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Abstract The spectroscopic properties of a Dy*"-doped
aluminophosphate glass containing silver and tin were
reported. Different oxidation and aggregation states of
silver were obtained by varying silver concentration and
glass thermal history. The addition of silver and tin at the
lowest concentration studied results in Dy>" ions emission
under nonresonant UV excitation in connection with the
appearance of an excitation band around 270 nm, which is
associated to isolated Ag* ions and twofold-coordinated Sn
centers. The increase in silver and tin concentration leads
to a broadening of aforementioned band and to the pres-
ence of charged silver dimers as evidenced by the
appearance of an excitation band around 330 nm. The data
indicated that light absorption might take place at ionic
silver species and twofold-coordinated Sn centers, fol-
lowed by energy transfer to Dy’ ions. After heat treat-
ment, ionic silver species were reduced to atomic Ag by tin
with the subsequent formation of Ag nanoparticles (NPs)
inside the dielectric host. A quenching effect in Dy> " ions
luminescence was shown with the presence of the Ag NPs,
most notably for excitation of ®Hys, — *Fos, Nisp *Gripn
transitions, which were in resonance with the dipole
absorption mode of the particles. The silver NPs were
believed to provide radiationless pathways for excitation
energy loss in Dy*" ions.
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Introduction

A great deal of effort has been recently devoted to under-
standing the effect of noble metals on the spectroscopic
properties of luminescent ions in a dielectric host in view
of the prospective utility of these materials for the devel-
opment of optoelectronic devices [1-12]. However, in spite
of the work done, the conditions and mechanisms by which
emission characteristics are enhanced by the presence of
the metal remain controversial [5—12]. An important issue
is related to which oxidation and aggregation state of the
metal is liable for the improved luminescence of the
emitting centers, namely charged metal species such as
dimers vs. metallic nanoparticles (NPs). It was first
reported by Malta et al. [13] that an enhanced photolumi-
nescence (PL) for Eu*" ions in glass containing silver NPs
occurred due to the surface plasmon resonance (SPR) of
the particles. The SPR is regarded as the collective exci-
tation of the conduction band electrons which induces high
electromagnetic fields in the metal particles resulting in the
enhancement of several optical processes [14]. Hence, it
was pointed out by Malta et al. [13] that long-range elec-
tromagnetic interactions associated with plasmon excita-
tion were deemed significant in obtaining an enhanced PL.
Hayakawa et al. [1] also carried out investigations on
Ag/Eu co-doped glasses and observed PL enhancements
ascribed in a similar manner to local field effects owing to
the SPR of metal NPs. More recently, plasma oscillations
in metallic NPs has also been suggested as accountable for
the improved PL of rare-earth (RE) ions in glasses [3-5, 7,
12]. On the other hand, Strohhéfer and Polman [2] reported
that silver served as a sensitizer for Er’" ions in borosili-
cate glass, whereas no enhancement effect was ascribed to
Ag NPs. They attributed the observed increase in emission
intensity to energy transfer from silver pairs to Er’™ ions.
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Martucci et al. [6] conducted a study on glass films
co-doped with Ag and Er and also reported an energy
transfer mechanism related to silver pairs and not to NPs.
Likewise, the recent report from Matarelli et al. [9] shows
agreement with an enhanced Er** ions PL owing to energy
transfer processes originating at silver aggregates, mainly
dimers. Furthermore, energy transfer from molecular-like
noble metal particles to RE ions have been also reported
recently by Trave et al. [8], and by Eichelbaum and
Rademann [11].

With the aim of furthering the understanding of metal—
RE interactions in a dielectric host, we recently studied the
spectroscopic properties of Eu’" ions in a melt-quenched
aluminophosphate glass system containing silver and tin, in
which isolated Ag™ ions were observed to enhance Eu®"
emission, whereas a quenching effect of europium ions PL
showed with the presence of silver NPs [10]. The nature of
energy transfer leading to the enhanced Eu** PL was fur-
ther assessed along with the possible contribution to the PL
quenching by chemical reduction of Eu** to Eu®" by Sn*"
[15]. In the work reported herein, we present an extension
of the study to investigate on the interactions involving
ionic silver species including dimers, Ag NPs, and Dy>"
ions in the aluminophosphate glasses prepared by melting
and heat treatment (HT) processes. The study not only
becomes relevant owing to the significance of dysprosium
ions for optical applications [16, 17] but also because of the
importance of assessing the contribution of Ag and Sn
species to material optical properties [15, 18-20]. The
different oxidation and aggregation states of silver are
obtained by varying the silver concentration and glass
thermal history. It is observed that excitation of isolated
Ag+ ions, silver pairs, and twofold-coordinated Sn centers
leads to Dy*" emission. On the other hand, thermal pro-
cessing results in silver NPs formation within the matrix
and a quenching effect on Dy luminescence. Mecha-
nisms likely operating are discussed.

