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ABSTRACT: Thermal management is still a great challenge for high-
power phosphor-converted white-light-emitting diodes (pc-WLEDs)
intended for future general lighting. In this paper, a series of single-
component white-emitting silicate SiO2−Li2O−SrO−Al2O3−K2O−
P2O5: Ce3+, Tb3+, Mn2+ (SLSAKP: Ce3+, Tb3+, Mn2+) glasses that
simultaneously play key roles as a luminescent convertor and an
encapsulating material for WLEDs were prepared via the conventional
melt-quenching method, and systematically studied using their
absorption spectra, transmittance spectra, photoluminescence excitation and emission spectra in the temperature range 296−
498 K, decay curves, and quantum efficiency. The glasses show strong and broad absorption in 250−380 nm region and exhibit
intense white emission, produced by in situ mixing of blue-violet, green, and orange-red light from Ce3+, Tb3+, and Mn2+ ions,
respectively, in a single glass component. The quantum efficiency of SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass is
determined to be 19%. More importantly, this glass shows good thermal stability, exhibiting at 373 and 423 K about 84.56 and
71.02%, respectively, of the observed room temperature (298 K) emission intensity. The chromaticity shift of SLSAKP: 0.3%
Ce3+, 2.0%Tb3+, 2.0%Mn2+ is 2.94 × 10−2 at 498 K, only 57% of the commercial triple-color white-emitting phosphor mixture.
Additionally, this glass shows no transmittance loss at the 370 nm emission of a UV-Chip-On-Board (UV-COB) after thermal
aging for 240 h, compared with the 82% transmittance loss of epoxy resin. The thermal conductivity of the glass is about 1.07 W/
mK, much larger than the 0.17 W/mK of epoxy resin. An organic-resin-free WLEDs device based on SLSAKP: 0.3%Ce3+, 2.0%
Tb3+, 2.0%Mn2+ glass and UV-COB is successfully demonstrated. All of our results demonstrate that the presented Ce3+/Tb3+/
Mn2+ tridoped lithium−strontium−silicate glass may serve as a promising candidate for high-power WLEDs.
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1. INTRODUCTION

In recent years, high-power phosphor-converted white-light-
emitting diodes (pc-WLEDs) have attracted more and more
attention because they have been considered to be an
alternative advanced lighting technology to conventional
incandescent and fluorescent lamps for future general light-
ing.1−6

To date, the input current of high-power InGaN-based LED
chips with a power of more than 3 W used as pump excitation
source in pc-WLEDs has typically been in the 350/750/1000
mA range.7 Besides high luminous flux, a high input current or
high power leads to high local heat flux in InGaN-based LED
chips. The junction temperature of these chips is now as high as
150−200 °C.8 Such a high junction temperature inevitably
causes serious degradation of the InGaN-based LED chips used
as the pump excitation source, the rare earth phosphor used as
luminescent convertor, and the organic resin used as
encapsulating material, the three critical components in pc-
WLEDs.9 In detail, a high junction temperature can result in a
decrease in luminous efficiency of LED chips as well as obvious
wavelength shift of their dominant emission, an order of
magnitude reduction of the phosphor emission due to the

thermal quenching effect, serious decreases in optical trans-
mittance caused by the yellowing and carbonizing of the
organic resin because of chemical bond breakage. Thus, the
optical performance of pc-WLEDs, such as luminous efficiency
and chromaticity, deteriorates after a period of operation and
the lifetime of pc-WLEDs shortens.7,9,10 In summary, thermal
management has become an urgent and hot issue as a great
challenge for the fabrication of high-power pc-WLEDs for
future general lighting.
Luminescent glasses are important materials with excellent

thermal resistance, and can simultaneously play the same key
roles of luminescent convertor and encapsulating material as
the conventional phosphor powder and organic resin,
respectively, used in pc-WLEDs. Moreover, they do not exhibit
the light scattering loss of the traditional slurry mixed with
phosphor and organic resin, caused by the large difference in
refractive index between them,11 and can give homogenously
emitted light, which is too difficult to realize in traditional slurry
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because of the nonuniform dispersion of phosphor in the
organic resin.12 Therefore, luminescent glass based WLEDs
(LG-WLEDs) are strongly expected to be an interesting and
excellent alternative approach to traditional pc-WLEDs
fabricated by combining InGaN-based LED chips, with
phosphor and organic resin.
Recently, many efforts have been made to develop

