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Abstract. Polychromatic tunable visible light emission in the region of the low correlated color temperature range
using Dy3*/Tb3* codoped PbGeO;:PbF,:CdF, glass phosphor under UV-blue LED light excitation is pre-
sented. The glass phosphor was synthesized and the light emission feature was examined under UV-blue
(353, 375, 385, and 405 nm) excitation. Emission around 484, 573, 663, and 754 nm due to dysprosium,
and 488, 545, 585, 620, and 690 nm owing to terbium ions, was observed and analyzed as a function of
the dysprosium and terbium contents and excitation wavelength. The excitation spectrum was examined
and showed resonance peaks around 385 nm for the 573-nm emission of Dy3*, and 375 nm for the
545 nm of Tb3". Energy-transfer process from Dy3* (*Fg») to Tb3"(°D,) was also observed. Results indicated
that the polychromatic visible light emitter herein reported produced light possessing tunable color tone via exci-
tation wavelength and ions’ mass ratio. The tint of the tunable overall emission resided in the warm region of the
white-light boundary of the CIE-1931 chromaticity diagram. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

A great deal of interest has recently been devoted to the devel-
opment of a new generation of lighting sources to replace con-
ventional incandescent and fluorescent illuminants. Lighting
technology based upon light-emitting diodes (LEDs) incorpo-
rates an irreplaceable variety of advantages over daily
used incandescent and conventional fluorescent illuminants.
They offer much lower energy consumption, apart from
being highly reliable, and incorporating environmental-
friendly production technology.'” The LED-based lighting
systems are regarded nowadays as the next generation
solid-state illumination technology® since the realization of
white LEDs.*” The LED-based sources incorporate valuable
properties, which include low power consumption, high elec-
trical energy to light conversion efficiency, long-life, low-cost,
and easy maintenance. Moreover, they incorporate environ-
mental advantages because their production does not require
emission of greenhouse gases (CO,) and produces no mercury
pollution.’ The approaches to generate white-light using
LEDs' are basically color addition using LEDs producing
the RGB pattern, or visible light multicolor emission from
UV/blue excited rare-earth doped phosphor. White LED
light via a blueLED and a yellow emitting phosphor is the
most utilized approach nowadays, due to the low cost, easy
fabrication process, and high brightness emission,® despite
the fact that this technique suffers from a low color rendering
index and the generated white-light changes with excitation
power and/or temperature.'® The absence of red components
prevents the generation of light in the red spectral region of the
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low correlated color temperature (CCT < 3500K). Color
tunability includes versatility to the multicolor phosphor for
application in the so-called “smart light” technology.
Emission color tunability in several rare-earth doped phosphor
materials induced via excitation power,''™!* temperature,'*!
and adjustment of the active ions’ concentration combination
has been demonstrated by many.'"'%!" In the past few years,
several reports have been devoted to the search for warm-light
emission phosphors using combinations of rare-earth
doping including Eu**/Tb**, Eu’t/Dy3*, Eu’t/Ce’t,
Eu3+/Er3+’ Tm3+/Dy3+, Tm3+/Dy3+/sm3+,l7—l9,2&27 and
in Tb*/Dy>t-codoped silicate,”® Ca0-Al,05-B,0;-
RE,0;,® lead-borate,”® and zinc-phosphate®® glasses.
Bearing that in mind, the search for alternative materials is
demanded and fluorogermanate-based glass upsurges as a via-
ble candidate for application in rare-earth doped based
upconverters.®'~*® The fluorogermanate host material presents
very good optical quality, is stable against atmospheric mois-
ture, and exhibits low optical attenuation in the 0.4 to 5.0-ym
spectral region. The material also exhibits high solubility
allowing the incorporation of high lanthanide concentrations
apart from being nonhygroscopic and possesses high thermal
stability against crystallization. In this work, tunable polychro-
matic light in the low-correlated color temperature range using
Dy**+ /Tb**-codoped phosphor is presented. Color tunability
was achieved by changing both the concentration and excita-
tion wavelength.

