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A novel Tm®" /Er®t /Yb®" triply-doped glass ceramics containing BaF» nano-crystals are successfully
prepared. Fluoride nanocrystals BaFs are successfully precipitated in glass matrix, which is affirmed by
the X-ray diffraction results. The intense blue (476 nm), green (543 nm), and red (656 nm) emissions
of the glass ceramics are simultaneously observed at room temperature under 980-nm excitation, and
the emission luminescence intensity increases significantly compared with the precursor glass, which is
attributed to the low phonon energy of fluoride nanocrystals when rare-earth ions are incorporated into
the precipitated BaF2 nanocrystals. Under 980-nm excitation at 400 mW, the international commission
on illumination (CIE) chromaticity coordinate (X = 0.278, Y = 0.358) of the tridoped oxyfluoride glass
ceramics’ upconversion emissions is close to the standard white-light illumination (X = 0.333, Y = 0.333).
The results indicate that Tm3* /Er®T /Yb3* triply doped glass ceramics can act as suitable materials for

potential three-dimensional displays applications.
OCIS codes: 160.4670, 160.5690.
doi: 10.3788/COL20100801.0066.

Recently, there has been an increasing interest in the
upconversion of near infrared (NIR) light to visible light
by rare earth (RE) ion doped materials due to the poten-
tial applications in areas such as three-dimensional (3D)
display, optical data storage, optoelectronics, medical di-
agnostics, sensor, undersea optical communication, etc.
For 3D displays based on the infrared to visible upconver-
sion luminescence in rare earth doped materials, emission
and control of the relative intensities of the three primary
red, green, and blue (RGB) colors are required. Thus,
there exists a need for novel solid-state materials capa-
ble of producing multicolor visible light. Indeed, there
have been some reports on the control of luminescence in
the three primary colors through upconversion and the
generation of white light. For example, a 3D solid-state
display was realized from fluoride glasses triply doped
with Tm3t, Er3t, and Pr3* using three different pairs
of near-infrared laser excitation sources!!!. Despite the
fact that the multiple-pump wavelength configurations
can produce higher upconversion efficiencies, a single-
pump scheme is mostly desired. The key technique to
design upconversion luminescence materials was to sit-
uate the RE ions in low-phonon-energy environment.
In the past few years, RGB upconversion emissions
and white-light simulation were achieved in some RE-
doped glasses under single infrared laser excitation2=4.
However, the hosts were limited mainly in the fluoride
and tellurite glasses. Oxyfluoride glass ceramics have
been developed as ideal RE ion hosts used for upcon-
version devices since 1993. Such materials combined
the low-phonon-energy environment of fluoride crystals
and the high chemical and mechanical stability of oxide
glassesl® 19, Recently, Chen et al. reported white light
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emission in Ho?** /Tm3+/Yb3* triply-doped transparent
glass ceramics through upconversion route'*). However,
there are no reports describing white light emission in
Er3* /Tm3* /Yb3T triple-doped BaF, glass ceramics. In
this letter, a novel Er3*/Tm3*/Yb3*-doped oxyfluo-
ride glass ceramics containing BaFs nanocrystals was
successfully prepared and the bright white light with
CIE-X 0.278 and CIE-Y 0.358 was generated through a
single infrared laser source at 980 nm. The results indi-
cate that they can act as suitable materials for potential
3D displays applications.