luminescent glasses for LG-WLEDs.13−16 In 2005, Fujita and
Tanabe reported excellent thermal resistance properties for
glass-ceramic YAG: Ce3+ and demonstrated its application in
WLEDs.17,18 However, this WLEDs still suffered from a low
color-rendering index (CRI) and high correlated color
temperature (CCT) because of a scarcity of red emission. In
2012, Li and da Cunha Andrade et al. reported Eu2+-doped low-
silica calcium aluminosilicate (LSCAS) glass, with broad and
intense orange-red light emission and the maximum
luminescence quantum efficiency reported in the literature
was about 50%.19,20 Unfortunately, it is very difficult to improve
CRI and decrease CCT by simply combining YAG: Ce3+ glass-
ceramic and LSCAS: Eu2+ glass in LG-WLEDs like the
phosphors in pc-WLEDs. Therefore, many tridoped systems
were reported, including Tm3+-Tb3+-Mn2+-tridoped glass or
glass-ceramic,21,22 Ce3+-Tb3+-Sm3+-tridoped glass,23 Ce3+-Tb3+-
Eu3+-tridoped glass,24,25 and Ce3+-Tb3+-Mn2+-tridoped
glass.26−28 However, some of these glasses are poor in
mechanical and chemical stability, some cannot be excited
effectively because of weak f−f absorption, and others are not
very suitable for UV-LED chips ascribed to their maximum
excitation wavelengths in deep UV.
In this paper, we report for the first time single-composition

tunable white-emitting SLSAKP: Ce3+, Tb3+, Mn2+ glasses, and
discuss in detail the energy transfer from Ce3+ to Tb3+ and
Mn2+. In addition, the thermal quenching properties of
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass were also
investigated. The heat-resistance, thermal-induced degradation,
and thermal conductivity properties of the SLSAKP: 0.3%Ce3+,
2.0%Tb3+, 2.0%Mn2+ glass were compared with those of epoxy
resin. As-fabricated LG-WLEDs was also successfully demon-
strated.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. SLSAKP and SLSAKP: xCe3+, yTb3+,

zMn2+ glasses were prepared by the conventional melt-quenching
method. The mother glass had a composition (mol %) of 45SiO2−
30Li2O−15SrO−5Al2O3−3K2O−2P2O5. The raw materials were
analytical purity SiO2, Al2O3, Li2CO3, SrCO3, K2CO3, MnCO3, and
NH4H2PO4, and high-purity rare earth oxides CeO2 (4N) and Tb4O7
(4N). The chosen mixtures of the corresponding raw materials were
thoroughly ground with an agate mortar and pestle, and then melted in
corundum crucibles at 1500 °C for 90 min in thermal-carbon reducing
atmosphere. The melts were cast into preheated (500 °C) graphite
molds and annealed in a muffle furnace at 500 °C for 2 h in ambient
atmosphere to relieve the internal stress. Finally, they were cooled to
room temperature. The as-synthesized glasses were cut and carefully
polished into specimens of ∼3 mm thickness to meet the requirements
for optical measurements. Each side of the as-synthesized glass was
lapped with emery of about 400 Mesh for 10 min in a rough-polishing
process. The triple-color phosphor mixture was made by appropriately
adjusting the ratio of commercial BaMgAl10O17: Eu2+ (blue),
(Ba,Sr)2SiO4: Eu

2+ (green) and Y2O2S: Eu
3+ (red) phosphors. The

epoxy resin plate (∼2 mm) was composed of IK0010(A) and
IK0010(B) epoxy (ratio of A to B is 1:1). The COB LED modules
consisted of a 3 × 3 array of UV (∼370 nm) chips.
2.2. Measurements and Characterization. Absorption and

transmittance spectra were recorded with a Cary 5000 UV−vis−NIR

spectrophotometer (Varian) equipped with double out-of-plane
Littrow monochromator. The photoluminescence excitation (PLE)
and photoluminescence (PL) spectra within the temperature range
296−498 K as well as the decay curves were measured using an
Edinburgh Instruments FSP920 time-resolved and steady -state
fluorescence spectrometers equipped with a 450 W Xe lamp, a 150
W nF900 flash lamp, TM300 excitation monochromator and double
TM300 emission monochromators and thermoelectric cooled red-
sensitive PMT. The spectral resolution of the steady measurements
was about 0.05 nm in UV−vis. The sample was mounted in an Oxford
OptistatDN2 nitrogen cryostat for PLE and PL measurements above
room temperature. The room temperature quantum efficiency (QE) of
the sample was measured using a barium sulfate coated integrating
sphere (150 mm in diameter) attached to the FSP920. Epoxy resin was
chosen as a reference to test thermal-resistance. The aging temperature
was set at 150 °C. The epoxy resin plate and SLSAKP: 0.3%Ce3+, 2.0%
Tb3+, 2.0%Mn2+ glass were exposed at 150 °C in the oven for the
prescribed time period. The thermal conductivity was measured using
a Hot Disk TPS 2500 Thermal Constants Analyzer. Electro-
luminescence (EL) spectra were recorded at a forward-current and
measured using an Ocean Optics Instruments QE65000.

