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Abstract: The bright luminescence of silver clusters in glass have potential applications in solid-state
lighting, optical memory, and spectral converters. In this work, luminescent silver clusters were
formed in the bulk of photo-thermo-refractive glass (15NayO-5Zn0O-2.9A1,03-70.35i0,-6.5F, mol. %)
doped with different Ag,O concentrations from 0.01 to 0.05 mol.%. The spontaneous formation of
plasmonic nanoparticles during glass synthesis was observed at 0.05 mol.% of Ag,O in the glass
composition, limiting the silver concentration range for cluster formation. The luminescence of
silver clusters was characterized by steady-state and time-resolved spectroscopy techniques. The
rate constants of fluorescence, phosphorescence, intersystem crossing, and nonradiative deactivation
were estimated on the basis of an experimental study. A comparison of the results obtained for
the photophysical properties of luminescent silver clusters formed in the ion-exchanged layers of
photo-thermo-refractive glass is provided.
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1. Introduction

Functional optical materials based on silver clusters have found different applications
in white light generation [1], optical data storage [2—4], sensing [5,6], spectral conversion [7],
waveguides [8-10], and radiation measurements [11,12]. Currently, the development
of new materials for effective solid-state lighting is attracting a lot of attention because
of its potential to reduce electricity consumption. White light generation with silver
clusters was achieved through the combination of a blue light-emitting diode (LED) with
a layer of organic ligand-stabilized Agg clusters with a quantum yield of 95% at room
temperature [13]. Although the emission of Agg clusters was shown to be thermally stable,
the combined emission of blue LED and Ags showed a significant drop near 500 nm,
which is similar to the widely applied cerium-doped yttrium aluminum garnet (YAG:Ce)
luminophore [14].

Luminescent silver clusters in inorganic hosts, such as zeolites and glasses, have
great potential as light-emissive materials for white LEDs. Silver cluster-doped materials
possess broad emission spectra, covering the whole visible spectrum under long-wave
ultraviolet (UV) excitation around 365 nm, which is available from commercial LEDs.
Unlike traditional luminophores, such as rare-earth-doped or transition metal-doped crystal
powders, silver clusters have no distinguished emission bands, providing natural lighting
with a high color-rendering index. Luminescent materials based on silver clusters in
zeolites were shown to have intense green-yellow luminescence with a quantum yield of
83% in Linde Type A (LTA) zeolites [15-17] and up to 100% in faujasite (FAU) zeolites [18].
Although zeolite-based materials are established as promising materials for white light
emission, their long-term stability may be affected by the sorption properties of zeolites.
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It was shown that the external quantum efficiency of silver clusters in LTA, FAUX, and
FAUY zeolites fell 1.1-10 times after one month in a high-humidity environment [19].
Unlike zeolites, inorganic glass provides excellent chemical stability for silver clusters
dispersed in the bulk of glass. The use of oxyfluoride glass doped with silver was proposed
to generate white light with different color temperatures under near-UV irradiation [20].
Recently, a prototype of a white LED was realized by a combination of a UV LED with
peak emission at 365 nm and silver clusters dispersed in borosilicate glass. The prototype
was characterized by color coordinates of (0.32, 0.37) and a color rendering index of 89.7,
indicating that silver clusters dispersed in inorganic glass have the potential for white light
generation [21].

Silicate glasses have been used to host luminescent silver clusters because of their
chemical and mechanical stability. Also, it was shown that in silica-based glass, silver
clusters can have a quantum yield of luminescence up to 63% [22]. There are three main
methods to introduce silver ions into silicate glass: the addition of silver compounds to
a glass batch, ion exchange, and ion implantation. The most straightforward approach
is the addition of silver compounds to the glass batch, leading to the formation of silver
clusters in the bulk of the material. Since the solubility of silver ions in silica glasses is low,
the main limitation of this approach is the spontaneous aggregation of luminescent silver
clusters into larger non-luminescent silver species, such as plasmonic nanoparticles [23].
The ion exchange method modifies the surface layer of the glass after synthesis; it is
necessary to introduce alkali metal ions into the glass composition to exchange them
with silver ions by immersing them in a silver-containing salt melt. It is possible to
introduce >10 mol.% of Ag,O into silicate glass by tuning the glass composition, the time
and temperature of ion exchange, and the salt melt composition [24]. Additionally, ion
exchange is an established method of optical waveguide production [25]. The thickness of
an ion exchange layer depends on the exact parameters of the process and reaches several
tens of micrometers. Similar to ion exchange, ion implantation also introduces silver ions
only into the surface layer of the glass, but the thickness of the modified layer is usually less
than two micrometers [26,27]. Also, ion implantation requires more complicated equipment
in comparison with other methods.