The glasses with composition of 52Si05-20Al503-
13Naz0-5Ba0-10BaF2-1Yby03-0.1Tm3 O3, 5251029-
20A1203—13Na2O—5Ba0—10BaF2—1Yb203—O.1Er203, and
528102—20A1203—13NagO—5BaO—10BaF2—1Yb203—
0.1Er303-0.1Tm3O3(in mol-%) were prepared from high
pU.I‘ity 81027 AlgOg, NaQO, BaO, Yb203, Tm203, and
EroO3 raw materials named as G-A, G-B, and G-C.
The mixed materials were melted in an alumina crucible
at 1450 °C for about 40 min. The quenched sample
was annealed at 300 °C for 2 h and cooled slowly to
release the thermal stress associated with these glasses
during the quenching process. The differential thermal
analysis (DTA) result of the oxyfluoride glass shows
that the transition temperature is 490 °C, and a weak
crystallization peak occurs at 690 °C. According to
the DTA curves the glass samples were heat-treated
to 660 °C at a rate of 10 K/min, held for 2 h and
then cooled to room temperature naturally to obtain
the transparent glass ceramic named as GC-A, GC-B,
and GC-C, respectively. X-ray diffraction (XRD) mea-
surements were performed in a X’TRA diffractometer
with Cu-K, radiation at 4 °/min scanning rate. The
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Fig. 1. XRD patterns of the parent glass GC and glass ce-
ramics GC-C.
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Fig. 2. Upconversion spectra from (a) G-A and GC-A sam-
ples, (b) G-B and GC-B samples, and (¢) G-C and GC-C

samples excited by a 980-nm LD of 400 mW.
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Fig. 3. Log-log plot of upconversion emission intensity as a
function of the excitation power of GC-C sample.

emission luminescence spectra under excitation of
980-nm laser diode (LD) at 400 mW were measured
with a Jobin-Yvon Frolog3 fluorescence spectrophotome-
ter. In order to compare the luminescence intensity in
different samples as accurate as we can, the position and
width (1 mm) of the slit to collect the luminescence sig-
nals were set at the same place in the experimental setup.
All the measurements were taken at room temperature.

The XRD patterns of the G-C and GC-C samples are
presented in Fig. 1. The precursor glass G-C sample is
completely amorphous without obvious diffraction peaks.

After heat treatment, XRD patterns show intense diffrac-
tion peaks, which are easily assigned to the BaFycrystal
(JCPDS No. 85-1342). From the peak width of XRD
pattern, the size of BaF, nanocrystals in the obtained
glass ceramic is calculated to be about 23 nm by using
Sherrer’s equation: D=KM\/f3cosf. Here D is the crystal
size at the vertical direction of (hkl), A is the wavelength
of X-ray, 0 is the angle of diffraction, 3 is the full-width at
half-maximum (FWHM) of the diffraction peak, and the
constant K determined by  and the instrument. Due to
the much smaller size of precipitated BaFs nanocrystals
than wavelength of visible light, doped glass ceramics
remain excellent transparency.

The upconversion luminescence spectra in the range
from 420 to 740 nm of G-A, GC-A, G-B, GC-B, G-C,
and GC-C under 980-nm excitation at 400 mW are shown
in Fig. 2. The blue (476 nm) emission originated from
the 1G4 —3Hg transition of Tm3* was observed in the
G-A and GC-A samples. In the G-B and GC-B samples
green (522 and 543 nm) and red (656 nm) originated from
2H11/2 - 4115/2, 483/2 - 4115/27 and 4Fg/2 - 4115/2
transitions of Er®temissions were observed. Therefore
by reasonable adjusting Tm?*, Er3*, and Yb3* doping,
the blue, green, and red emissions with the equal in-
tensity were obtained in the Tm3* /Er3*t /Yb3*-tridoped
glass ceramics GC-C sample, which yields the bright
white light that can be clearly seen by naked eyes. Com-
pared with the precursor glass, significant enhancement
of luminescence was observed in the glass-ceramics. The
reasons were as follows. Firstly, the doped ions should
be incorporated into the fixed crystalline site positions.
Structurally, glass is a continuous random network lack-
ing both symmetry and periodicity. In the case of glasses
the coordination of the rare earth ions becomes more
delocalized!™. As a consequence the oscillator strengths
are also more dispersed. As shown in Fig. 1, BaF; crystal
has formed after heat treatment. Therefore the emission
luminescence intensity of the glass ceramics increases
significantly. Secondly, intensity of luminescence is very
sensitive to the multi-phonon relaxation rate of the rare-
earth ions, which strongly depends on the phonon energy
of the matrix. The larger the phonon energy and (or)
the electron-phonon coupling strength, the larger the
decay rate. That is to say, a decrease in the phonon en-
ergy and/or the electron-phonon coupling strength can
increase the lifetime and quantum efficiency of excited
levels, and consequently increase the emission intensity
of the luminescence. The maximum phonon energy in
silicate oxide glass is about 1100 cm~!. However, the
maximum phonon energy of BaFy is 346 cm 3], which
is significantly lower than that in glass matrix. The
above two reasons lead to a decrease in the non-radiative
decay rate. Thus compared with the precursor glass, the
emission intensity of the glass ceramics enhances.