3. RESULTS AND DISCUSSION
3.1. Spectroscopic Properties of SLSAKP: xCe3+, yTb3+,

zMn2+ Glasses. Figure 1 shows the absorption spectra of the

Figure 1. Absorption spectra of SLSAKP, SLSAKP: 0.3%Ce3+,
SLSAKP: 1.0%Tb3+, SLSAKP: 0.5%Mn2+, and SLSAKP: 0.3%Ce3+,
4.0%Tb3+, 2.0%Mn2+ glasses. The inset is the magnification of the
absorption spectra in the range 300−500 nm.

Figure 2. PLE and PL spectra of (a) SLSAKP: 0.3%Ce3+, (b)
SLSAKP: 1.0%Tb3+, and (c) SLSAKP: 0.3% Ce3+, 1.0% Tb3+ glasses.
The Gaussian fitting sub-bands of the emission curve of the SLSAKP:
0.3%Ce3+ glass are also shown in a.
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obtained SLSAKP, SLSAKP: 0.3%Ce3+, SLSAKP: 1.0%Tb3+,
SLSAKP: 0.5%Mn2+ and SLSAKP: 0.3%Ce3+, 4.0%Tb3+, 2.0%
Mn2+ glasses. The SLSAKP glass has only a strong absorption
band below 250 nm, ascribed to its intrinsic host absorption.
The SLSAKP: 0.3%Ce3+ glass exhibits an intense broadband
absorption from 250 to 380 nm, because of the allowed 4f→5d
transition of Ce3+ ions. Compared with the host glass, the
absorption edge of the SLSAKP: 0.3%Ce3+ shows an obvious
red-shift from ∼264 to ∼365 nm. For the SLSAKP: 1.0%Tb3+

glass, there are several weak sharp peaks at around 317, 351,
377, and 484 nm, attributed to the forbidden 7F6→(5H7,

5D0, 1),
7F6→(5L9,

5G4),
7F6→(5D3,

5G6), and
7F6→

5D4 transitions of
Tb3+ ions, respectively, as shown in the inset of Figure 1.29 For
the SLSAKP: 0.5%Mn2+ glass, one weak sharp peak at about

418 nm, assigned to the forbidden 6A1(S) → 4A1(G),
4E(G)

transitions, is carefully observed in the inset of Figure 1. The
absorption spectrum of the tridoped SLSAKP glass shows the
same characteristic features of all ions, Ce3+, Tb3+, and Mn2+, as
those of the single ion-doped glasses.
Figure 2 shows the PLE and PL spectra of SLSAKP: 0.3%

Ce3+, SLSAKP: 1.0%Tb3+ and SLSAKP: 0.3%Ce3+, 1.0%Tb3+

glasses. As shown in Figure 2a, the PLE spectrum shows a
broad band from 250 to 380 nm, assigned to the allowed
transitions from the ground state to the crystal-field splitting
levels of the 5d1 state of Ce3+. The intense excitation broadband
of Ce3+ in this glass matches well with the emitted light of the
UV-LED chips. Under excitation at 356 nm, SLSAKP: 0.3%
Ce3+ shows an asymmetric emission band (370−500 nm) with
a maximum at 407 nm, ascribed to the 4f05d1→4f1 transitions
of Ce3+. The emission band was deconvoluted into two well-

Figure 3. (a) PL spectra (λex = 356 nm) of SLSAKP: 0.3%Ce3+, yTb3+

(y = 0, 1.0, 2.0, 4.0%). The inset shows the dependence of the PL
intensities of Ce3+ and Tb3+ on Tb3+ concentration in SLSAKP: 0.3%
Ce3+, yTb3+. (b) Decay curves (λex = 356 nm, λem = 407 nm) of Ce3+

in SLSAKP: 0.3%Ce3+, yTb3+ (y = 0, 1.0, 2.0, 4.0%).

