doped Bi;Si;O;, crystal samples
at room temperature under the excitation of 288 nm. It
is clear from Fig. 5 that when excited by 288 nm, the
emission spectra of the Dy’" and Tm**/Dy*" co-doped
Bi,Si;0, crystals show a blue band at 480 nm (*Fop, —
%Hjs5), a yellow band at 574 nm (*Fo, — ®Hj3,) and a
red band at 662 nm (*Fo, — ®H;;5) of Dy**, while the
emission spectra of Tm*" doped Bi;Si;O, crystal show
only one blue band at 480 nm (‘G4 — *Hy) of Tm*".

According to the excitation and emission spectra of
these crystal samples, it can be concluded that for Tm**
or Dy** single doped Bi,Si;O;, crystal, the energy
absorbed by Bi atoms then is transferred to Tm or Dy.
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Fig. 6. Emission spectra of Tm>* or/and Dy*" co-doped Bi;Si; 01,
crystals under excited by 357 nm.

While for Tm®" and Dy** co-doped Bi,Si;O;, crystal,
the energy absorbed by Bi atoms then is largely
transferred to only Dy.

Photoluminescence emission spectra of Tm** or/and
Dy** co-doped Bi,Si;O;, crystal samples at room
temperature under the excitation of 357 nm is shown in
Fig. 6. When excited by 357 nm, the emission spectra
of the Tm**/Dy*" co-doped Bi,Si;O;, crystal show a
blue band at 480 nm (*Fo, — °H,s), a yellow band at
574 nm (*Fo» — ®H3) and a red band at 662 nm (*Fo),
— °H,,,,) of Dy*" like the emission spectra of the Dy**
doped Bi;SizO;, crystal, as well as a blue band at
460 nm ('D, — °F4) of Tm’* like the emission spectra
of the Tm*>" doped Bi,Si;O, crystal. In other word, the
emission strength of the Tm**/Dy** co-doped Bi,Si;O,
crystal is the superposition of the Tm*>" and Dy’ single
doped Bi4Si;O, crystal. These results indicated that
there is no energy transfer between Tm>" and Dy**.
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Fig. 7 shows the decay curves of Tm>": 'D, emission
level and Dy’": *Fo5, in Tm*" or/and Dy’ co-doped
Bi4Si;01, crystal under 357 nm excitation monitoring
the emission at 460 nm ('D, — °F4) and 574 nm (*Foy,
— °H,3) respectively. From these decay profiles the
lifetime has been determined by taking the first e-
folding times of the intensity of decay curves. All the
decay curves are well fitted to a single exponential
function: /= Ipe ", where I is the intensity at time t, /;
is the initial intensity when t=0 and 6 is the lifetime.
The lifetime values of 'D, level in Tm**/Dy*" co-doped
Bi,Si;0;, and Tm*" single doped Bi;Si;O,, crystal are
found to be 23.08 is and 26.71 ps. The lifetime values
of “Fop level in Tm**/Dy** co-doped Bi,Si;0;, and
Dy** single doped Bi,Si;O;, crystal are found to be
623.48 us and 628.33 ps. The decay lifetime for Tm**
or Dy*" was found to decrease with codoping Dy** or
Tm®*, which may originate from the energy transfer
mechanism in the Tm**/Dy** co-doped Bi,Si;0,5, but it
is not simply due to the energy transfer from Tm*"* to
Dy** or Dy*" to Tm®".

The CIE chromaticity coordinates of the Tm*" or/and
Dy** co-doped BSO crystals under 288 nm excitation
were calculated using the corresponding emission
spectrum in Fig. 5 and were presented in Table 1. Upon
excitation at 288 nm, the Dy*" and Tm**/Dy*" co-doped

Table 1. Chromaticity coordinates of crystal samples under
288 nm excitation.

samples x-coordinate y-coordinate
TT’['13Jr : Bi4Si3012 0.1864 0.2458
l)y34r : Bi4Si3012 0.4153 0.4328
Tm>/Dy*" : Bi,Si;O1, 0.4146 0.4296
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Fig. 7. Photoluminescence decay curves of Tm>" and Dy** in Tm>" or/and Dy** co-doped Bi;Si;Oy, crystal under 357 nm excitation

monitoring the emission at 460 nm and 574 nm
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Fig. 8. CIE chromaticity coordinates and the polished sample of
the Tm>* or/and Dy** co-doped BSO crystals under excited by
357 nm.

BSO crystal samples exhibit yellow light, and the Tm**
doped BSO crystal sample exhibit blue light. Fig. 8
illustrates the CIE chromaticity coordinates of the Tm**
or/and Dy*" co-doped BSO crystals under 357 nm
excitation which calculated using the corresponding
emission spectrum in Fig. 6. From Fig. 8, we can see that
upon excitation at 357 nm, the Tm*" and Dy’" single
doped BSO crystal emits blue and yellow light
respectively while the Tm** and Dy’" co-doped BSO
crystal can emit white light and the CIE coordinate is
(x=0.3298, y=0.2905, Tc=5598 K). The color
temperature Tc can be obtained from the color
temperature calculation software. Therefore, based on the
excitation and emission spectra along with the CIE
chromaticity coordinates, the emission color of Tm*"/
Dy** co-doped BSO crystal can be tuned from yellow
light to white light. In other words, the white light
emission can be obtained from the Tm**/Dy*" co-doped
Bi4Si;0, crystal excited with proper UV-light.

Conclusions

In summary, Tm*" or/and Dy’* co-doped Bi;Si;O»
single crystals with good quality and optical properties
was grown by Bridgman method. The crystals have about
80% transmittance in the range from 350 nm to 650 nm
except several obvious characteristic absorption peaks
corresponding to transitions of 4f electrons of Tm*" and
Dy*". The energy transfer from Bi** to Tm** and Dy’" has
been established by photoluminescence investigation upon
UV excitation. There is no energy transfer between Tm®"
and Dy*" in Tm** and Dy** co-doped Bi,Si;O, crystal.
The emission color of the crystal was found tunable by
varying the excitation wavelength. The calculated
chromaticity coordinate is (0.3298, 0.2905) for Tm** and
Dy** co-doped Bi,Si;O;, under 357 nm excitation, which
lies in the white light area. Therefore, the Tm** and Dy**
co-doped Bi;Si;0, single crystal is a potential phosphor
for white LED.
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