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NIR-to-blue, green, orange and white up-conversion
luminescence in Yb*/Tm**/Er**/Ho**-doped
NagsGdos WO, nanocrystals
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Yb**Tm* /Er**/Ho*"-doped NagsGdosWO, nanocrystals have been fabricated by a facile hydrothermal method. The blue,
green and orange upconversion (UC) emissions coming from Yb*/Tm®", Yb*'/Er**, Yb**/Ho® dopant ions are observed in
this studg/. Bright white luminescence upon 980 nm excitation can be produced via the UC process by tuning the dopant ions
Yb**/Tm**/Ho™", which consists of the blue, green and red UC emissions, and they correspond to the transitions 1G4 — *Hg Of
Tm*, 5F4(®S2) — Sls, and °Fs — %l of Ho> ions, respectively. The UC mechanisms and temperature dependent UC

luminescence were also discussed.
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1. Introduction

Recently, there are extensively investigations on
upconversion (UC) luminescence materials due to their
application in many advanced technology fields, such as
displays, lasers, photonics, and biomedicine [1-3]. Among
the UC rare-earth ions, it is well known that Yb>" ion is a
good sensitizer which can greatly enhance UC efficiency
through energy transfer owing to the strong absorption in
the region around 980 nm [4]. Accordingly, Er**, Tm*" and
Ho® ions are the most important active ions applied to UC
luminescence, because of their favorable energy level
structure [4-6]. Recently, a growing interest has been
focused on white light-emitting diodes (w-LEDs),
especially phosphor-converted w-LEDs [7]. Since photon
UC can also be used for the generation of visible emission
by near infrared (NIR) excitation of Ln**-doped materials,
the strategy on developing materials that can be excited
with commercially available NIR diode lasers has been
proved to be very promising [8]. Some efforts have been
made to develop white light emission Ln*'-doped
materials via UC process. Sivakumar [9] reported the
white UC luminescence SiO,, ZrO, sol-gel thin film made
with Lo*’( Tm*', Er’*, Eu’")-doped LaF; nanoparticles
codoped with Yb*" ions. After that, single-phase rare earth
oxides matrices, such as Y,0;[8], Lu,O3[10], Lu;GasOy,
[11], YAIO; [12], Gdy(MoOy); [13] and Lay(MoO,); [14]
have also reported as white UC luminescence host, which
is relation to the combination of upconverted blue (from
Tm®"), green (from Er’"), and red (from Er’‘/Ho’")
emissions resulted in the white luminescence.

The host materials also play an important role in
obtaining highly efficient UC luminescence. It is widely

accepted that NIR to visible UC emission in fluoride
materials has been observed with better efficiency [1, 15].
However, due to their hygroscopic nature, their
applications are limited. However, among the reported
oxide materials as the UC host, tungstate and molybdate
are two families as the potential hosts with better UC
efficiency [13-14]. Moreover, they have high chemical and
thermal durability, and are therefore suitable material for
technological applications. Based on this, we firstly report
the Yb/Tm*/Er*"/ H03+-d0ped Nay sGdy sWO,
nanocrystals prepared by the mild hydrothermal method in
this work, and the blue, green, orange and white UC
luminescence properties and mechanisms were discussed
in detail.

2. Experimental

The Yb/Tm*, Yb™/Er', Yb'/Ho', and
Yb*"/Tm* /Ho*"-doped NaysGdysWO, UC materials were
prepared by a facile hydrothermal method. The starting
materials were Na,CO; (A.R.), 5(NH4),0-12WO05:5H,0
(AR), Gd,0; (99.99%), Yb,O; (99.99%), Tm,0;
(99.99%) and Ho,05 (99.99%). For a typical synthesis of
10%Yb*/1%Tm*"/0.4%Ho>*-doped NagsGdosWO,
nanocrystals, the calculated starting compositions are as
follows, 0.25 Na,CO; + 1/12 5(NH4),0-12W0;-5H,0 +
0.193 Gd203+ 0.05 Yb203+ 0.005 Tm203 + 0.002 HOQO3.
Firstly, stoichiometric amounts of Gd,0;, Yb,O3, Tm,04
and Ho,0O; were dissolved in dilute HNO; (A.R.) under
vigorous stirring, resulting in the formation of a colorless
solution. After evaporation followed by drying at 100 °C
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for 12 h in ambient atmosphere, a powder of rare earth
nitrate RE(NOs); was obtained. Then Solution A was
obtained by adding some amounts of deionized water to
RE(NO;);. Solution B was prepared by dissolving the
stoichiometric amount of Na,CO; and
5(NH4),0:12WO05:5H,0 in a suitable volume of deionized
water, and stirred homogenously. Solution B was then
added dropwise to solution A with vigorous magnetic
stirring. The formed suspension was stirred continuously
for 1 h, and then transferred to a Teflon-lined autoclave of
50 ml capacity, sealed and heated at 160 °C for 8 h. It was
then cooled to room temperature naturally. The white
precipitate was separated centrifugation and washed with
deionized water and ethanol several times. The final
product was obtained after drying at 80 °C for 12 h.