Experimental

Aluminophosphate glasses of the type P,0s5:Al,03:CaO:
SrO:BaO were prepared by conventional melting and
HT processes as described elsewhere [21]. Silver, tin, and/
or dysprosium doping was done by adding Ag,O, SnO,
and/or Dy,03 quantities in mol%, in relation to network
former P,O5. Samples used in this study are referred to as:
glass host (glass system without Ag,O, SnO, and Dy,05);
Dy glass (2% Dy,05); 4Ag/Sn glasses (4% of each Ag,O
and SnO); 4Ag/Sn—Dy glasses (4% of each Ag,0 and SnO,
and 2% Dy,03); and 6Ag/Sn-Dy glasses (6% of each
Ag,0 and SnO, and 2% Dy,05). The 4Ag/Sn-Dy and 6Ag/
Sn-Dy glasses were subjected to HT to assess the

@ Springer

dependence of optical properties on glass thermal history.
Optical absorption measurements were employed in silver
NP detection owing to SPR spectral features, and to detect
UV absorption of dopants by using the glass host as ref-
erence in the dual-beam configuration of the instrument.
Steady-state PL spectroscopy was performed in an ISA
SPEX Fluoromax-2 spectrofluorometer. Unless otherwise
specified, the spectra presented correspond to samples
measured as glass slabs. To make possible the comparison
of PL intensities, some samples were ground to powder and
compressed into pellets for precise measurements in a
sample holder with particular attention given to keep
conditions constant during experiments. Laser-excited PL
was carried out with a 20 ps Nd:YAG laser operating at
266 nm. Time-resolved spectra were recorded under pulsed
excitation using a boxcar system for detection with a
narrow time gate.

Results and discussion
Luminescence in glass before heat treatment

Figure 1 shows an overlay of the absorption and excitation
spectra of the 4Ag/Sn—Dy glass before HT and the exci-
tation spectrum of the Dy glass. The excitation spectra
were obtained by monitoring emission of *Fo, — ®Hjs/
transition in Dy>" ions at 574 nm. The absorption spectrum
of the 4Ag/Sn—Dy glass was obtained with the glass host as
reference and shows an absorption band with a maximum
around 275 nm. The excitation spectrum for the 4Ag/Sn—

1.0
—— 100 pus delay
ol -=--- 500 ps delay
OF e b 1 ms delay

E;l::
N
R s
0.5f =00 500 600 3

400 500 600 700
—— 4Ag/Sn-Dy exc

— — - 4Ag/Sn-Dy abs
-— Dyexc

Normalized Intensity (a.u.)

b
0.0 iy T L, T i

PR RN TRE VRT S N Y T T N T SN T T TR N S T T [N T S T [

240 280 320 360 400 440 480
Wavelength (nm)

