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Abstract: Nd* doped transparent oxyfluoride glass ceramic containing B-Y F; nanocrystals was prepared and the upconversion luminescence
behaviors of Nd** in the precursor glass and glass ceramic were investigated. Under 796 nm laser excitation, ultraviolet upconversion emis-
sions of Nd** ions at 354 nm (“Dy>—"1g) and 382 nm (“Dy>—"*111,,) Were observed at room temperature. Power dependence analysis dem-
onstrated that three-photon upconversion processes populated the “Dy, excited state. In comparison with those of the precursor glass, the ul-
traviolet emissions were enhanced by a factor of 500 in the glass ceramic, which was attributed to the change in the ligand field of Nd** ions
and the decrease in phonon energy because of the partition of Nd® ionsinto the B-Y F; nanocrystal s after crystallization.
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Short wave ength solid-gate lasersin the ultraviolet (UV)
to green spectral range have attracted much attention in re-
cent years because of a wide range of applicationsincluding
optical data storage, color display, infrared sensor, and so on.
In upconversion (UC) processes, an emisson photon with a
wavelength shorter than that of an excitation photon is ob-
tained as a result of multiphoton processes involving two or
more excitation photons. The phenomena and mechanisms
of upconverson luminescence have been sudied, with rare
earth ions, in various hosts during the past two decades .
However, efficient infrared to UV UC emissons a room
temperature have been rarely reported®®.

Nd** has been recognized as one of the most efficient rare
earth ionsfor solid-state lasersin various hosts because of its
intense emission at about 1.06 um. Recent spectroscopic re-
sults demonstrate that the No** ions are al so good candidates
for upconversion luminescence and lasers”®. These upcon-
verson emissons act aslosses for the 1.06 um IR emissions,
however, if they are efficient enough, they can be used as
high frequency coherent light sources pumped by commer-
cialy available and inexpensive laser diodes. For this pur-
pose, it is necessary to decrease multiphoton relaxation rates
to increase the lifetimes of the Nd®* exdited levels lying in
the vishle (VIS) and UV range. Investigating in new stable
hosts with low energy phonon is thus a promising way to
develop efficient infrared (IR) pumped UV and VIS upcon-

verson emisson devices.

Oxyfluoride glass ceramics are currently being intensively
investigated as suitable hosts for upconverson lumines-
cence® ™. These nanocomposites may combine the favor-
able properties from both fluoride crystals and oxide glass
matrices, that is, low phonon energy and high mechanical
and chemical dahilities. The nano-gructured transparent
glass ceramic is achieved by controlled crygtallization of the
precursor glass with appropriate chemical compositions, and
the key factor for efficient luminescence is the partition of
the optically active ions into precipitated fluoride nanocrys-
tals Ultraviolet and visible upconversion emissions in Nd®*
doped glass ceramic containing Phb,CdyF, nanocrysals
have been reported in recent times™. However, lead and
cadmium in this glass ceramic are toxic substances and cannot
be used extensvely on account of environment issues. In the
present article, the authorsreport intense infrared to ultraviol et
and vishle upconverson emissons from a glass ceramic
containing 4-Y F; nanocrystals doped with Nd®.

1 Experimental

The 44S10,-28Al,05-17LiF-11Y F5-0.1NdF; (mol.%) pre-
cursor glass was prepared by mdting a mixture of reagent
grade chemicad compostionsin a platinum crucible a 1400 °C
for 30 min in an ambient atmosphere. The met was poured
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into a 300 °C preheated copper mold and then cooled down
to room temperature naturally. The obtained precursor glass
was then cut into 3 mm? coupons and heat-trested for 2 h at
atemperature of 620 °C, determined by differential thermal
analyss (DTA) measurements, to form glass ceramic
through crystallization. To identify the crygtallization phase
and determine the mean size of the crysalites, X-ray dif-
fraction (XRD) analyss was carried out with a powder dif-
fractometer (DMAX2500 RIGAKU) using Cu Ka radiation
(41=0.154 nm). The microgtructures of the samples were
studied using a transmisson eectron microscope (TEM,
JEM-2010) equipped with an energy dispersive X-ray (EDX)
spectroscopy system. The absorption spectrain the range of
350 to 1100 nm were recorded on a Spectrophotometer
(Lambda900, Perkin-Elmer) with a resolution of 0.5 nm.
Room temperature upconversion signals were recorded with
the INP/INGaAS photomultiplier tubes (PMT, R928) under
796 nm Ti sapphire laser excitation.

