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We report on orange-to-blue frequency upconversion (UC) in Pr’* doped chalcogenide glass
(Ga;yGeysSes) doped with Ag,S and heat treated under different conditions to nucleate silver
nanoparticles (NPs). The experiments were performed using 7 ns pulses from a dye laser that
operates at ~590 nm, in resonance with the *H,— 'D, transition of Pr’* ions. The enhancement
observed in the UC emission at ~494 nm, ascribed as 3P0—>3H4 transition of the Pr* ion, is
attributed to the large local field acting on the emitting ions due to the presence of the metallic NPs.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2927402]

I. INTRODUCTION

Rare earth ion (REI) doped materials are of great impor-
tance due to their wide range of applications in lasers, optical
amplifiers, and optical sensors, among other devices.'™ Ma-
terials that present large potential for such uses are glasses
having low cutoff phonon energy. For those materials, it is
observed that the luminescence intensity of REI introduced
as doping is enhanced several fold. ' Usually, in order to
make devices with optimized photonic properties, the REI
concentration needs to be kept low to minimize lumines-
cence quenching.13 However, an alternative way to compen-
sate the deleterious effect of quenching is to modify the REI
environment.'*

The introduction of metallic nanoparticles (NPs) in REI
doped glasses have been exploited to enhance the lumines-
cence efficiency provided that the wavelength of the excita-
tion beam or the luminescence is near to the surface plasmon
resonance (SPR) Wavelength.15 For instance, enhancement of
Eu®* luminescence was reported in a fluoroborate glass con-
taining silver NPs a long time ago.16 Later, experiments were
presented where local field or energy transfer effects change
the luminescence of REI in fluoroborate and silicate
glasses.”’18 Presently, this approach to increase the lumines-
cence in REI doped glass is receiving renewed attention due
to the large interest in nanophotonics. Accordingly, lumines-
cence enhancement due to the presence of metallic NPs has
been reported for Pr’* and Er’* in oxide glasses (see, for
example, Refs. 19 and 20), but there are not many examples
of other glasses being investigated through this approach.

Among the technologically important glasses available,
the chalcogenide glasses (based on chalcogen elements: S,
Se, and Te generally mixed with elements such as Ge, Ga,
Sb, As, etc.) are important candidates for studies of lumines-
cence enhancement by the influence of surface plasmons.
These glasses are known for their low cutoff phonon energy
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(~350 cm™!), extended infrared transparency, high refractive
index, and large nonlinear optical properties. Recently, chal-
cohalide glass-ceramics with enhanced optical and mechani-
cal properties have been synthesized both for passive appli-
cations (multispectral imatging)21 and active applications for
rare earth doping.”” Glasses based on the (Ga,S3)—(GeS,)
system have been largely studied for their high
photosensitivity,23 high REI solubility, and large transpar-
ency in the visible range, as compared to other chalcogenide
glass systems.24‘25 One example of this class of materials is
the Ga;(GeysSgs (GGS) glass, which presents very good
chemical durability and thermal stability, high refractive in-
dex (n~2.2 at 632.8 nm), and a transmittance window ex-
tending from the visible range to the infrared (0.46—12 um).

The present paper envisages orange-to-blue frequency
upconversion (UC) process in Pr’* doped GGS containing
Ag,S, heat treated to nucleate silver NPs. The goal of the
present work is to investigate the influence of NPs on the UC
process to the blue region, which is excited using orange
light from a dye laser pumped with the second harmonic of a
Nd:YAG (yttrium aluminum garnet) laser. The contribution
of the SPR associated with the NPs is demonstrated through
the enhancement of the blue light intensity generated due to
the UC process.

Il. EXPERIMENTAL DETAILS

The glassy samples were prepared by the classical melt-
quenching method. Two Pr** doped compositions were pre-
pared for this study: (Ga;gGeysSes)gg75—Pross and
(Ga;9Geys5S65)99 25— Proas—(AgsS)os labeled as GGSPr and
GGSAgPr, respectively. A Pr’* free composition
(Ga9GeysSes)g9 s—(AgyS) s, labeled GGSAg, was also pre-
pared in order to compare the NPs nucleation ability to that
of the GGSAgPr samples.

