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Optical properties of phosphate glasses co-doped with Yb3* and
silver nanoparticles*

M. A. Vallejo H.%, M. A. Martinez G , AL V. Kiryanova), and J. L. Lucio M.Y

a) Centro de Investigaciones en Optica, Loma del Bosque 115, Col. Lomas del Campestre, Leon 37150, Guanajuato, México

b) Division de Ciencias e Ingenierias del Campus Ledn de la Universidad de Guanajuato. Loma del Bosque 103,
Col. Lomas del Campestre 37150, Leon Guanajuato, México

(Received 24 April 2014; revised manuscript received 1 July 2014; published online 10 October 2014)

We report the fabrication and spectroscopic characterization of Yb>*-doped phosphate glass, also containing silver
nitrate. Scanning electron microscopy (SEM) provides the evidence of the formation of silver nano-particles (SNPs), which
are formed as a consequence of melting and thermal decomposition of AgNO3. Absorption spectra of the samples in the
visible-to-near-infrared spectral range reveal the presence of bands centered at 410 nm associated with the SNP-plasmon
resonance, and at 976 nm due to the Yb>*. Under 916-nm laser-diode pumping, the effect of the SNP reflects that: i) the
fluorescence in the 950-nm—1150-nm spectral range is strongly enhanced (~ 30 times), while the fluorescence decay time
associated with the 2F5 2 —>2F7 /2 transition of Yb3* increases 25%, and ii) the basic lasing properties (saturation pumping
intensity, the emission and absorption cross sections) are substantially improved.
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1. Introduction

The study of Yb3* ion embedded in different matrices
has aroused much interest during the last decade.!'~”) This
interest stems from the relevance of the Yb>* spectroscopic
properties for the development of lasers. The simplicity of
the Yb?* energy levels is the main characteristic since it can
be approximated by a two-level system (°F; /5, *Fs5).[Yl The
emission and absorption cross sections, together with the fluo-
rescence lifetime and the saturation pumping intensity are the
properties relevant to characteristics of the material. How-
ever, these properties depend on the host material; thus, in
fluoroborate glass an increase in the fluorescence centered at
975 nm is obtained as a consequence of the high Yb** concen-
tration that the material can contain,?! and similar results have
been obtained to hold for niobosilicate and telurio-germanate
glasses.®! In the case of metaphosphate glasses, higher values

4 are achieved.

of the emission and absorption cross sections!
It is important to remark that the ytterbium ion is also used
as an active material in the construction of high efficiency
fiber lasers in the 975 nm—1060 nm range.>~”] Besides the
increase of the emission cross section, the fluorescence de-
cay time requires further optimization. Phosphate glass has
been identified!®13! as one of the most promising precursors
of laser materials. As for the characteristics of the material, we
should mention that it is soft and transparent from the ultravi-
olet (UV) to near infrared (IR), and relatively strong from the
mechanical point of view. Phosphate glass also has a relatively
high density (3 g/cm?), high refractive index, and thermal con-
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(161 The former prop-

ductivity, besides its high phonon energy.
erty is welcome, for it is responsible for high emission effi-
ciency in the infrared region. Moreover, phosphate glass is
easy to prepare, in addition, it is versatile and can provide
wide spectra of emission and absorption as compared with

[17) Finally, it is worth mentioning

other crystalline materials.
that, as far as laser development is concerned, an advantage of
phosphate glass over silicate glass is the possibility of doping
with rare-earth concentration as high as 4 x 10! cm=3,[18-201
without a noticeable deterioration of the technological proper-
ties of the glass and without luminescence quenching due to
the formation of rare-earth clusters.

Our purpose in this work is to characterize the phosphate
glasses co-doped with Yb3* and SNP. Although, a detailed mi-
croscopic description of the phenomena involved in the system
is beyond the scope of this work, we are interested in a phe-
nomenological analysis of the influences of the silver nanopar-
ticles on the properties of the glass, i.e., the spectroscopic ef-
fects and a quantitative measure of emission and absorption
cross section, decay time, and the saturation pumping inten-
sity (optical intensity corresponding to the saturation power
per unit area). This information will be helpful in determining

the potential use as laser material.