Fig. 1 Absorption (abs) and excitation (exc) spectra for 4Ag/Sn-Dy
glass before HT, and excitation spectrum for Dy glass (emission
monitored at 574 nm for both excitation spectra). The inset shows
time-resolved spectra for 4Ag/Sn-Dy glass under pulsed laser
excitation at 266 nm
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Dy glass shows a broad excitation band centered around
270 nm, which is not observed for the Dy glass. This result
indicates that an intense 574-nm emission of Dy>" ions can
be obtained under nonresonant excitation for wavelengths
near 270 nm for the 4Ag/Sn-Dy glass. It turns out that the
excitation band appearing for the 4Ag/Sn-Dy glass
resembles the difference absorption spectrum obtained
between the same sample and the glass host as shown in
Fig. 1, indicating that the species responsible for the
absorption band are at the origin of an energy transfer
process. Such type of absorption bands close to 270 nm
have been observed in our previous works [10, 21] for
Ag/Sn-doped glasses owing to contributions from both
isolated Ag™ ions and twofold-coordinated Sn centers (will
be also referred to herein as =Sn™ centers, where the two
paired electrons are represented by “--”, and the bond with
two oxygen atoms by “="). Single Ag*t ions have been
observed to contribute to the absorption band mainly
around 270 nm owing to parity-forbidden transitions
involving electron promotion from the 4d'® ground state to
some levels in the 4d° 5s' configuration [21]. The optically
active =Sn~ centers, however, show a contribution to
absorption around 255 nm due to electronic transitions
from the ground singlet state to the first excited singlet state
(So — Sy) [10, 20]. It therefore becomes evident that light
absorption takes place at single Ag' ions and/or =Sn”
centers followed by energy transfer to dysprosium, which
results in populating the “Fo, emitting state in Dy ions.
Such type of energy transfer between donor—acceptor pairs
becomes evident in the time-resolved spectra presented in
the inset of Fig. 1, which were obtained under pulsed laser
excitation at 266 nm (near the top of aforementioned
excitation band), for time delays of 100 ps, 500 ps, 1 ms,
and 2 ms. At 100 ps of delay, a broadband emission is
observed between 350 and 700 nm along with emission
from dysprosium around 483, 574, and 662 nm, corre-
sponding to “Fo, — °®His)n, °Hy3/0, and °Hj,» transitions in
Dy’" ions, respectively. The broadband emission most
likely contains contributions from both silver and tin,
owing to D, - 'S U=3,2, 1 spin-forbidden transi-
tions in Ag" ions and electronic transitions from the first
excited triplet state to the ground singlet state (7, — Sy) in
=Sn~ centers, both of which possess lifetimes in the
microsecond time scale [15, 21]. After 500 ps of delay, the
spectra mainly contain emission due to radiative relaxation
of excited Dy>" ions, which are longer-lived. Regarding
the assessment of the energy transfer mechanism, e.g.,
radiative vs. nonradiative, let us consider data in Fig. 2.
Shown in Fig. 2a is an overlay of emission and excitation
spectra for the 4Ag/Sn—Dy glass. The emission spectrum
recorded under 265 nm excitation is a broadband which
shows dips corresponding to Dy>" ions absorption as evi-
denced by the matching excitation peaks. This type of

(a) 75| em {:a_m= 265 nm) o N
----- exc (r, =574nm) - Ié
_ Iy
- B50F
L
=
B
c
)
£ 25 !
A :
0_..1.I.;..I;..;l.;;;l.;;.l;;.;l.
300 350 400 450 500 550 600
Wavelength (nm)
() .
10 &
10°

Intensity (a.u.)
=)

-t
<
Fa

10'3..1.I. 2o
0 10 20 30 40 50 60

Time (us)

Fig. 2 a Emission (em) and excitation (exc) spectra for 4Ag/Sn-Dy
glass. b Emission decays for 4Ag/Sn-Dy and 4Ag/Sn glasses
collected at room temperature under laser excitation at 266 nm with
detection wavelength set at 420 nm