Figure 4. PLE and PL spectra of (a) SLSAKP: 0.3%Ce3+, (b)
SLSAKP: 0.5%Mn2+, and (c) SLSAKP: 0.3%Ce3+, 2.0%Mn2+ glasses.

Figure 5. PL spectra (λex = 356 nm) of SLSAKP: 0.3% Ce3+, yTb3+,
zMn2+ glasses (G1: y = 2.0%, z = 0.5%; G2: y = 2.0%, z = 1.0%; G3: y
= 2.0%, z = 2.0%; G4: y = 1.0%, z = 2.0%; G5: y = 4.0%, z = 2.0%).

Figure 6. CIE chromaticity diagram of SLSAKP: 0.3%Ce3+, SLSAKP:
1.0%Tb3+, SLSAKP: 0.5%Mn2+, and SLSAKP: 0.3%Ce3+, yTb3+, zMn2+

glasses (G1: y = 2.0%, z = 0.5%; G2: y = 2.0%, z = 1.0%; G3: y = 2.0%,
z = 2.0%; G4: y = 1.0%, z = 2.0%; G5: y = 4.0%, z = 2.0%). Inset shows
digital photographs of SLSAKP: 0.3%Ce3+, SLSAKP: 1.0%Tb3+,
SLSAKP: 0.5%Mn2+, and SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+

glasses under 365 nm UV lamp irradiation.
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separated Gaussian components at 404 and 444 nm, attributed
to the 5d→2F5/2 and 5d→2F7/2 transitions, respectively. The
energy difference between these two sub-bands was calculated
to be ∼2230 cm−1, which is close to the theoretical value of
∼2000 cm−1.30 As shown in Figure 2b, the SLSAKP: 1.0%Tb3+

glass exhibits a broad excitation band at 264 nm and some
sharp peaks in the range 300−500 nm. The former is caused by
the allowed 4f8→4f75d1 transition of Tb3+ while the latter are
derived from its intra-(4f) transitions. Under 377 nm excitation,
the emission spectrum shows the characteristic optical
transitions of Tb3+ at about 414, 434, 458, 486, 542, 585, and
620 nm, due to 5D3→

7F5,
5D3→

7F4,
5D3→

7F3,
5D4→

7F6,
5D4→

7F5,
5D4→

7F4, and
5D4→

7F3, respectively. The existence
of a spectral overlap between the emission spectrum of
SLSAKP: 0.3%Ce3+ and the excitation spectrum of SLSAKP:
1.0%Tb3+ is obvious, indicating that an energy transfer may
occur in the SLSAKP host, where Ce3+ and Tb3+ ions act as
energy donor and acceptor, respectively.

From Figure 2c, it is obvious that SLSAKP: 0.3%Ce3+, 1.0%
Tb3+ shows almost the same PLE features of Ce3+ and the
characteristic features of Tb3+ itself when the 5D4→

7F5 emission
(λem = 542 nm) of Tb3+ was monitored. Furthermore, the
excitation spectrum (λem = 542 nm) of SLSAKP: 0.3%Ce3+,
1.0%Tb3+ is similar to that (λem = 407 nm) of the singly Ce3+-

Figure 7. PL spectra of the (a) SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass (λex = 356 nm) and (b) commercial white-emitting phosphor mixture
(λex = 370 nm) in the temperature range 298−498 K. (c) Variation in CIE chromaticity coordinates at different temperatures (red star: SLSAKP:
0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass; blue star: commercial white-emitting phosphor mixture).

Figure 8. Chromaticity shift of the SLSAKP: 0.3%Ce3+, 2.0%Tb3+,
2.0%Mn2+ glass (λex = 356 nm) and the commercial white-emitting
phosphor mixture (λex = 370 nm) as a function of temperature.

Figure 9. (a) Integrated intensity of the SLSAKP: 0.3%Ce3+, 2.0%
Tb3+, 2.0%Mn2+ glass and the commercial white-emitting phosphor
mixture in the temperature range 298−498 K. (b) Plots of ln(I0/IT −
1) versus 1/kBT for the SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+

glass.
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doped glass. The presence of the Ce3+ absorption band in the
excitation spectrum of the green emission of Tb3+ suggests the
existence of an energy transfer process from Ce3+ to Tb3+ in
SLSAKP: 0.3%Ce3+, 1.0%Tb3+.
Figure 3a shows the PL spectra of SLSAKP: 0.3%Ce3+, yTb3+