2 Experimental Methods

The Dy3*t/Tb3*-codoped glass samples were prepared
according to the protocol described in detail elsewhere.*'~
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The synthesis was performed with reagent grade PbF, and
CdF, (P.A. Aldrich) and glassy PbGeOjs. Starting reagents
were mixed in an agate mortar using n-heptane as the homog-
enizing medium.*® After melting in an open Pt-Au crucible at
800°C for 30 min in air, liquids were quenched at room tem-
perature in graphite molds. Some 30 min annealing treatments
at temperatures around the glass transition were performed.
Rare-earth ions were introduced in the form of oxides
(in several different concentrations). Starting PbGeO; glass
was obtained using PbO (P.A. Aldrich) and GeO, (PA.
Aldrich) mixed and melted at 800°C for 30 min and quenched
to room temperature between two copper plaques. The sam-
ples labeled with numbers had concentration combinations as
follows: 0.25Dy/xTb [x = 0.25(1), 0.50(2), 0.75(3), 1.00
4)]; 0.50Dy/xTb [x = 0.50(5), 0.75(6), 1.00(7)]; and
0.75Dy/xTb [x = 0.50(8), 0.75(9), 1.00(10)], in mol%.
LED-based excitation sources operating at 353, 375, 385,
and 405 nm were employed. The luminescence signal was
collected and directed to a fiber-integrated UV-VIS-NIR
spectrograph (Ocean Optics HR4000) with an operating res-
olution of <1.0 nm. All spectra presented in this communica-
tion were handled employing the proper (Ocean Optics-
SpectraSuite) software of the spectrometer. The data were
stored and analyzed in a personal computer using commer-
cially available software. The spectra were converted into
CIE coordinates using an especially designed software
(SPECTRA LUX—Ponto Quéntico)RENAMI—Recife—
Brazil) to convert and correct the light detector spectral
response of the emission Iuminescence, to CIE-1931
coordinates.

3 Results and Discussion

Figure 1 exhibits the typical excitation spectra for both active
ions in the wavelength region of interest of our measurements.
The excitation spectra were obtained by exploiting the *F, /2=
®H,3/, and "Dy — "Fg of Dy*"Tb*" ions, respectively. The
spectra of the main three excitation sources employed in the
experiment are also indicated in the figure. Figure 2 shows typ-
ical emission spectra of the 80PbGeOs : 10PbF, : 10CdF, phos-
phors single-doped with Dy3* (1.0 mol%) [Fig. 2(a)] excited at
385 nm and Tb* (1.0 mol%) excited at 375 nm [Fig. 2(b)].

6r— Dy excitation(r,_ = 574 nm)
—— Tb excitation(A_ = 543 nm) D

5 a ° ALK
—— UV-LED(laser) 13/2 17/2

UV-LED
| — Blue-LED(laser)

Excitation intensity(a.u.)
w

A

0
320 330 340 350 360 370 380 390 400 410 420
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Fig. 1 Excitation spectra of the 80PbGeO53/10PbF,/10CdF, glass
doped with Dy®* and Tb®* ions. The spectral content of the excitation
sources is also indicated in figure.
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The emission spectrum [Fig. 2(a)] depicted four distinct visible
emission bands around 484 (blue), 573 (yellow), 663 (red),
and 754 nm due to dysprosium, which were assigned, respec-
tively, to the electric dipole dysprosium *Fy/, — ®Hjs,,
4F9/2 - 6H13/2, 4F9/2 Ed 6H11/2, and 4F9/2 d 6H9/2 transi-
tions (see energy-level diagram of Fig. 3). Low intensity emis-
sion around 835 nm was observed and it was assigned to
“Fy /2 = H, 2. Terbium ions emissions around 383, 483
(blue), 543 (green), 586 (yellow-red), and 620 nm (red) that
originated from the °D; — 'Fq, Dy — 'Fg, D, — 'Fs,
Dy — 'F,, and D, — "F; transitions (see Fig. 3), respec-
tively, are portrayed in Fig. 2(b). It is important to point out
here that there exists an almost resonant overlap region between
terbium “Fg — °D, absorption spectrum and dysprosium
“Fy 2= %H,s 2 emission, which favors the energy-transfer
mechanism from Dy3* to Tb** ions, as indicated in the sim-
plified energy-level diagram of Fig. 3. The dysprosium to
terbium energy-transfer process has already been thoroughly
investigated®” and demonstrated elsewhere by many.”*=" In
order to infer the viability of producing warm white-light
using other Dy3*/Tb3*-coped fluorogermanate glass
phosphor, one has examined the excitation wavelength depend-
ence of the tint of the yellow-reddish light emanating from the
dysprosium single-doped samples, as indicated in the graph
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Fig. 2 Emission spectra of the 80PbGeO3;/10PbF,/10CdF, single-
doped with (a) Dy3* and (b) Tb®* ions excited with wavelengths resid-
ing in the peak of the excitation curve.