2 Reaultsand discusson

The crystallization and structural evolution of No** doped
oxyfluoride glass ceramic containing B-YF; nanocrysals
have been reported and discussed previoudy!*”. X-ray dif-
fraction (XRD) and transmission dectron microscopy (TEM)
analyses evidenced the amorphous structure of the precursor
glass, and the spherical YF; nanocrystals, with a mean size
of 25 nm, homogeneously embedded among the glassy ma-
trix, after crystallization.

Fig.1 shows the absorption spectra calculated for the PG
and gas chromatography (GC) samples at room temperature.
The crydtal-like absorption bands appear as a consequence
of the crystallization because of the partition of Nd** into the
precipitated Y F; nanocrystals in the glass matrix. The ab-
sorption cross-section a 796 nm is increased up to 400%
after crydtallization, which favors the pumping of glass ce-
ramic by a common high-power laser diode.

Fig.1 Room temperature absorption spectra of gassand glass ceramic

The upconversion emission spectrafor the precursor glass
and glass ceramic samples are portrayed in Figs.2 and 3,
when the laser wavelength was tuned to 796 nm, in reso-
nance with the transitions “lgo—*Fss, Hgp. TWo pesks at
354 and 382 nm are observed and atributed to the Nd®*
*Dap—lgn and “Dayp,—’liy, trandtions, respectively. In
comparison with the upconversion of the precursor glass, the
ultraviolet emissons are greatly enhanced by about 500-fold
in the glass ceramic. The nearly cubic dependence of both
lines on the pump power as presented in the insat of Fg.2
has been obtained and indicates that three laser photons par-
ticipate in the UV upconversion processes. Other vishle
upconvers on emissions have also been detected at 414, 450,
523, 587, and 655 nm and the corresponding trangtions of
Nd** are indicated in Fig.3. It is interesting to mention that
the intendty ratios of 1sg;/1523 and less/1s23 Obvioudy decrease
in the glass ceramic when compared with those in the pre-
cursor glass. The visible fluorescenceisvery strong and can

Fig.2 Room temperature upconversion emission spectra of the pre-
cursor glass and glass ceramic in the wavelength range of
320-400 nm, the inset shows the logarithmic plat of upcon-
version intensity versus excitation power

Fig.3 Room temperature upconversion emission spectra of the pre-
cursor glass and glass ceramic in the wavelength range of
400-700 nm



430

be seen with the naked eyes, which indicates that UV up-
converson emissons are intense, as they are comparable
with the visble ones.

The possible upconverson mechanisms are proposed in
Fig.4. The excited Gy, o Sates can be populated by two
possble mechanisms, excited sate absorption (ESA) and
energy transfer upconversion (ETU). In thefirst process, one
Nd** ion, initially in the ground state, is excited to the “Fsp,
Hy, dtates by ground state absorption (GSA) from where
the “F4, State is populated by fast nonradiative relaxation.
This is followed by absorption of a second IR photon from
the *Fy, excited state to the 2Py, state, from which it can de-
cay nonradiatively to the 4G7,2, o0 States. In the case of ETU,
the emitting level can be populated by means of an interac-
tion between two ions. From the energy levels of Nd*', the
most probable resonant energy transfer process to populate
the ‘Gz, 9, States are “Fayo+ Far— 1132+ Grng2 (ETUL) and
*Fart*Fan—"11:+°Gy, (ETU2). With the population of
*Grnge dates, the “Dy, sate can be populated by another
resonant energy transfer process (ETU3): 4F3,2+4G7,2' o>
* 12+ Ggp, from which the two intense UV emissions can
be obtained. Similar upconversion mechanisms are aso
proposed for the N doped glass ceramic containing
Pb,CdyF> nanocrystal §'® and the Nd**:LaF; layer on CaF,
substrate™,