In the upconversion processes, there is a follow-
ing relation between the upconversion emission inten-
sity Iem and the infrared (IR) excitation intensity Ioy:
Tomo<(Ioy "% where n is the number of IR photons
absorbed per visible photon emitted. Therefore, a plot of
log(Iem) versus log(Iex) of the GC-C sample should yield
a straight line with the slope n, as shown in Fig. 3. The
slopes of 476, 543, and 656 nm emission are 2.78, 1.87,
and 1.63, respectively. The results indicate that the blue
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Fig. 4. Simple energy level diagram of Tm3", Er®", and
Yb3* ions and the possible upconversion mechanism.
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Fig. 5. CIE (X, Y) coordinate diagram that shows the chro-
maticity points of the emissions in the samples excited by 980
nm at 400 mW.

emission can be described as a three-photon mechanism,
and the green and red emission can be described as a
two-photon mechanism. The reason that the slopes of
543- and 656-nm emssion are smaller than 2 is mainly a
saturation effect because the pump beam is focused into
the sample. An increased slope value of 2 can be ob-
tained when the laser beam is defocused. Similar effects
due to saturation have been observed and discussed*l.
According to the energy matching conditions, the
possible upconversion for the blue, green, and red
emissions mechanism of Tm3t/Er*t /Yb3t ions of
the GC-C sample is proposed, as depicted in Fig.
4.  The blue emission of 476-nm process for the
1G4 — 3Hg transition and the red emission of 696-
nm process for the 3Hs — 3Hg transition of Tm3t
can be explained as follows. In the first step, a 980-
nm photon is absorbed by Yb3*, which provokes the
*F;/5 — ?F5)5 transition, and then the excitation of
Tm3* in the 3Hj is involved by means of the energy
transfer (ET) mechanism of excited Yb3* to Tm3+: ET:
2F5/2(YD3T) + 3Hg(Tm3+) — 2F7/5(Yb*T) + *Hs(Tm?T).
In the second step, Tm3T in the 3Hj excited state re-
laxes nonradiatively to the meta-state level. Tm3*
in the 3Fy4 level is excited to *Fa 3 level by ET from
Yb3*T and absorbs one photon. Thus the popula-
tion of 3Fy3 is based on the processes as follows:
ET from Yb3*t: Z2F;,(Yb*T) + 35Fy(Tm®*") —
*F7/5(Yb3t) 4 3F3(Tm?*), and excited state absorp-