The phase structure of the as-synthesized UC
materials were determined by X-ray powder diffraction
spectroscopy (XRD, using a Shimadzu XRD-6000)
operating at Cu Ko radiation, 40 kV, 30 mA, and a scan
speed of 2.0° (20)/min. Transmission electron microscope
(TEM) images were observed using a JEOL-2010 Electron
Microscope with an acceleration voltage of 120 kV. The
UC luminescence spectra were recorded on a Hitachi
F-4500 spectrophotometer equipped with an external
power-controllable 980 nm semiconductor laser (Beijing
Viasho Technology Company, China) as the excitation
source, which is connected with an optic fiber accessory.
The temperature dependence UC spectra were measured
by the same equipment as above, which was then
combined with a self-made heating attachment and a
computer-controlled electric furnace.

3. Results and discussion

3.1 Structure characterization of
Yb¥ITm*/Er®*/Ho*-doped Nag sGdgsWO,
nanocrystals

Fig. 1 gives the XRD pattern of as-prepared
NaysGdysWO0,:10%Yb*, 1%Tm*",0.4%Ho*>" nanocrystals.
It is also found from Fig. 1a that the peak positions agree
well with those of the standard pattern (JCPDS NO.
25-0829) for NaysGdysWO, in scheelite structure, which
has an tetragonal phase with the lattice constants of a =
5243 A, ¢ = 11.36 A, and v (cell volume) = 312.50 A*.
Further, from the XRD pattern, it also can be concluded
that the sample is well crystallized, and the grain size can
be calculated using the Debye-Scherrer equation:
D = K)\fcos6. By using the strongest diffraction peak (112)
at 28.9 °, the obtained grain size for the as-synthesized UC
material is about 105 nm.

S
2
—
S
S
N—r
2
[%2]
c
D
-
c =
- S
T T T T T T T T T T T
10 20 30 40 50 60 70
2 Theta (Degree)
Fig. 1. XRD pattern of as-prepared
Nay sGdysWO,:10%Yb>" 1%Tm’",
0.4%Ho>" nanocrystals.
Fig. 2 shows the TEM image of as-prepared

NaysGdysW0,:10%Yb>, 1%Tm*",0.4%Ho>" nanocrystals
by using different scale, and it is found that the obtained
Nay sGdysWO, particles has rectangle like shape, and the
average grains diameter is about 100 nm. As also given in
Fig. 2 (b), the enlarged TEM image further reflects the
rectangle like shape morphology. It verified the
characteristic growth of the Nay sGdysWO, with tetragonal
phase microstructure. The observed grains diameter is also
consistent with the calculation result by the
Debye-Scherrer.

Fig. 2. TEM images of as-prepared
Nag sGdysWO . 10%Yb>",1%Tm’", 0.4%Ho>*
nanocrystals, (a) 0.2 um scale, (b) 200 nm scale.
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3.2 UC luminescence properties analysis of
Yb*ITm*/Er**/Ho*- doped NagsGdesWO,
nanocrystals