November 2016 « Vol. 55(11)



Alves et al.: Dy3* /Tb®"-codoped tunable warm. ..

Dy3+ Tb3+l
30 T 6P 5
S "
172 5/2 5
... +°K 56
o5 L 192 ' 712 D,
T2
I - ET
15/2
‘F v 1y |V1y /\ .
— 20 4 912 D,
1
o E| €
2 EEEEHEE
| v vlwl | @ <
X 154 e B B B|S| B[ 5 SR ElE| E| £ E| E| E|E|E
> 6 12 wlwl Slaly ololaolw
[ Fae °F N T B RS B S
) 6 5
c F., o4
w 6 6. 5/2
101 °H +°F
GH 712 GF 9/2
L Fot Fhie y
6  J
H11/2 E
51 2001
oH F
13/2 =
| J 74
°H Y | s
0 15/2 Fs
(a) (b)

Fig. 3 Simplified energy-level diagram for the (a) Dy3+ and (b) Tb®* isolated ions. The upward and down-
ward arrows indicate excitation and emission, respectively. The curved arrow stands for energy-transfer

Dy-Tb.

depicted in Fig. 4. As can be seen, the CIE-1931 (X, Y)-coor-
dinates vary substantially from (0.44,0.43) to (0.50,0.46) when
the excitation wavelength changes from 353 to 405 nm. The
coordinate variation was attributed to the change of the amount
of the blue light component generated at different excitation
wavelengths, as observed from the spectra of Fig. 4. Tint tun-
ability was also accomplished in double-doped samples via
the variation of the Dy**/Tb3* mass ratios, which caused
changes in the relative intensities of color components and
also due to the strong energy-transfer process from dysprosium
to terbium ions.

Figures 5(a)-5(c) show typical emission spectra of
codoped samples under 405-nm diode laser excitation.
The excitation wavelength at 405 nm was employed in
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Fig. 4 Emission spectra of dysprosium single-doped samples at dif-
ferent excitation wavelengths. The inset stands for the chromaticity
diagram indicating the tunability for different excitation wavelengths.
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order to mainly excite dysprosium ions (see Fig. 1) and
emphasize the energy transfer Dy3* to Tb** mechanism.
For the excitation wavelength of 405 nm, one has not
observed any detectable visible emission from terbium sin-
gle-doped samples even for the highest excitation power
(~16 mW) available in our experiment. As one infers
from the data of Fig. 5, the samples with the same
Dy3* /Tb3* ions content [Fig. 5(a)] and the spectra show
an increasing green component due to terbium ions, while
the dysprosium emission components remained almost
unchangeable. The inset in Fig. 5(a) containing the CIE-
1931 coordinates clearly shows a shift toward the greenish
region of the diagram of the overall light emission. The same
behavior is observed for the case in which one fixes the
terbium content and increases the dysprosium concentration,
as portrayed in Fig. 5(b). Here, the energy-transfer process
becomes pronounced as the dysprosium emissions decrease
in intensity while the terbium green component increases,
and as in the first case, a shift toward greenish light has
taken place. Finally, Fig. 5(c) illustrates the case for a
fixed Dy** concentration and increasing Tb3* content.
Here, the energy transfer from Dy** to Tb** is quite notice-
able since the green emission intensity owing to terbium ions
increased by a factor of ~4.7 while the Tb*>* content varies
by a factor of 4.0. The Dy>* to Tb3* energy-transfer process
can be explained with the help of the simplified energy-level
diagram of Fig. 3. The 405-nm excitation promotes the
ground-state population of Dy3* ions to the *F, /2 excited
level through a one-photon absorption process followed
by multiphonon-assisted relaxation. The excited Dy**
decays directly to the °Hjs /2 ground-state generating 484-
nm emission and transfers the remaining part of the energy
to the D, level of Tb*>* via phonon-assisted electric dipole—
dipole interaction, and then the Dy** relaxes to the ’F; lower
lying level producing the blue, green, yellowish, and red