tion: 3F4(Tm3") + one photon — 3F3 3(Tm3*"). From
the 3F3 level, the Tm37 ions decay radiatively to the 3Hg
ground state generating the red emission around 696 nm.
Then the Tm?t in 3F273 state also relaxes by a multi-
phonon assisted process to the 3H, level. Finally, Tm3*
in the 3Hy level is excited to 'G,4 level by ET from Yb3*
and absorbs one photon. Therefore, the population of
LG, is based on the processes as follows: ET from Yb3+:
2F5/2(Yb3+) +3Hy(Tm3t) — 2F7/2(Yb3+) + 1G4 (Tm3 "),
and excited state absorption: 3Hy(Tm?3*+) + one photon
— 1G4(Tm3T). From the above results it can be con-
cluded that a two-phonon absorption process is responsi-
ble for red (696 nm) emission and a three-phonon absorp-
tion process is responsible for blue (476 nm) emission.
The green (522 and 543 nm) and red (656 nm) excitation
processes are for the 2H11/2 — 4115/2, 483/2 — 4115/2,
and 4F9/2 — 4115/2 transitions of Er3t, respectively. In
the first step, the 4I;; /2 level is directly excited with 980
nm light by ground state absorption (GSA) and/or by ET
process from ?Fj 5 level of Yb*T: 2F5 0 (Yb?T) + 4Ly5)5
(Er¥t) — 15 (Er®") + 2F;,5(Yb3'). The second
step involves the excitation processes based on the long-
lived *I;1 /5 level as follows: cross-relaxation (CR): ;1 /5
(EI‘3+) + 4111/2 (EI‘3+) — 4F7/2 (EI‘3+) + 4115/2 (EI‘3+),
excited state absorption (ESA): 4131 /5 (Er®*) + one pho-
ton — 4F7/2 (FJI'S—"_)7 and ET: 2F5/2(Yb3+) + 4111/2
(Er¥T) — 2F7,5(Yb¥") + 4F7 )5 (Er®T). The populated
4F7/2 level of Er3t then relaxes rapidly and nonradia-
tively to the next lower levels 2Hy; /2 and 48, /2 resulting
from the small energy gap between them. The above
processes then produce the two 2H11/2 — 4115/2 and
483/2 — 4115/2 green emissions centered at 522 and 543
nm, respectively. The red emission entered at 656 nm
is originated from the 4F9/2 — 4115/2 transition. The
population of 4Fq s2 are based on the processes as fol-
lows: ESA: *I;3/5 (Er®") 4 one photon — *Fg /5 (Er®*),
CR between Er** ions: *Iy5/0 (Er®T)+%1y; /5 (Er®*h) —
M50 (Er¥t) 4+ 4Fg (Er*t), and ET from Yb3*:
2F50(YD?H) + Mz (Er®T) — 2F7)5(YH?H) 4+ Fyg )
(Er3T). The 4113/2 level is populated owing to the non-
radiative relaxation from the upper 4I; /2 level. Besides,
the nonradiative process from *Ss /5 level, which is pop-
ulated by means of the process described previously, to
1R, /2 level, also contributes to the red emission. From
the above results it can be concluded that a two-phonon
upconversion process is responsible for green (522 and
543 nm) and red (656 nm) emissions.

The upconversion emission spectra for the samples
pumped by 980 nm at 400 mW are converted to the CIE
1931 chromaticity diagram and plotted in Fig. 5. For
the samples of GC-A (Tm?* /Yb3*-doped glass ceramic)
and GC-B (Er®* /Yb?**-doped glass ceramic), blue emis-
sions with CIE coordinate (X = 0.137, Y = 0.114) and
orange emissions with CIE coordinate (X = 0.370, Y =
0.614) are achieved, respectively. While for the GC-C
sample (Tm3*/Er3*/Yb3* triply doped glass ceramic),
the luminescence is tuned to white. Apparently its CIE
coordinate (X = 0.278, Y = 0.358) in Fig. 5 is close to
the standard equal energy white-light illumination (X =
0.333, Y = 0.333).
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In conclusion, a novel Tm3* /Er3*/Yb3* triply doped
glass ceramic containing BF5 nano-crystals were success-
fully prepared. Bright white light with CIE-X 0.278 and
CIE-Y 0.358 was generated through frequency excited by
a single infrared laser diode source at 980 nm. Intense
upconversion luminescence emissions around 476, 543,
and 656 nm were recorded. The 476-nm blue signal was
attributed to Tm3* excited by a three-phonon absorption
process. The green (543 nm) and red (656 nm) upcon-
version luminescence were identified mainly from the
Er3t excited by a two-phonon absorption process. The
results indicate that Tm3*/Er®t /Yb3*-codoped glass
can be used as host material for potential 3D display
applications.
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