To anayze the change of optical propertiesin the precur-
sor glass and the glass ceramic, the authors undertook the
Judd-Ofdt analysis™®®!. Generdlly, the intensity parameter
0,is senditive to the environmenta configuration symmetry
of rare earth ions, and it decreases with the host changing
from oxides to fluorides® 2!, On the other hand, Qs in-
creases usualy with the covalence decreasing between rare
earth ions and the surrounding el ements®!. From the pre-

Fig.4 Energy level diagram of Nd* ions and possible upconversion
mechanisms under excitation a 796 nm involving two or
three photons by means of energy transfer upconversion
(ETU) or excited state absorption (ESA)
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cursor glass to the glass ceramic, the decrease of Q,and the
increase of g, presented in Table 1, suggest that some Nd**
ions had been incorporated into Y F; nanocrydtals after crys-
tallization, which are well known in other RE doped oxy-
fluoride glass ceramics™*. With the help of the set of
three Judd-Ofdt intensity parameters ©Q,, the radiative transi-
tion probability between state J and J” can be written ag® %!

'

4 2 2 2
_ 64rn’e : n(n”+2) Z QU
3h(2J + 1) 9 vy

where U';; arethe reduced matrix dements of therank i unit
tensor between J and J'. The reduced matrix dements of
Nd3+ for J:4G7/2' o2 and J’:4|13/2, 4|1]j2, and 4|9/2 are liged in
Table 1. It can be seen that the 4G7/2' 9/2—>4|13/2 and 4G7/2' 9o —
*| 11 trangitions of the Nd®* ions largely depend on Q,, as
they have large reduced matrix elements of U2 In this case,
after crystallization, the decrease of the intendty ratios of
Isg7/lsp3 and lgss/lsps also demondrate the decrease of the
Judd-Ofdt parameter Q..

On the basis of the above-mentioned reaults, it is reason-
able to congder that the reason for the great enhancement of
the Nd®* upconversion emission intensities, after crystalliza-
tion, is because of the changesin the ligand fied, around the
rare earth ions, upon heat trestment. According to the Mi-
yakawa-Dexter theory, a nonradiative decay rate because of
amultiphonon relaxation process is governed by the phonon
energy around the rare earth ions®. In the precursor glass,
Nd®* ions are readily coupled with the nonbridging oxygen
on the strong O-S and/or O-Al bonds™®. Such coupling
causes an increase in the nonradiative decay rate because of
multiphonon relaxation and subgtantially reduces the life-
times of excited levesin upconversion processes. Therefore,
similar to most oxide glasses, oxyfluoride glass is also not
effective for upconversion. On the other hand, as the Nd®*
ions areincorporated into the Y F; nanocrystals after crystal-
lization, the rare earth ions resde in the low phonon energy
environments with highly efficient upconversion.

Table 1 Reduced matrix dements of specified transtions of
Nd* and calculated Judd-Ofelt parameters of Nd** in
the precursor glassand glass ceramic

Transitions of Nd*" u? ut Ut

4G7/2,g/2~>4| 132 0.9950 0.6186 0.0699

*Grage—"lur 06761 04536 0.0672

4G7/2,g/2~>4|9/2 0.0596 0.2180 0.0959
Glass Glassceramic

Judd-Ofelt parameters/ 2,=358 2,=2.61

16 -2

107" m Q=431 0,=3.95

0Q5=5.69 0Qs=6.64
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3 Concluson

The Nd®* doped transparent SO,-AlL,Os-LiF-YF; glass
ceramic embedding B-Y Fs nanocrystal s were devel oped. In-
tense infrared to ultraviolet upconversion emissions of Nd®*
4D3/2—>4|9/2 (354 nm) and 4D3/2—>4|1]J2 (382 nm) were ob-
tained. The results of Tm*" as a probe of the structure indi-
cated that the Judd-Ofdt parameter Q, became small after
crystallization because of the incorporation of some Nd®*
ions into the YF; nanocrystals with low phonon energy,
which could also be confirmed by the change of visible up-
converson emisson intendty ratios. The high efficiency of
the upconversion processes in this glass ceramic made it a
good candidate for ultraviolet and green solid-gate laser or
fiber laser.
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