High purity polycrystalline germanium (5N), gallium
(5N), sulfur (5N), and Pr (4N) were used for the synthesis
while silver was added in the form of sulfide (Ag,S, 5N).
The elements were weighed to prepare 10 g of glass and

© 2008 American Institute of Physics
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FIG. 1. (Color online) TEM images for samples annealed during 23 h: (a) GGSAg and (b) GGSAgPr. The respective nanoparticles size distributions are
presented in (c) and (d). The solid lines represent log-normal distribution functions fitted to the histograms.

introduced into a silica tube (9 mm inner diameter); a
vacuum of about 10™* mbar was achieved in the tube before
being sealed. The ampoule was then introduced in a rocking
tubular furnace and slowly heated up to 900 °C in order to
allow thorough reaction of the starting compounds and to
avoid explosion due to the sulfide high vapor pressure. The
batch was homogenized during 8 h at this temperature, then
the rocking was stopped, and the ampoule kept in vertical
position during 20 min to reduce the formation of bubbles in
the glass. The ampoule was taken out from the oven,
quenched in water at room temperature, annealed at 370 °C
during 3 h and, finally, slowly cooled down to ambient tem-
perature in order to reduce the internal stress caused by the
quenching. Then, the silica ampoule was opened and the ob-
tained glass rod was removed, cut, and polished. All samples
were prepared following this procedure.

The characteristic temperatures of the obtained glasses
were measured by using a differential scanning calorimeter
from room temperature to 550 °C with a heating rate of
10 °C/min. The three glasses present a glass transition tem-
perature 7,~426 °C and an onset crystallization tempera-
ture T,~540 °C.

The samples were then submitted to heat treatment at
370 °C for 20 and 30 h in the ambient atmosphere to ther-
mally reduce the Ag* ions into Ag® and to nucleate metallic
NPs. Thus, in fact, the glasses were heat treated at 370 °C

for 3 h (corresponding to the necessary annealing during the
glass synthesis), 23, and 33 h. For a better readability, the
heat-treated samples are named GGSPr-r and GGSAgPr-¢
with 7 being the heat-treatment time (r=3, 23, and 33 h).
Crystallization of the glassy matrix did not occur because the
heat-treatment temperature was below T,.

An ~200 kV transmission electron microscope (TEM)
equipped with an energy dispersive spectroscopy probe was
used to observe the NPs. All the samples were uniformly
thinned by ion milling for these imaging experiments.

For the luminescence experiments, a Nd:YAG laser
pumped dye laser (wavelength: ~590 nm; pulses of 7 ns at a
repetition rate of 5 Hz; peak power of ~20 kW; linewidth of
~0.5 cm™!) was used. The linearly polarized excitation beam
was focused onto the bulk sample with a lens of 5 cm focal
length and the fluorescence was collected in a direction per-
pendicular to the incident beam. The signal was analyzed by
a 0.5 m spectrophotometer (with resolution of 0.5 nm) at-
tached with a GaAs photomultiplier. The signals were re-
corded using a digital oscilloscope connected to a computer.
All measurements were made at room temperature.

lll. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) illustrate the behavior of the
samples showing TEM images of GGSAg-23 and GGSAgPr-
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FIG. 2. (Color online) Absorbance spectra of the GGSPr sample (with and
without metallic nanoparticles) for different annealing times as indicated in
the legend. Sample thickness: 3.9 mm.

23. The average size of the metallic NPs was found to de-
crease in the presence of the Pr’* ions. This effect is attrib-
uted to the possibility of competing reduction processes
involving Ag* and Pr3*. The average diameter of the NPs
was determined assuming log-normal distributions, as indi-
cated by the lines in Figs. 1(c) and 1(d). Therefore, the av-
erage diameter of the NPs in the sample without Pr**, sub-
mitted to 23 h of annealing time, is 18*1 nm; in the
presence of the Pr3* ions, it is reduced to 2.6 = 0.1 nm for the
same heat-treatment time.

Figure 2 shows the absorbance spectra of the samples
annealed for different times. Bands associated with Pr** tran-
sitions from the ground state (3H4) to excited states' and a
feature at ~472 nm attributed to SPR of the NPs are ob-
served. The SPR wavelength (Agp) calculated using Mie
theory,15 considering spherical particles, the dielectric func-
tion of bulk silver,26 and the glass refractive index, is
~485 nm. This result represents a reasonable agreement
with the experimental value since the effect of the metal-
glass interface is not considered in the calculations neither
the NP’s shape. The amplitude of the band at ~472 nm in-
creases while increasing the concentration of the NPs which
grows up for heat-treatment time of 23 h. For a heat-
treatment time longer than 23 h, a reverse trend is observed
for the concentration. No shift of the band peaking at
~472 nm was observed for different annealing times.

Figure 3 shows the luminescence spectra of GGSPr-23
and GGSAgPr-23. Two bands are observed peaking at ~494
and at ~680 nm ascribed as *Py,—H, and 'D,— *H; tran-
sitions, respectively. The intensity of the UC signal depends
quadratically with the laser intensity indicating that two laser
photons are absorbed to produce one photon corresponding
to the *P,— >H, transition. On the other hand, the intensity
of the 'D,— *H transition (Stokes emission) depends lin-
early with the laser intensity. It is important to notice that the
ratio between the integrated UC and Stokes signals is larger
for the sample with metallic NPs.

