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Abstract

7Zn3Aly25Pbg 3Lig g9 Y bo.1 Tmg 002F2.354 amorphous fluoride particles were prepared by pulsed laser ablation. Under
a 978-nm laser diode excitation, intense ultraviolet and blue upconversion emissions were observed in the particles.
Intensity dependence of the upconversion emissions on the pump power was measured. The results show that the pop-
ulation of the states 'I, 'D, and !G4 may come from a five-photon, four-photon and three-photon energy transfer
upconversion process. In addition, ultraviolet (‘I — *F, transition) and blue (D, — *F, transition) upconversion stim-
ulated emissions were observed in the particles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction applications including high-density optical data

storage, all color displays, undersea communica-

In recent years, short-wavelength solid-state la-
sers in the ultraviolet to green spectral range have
attracted much attention due to a wide range of

* Corresponding author. Tel.: +86 431 617 6352; fax: +86
431 462 7031.
E-mail address: gsqin@yahoo.com (W. Qin).

tions, biomedicine and infrared sensors. The phe-
nomenon of frequency upconversion by using the
intrinsic energy level matching of certain rare-
earth ions, as one of the available approaches
exploring short-wavelength solid-state lasers, has
been investigated widely during the past two dec-
ades [1-10].
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Up to now, short-wavelength upconversion
solid-state lasers in the visible region have been ob-
tained [1]. Ultraviolet and violet upconversion sol-
id-state lasers are the next objective of the
researchers. For the realization of ultraviolet and
violet upconversion solid-state lasers, the maximal
obstacle is the search of ultraviolet and violet
upconversion laser materials. Following S. Tan-
abe’s pioneer work, in our previous work, we fab-
ricated intense infrared-to-violet and ultraviolet
(UV) upconversion luminescence materials by
pulsed laser ablation (PLA) and investigated the
relation of violet and UV upconversion lumines-
cence to the Judd-Ofelt intensity parameters
[10,11].

In this paper, we reported intense UV upcon-
version properties of ZHOA3A10A25Pb0.3Li0A098-
Ybg 1 Tmg g9oF>354 amorphous fluoride particles
were prepared by PLA. With the excitation of a
978-nm LD, intense UV and blue upconversion
emissions were observed, which were similar with
that of the film [11]. In addition, ultraviolet
('Is — *F, transition) and blue (D, — *F, transi-
tion) upconversion stimulated emissions were ob-
served in the particles.

2. Results and discussion

Thousand and sixty four nanometer from a
pulsed Nd:YAG laser was used as the light source
for PLA. The laser beam was focused onto the tar-
get [11] (Zng3Alp25Pbg 3Li0.008Ybo.1Tmg 002F2 354
glass prepared by solid state reaction) dipped in
a beaker filled with ethanol at an incidence angle
of about 45°. The particles were collected in this
beaker. The size of the particles is about 0.1-10
um, most of them are larger than 1 um and the
shape is not regular measured with a scanned elec-
tron microscope. X-ray analysis data show that the
particles are amorphous. X-ray photoelectron
spectroscopy (XPS) data show that the compo-
nents of the particles are identical to that of the
target. A 978-nm laser diode was focused on a pile
of particles by a object lens (20x), the upconver-
sion emission spectra were measured with a fluo-
rescence spectrophotometer (Hitachi F-4500)
with the spectral resolution of 2 nm. The pump

power of the 978-nm LD was numerate on the
controller, which was used to modulate the electric
current of the LD.

Fig. 1 is the room temperature upconversion
emission spectrum of the particles excited at 978
nm, which is similar with that of the film [11].
Emissions in the UV and visible comes from the
following transitions: e —*He (~290 nm),
e — °F4 (~348 nm), 'D, —°Hg (~361 nm),
'D, — °F4 (~451 nm), 'G4 — *Hg (~474 nm).

In Yb*-Tm®" co-doped systems, different
process may result in upconversion. Fig. 2 shows
the energy level diagrams of Tm*" and Yb**'.
The pump light excites only the Yb*" ions, and
three successive energy transfers from Yb’* to
Tm?* populate *Hs, (°Fs, °F,), and 'Gy4. Though
the Tm**~Tm>" interaction is weak in the sample
with low Tm>* concentration, owing to the large
energy mismatch (~3516 cm™') in the transfer
2Fs;, — *Fo (YB*): 'G4 — 'D, (Tm*"), the proc-
ess °F, — °Hg (Tm**): *Hy — 'D, (Tm’*) may
alternatively play the most important role in pop-
ulating 'D,. Thereafter, the state 'I can be popu-
lated by *Fs» — °F75 (Yb*): 'D, — g (Tm*")
[8].