effect where band emission is suppressed only at the
position of RE absorption lines is known to be character-
istic of radiative energy transfer [22]. If the energy transfer
process occurred through nonradiative mechanisms, the
band emission would be suppressed uniformly, which is
clearly not the present case. The decay curves shown in
Fig. 2b, which were obtained for 4Ag/Sn and 4Ag/Sn-Dy
glasses under excitation at 266 nm with emission moni-
tored at 420 nm, support this assertion. If we consider that
at this emission wavelength the luminescence can arise from
both Ag™ ions and =Sn" centers, a curve fitting should then
reflect that behavior. Emission decays for Ag™ ions in glass
have been previously studied and observed to follow a
bi-exponential behavior with fast and slow components
most likely corresponding to relaxation from upper and
lower metastable states, respectively, as described in the
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framework of a four-level system [21]. It would be then
expected that the decay curve involving both species, silver
and tin, would have three components in accordance with a
multi-exponential fitting appropriate for multiple states
decaying at a particular wavelength. Hence, the decays in
Fig. 2b were fitted to a tri-exponential function corre-
sponding to the single-exponential decay from Sn-related
centers [15] and to the bi-exponential behavior of Ag™ ions
[21]. The resulting estimated lifetimes for the 4Ag/Sn—Dy
glass are 0.8, 4.8, and 17.1 ps. The lifetime of 4.8 ps would
be related to tin since it is comparable to that reported for
=Sn" centers in the glass system [15]. The other two, 0.8 and
17.1 ps, can be thus related to single silver ions [21]. Simi-
larly, for the 4Ag/Sn glass, lifetimes of 1.2 and 16.8 ps are
estimated for silver ions, whereas a 5.3-us lifetime is esti-
mated in association with Sn. Indeed, from this assessment,
the relaxation times estimated for Ag- and Sn-emitting spe-
cies in the 4Ag/Sn-Dy glass are comparable to the ones
obtained for the 4Ag/Sn glass, which is also consistent with a
radiative energy transfer mechanism. If radiationless energy
transfer occurred, the lifetimes of Ag and Sn as donor species
would be significantly changed in the presence of Dy ions
as acceptors [22]. In fact, radiative energy transfer is likely in
glass systems having a high metal solubility. Although some
alumina was added as a less acid network former, the main
constituent of the glass used in this study is phosphate. Such
phosphate-based glass host supports large separations
between doping species, making radiationless energy
transfer among species less likely [23]. Furthermore, the
metal solubility may be even increased due to the presence of
Sn, which is known as a metalophilic agent [24]. Thus, the
data appears consistent with recent results reported for Eu®"
ions in the same aluminophosphate glass system where the
resonant radiative mechanism was observed to play an
important role [15].

The effect of increasing the concentration of silver and
tin on the spectroscopic properties of the glass system shall
now be assessed. Figure 3 shows excitation spectra
obtained by monitoring emission at 574 nm for the Dy,
4Ag/Sn-Dy, and 6Ag/Sn-Dy glasses. It can be observed
that increasing the concentration of silver and tin oxides to
6 mol% leads to a broader excitation band centered around
275 nm. It should be noted that in the 6Ag/Sn-Dy glass,
the metal solubility may become increased relative to the
4Ag/Sn-Dy glass due to the increase in concentration of
the metalophilic agent tin, and this may result in the shift of
Ag™ ions absorption to lower energy [20, 24]. In addition, a
wider distribution of sites for single Ag' ions may be
present in the amorphous host. Accordingly, the broad
excitation band observed for the 6Ag/Sn—-Dy glass may
contain a significant contribution from single Ag" ions
in association with inhomogeneous broadening. However,
the increase in Ag concentration may also result in the
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Fig. 4 Excitation spectra for 6Ag/Sn—-Dy glass before HT obtained
by monitoring emission at displayed wavelengths

formation of silver aggregates or molecular species which
may also participate in energy transfer processes leading to
Dy’" ions emission. Co-existent charged silver dimers
become evident from the excitation spectra presented in
Fig. 4, which were obtained by monitoring emission at
375, 400, 425, 450, and 500 nm. Furthermore, the band
observed around 275 nm is clearly connected with
4d' — 4d° 55" and Sy — S, transitions in Ag" ions and
=Sn" centers, respectively, the latter displaying its contri-
bution to the high-energy wing. However, the appearance
of the excitation band around 330 nm is indicative of PL
originating at silver pairs [20, 25, 26]. It is observed that
with the increase of detection wavelength from 375 to
500 nm, the excitation band is slightly shifted to longer
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Fig. 5 Emission spectra for 6Ag/Sn-Dy glass before HT obtained
under excitation at 323 and 363 nm

wavelengths at the beginning and eventually becomes
broader. As reported in our previous works [20, 26], this is
consistent with an overlapping behavior due to the pres-
ence of both AgT™—Ag™ and Ag"—Ag" centers: AgT—Ag™
pairs become more effectively excited at shorter wave-
lengths relative to Agt—Ag®, whereas emission of Ag'—
Ag" shows at longer wavelengths in relation to Ag"—Ag’
pairs. Figure 5 shows spectra for the 6Ag/Sn—Dy glass
before HT obtained under excitation at 323 and 363 nm,
where emission of the two types of silver pairs can be
observed along with Dy ions emission. For instance,
excitation close to the peak of the excitation band for the
dimers but to the high-energy side at 323 nm leads to a
broad emission band owing to both centers, where emission
of Agt—Ag™ pairs likely appears at longer wavelengths,
e.g., 500 nm and longer, relative to that for the Ag"—Ag’
centers [20, 26]. Accordingly, under excitation at a longer
wavelength to the low-energy side of the excitation band,
namely at 363 nm, Ag'—Ag® pairs PL shows around
430 nm, while the extension of inhomogeneous broadening
toward the low-energy side in the spectrum suggests the
presence of Ag'—Ag' emission consistent with Agt-
Ag’ — Ag™—Ag" energy transfer [20, 26]. Thus, the silver
molecular dimers may also become energy donors to Dy> ™
ions [2, 6, 9]. In fact, the dips observed around 350 nm in
the excitation band associated to silver pairs in the spectra
in Fig. 4 which correspond to absorption by Dy>" ions
suggest the radiative energy transfer process to be sub-
stantial [27].