Fig. 3 gives the UC luminescence spectra of
Nay sGdy s WO, nanocrystals doped with
10%Yb*"/1%Tm’™, 10%Yb*/1%Er", and
10%Yb*/1%Ho®" under 980 nm semiconductor laser
excitation. It is found that the blue (473 nm), green (528
nm and 550 nm), and orange (543 nm and 655 nm) UC
emission bands, which correspond to the transitions G, —
*Hy of Tm®", *Hy1p,"S3n — *Lisn of Er', “FiCSy) — I,
and °Fs — °I; of Ho®" ions, respectively, can be found. It is
noticed that the orange emission of Ho*" comes from the
blend mode of the green and red UC emission light.
Further, as seen in Fig. 3d, by adjusting relative amounts
of the rare earth dopant ions,
10%Yb**/1%Tm’*/0.4%Ho’ -doped NagsGdysWO,
sample shows bright white UC luminescence, which
consists of the blue (473 nm), green (543 nm), and red
(655 nm) UC emissions, and they correspond to the
transitions 1G4 — 3H6 of Tm“, 5F4(5S2) — 518, and °F. 5 —
Iy of Ho’" ions, respectively. Furthermore, we also
calculated the CIE chromaticity coordinates of the above
four kinds of phosphors based on their corresponding UC
luminescence spectra, which were represented in Fig. 4. It
was found that the CIE chromaticity coordinates for
10%Yb*/1%Tm*" (a), 10%Yb* /1%Er" (b),
10%Yb*/1%Ho™ (c), 10%Yb*/1%Tm*"/0.4%Ho’" (d)
doped Na, sGdysWO, phosphors were (x = 0.12, y = 0.12),
(x=10.24,y=0.72), (x =033, y = 0.62) and (x = 0.30,
y=0.33), respectively. Obviously, they were located in the
corresponding blue, green, orange and white light region.
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Fig. 3. UC Iuminescence spectra of Na,sGdysWO,
nanocrystals  doped  with ~ 10%Yb*>*/1%Tm*"  (a),
10%Yb* /1%ER (b), 10%Yb° /1%Ho™  (¢),
and 10%Yb*/1%Tm*>*/0.4%Ho>"  (d) under 980 nm
semiconductor laser excitation.

To understand the upconversion mechanisms, the
upconversion emission intensity / was measured as a
function of the pumped power P [16]. For the
upconversion process, / is proportional to the nth power of

P, and that is to say, /[1P", where n is the number of pump
photons absorbed per upconverted photon emitted. A plot
of log I versus log P yields a straight line with slope n.
Therefore, Fig. 5 gives the pump power dependence of the
blue, green, and orange UC luminescence in
Nay sGdysWO,4 nanocrystals doped with Tm*, Er" and
Ho*'. As given in Fig. 5, the slope of curve lg(I) versus
(1gP) was determined to be 2.38, 1.79 (1.75), and 1.86
(1.75) for the blue (Tm*"), green (Er*"), and orange (Ho*")
emissions, respectively, allowing us to propose that two
photons process in Er'" and Ho® UC luminescence
processes. And a three photon process was expected for
the upconverted blue Tm®* emission.

Fig. 4. CIE (X, Y) coordinate diagram (CIE-1931)
showing the chromaticity points of the emissions in the
NaysGdysWO, doped with  10%Yb™ /1%Tm’*"  (a),
10%Yb* /1%ER  (b), 10%Yb* /1%Ho*  (¢),
and 10%Yb**/1%Tm’>*/0.4%Ho>" (d) under 980 nm
semiconductor laser excitation.

Fig. 6 gives the energy level diagram of the Tm*", Er**,
Yb*, and Ho®" ions as well as the proposed upconversion
mechanism to produce the blue, green, orange, and white
emission for the Yb*'/Tm*"/Er’"/Ho*"-doped
Nay sGdysWO,:10%Yb*",1%Tm’", 0.4%Ho’" nanocrystals
upon 980 nm semiconductor laser excitation. As seen in
Fig. 6, under the 980 nm excitation, electrons of Yb*' is
excited from 2F;, to 2Fs, level through ground state
absorption process, which in turn leads to the energy
transfer between Yb3+-Tm3+, Yb*'-Er*" and Yb*'-Ho .
Owing to the approximate energy difference between *H;
energy level of Tm®" and I, of Er’", the energy transfer
can also be expected to form the corresponding transition.
The single blue emission bands at 473 can be assigned to
'G, — *Hj transitions of Tm’*. The two green emission
bands at 528 nm and 550 nm are derived from *H;;, —
15, and *Ss;, — 1,55, transitions of Er*, respectively. As
also found in the UC spectra of 10%Yb**/1%Ho* -doped
Nay sGdysWO,4 nanocrystals, both green and red emission
bands can found, which are corresponding to *F4(’S,) —
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’I, and °Fs — °I transitions of Ho’" ions, respectively.
This above mechanism is in good agreement with the
calculated slopes, which also reflects the possible
luminescence process that pump photons absorbed in it.
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Fig. 5. Pump power dependence of the blue, green, and
orange UC luminescence in Nay sGdy sWO nanocrystals
doped with Tt Er* and Ho’".
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Fig. 6. Energy level diagram of the Tm’", Er’*, Yb**, and

Ho>" ions as well as the proposed upconversion

mechanism to produce the blue, green, orange, and white

emission  for the Y /Tm®* /EF " /Ho> -doped

Nay sGdy sWO, nanocrystals upon 980 nm semiconductor
laser excitation.