In this work, we synthesized luminescent silver clusters in the bulk of photo-thermo-
refractive glass and extensively studied their luminescent properties using steady-state and
time-resolved spectroscopy. Earlier, the formation of luminescent silver clusters was shown
in the bulk of glass with a similar composition, but the optical characterization lacked
the study of luminescence quantum yields as well as fluorescence and phosphorescence
decay kinetics [23]. Furthermore, the comparison of photophysical properties with the
properties of silver clusters synthesized using the ion exchange technique in similar glass
was performed. It was shown that although the concentration of Ag* was 200-500 times
larger for the ion-exchanged glasses, the photophysical properties of the silver clusters
were close. This result supports the suggestion that only small silver clusters, consisting of
only 2—4 atoms, are luminescent.

2. Materials and Methods

Photo-thermo-refractive glass with the composition 15NayO-5Zn0-2.9A1,03-70.35i0,-
6.5F (mol.%) was used to form luminescent clusters in the bulk of the glass. The glass
matrix was additionally doped with 0.02 mol.% of Sb,O3 and 0.007 mol.% of CeO,. The
concentrations of Ag,O were 0.01, 0.025, and 0.05 mol.%, corresponding to the samples
Ag.01, Ag.025, and Ag.05. The glass was synthesized in a quartz ceramic (stekrit) crucible at
1440 °C in an air atmosphere, and a platinum stirrer was used to homogenize the glass melt.
The glass transition temperature (Tg) of the samples was measured with an STA 449 F1
Jupiter (Netzsch) differential scanning calorimeter at a heating rate of 10 K/min, and
Tg was found to be 486 °C. Glass samples were cut in plates with a thickness of ~1 mm
and further polished for spectroscopy analysis. To initiate cluster formation, the glass
samples were irradiated with a mercury lamp for 10 min on each side and subsequently
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heat-treated. Irradiation was necessary to ionize Ce3* into Ce*t, and the released electrons
were trapped by Sb°* ions forming (Sb>*)~ species. The time of irradiation was chosen to
ensure the saturation of Ce3* ionization. Further heat treatment provided energy to release
electrons from (Sb>")~ and reduce Ag* ions to Ag’, followed by cluster formation. The
mechanism of photo-thermo-induced crystallization in the PTR glass has been studied in
detail previously [28,29]. The heat treatment of the irradiated glass samples was carried
out at 350, 400, and 450 °C for three hours.

Absorption spectra were measured using a PerkinElmer Lambda 650 spectropho-
tometer. Steady-state emission spectra and absolute quantum yields of luminescence
were acquired using a Hamamatsu C9920 setup equipped with a 150 W CW xenon lamp,
an 8.3 cm integrating sphere, and a PMA-12 CCD spectrometer. Time-resolved emission
spectra were measured using a PerkinElmer LS50B fluorometer equipped with a pulsed
xenon lamp with a pulse width at half maximum < 10 ps. The fluorometer was used in the
phosphorescence measurement mode, which made it possible to record sample emission
with a fixed delay time after the excitation pulse. Total emission spectra representing
combined fluorescence and phosphorescence of silver clusters were measured without
delay after the excitation pulse. Further, the phosphorescence of silver clusters was detected
with a delay of 40 us after the excitation pulse to ensure full decay of the excitation pulse;
the value of the delay time was established according to the scattering reference. The
fluorescence spectra were reconstructed by subtracting the phosphorescence spectra from
the total emission spectra. Steady-state and time-resolved spectra were measured under
340 nm excitation; the second order diffraction peak from excitation pulse was blocked
with a cut-off filter. All spectra were corrected for the sensitivity of the detector. Fluo-
rescence decay curves were obtained with a HORIBA Fluorolog-3 fluorometer using the
time-correlated single photon counting (TCSPC) technique, and fluorescence was excited
by an LED at 340 nm with a 1.2 ns pulse. The experimental decay curves were fitted
using bi-exponential or tri-exponential functions, depending on the goodness of the fit.
Average fluorescence lifetimes were obtained using the following equation in the case of
the bi-exponential fitting:

0T+ anTh

Tayg = ——————, 1
ave a7+ AT ( )

where «; is the amplitude of the i-th component, and 7; is the lifetime of the i-th component.
Average fluorescence lifetimes in the case of triexponential fitting were calculated using the
following equation:

T + a0 Th + a3Ts

Tave = , 2
ave a7 + a4+ a3Ts @)

where a; is the amplitude of the i-th component, and 7; is the lifetime of the ith component.
Phosphorescence decay curves were obtained using phosphorescence spectra recorded
with different delays after the excitation pulse and a fixed gate time.

3. Results and Discussion

Silica-based glasses have a low solubility of silver ions, which limits the concentration
of Ag,O introduced through the glass batch. Absorption spectra of the initial glass samples
are shown in Figure 1a, demonstrating that the Ag.01 and Ag.025 samples were transparent
in the visible range. A characteristic absorption band of Ce®* ions was observed at 310 nm
for all samples with the contribution of Ce** ions in the shorter wavelength region [30].
Additionally, the Ag.05 sample had an intense absorption peak at 410 nm corresponding to
the plasmon absorption of silver nanoparticles. Therefore, spontaneous formation of silver
nanoparticles during the synthesis of glass with the Ag,O concentration of 0.05 mol.%
was observed for the studied glass system. UV irradiation of the glass samples with
a mercury lamp induced the appearance of additional unstructured absorption caused by
the transition of cerium ions to the Ce** state (Figure 1b—d) and a decrease in the intensity of
Ce®* absorption bands as a result of photoionization. The increase in absorption originated
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from a tail of the strong charge transfer transition of Ce** in the near-UV region, since Ce**
has a 4f° configuration and, therefore, cannot exhibit f-f or f-d transitions [31]. Further
heat treatment had a different effect on the samples with different Ag,O concentrations.
The Ag.01 sample demonstrated the formation of typical unstructured absorption of silver
clusters between 320 and 400 nm after heat treatment at 350 °C (Figure 1b). An increase in
the heat treatment temperature to 400 and 450 °C led to the appearance of distinguishable
absorption peaks of silver nanoparticles. It is interesting that the Ag.025 sample with
a higher silver concentration demonstrated the appearance of silver nanoparticles only
after heat treatment at 450 °C (Figure 1c). The Ag.05 sample retained the shape and position
of the plasmon peak after UV irradiation and heat treatment (Figure 1d). The formation of
unstructured absorption overlapping with the plasmon peak is attributed to the appearance
of luminescent silver clusters, since it was shown further that Ag.05 glass samples possess
efficient emission after heat treatment.
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Figure 1. Comparison of initial glass absorption spectra (a). Influence of UV irradiation and heat
treatment on the absorption of Ag.01 (b), Ag.025 (c), and Ag.05 (d) glass samples.

The calculation of the effective optical size of silver nanoparticles was carried out
according to the Mie theory [32,33] using the following equation:

d = (2uF)/Aw, (3)

where d is the average silver nanoparticle diameter, vF is the Fermi velocity (1.39 x 108 cm/s
for silver [34]), and Aw is the full width at half maximum (FWHM) in angular frequency
units. The results of the nanoparticle size calculation for the samples with distinguishable
plasmon peaks are shown in Table 1. It can be seen that the increase in the concentration of
Ag,0 in glass composition led to the formation of larger nanoparticles.