Effect of heat treatment on glass spectral properties

We shall now consider the effect of thermal processing on
the spectroscopic properties of the glasses. Absorption
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Fig. 6 a Optical absorption and b excitation spectra (samples
measured as pellets with emission monitored at 574 nm) for 4Ag/
Sn-Dy glass before and after HT at 570 °C for different holding times

spectra for the 4Ag/Sn—Dy glasses before and after HT at
570 °C for different holding times are shown in Fig. 6a.
Upon HT, a peak develops around 420 nm owing to the
SPR absorption of silver NPs, which are formed due
to reduction of Ag ions to the neutral state as 2Ag* +
Sn*T — 2Ag° + Sn** [21]. The observed SPR shift and
broadening is suggestive of an increase in particle size [21,
28]. The presence of larger particles in the sample heat
treated for 120 min is also evidenced by the appearance of
an additional peak around 370 nm, which is attributed to
the quadrupole resonance mode. In Fig. 6b, excitation
spectra are presented for the 4Ag/Sn—-Dy glass samples
before and after HT, which were obtained by monitoring
emission at 574 nm. Evidently, HT leads to a decrease in
dysprosium ions emission with increasing holding time. In
particular, it is observed that PL intensity is lowest for the
sample heat treated for 120 min at wavelengths about
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Fig. 7 Excitation spectra for 6Ag/Sn—Dy glass before and after HT at
520 °C for 1 h obtained by monitoring emission at 574 nm. The inset
shows an enlargement in the region relevant to plasmon absorption
in silver NPs; the vanishing of excitation peaks corresponding to
6H15/2 - 4F9/2, 4115/2, 4611/2 transitions is observed

350 nm and longer. In Fig. 7, excitation spectra are pre-
sented for the 6Ag/Sn-Dy glass before and after HT at
520 °C for 1 h, also obtained by monitoring emission at
574 nm. The inset shows an enlargement within 410 and
495 nm, a region relevant to SPR absorption of Ag NPs,
where the vanishing of excitation peaks corresponding to
6H15,2 - 4F9/2, 4115,2, 4G11,2 transitions is observed. In
fact, no emission from Dy>" could be recorded in our
experiments by excitation of 6H15/2 - 4G11/2 transition at
424 nm for the glass heat treated at 520 °C for 1 h. For
excitation at 323 and 363 nm, glass PL is shown as a
function of thermal processing in Fig. 8a and b, respec-
tively. The band emission associated with the silver pairs
(vide supra) is observed to vanish with increasing HT
temperature during isochronal processing, an expected
result due to intensive chemical reduction of ionic Ag
species to the neutral state by Sn and subsequent incor-
poration of the Ag atoms into non-luminescent Ag nano-
crystals [20]. In fact, the sample heat treated for 1 h at
450 °C shows a dip around 420 nm (Fig. 8a) in association
to absorption of luminescence by Ag NPs [21]. The
chemical reduction process is also evident from the exci-
tation spectra in Fig. 8c, where the excitation band between
300 and 375 nm related to silver pairs also vanishes with
increasing HT temperature. Moreover, the excitation band
associated with single Ag" ions and =Sn" centers also
evolves to a band centered around 250 nm. The latter
excitation band can be also observed in Fig. 7 for the heat-
treated glass. This result is indicative of depletion of the
single silver ions due to conversion to the neutral state. The
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excitation band remaining after HT at 520 °C for 1 h can
be attributed to the =Sn” centers in agreement with their
absorption features [10, 19, 20].