3.3 Temperature dependent UC luminescence
properties analysis of
Yb* ITm*/Er*/Ho* -doped NagsGdesWO,
nanocrystals

Fig. 7 shows the UC luminescence spectra of
NaysGdysWO04:10%Yb*, 1%Tm*",0.4%Ho*>" nanocrystals
(Aex= 980 nm) at various temperature. It indicates that the
emission intensity of the blue, green and red emissions
shows similar temperature behavior between the room
temperature (20 °C) and 300 °C, and they all decrease with
the increasing temperature. Compared to green and red
emissions, which correspond to *F4(°S,) — °I5, and *Fs —
*Is transitions of Ho®" ions, blue emission originated 'G,
— *Hy transitions of Tm®* has the relative weak thermal
quenching behavior. As given in Fig. 8, it shows the
relative emission intensity of the blue, green, and red UC
luminescence as a function of temperature. It is found with
increasing temperature up to 200 °C, the normalized

emission intensity of Tm®" is decreased to 73.0% of the
initial value, while that of Ho®" is 42.5% for green
emission, and 54.6% for red emission.
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Fig. 7. Temperature dependence of UC luminescence

spectra of NaysGdysWO,:10%Yb™" 1%Tm’", 0.4%Ho’"

nanocrystals  upon 980 nm  semiconductor laser
excitation.

During the increase of temperature, there are two
major factors responsible for the decrease of the UC
emission. One is an increase of non-radiative relaxation in
excited level of activator ions that inhibits radiative
emission, which is relative to the thermal equilibrium
between neighboring energy levels. The other factor may
be the energy migration effect between Yb*" ions which
becomes more important at higher temperature [17-18].
However, it is found that the population for two
neighboring energy levels is determined by thermal
equilibrium, and the rate of non-radiative relaxation
increases with the temperature. The transition probability
(n) between the different energy levels can be given by the
following Eq. (1) [17],

ho s ime
o[l — exp(— — 1

7eoll = exp(== -] M
where k is the Boltzmann factor, 7 is the absolute
temperature, /o is the phonon energy of the host, and AE
is the activation energy of non-radiation transition. We can
find that 'G, — >Hg transitions of Tm*" corresponding the
blue emission has the largest energy difference value,
however, it will induces the lowest # value with increasing
temperature 7, as given by Eq. (1). Further, the effect of
temperature on UC emission intensity / can be given by
the following Eq. (2) [17, 19],

I,P )

Joo 5
e exp(—k—‘T"n*””'“ +P

where P is the sum of all transition probabilities and I, is
the luminescence intensity at low temperature. From Eq.
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(2), we further know that the emission decreases with
temperature for a steady-state excitation light, as also
given in Fig. 8. Considering that ' G, energy level of Tm®"
has the higher energy value corresponding to the excited
energy levels, 5F4(SSQ) and °Fs of Ho> ions, it produced
weak thermal quenching behavior with increasing
temperature.
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Fig. 8. Relative emission intensities of the blue, green,
and red UC luminescence of
Nay sGdy sWO0,:10%Yb*",1%Tm’™, 0.4%Ho™
nanocrystals as a function of temperature.

4. Conclusions

Yb*/Tm*"/Er**/Ho* -doped Nay sGdysWO,
nanocrystals were prepared by the facile hydrothermal

method, and 10%Yb*'/1%Tm*", 10%Yb*'/1%Er*",
10%Yb*/1%Ho>", and
10%Yb*/1%Tm’*/0.4%Ho™ -doped NagsGdysWO,

nanocrystals can produce blue, green, orange and white
UC luminescence under 980 nm diode laser excitation,
respectively. The blue, green, and orange UC emissions
correspond to the transitions 'Gy - 3Hg of Tm*,
Hy1,*S3 — "isp of Er'", *Fy(°Sy) — Iy, and °Fs — Iy of
Ho’" ions, respectively, while bright white luminescence
correspond to the combination of the transitions 'Gy — *Hj
of Tm*, °Fi(S,) — °I, and °Fs — °I; of Ho®" ions,
respectively. The UC mechanisms and temperature
dependent UC luminescence were also proposed in this
work. Multicolor UC luminescence nanocrystals promise
their potential applications in the field of displays, lasers,
photonics, and biomedicine.
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