(y = 0, 1.0, 2.0, 4.0%) glasses under excitation at 356 nm. The
emission spectra contain a blue-violet emission of Ce3+ at 407
nm and a series of strong emission lines of Tb3+ at 486, 542,
585, and 620 nm. With increasing Tb3+ concentration, the
emission intensity of Ce3+ decreases gradually while the

emission intensity of Tb3+ increases monotonically. The
dependence of the integrated emission intensities of Ce3+ and
Tb3+ on the Tb3+ concentration is also shown in the inset of
Figure 3a. These results indicate that an efficient energy transfer
takes place from Ce3+ to Tb3+. Therefore, tunable multicolor
emissions from blue-violet light to green light are strongly
expected in SLSAKP: 0.3%Ce3+, yTb3+ glasses through the
Ce3+→Tb3+ energy transfer.
To further evaluate the efficiency of the energy transfer from

Ce3+ to Tb3+, we measured the decay curves of Ce3+ in
SLSAKP: 0.3%Ce3+, yTb3+ and are represented in Figure 3b.
The decay curve of SLSAKP: 0.3%Ce3+ was well fitted with a
typical single exponential function, and the Ce3+ lifetime was
determined to be about 45.14 ns. With increasing Tb3+

concentration, the lifetime of Ce3+ ions gradually decreases in
SLSAKP: 0.3%Ce3+, yTb3+ and its values are 42.64 ns for y =
1.0%, 40.85 ns for y = 2.0% and 37.03 ns for y = 4.0%. These
results further prove the existence of energy transfer from Ce3+

to Tb3+. We also evaluated the energy transfer efficiency.
Generally, the efficiency of energy transfer from a sensitizer to
an activator can be expressed by the following eq 131−33

η τ
τ

= −1T
0 (1)

where τ0 and τ are the lifetimes of the sensitizer in the absence
and presence of the activator, respectively. The energy transfer
efficiency (ηCe−Tb) from Ce3+ to Tb3+ in SLSAKP: 0.3%Ce3+,
yTb3+ were calculated as a function of Tb3+ content and are
shown in the inset of Figure 3b. It is clear that ηCe−TbI increases
with Tb3+ dopant content. The maximum value is about 18% at
y = 4.0%.
The PLE and PL spectra of SLSAKP: 0.3%Ce3+, SLSAKP:

0.5%Mn2+ and SLSAKP: 0.3%Ce3+, 2.0%Mn2+ are shown in
Figure 4. In Figure 4b, the emission spectrum of SLSAKP: 0.5%
Mn2+ shows a broad red emission band centered at 612 nm
ascribed to the 4T1(

4G)→6A1(
6S) transition of Mn2+ ions. The

excitation spectrum contains three bands centered around 257,
355, and 418 nm, which correspond to the allowed Mn−O
charge transfer transition and the two spin-forbidden transitions
from 6A1(

6S) to 4T2(
4D) and 4A1(G),

4E(G), respectively.34 As
shown in Figure 4a, the Ce3+ emission spectrum shows an
overlap with the excitation spectrum of Mn2+ in a wavelength

Table 1. CIE Chromaticity Coordinates of Luminescent
Glass (SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+) and
Commercial White-Emitting Phosphor Mixture under 356
and 370 nm Excitation, Respectively, In the Temperature
Range 298−498 K

CIE coordinatesa

T (K) *A *B

298 (0.288,0.305) (0.313,0.316)
323 (0.285,0.308) (0.319,0.313)
348 (0.282,0.309) (0.324,0.311)
373 (0.279,0.312) (0.327,0.307)
398 (0.276,0.316) (0.328,0.304)
423 (0.273,0.320) (0.328,0.297)
448 (0.270,0.323) (0.323,0.286)
473 (0.269,0.330) (0.320,0.272)
498 (0.267,0.334) (0.316,0.252)

a*A, luminescent glass; *B, commercial white-emitting phosphor
mixture.

Figure 10. (a) Photographic images of the epoxy resin and the
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass after heating at 150 °C
for different aging time (t = 0, 48, 96, 144, 192, 240 h). (b)
Transmittance spectra of (b) the epoxy resin and (c) the SLSAKP:
0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass after heating at 150 °C for
different aging time (t = 0, 48, 96, 144, 192, 240 h).