November 2016 « Vol. 55(11)
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Fig. 5 Emission spectra for the Dy®* /Tb®*-codoped samples excited
at 405 nm. (a) samples with equal Dy3* — Tb3* contents, (b) fixed
terbium content and varying Dy concentration, and (c) fixed Dy con-
tent and changing Tb concentration.

emissions from terbium ions. A back Tb*>* to Dy** energy-
transfer process is almost impossible owing to the
~400 cm™! energy mismatch between the *Fy/, and the
lower energy °D, level of Tb3*.*” The CIE-1931 coordinates
for the samples (1) to (4) using the three excitation wave-
lengths were then calculated and the results are illustrated
in the chromaticity diagram of Fig. 6. As can be seen, the
coordinates of the overall emission tint spread out in the
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Excitation
375 nm
385 nm
405 nm

0.25/0.25 0.41;0.49 0.41;0.45 0.44;0.45
0.25/0.50 0.38;0.52 0.40;0.46 0.44;0.46

0.25/0.75 0.37,0.53 0.39,0.47 0.43;0.48
0.25/1.00 0.36;0.54 0.38,0.50 0.42;0.49
0.50/0.50 0.38,0.52 0.40,0.48 0.42;0.48
0.50/0.75 0.36,0.51 0.40;0.49 0.41;0.49
0.50/1.00 0.37,0.56 0.37,0.48 0.41;0.50
0.75/0.50 0.37,0.49 0.39,0.47 0.41;0.48
0.75/0.75 0.37,0.53 0.39,0.50 0.42;0.49
0.75/1.00 0.35;0.52 0.38;0.50 0.51;0.40

Fig. 6 CIE-1931 chromaticity diagram indicating the coordinates for
the (1) to (4) samples at different excitation wavelengths. Numbers 1
to 4 refer to samples (1) to (4), respectively. Inset depicts the table
with CIE-1931 coordinates for all samples.

region of the low color-correlated temperature, in particular,
the samples (1) and (2) when excited by 385- and 405-nm
LED excitation sources. Inset (table) in Fig. 6 presents the
CIE-1931 coordinates for all samples excited with the
three LED-based sources wavelengths employed in our mea-
surements. The results portrayed in Fig. 6 indicate that
indeed the phosphors herein reported produced fluorescence
in the low-color correlated temperature and are a viable addi-
tional alternative to that reported elsewhere.*** Although
the host material utilized in the measurements herein
reported contains hazardous elements (Pb, Cd), the lead
and cadmium ions are immobilized within the glassy matrix,
and further solubility studies in solution with characteristics
of the body fluid could confirm this assumption. The use of
PbF, and of CdF, is related to the possibility of the formation
of nanocrystals of these fluorides containing rare-earth ions.
Thus, the emission of rare-earth ions is more efficient, i.e.,
the nonradiative transitions are suppressed. The toxicity of
heavy metals is extremely reduced as these metals are immo-
bilized inside the glassy matrix. Preliminary studies show
that the glassy matrix has low solubility; consequently, met-
als present in them are cut off from the middle. In the present
study, we did not consider comparing the results for the
doped glass herein reported with the parent glass.
However, a similar study for luminescence in erbium-
doped fluorogermanate glass was carried out by us and
the results are presented elsewhere.**

4 Conclusion

Polychromatic tunable visible light emission in the region
of the low correlated color temperature range in
Dy** /Tb**-codoped PbGeOs:PbF,:CdF, glass phosphor
was generated. Energy-transfer mechanism between Dy3*
and Tb?* was also observed and also influenced the tunabil-
ity of the overall light emission. Results indicated that the
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polychromatic visible light emitter herein reported produced
an excitation wavelength tunable color tone in the warm
region of the white-light boundary in the CIE-1931 chroma-
ticity diagram.
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