2. Experiment

Three glass samples were prepared (hereafter we re-
fer to them as samples A, B, and C), whose compositions
are NaH,PO4H,0, Yb,03, and AgNO3 respectively (see Ta-
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ble 1).
duce the quenching of ytterbium luminescence, that these OH

It is convenient to remind that OH™ groups pro-

groups are inevitably present in phosphate glasses, and its
number increases as the Yb3" concentration grows (see, for
example, Refs. [21] and [22]) for that reason we work with
a relatively low concentration of ytterbium in the core glass
(0.5 x 102 cm™3). In the preparation process, the reagents
were melted at 1050 °C for 4 hours in a porcelain crucible ex-
posed to air. Then, the melt was poured in an aluminum-steel
brass mold in open air and cooled down to room temperature.
Afterwards, the samples were annealed at 450 °C for 2 hours
in order to produce Ag metal nanoparticles. The SNPs were
formed due to the thermal decomposition of AgNO3 through
the reaction: 2AgNO; = 2Ag(s) + 2NO,(g) + O2(g), where
indices s and g denote gas and solid respectively. The glasses
were then cut into a size of 10 mm in diameter and 6 mm in
thickness, and polished.

Table 1. Glass composition in weight percentage (wt%).

Sample NaH2P04H20 Yb203 AgNO3
Phosphate glass A 99.5 0.5 0.0
Phosphate glass B 95.5 0.5 4.0
Phosphate glass C 89.5 0.5 10.0

High resolution images of the samples are obtained from
scanning electron microscopy (SEM: JOEL JSM-7401F). The
result for sample C (with the highest SNP content) is shown
in Fig. 1, the micrograph clearly demonstrates the presence
of SNP. In Fig. 2 we report the results of the analysis of the
area marked in Fig. 1. The horizontal axis shows the elements
while the vertical axis the relative quantity of elements enter-
ing into the area analyzed. Figure 2 is not normalized, and the
vertical axis is not shown completely either, otherwise the de-
tails of the weaker signals would be lost. From this figure we
can learn that the silver signal is much stronger than the Yb
one, and that an even weaker Si signal appears due to the use
of porcelain crucibles in the preparing process.

electron image 1
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Fig. 1. SEM micrograph of sample C showing nano-particles. The analysis
of the area marked with a square is reported in Fig. 2.
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Fig. 2. Spectrum showing the amounts of element content in the area marked
with a square in Fig. 1.

The spectral properties of the samples were obtained. On
the one hand, using a 1-nm resolution Perkin—Elmer spec-
trophotometer, the absorption spectra of the samples at room
temperature were recorded between 350 nm and 1100 nm. On
the other hand, to obtain the emission spectra, an Ando AQ-
6315A optical spectrum analyzer was used. In the latter case,
we pumped the sample with a 200-mW semiconductor laser at
916 nm, and the detector was located in a line perpendicular
to the excitation direction (to avoid the re-absorption effect).
The absorption spectra are shown in Fig. 3, whereas the emis-
sion spectra are shown in Fig. 4. The lifetime of the near-IR
fluorescence produced by the Yb3* decay was measured in
the same 90°-geometry, but in this case, the pump light from
the 916-nm laser was modulated to give a square-wave signal
(meander) on the sample. The luminescence (filtered) signal
from the pumped sample was detected using an Si photode-
tector and processed by a computerized digital oscilloscope
(Tektronix).

3. Results and discussion

From Fig. 3 one can conclude that as far as absorption
is concerned, the behaviors of the three samples are similar:
the main absorption band lies between 900 nm and 1000 nm,
which is produced by the 2F, /2 —2Fs /2 (Yb3*) transition.
Note, however, that the absorption coefficient grows as the sil-
ver concentration in the samples increases. It is also worth
noticing that the broad band centered at 410 nm appears for
samples B and C, but no such band occurs in sample A. In
the conventional interpretation,!?*! the band is produced by the
surface plasmon associated with the SNP. From the inset of
Fig. 3, it is worth noticing that the tail of the plasmon reaches
1000 nm and, therefore, it enhances the Yb3t absorption in
the 950-nm—1000-nm range. This increase in the absorption
at 916 nm produces an enhancement of the Yb** fluorescence
(see below).