Figure 11. Photographic images of (left) the mirror- and (right) the
rough-polished SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glasses: (a)
under white-emitting fluorescent lamp; (b) under 365 nm UV lamp.
(c) The conceptual and actual fabrication process of LG-WLEDs
based on combination of COB and luminescent glass.
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range 370−450 nm, which indicates a possible energy transfer
from Ce3+ to Mn2+. As shown in Figure 4c, the excitation
spectrum of the red emission of Mn2+ at 612 nm is almost
consistent with the typical excitation spectrum of the blue-
violet emission of Ce3+ at 407 nm, as shown in Figure 4a. This
result indicates the occurrence of an energy transfer from Ce3+

to Mn2+ ions. The excitation intensity of SLSAKP: 0.5%Mn2+

was also compared with that of SLSAKP: 0.3%Ce3+ under the
same measurement conditions. It is obviously seen in Figure 4a
that Mn2+ shows much lower excitation intensity than Ce3+ in
the same wavelength range (330−400 nm). This suggests that
Ce3+ rather than Mn2+ is mainly excited under 356 nm UV
light. Under the excitation of 356 nm, the emission spectrum of
SLSAKP: 0.3%Ce3+, 2.0%Mn2+ exhibits an intense blue-violet
emission of Ce3+ at 407 nm and another weak orange-red band
of Mn2+ at 620 nm. These results further support the existence
of an energy transfer from Ce3+ to Mn2+ in the SLSAKP: Ce3+,
Mn2+ glasses. As shown in Supporting Information (Figure S1),
the energy transfer efficiency (ηCe−Mn) was also evaluated to be
about 22.1% at z = 2.0%, and this value is not high enough.
Figure S2 in the Supporting Information simply describes the
energy transfer mechanism from Ce3+ to Tb3+ and Mn2+.
Through the energy transfer process between Ce3+ and Tb3+/
Mn2+, it is possible to obtain white light in the SLSAKP host by
codoping the three ions and appropriately adjusting their
concentrations.
As shown in the inset of Figure 6, Ce3+, Tb3+, and Mn2+

singly doped glasses give blue-violet, green, and orange-red
emissions under 365 nm UV lamp irradiation. Their CIE color
coordinates were calculated to be about (0.161, 0.077), (0.292,
0.487), and (0.479, 0.480), respectively. On the basis of the
above results of energy transfer from Ce3+ to Tb3+ and Mn2+, it
was therefore expected that white light emission may be
obtained by simply adjusting the content ratio of Tb3+/Mn2+ in
Ce3+, Tb3+, and Mn2+ triply doped glasses. The PL spectra and
CIE chromaticity diagram of the SLSAKP: 0.3%Ce3+, yTb3+,
zMn2+ glasses are shown in Figures 5 and 6, respectively. As
shown in Figure 5a, the emission intensity of Mn2+ slightly
increases and that of Ce3+ or Tb3+ decreases with increasing
Mn2+ concentration in SLSAKP: 0.3%Ce3+, 2.0%Tb3+, zMn2+.
Consequently, the glasses emit tunable light from cyan to white
color. As shown in Figure 5b, as the concentration of Tb3+

increases, the emission intensity of Tb3+ increases, that of Ce3+

decreases, and that of Mn2+ shows almost no change.
Therefore, the emission color of the glasses is tuned from

bluish white to white and greenish white. Photographic images
of SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ (G3 glass) are
shown in the inset of Figure 6. It is clearly seen that SLSAKP:
0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ emits an intense white light
under 365 nm UV lamp irradiation. The QE of this glass was
recorded using an integrating sphere attached to the FSP920.
QE is defined as the ratio of the number of emitted photons
(Iem) to the number of absorbed photons (Iabs), and can be
calculated by the following eq 216,35

∫
∫ ∫

= =
−

QE
I
I

L

E E
em

abs

S

R S (2)

where ER, ES are the spectra of the excitation light without and
with the sample in the integrating sphere, respectively, and LS is
the luminescence emission spectrum of the sample in the
integrating sphere. All the recorded spectroscopic data were
corrected with the correction files supplied by the manufac-
turer. The QE of the SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+

glass was measured and calculated to be about 19% under 356
nm excitation.