Concerning the observed diminution of dysprosium ions
emission, it is expected that a smaller degree of enhance-
ment associated to excitation of species participating in
energy transfer would occur in correspondence to their
depletion. However, it can be seen that the excitation
spectra for the 4Ag/Sn—Dy glass in Fig. 6b considerably
overlay plasmon absorption of Ag NPs in panel (a),
whereas the region does not relate directly to excitation of
ionic silver species present in the glass, namely the isolated
silver ions. In addition, excitation spectra for the 6Ag/Sn—
Dy in Fig. 7 show the vanishing of Dy>" excitation peaks
in the region within 410 and 495 nm, which lies in the
range of dipole mode absorption of NPs and far from
excitation of ionic silver species including pairs (vide
supra). Thus, interpretation of results calls for consider-
ation of Ag NPs influence on Dy3+ ions luminescence [10].
It has been considered by Hayakawa et al. [1] and Malta
et al. [13] that an enhancement or quenching effect takes
place for RE ions emission in glasses doped with metal
NPs depending largely on particle volume fraction. Stro-
hhofer and Polman [2] also observed a diminution of PL
intensity in samples containing Ag particles. Zhu [29]
reported that with increasing gold NP content in solution
phase, Dy>" luminescence first increases and then
decreases. In their theoretical treatment, Malta et al. [30]
considered a competition between local field enhancement
effects and quenching due to ion-to-particle energy trans-
fer. An effective nonradiative energy transfer mechanism
from a RE ion to particle plasmons was proposed to take
place under resonant excitation conditions at high particle
volume fractions. Our samples were 4 and 6% Ag,0/SnO
where HT conditions support increasing particle volume
fractions of the order of ~ 107> as estimated from the
extent of the absorption coefficients. In fact, PL. enhance-
ments in Eu-doped silica glass were reported for volume
fractions as low as ~ 107° [1]. Accordingly, samples used
in this study would be in the high particle volume fraction
regime, where quenching effects may surpass any
enhancement due to local field effects associated to NPs,
particularly for the glass with higher concentrations of Ag
and reducing agent Sn [10, 20]. The selective vanishing of
excitation peaks in the heat-treated 6Ag/Sn—Dy glass
which are in resonance with the dipole absorption mode of
Ag NPs is clear evidence of the excitation energy transfer.
Nonradiative energy transfer not only occurs through
dipole modes in the NPs but also through higher order
multipoles [31]. Thus, in the 4Ag/Sn—Dy glass sample heat
treated for 120 min, the quadrupole resonance mode
observed could also participate in the loss of excitation
energy in Dy>" ions by radiationless energy transfer for

near-excitation wavelengths. Consistent with these results
and interpretation is the recent report on X-ray photoelec-
tron spectroscopy measurements of europium ions in the
same glass system, which pointed out to ion-to-particle
energy transfer as the origin of Eu>™ PL quenching after
HT instead of a Eu>™— Eu®" reduction process [15].

Conclusions

Photoluminescence of Dy>" ions in glass containing silver
and tin was observed for nonresonant UV excitation close
to 270 nm owing to energy transfer from single Ag™ ions
and twofold-coordinated Sn atoms. With increasing con-
centration of silver, the formation of silver pairs was
observed, which also contributed to Dy3+ ions lumines-
cence. In terms of the energy transfer mechanism, consis-
tent with previous results obtained for RE ions in
phosphate-based glasses, it seems that an important chan-
nel for the transfer of excitation energy to dysprosium ions
is the resonant radiative type. In this picture, light
absorption would take place either at single silver ions,
ionic silver pairs, or twofold-coordinated Sn centers, fol-
lowed by emission of photons and subsequent reabsorption
by Dy>" ions. On the other hand, after HT, a decrease in
Dy’ ions emission intensity was observed with increasing
holding time for excitation wavelengths relevant for silver
NPs absorption. The increase in silver concentration
resulted in a more pronounced luminescence quenching
effect in connection with an increased particle volume
fraction. The formation of small Ag particles is believed to
be the main cause for the observed weakening of Dy ions
PL due to their likelihood to provide paths for the nonra-
diative loss of excitation energy in dysprosium ions
through coupling with NP resonance modes. The present
results are consistent with the model predicting a domi-
nance of quenching effects over local field enhancements
with increasing particle concentration.
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