The emission spectra of the three samples under pumping
at 916 nm are shown in Fig. 4, where included are a promi-
nent peak at 977-nm and a less intense one at 1015 nm, both
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of which are attributed to the *Fs/, —’F7, transition of the
Yb3* jon. Note that the fluorescence spectra we report start
at 950 nm, so that the fluorescence produced by the SNP in
the visible region is not included. Particularly relevant to this
work are the changes observed in the infrared emission spec-
tra, when the silver is included (samples B and C); in fact, the
higher the silver content of the sample, the larger the enhance-
ment of the fluorescence is. As the Yb** concentrations for
the three samples are the same (refer to Table 1), these results
suggest that the SNP concentration in the sample influences
the populations of the *F 5, *Fs 5, and Yb*" levels.
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Fig. 3. Room temperature absorption spectra of the samples A (black
thin solid line), B (gray dash—dotted line), and C (black thick solid line).

The inset corresponds to an enlargement of the Yb>* absorption band
area.

Intnesity /arb. units

1000 1025 1050 1075 1100

950 975

Wavelength /nm

Fig. 4. Emission spectra of phosphate glasses co-doped with Yb3* and
SNP (samples A, B, and C) under 200-mW excitation at A = 916 nm.

In Table 2 we report the decay time obtained from our
measurements, and the comparisons with other authors’ re-
sults are included. It is noticeable that T grows as the SNP
content in the samples increases; that is to say, the lifetimes of
samples B and C deviate from the value obtained from sam-
ple A, the sample free of silver nitrate. It is known that the

lifetime depends on the effective refractive index (n.s) of the
medium. We measured®¥! the refractive indexes of the three
samples and found to be n’. = 1.499, nB.y = 1.493, and
nCegr = 1.475. The trend of the lifetime values (74 < 8 < 7€)
can be roughly reproduced using the 7.¢ dependence predicted

by Dolgaleva et al.!>!

Table 2. Lifetimes of fluorescence in the ~ 1 um as measured from
phosphate glasses co-doped with Yb3*+ and SN.

Host Nyp/10%0 ions-cm™3  t/ms Ref.

Phosphate glass 0.560 1.20 [4]

SACF 0.2 0.501 1.29 [1]
Phosphate glass A (0% SNP) 0.509 1.33  This work
Phosphate glass B (4% SNP) 0.509 1.50 This work
Phosphate glass C (10% SNP) 0.509 1.77 This work

Among the physical properties, the absorption cross sec-
tion Ogps(A ), the emission cross section Ogm(A), and the sat-

1241 (see below) serve as pa-

uration pumping intensity Jgy!
rameters to characterize materials suitable for laser develop-
ment. Using the lifetimes reported in Table 2, we compute the

spectral dependence of the cross sections from the following

relations[26:271
A3 IA
Gem(A) = ——1 , )
87rc‘L'neff /ll(l) da
hv —¢
Gurs (1) = Gem(A) exp[ == |, @)

where 1 represents the branching ratio for the radiative decay,
negr is the refractive index of the glass host, c is the velocity
of light, I(A) is the emission intensity of Yb3* at wavelength
A (~ 975 nm), and € is the temperature-dependent excitation
energy, which is the net energy needed to excite an Yb>* ion
from the 2Fs, to the °F;, state at temperature T, h is the
Planck constant, k£ is the Boltzmann’s constant, and Vv is the
photon frequency. Assuming 1 ~ 1 for all samples, we obtain
the stimulated emission Gep, (A) and absorption cross-section
Oaps(A) shown in Figs. 5 and 6 (see also Table 3).