3.2. Thermal Behaviors of Dual Functional SLSAKP:
xCe3+, yTb3+, zMn2+ Glasses as Luminescent Convertor
and Encapsulating Material. The thermal quenching
properties of luminescent materials are one of the major
considerations for their practical application in high-power
WLEDs. Figure 7 shows the temperature dependences of the
emission spectra and the chromaticity shift of SLSAKP: 0.3%
Ce3+, 2.0%Tb3+, 2.0%Mn2+ under 356 nm excitation and a
commercial white-emitting phosphor mixture under 370 nm
excitation. With increasing temperature, the integrated emission
intensity of both the SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+

glass and the commercial white-emitting phosphor powder
gradually decreases as shown in Figure 9a. At 373 and 423 K,
the emission intensity of the glass remains about 84.56 and
71.02%, of that observed at 298 K, respectively. Comparatively,
the commercial tricolor phosphor mixture maintains higher
thermal stability, with about 99.35 and 94.81% white emission
intensity at 373 and 423 K, respectively, of that at 298 K. We
also determined the activation energy for thermal quenching.
The activation energy (Ea) can be expressed by eq 336,37

=
+ −( )

I
I

A1 exp E
k T

T
0

a

B (3)

Figure 12. EL spectra (left) and chromaticity diagram (right) of the as-fabricated LG-WLEDs combining SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+

glass with UV-COB under an operating current of 40 mA.
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where I0 is the initial emission intensity, IT is the intensity at
different temperatures, Ea is activation energy of thermal
quenching, A is a constant, and kB is the Boltzmann constant
(8.617 × 10−5 eV/K). The Ea for the SLSAKP: 0.3%Ce

3+, 2.0%
Tb3+, 2.0%Mn2+ glass sample was determined to be ∼0.236 eV.
As shown in Figure 7c, both the SLSAKP: 0.3%Ce3+, 2.0%

Tb3+, 2.0%Mn2+ glass and the commercial white-emitting
phosphor powder show a slight chromaticity shift with
increasing temperature. The CIE chromaticity coordinates of
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass with 365 nm
excitation and commercial white-emitting phosphor mixture
under 370 nm excitation in the temperature range 298−498 K
are summarized in Table 1. The former shows higher thermal
stability than the latter. The chromaticity shift (ΔE) was
calculated using the following eq 438

Δ = ′ − ′ + ′ − ′ + ′ − ′E u u v v w w( ) ( ) ( )t t to
2

o
2

o
2

(4)

where u′ = 4x/(3 − 2x + 12y), v′ = 9y/(3 − 2x + 12y), and w′
= 1 − u′ − v′. u′ and v′ are the chromaticity coordinates in u′v′
uniform color space, x and y are the chromaticity coordinates in
CIE 1931 color space, and o and t are the chromaticity shift at
298 K and a given temperature, respectively. As shown in
Figure 8, the chromaticity shift of SLSAKP: 0.3%Ce3+, 2.0%
Tb3+, 2.0%Mn2+ is 2.94 × 10−2 at 498 K, only 57% of that of
the triple-color white-emitting phosphor mixture at the same
temperature. This serious chromaticity shift of the commercial
white-emitting phosphor mixture is caused by the large
differences in the thermal quenching behaviors of rare earth
luminescent ions in different hosts, as shown in Figure S3 in the
Supporting Information.
As an alternative to epoxy resin as an encapsulating material

in WLEDs, the glasses should have high transparency and
thermal conductivity at the high junction temperature of high-
power LED chips for general lighting applications. Figure 10
shows photographic images and the transmittance spectra of
the epoxy resin and the SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%
Mn2+ glass after thermal aging at 150 °C for different durations.
In Figure 10a, it is obvious that the epoxy resin gradually
becomes more and more brown as the thermal aging time
increases, owing to the irreversible oxidation of the organic
compounds.9 In contrast, the glass exhibits almost no change in
body color. The differences in body color between the
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass and epoxy
resin are directly associated with the differences in their
transmittance spectra. As shown in Figure 10b, as the thermal
aging time increases, the absorption edge of the epoxy resin
exhibits obvious red shift, whereas the glass shows almost no
shift. Furthermore, it is clearly seen in Figure 10b that as the
thermal aging time increases, the transmittance of the epoxy
resin decreases across the whole wavelength range of 300−800
nm, whereas the glass shows only a tiny decrease. At the 370
nm emission of the UV-COB, the SLSAKP: Ce3+, Tb3+, Mn2+

glass shows no transmittance loss while the epoxy resin exhibits
61.62% transmittance at t = 0 and 11.09% at t = 240 h. In other
words, the epoxy resin exhibits 82% transmittance loss after
thermal aging at 150 °C for 240 h. These results indicate that
the thermal aged epoxy resin will compete with the phosphor
to absorb the 370 nm emission from the UV-COB and will
absorb the visible emissions from the phosphor, which will
seriously degrade the total luminous efficiency of the WLEDs at
high junction temperature. Comparatively, the as-synthesized
glass shows excellent heat-resistance performance. In addition,