A simplified energy level diagram for the Pr** ions is
shown in Fig. 4 with indication of the radiative transitions
studied here, as well as the location of the SPR band.

The UC emission reported here has been recently inves-
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FIG. 3. Luminescence spectra for the samples heat treated during 23 h
(excitation wavelength: 590 nm): (a) GGSPr and (b) GGSAgPr. The strong
signal centered at 590 nm is due to the scattered laser beam.

tigated in Pr** doped tellurite glasses27 but in the absence of
metallic NPs. In that case, the blue signal originates from an
energy transfer (ET) process that involves pairs of Pr’*. Two
ions in the 1D2 level exchange energy in such way that one
ion is promoted to the [3PJ(J=O, 1,2), l16] manifold and the
other decays to lower energy levels. Afterward, the blue lu-
minescence is produced due to transition *P,— *H,. Due to
the ET process, the UC signal shows a rise time larger than
the laser pulse duration and a decay time of the order of the
'D, lifetime (=10 us). In the present case, the temporal
evolution of the UC luminescence is in accord with the
mechanism of ET involving pairs of Pr3* ions, as in Ref. 27.
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FIG. 4. (Color online) Simplified energy level diagram for Pr’* ions.
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TABLE 1. The ratio between the integrated intensities of *P,—>H, and
'D,—*H, emission bands for samples heat treated during different times.

Heat-treatment

Sample time (h) Ratio (*P,—>H,/'D,—*Hy)
GGSPr-3 3 0.98
GGSAgPr-3 3 1.10
GGSAgPr-23 23 2.30
GGSAgPr-33 33 0.96

It is important to notice that although enhancement of
the UC emission intensity has been observed in the presence
of the metallic NPs (GGSAgPr-23 sample), negligible differ-
ence in the intensity of the band associated with the 'D,
—>3H5 transition (with and without NPs) was observed. On
the other hand, the UC spectra of the GGSPr glass without
silver, heat treated for different times, show no change indi-
cating that the presence of NPs is essential to obtain en-
hanced emission. Moreover, no evidence of change in the
glass structure neither nucleation of NPs due to the influence
of the laser was observed. This is understood considering
that the laser pulses have low energy and the pulses repeti-
tion rate is small.

We recall that photoinduced effects (such as photodark-
ening, photobleaching, and photoexpansion) may be ob-
served in the glass composition studied here.”> However,
those effects are relevant when the samples are exposed to
continuous wave UV light for long time intervals. In the
present case, no such photoinduced effect was observed.

The heat-treatment influence on the ratio between the
integrated intensities of *P,— *H, and 'D,— *Hj transitions
is summarized in Table I. Notice that the ratio increased by
more than ~100% for the sample with silver that was heat
treated during 23 h. This is due to the local field around the
NPs that is strongly enhanced by the contribution of the sur-
face plasmons. Clearly, the results show that the UC signal,
which corresponds to a wavelength near from Agp, is more
affected by the NPs than the emission from the lD2 level
which has a larger detuning from the SPR than the [P S
=0,1,2), 116] manifold. The smaller ratio corresponding to
GGSAgPr-33 sample is not well understood at the present
time. Of course, the reduction in the NP’s concentration,
which corresponds to a decrease in the SPR amplitude, may
contributes to the decrease in the ratio of intensities. How-
ever, the possibility of quenching of the blue emission due to
the smaller average distances between the Pr** ions and the
NPs may also give origin to reduction in the blue intensity
since ET from the Pr’* ions to the NPs may become efficient.
The understanding of the phenomena involved in this case
requires further work beyond the scope of the present paper.

IV. SUMMARY

In summary, we reported the synthesis of Pr’* doped
chalcogenide glass containing silver NPs and investigate
their luminescence properties. The excitation was in reso-
nance with the *H,— 'D, transition that occurs in the orange
spectrum (~590 nm). Enhancement of the frequency UC
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process that leads to emission at 494 nm was observed due to
the presence of the metallic NPs. This observation corrobo-
rates the expectation of the enhanced local field effect on the
ions located in the proximity of the NPs. On the other hand,
quenching was also observed for samples heat treated for
longer times, which indicates that ET occurs from the Pr**
ions to the metallic NPs. This result is important in the sense
that it demonstrates that there is an optimum heat-treatment
time of samples to observe enhanced frequency UC due to
nucleation of metallic NPs.
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