For unsaturated upconversion, emission inten-
sity, I, is proportional to I”, where I is the inten-
sity of the excitation light and the integer n is the
number of photons absorbed per upconverted
photon emitted [11]. In order to clarify the UV
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Fig. 1. Room temperature upconversion emission spectra of
Zng.3Alp.25Pbo 3Li0.008Y bo.1 Tmo 002F2.354 particles (at the pump
power = 600 mW).
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Fig. 2. Energy-level diagram of Tm*" and Yb*".

upconversion mechanism, intensity dependence of
the upconverted emissions are shown in Fig. 3 (the
particles): at low pump power, n=4.43 for the
emission at 290 nm, n = 4.48 for the emission at
348 nm, n=3.52 for the emission at 361 nm,
n = 3.59 for the emission at 451 nm, and n = 2.94
for the emission at 474 nm. The results show that
the population of the states s, 'D, and 'G, come
from a five-photon, four-photon and three-photon
upconversion process, which confirms that ET:
’F, —»*Hg¢ (Tm’*): °*Hy— 'D, (Tm**) (four-
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Fig. 3. Intensity dependence of the upconverted fluorescence

on the pump power in Zng 3Al25Pbg 3Lig 008 Ybo.1 Tmg.002F2.354
particles.

photon upconversion process) is the fundamental
process to populate the state 'D,. Thereafter, the
state 'Is can be populated by 2Fs;, — 2Fopn
(YB*): 'D, — g (Tm*") (five-photon upconver-
sion process). Decreasing of n at high pump power
is attributed to the saturation effect of the absorp-
tion of Yb** to the pump laser.

The relative intensities of the UV upconversion
emissions versus excitation power can be investi-
gated simultaneously by recording the emission
spectra at 200-700 nm at different excitation pow-
ers, as shown in Fig. 4. The results in Fig. 4 were
listed in Table 1, which indicates that the intensity
ratio ¢ for 348 nm emission from 'Iy — *F, transi-
tion to 361 nm from 'D, — *Hg transition is aug-
mented with increasing the 978-nm excitation
power. Based on the UV upconversion mechanism
as shown in Fig. 2, we would use the rate equation
to explain it.

Let y represents the radiative transition rate
from the 'D, level, N, and N the population of
the states >Fs, (Yb*") and 'D, (Tm?**), X the rate
of ET *Fsp — *F72 (Yb™): 'Dy — 'Ig (Tm’), B
the branching ratio of the 'D, — *Hg transition,
F the pump power and Q2 the absorption cross-sec-
tion of Yb**. At steady state, from the rate equa-
tion [12], we have

NN XFQ

g=—2"" (1)
B

From the formula (1), the intensity ratio o for 348

nm emission from 'Is — *F, transition to 361 nm
from 'D, — *Hj transition would be proportional
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Fig. 4. The upconversion emission spectra measured at differ-
ent excitation powers with excitation at 978 nm.
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Table 1
The intensity ratio ¢ = 348 nm/I361 nm at different pump power

The pump power (mW) 300 325 350 375

400 425 450 475 500 525 550

g 0.84 0.92 1.05 1.16

1.25 1.35 1.43 1.48 1.54 1.61 1.68

to the pump power F. So increasing of F would
make o become bigger.

Fig. 5 shows the dependence of the upconver-
sion emission intensity ratios I4s; nm/l361 nm and
1348 !/ I290 nm ON the excitation power, which indi-
cate that the intensity ratio I4s; nm/l361 nm (O
348 am/I>90 nm) grows above a well-defined thresh-
old power. As we all know, the emissions at 451
and 361 nm (or 348 and 290 nm) come from the
same upper state 'D, (or 'Is), only stimulated
emissions can alter the effect branching ratios from
a single level to several others [13]. Specially, an
important aspect of the power dependence of the
intensity ratio I4s; nm/f361 nm ON the excitation
power is its linearity above threshold. At 350
mW, the intensity ratio I451 nm/I361 nm begins to in-
crease linearly until it saturates near 900 mW. Lin-
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Fig. 5. The dependence of the upconversion emission intensity
ratios 1451 nm/I361 nm and I348 nm/Ir90 nm ON the excitation power.

earity is characteristic of oscillators, whereas
exponential growth typifies amplifiers. This reveals
that very effective feedback assists in the attain-
ment of threshold in our samples. For the intensity
ratio 7348 nm/lh90 nm» at 650 mW, it begins to in-
crease linearly and the saturation is not observed
in our measurement range (up to 1000 mW). So
we conclude that ultraviolet (~348 nm) and blue
(~451 nm) upconversion stimulated emissions
were observed in the particles. It is evident that
for the intensity ratio /348 nm/Z>90 nm, higher thresh-
old power than that of I451 nm/l361 nm 1S attributed
to that the population of the state 'I comes from
the 'D, level with the excitation of a 978-nm LD.
Since the diameter of the particles is larger than
A2 (/4 1s the wavelengths of the upconversion emis-
sions), the stimulated emissions are attributed to
strong localization of light in the particles [13].

3. Conclusion

In COI’IC]USiOH, Zl’lo'3A10.25Pb0_3Li0.098Yb0.1-
Tmg g02F2.354 amorphous fluoride particles were
prepared by pulsed laser ablation. Under a 978-
nm laser diode excitation, intense ultraviolet and
blue upconversion emissions were observed in the
particles. Intensity dependence of the upconver-
sion emissions on the pump power was measured.
The results show that the population of the states
T, 'D, and 'G, may come from a five-photon,
four-photon and three-photon energy transfer
upconversion process. In addition, ultraviolet
("I — *F, transition) and blue (D, — *F, transi-
tion) upconversion stimulated emissions were ob-
served in the particles.
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