the luminous efficiency of the UV-COB will seriously decrease
at high junction temperature in general.9,39 Therefore, it is
important for WLEDs to conduct heat at large drive current.
We thus also measured the thermal conductivity of the
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass and the epoxy
resin. The thermal conductivity of the glass is 1.07 W/mK, six
times larger than that of the epoxy resin (0.17 W/mK),40 which
is important for UV-COB to conduct heat away and
consequently maintain a high efficiency and stable chromaticity
of the WLEDs. In summary, the white-emitting glass shows
good heat-resistance behavior, excellent thermal aging behavior
and high thermal conductivity. Therefore, it is strongly
expected to be an alternative to epoxy resin as an encapsulating
material in high-power WLEDs.

3.3. Fabrication of Organic-Resin-Free LG-WLEDs
Based on SLSAKP: xCe3+, yTb3+, zMn2+ glasses. Figure
11 (a, left) and (b, left) show the photographic images of the
polished SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass sample
under white-emitting fluorescent lamp and 365 nm UV lamp,
respectively. The glass shows high transparency under the
white-emitting fluorescent lamp and gives brighter white light
at the edges than in the middle under 365 nm UV lamp
irradiation. After treatment, the surface of the glass becomes
rough and the glass is not very transparent as shown in Figure
11 (a, right), and as-treated glass gives an almost homogeneous
white light emission as shown in Figure 11 (b, right), which is
extremely important for WLEDs to be used in general lighting.
To further demonstrate the potential application of SLSAKP:
Ce3+, Tb3+, Mn2+ glass, we fabricated a WLEDs prototype by
simply placing a plate of the SLSAKP: 0.3%Ce3+, 2.0%Tb3+,
2.0%Mn2+ glass on a UV-COB (3 × 3 multiple UV-LED chips)
excitation source. Figure 11c illustrates the conceptual and
actual fabrication process of the LG-WLEDs. It is clearly seen
that the device prototype emits uniform white light at 40 mA
forward-bias current (IF). Figure 12 (left) shows the electro-
luminescence (EL) spectra of the naked UV-COB and LG-
WLEDs under IF = 40 mA. The EL spectra show a UV band at
around 370 nm, which belongs to UV-COB, and several
emission bands and peaks in the 400−800 nm region, where
blue-violet emission centered at 407 nm is ascribed to Ce3+,
green emission centered at 486, 542, 585, and 620 nm owing to
Tb3+, and orange-red emission centered at 620 nm from Mn2+

ions. It is also seen in Figure 12 (left) that intense UV light
passes through the glass, which is harmful to human body in
practical application. Therefore, to enhance the absorption in
UV wavelength region, glass-ceramic may be obtained via well-
controlled thermal treatment for the as-synthesized glass, which
is under our future consideration. As illustrated in Figure 12
(right), the CIE color coordinates and CCT of the as-fabricated
LG-WLEDs are (x = 0.335, y = 0.339), 5379 K under IF = 40
mA, which is close to ideal white light.

4. CONCLUSION
In conclusion, we have synthesized a series of novel
bifunctional single-component white-emitting SLSAKP:
xCe3+, yTb3+, zMn2+ glasses by utilizing the principle of energy
transfer and properly adjusting the activator contents via the
conventional melt-quenching method. These glasses are able to
serve as both luminescent convertor and encapsulating material
in pc-WLEDs. The as-synthesized SLSAKP: 0.3%Ce3+, 2.0%
Tb3+, 2.0%Mn2+ glass shows good thermal stability, incon-
spicuous chromaticity shift, better high-temperature resistance,
and higher thermal conductivity. These are rare but desirable
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characteristics that are not present in the phosphors used as
luminescent convertor and the epoxy resin used as the
encapsulating material in pc-WLEDs. LG-WLEDs based on
SLSAKP: 0.3%Ce3+, 2.0%Tb3+, 2.0%Mn2+ glass and UV-COB
was successfully fabricated, and the CIE color coordinates and
CCT of the as-fabricated LG-WLEDs are (0.335, 0.339) and
5379 K, respectively. These results indicate that SLSAKP: Ce3+,
Tb3+, Mn2+ glass may serve as a potential bifunctional white-
light-emitting material for LG-WLEDs pumped by UV-LED
chips, especially high-power UV-COB.
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