The effects of silver on the behaviors of absorption and
emission cross section are similar to the scenarios for the three
samples and show interesting regularities. The following strik-
ing aspects of the absorption cross section are worth comment-
ing (see Fig. 5): 1) as the silver content of the sample increases,
Oaps(A) grows at 916 nm, and ii) in the first approximation, the
silver effect on the absorption at 975 nm is small and negligi-
ble. For the emission cross section, the following points must
be remarked: 1) at 977 nm, the emission is larger when the
sample includes silver, however, the difference in emission in-
tensity between samples B and C is small, while the behavior
at 1015 nm shows that the larger cross section corresponds to
the sample free of SNP.
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Table 3. Absorption and emission cross sections at 975 nm as obtained from phosphate glasses co-doped with Yb3*+ and SNP.

Host Nyp/10?° ions-cm ™3 Gaps(A)/10720 cm? Oem(A)/10720 cm? Reference

HMO 0.640 2.200 0.75 [13]

SACF0.2 0.501 1.190 0.98 [1]

Phosphate glass 0.560 1.400 1.00 [4]
Phosphate glass A (0%SNP) 0.509 0.930 0.78 This work
Phosphate glass B (4%SNP) 0.509 0.973 1.01 This work
Phosphate glass C (10%SNP) 0.509 0.974 1.05 This work
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Fig. 5. Absorption cross sections of samples A (black thin solid line),

B (gray dash—dotted line), and C (dark gray solid line).
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Fig. 6. Emission cross sections of samples A (black thin solid line), B
(gray dash—dotted line), and C (dark gray solid line).

Further enhancement of the lasing properties of the mate-
rials at A = 975 nm can be obtained from the saturation pump-
ing intensity I, which can be calculated from the following
relation: (428
— 3)

Oaps(A)T
Figure 7 shows the saturation pump intensity versus SNP
concentration.

Lo =

We observe that a significant reduction of
I, occurs as the SNP concentration is increased. In Ta-
ble 4 we report the results for Iy at A = 916 nm (corre-
sponding to an Yb3* absorption peak). The consequence

of incorporating the SNP is to reduce Is. For comparison,
in Table 4 we also give the results of other authors. Note
that in previous studies (see e.g. Refs. [15] and [27]), en-
hancement of I, is achieved by increasing the Yb3* wt%
content of the sample, however it is accompanied by a de-
crease of the fluorescence decay time 7, which in this con-
text is an undesired effect. In contrast to previous approaches,
in our case we keep the Yb** concentration constant and
change solely the SNP concentration and still obtain improve-
ment in the lasing properties of the material. Finally, note
that the Yb3*wt% we use is low in comparison with in the
cases of oxy-fluoride silicate glasses,!!! fluorophosphates, !
phosphosilicate, > silicate,>”! and phosphate. [>°]

Table 4. Comparison of saturation pumping intensity (/) between
phosphate glasses co-doped with Yb3+ and SNP.

Host Y03 t/wt% IL/(kW/ecm?) Reference
SACFO0.2 0.2 14.30 [1]
PSB 1 22.11 [29]
LSY 1 22.11 [29]
PNK 1 15.55 [29]
FP 0.3 2091 [3]
Phosphate glass A (0%SNP) 0.5 16.37 This work
Phosphate glass B (4%SNP) 0.5 13.96 This work
Phosphate glass C (10%SNP) 0.5 11.82 This work
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Fig. 7. Saturation pumping intensities of samples A, B and C with dif-
ferent amounts of the silver content.
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4. Summary and conclusions

This work focuses on the spectral properties of phosphate
glasses co-doped with Yb3* and silver nitrate. We report the
absorption and fluorescence spectra, as well as the absorption
cross-section G,ps(A ), the emission cross-section Gem(4 ), and
the saturation pumping intensity Iy. We conclude that the
lasing properties of the material are improved when the silver
concentration in the sample is increased (increase in Gyps(A)
and o (A) and reduction of Iy). We provide the evidence
of the formation of silver nano-particles, and as far as inter-
pretation is concerned, we can mention that most probably the
silver produces a re-distribution of the populations between
the Stark sublevels of the 2F; /2 /?Fs /2 manifolds.
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