The initial samples of photo-thermo-refractive glass demonstrated luminescence under
340 nm excitation originating from the set of glass dopants. Normalized luminescence spectra
of Ag.01, Ag.025, and Ag.05 samples are shown in Figure 2a. It can be seen that Ag.01 and
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Ag.025 glasses had very similar luminescence, consisting of a single band corresponding to
the emission of Ce3* [35,36]. The fluorescence decay curves of Ag.01 and Ag.025 samples
were fitted with a tri-exponential function (Figure 2b); the corresponding average fluorescence
lifetimes were 23.7 and 28.3 ns. The Ag.05 luminescence spectrum differed significantly
from those of the Ag.01 and Ag.025 glasses; an increase in the Ag,O concentration led to
the appearance of a broad luminescence signal in the range of 425-700 nm (Figure 2a). Time-
resolved spectroscopy revealed that the additional emission from the Ag.05 sample was
mostly long-lived phosphorescence with a maximum at 510 nm and a lifetime of 100 ps
(Figure 2c). Comparison of the short-lived emission spectra of Ag.05 and Ag.01 shows
that the fluorescence of Ag.05 was wider and tailed more to the longer wavelength region
(Figure 2d). The combination of fluorescence and phosphorescence with emission in blue
and green-yellow parts of the spectra is a characteristic feature of the luminescence of silver
clusters in the studied glass matrix [24,37]. Additionally, we observed a decrease in the
fluorescence lifetime to 16.9 ns, which may originate from the contribution of silver clusters,
since the fluorescence lifetime of silver clusters in the studied glass varies from 3.2 to 4.5 ns.
Therefore, the formation of luminescent silver species together with plasmonic nanoparticles
was observed after the synthesis and annealing of Ag.05 glass.

Table 1. Size of silver nanoparticles calculated via Mie theory.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Initial glass - - 6 nm

350 - - 6 nm

400 1nm - 6 nm

450 2nm 4 nm 6 nm

The initial samples of Ag.01, Ag.025, and Ag.05 glasses had a relatively low luminescence
quantum yield ranging from 0.06 to 0.1, which decreased by a factor of 2-5 to 0.02-0.05 after UV
irradiation (Table 2). The decrease in the luminescence quantum efficiency after UV irradiation
corresponded to the transition of Ce** to Ce**, which is generally non-luminescent [38]. UV
irradiation of the initial glass samples also changed the shape of the luminescence spectra.
Comparison of Figure 2a,e shows that the contribution of the Ce>" emission peak to the
glass luminescence was minimized with the increasing concentration of Ag,0O in the glass;
the simultaneous appearance of a broad emission band with a maximum at 580 nm was
observed. This emission band should belong to some transition species in the glass formed
under the UV irradiation, rather than to luminescent clusters. The maximum of silver clusters’
phosphorescence was located at shorter wavelengths near 540-550 nm (Figure 3). Also, the
broad emission band at 580 nm decayed mainly during the time of excitation flash from
the xenon lamp; phosphorescence was only a small fraction of the total emission from the
UV-irradiated Ag.025 sample (Figure 2f). Additionally, it was assumed earlier that the main
electron acceptors at the stage of UV irradiation of photo-thermo-refractive glass are Sb>* ions,
which form (Sb>*)~ centers and donate the trapped electrons to Ag* ions only during further
heat treatment [39].

The UV-irradiated samples of Ag.01, Ag.025, and Ag.05 glasses were heat treated at
350, 400, and 450 °C for 3 h to initiate the intense formation of silver clusters. After heat
treatment, the glass samples demonstrated bright white emission under UV excitation
(Figure 4a). The quantum yield of luminescence increased from 0.02-0.05 to a maximum
value of 0.43 for the Ag.05 sample after heat treatment at 400 °C. After heat treatment,
the luminescence spectra of the glass samples demonstrated continuous emission from
400 to 720 nm (Figure 3), except the Ag.01 glass after the heat treatment at 450 °C, for
which luminesce was mainly in the red part of the spectrum (Figure 3c). Using time-
resolved spectroscopy, the emission of glass samples was separated into fluorescence and
phosphorescence with lifetimes of several nanoseconds and hundreds of microseconds,
respectively. The coexistence of fluorescence and phosphorescence is a specific feature of the
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silver cluster emission in glasses and was observed earlier for a similar glass system with
silver clusters formed using the Na*™-Ag* ion exchange technique [40]. It can be seen that,
for all concentrations of Ag,0 in glass, an increase in the heat treatment temperature led
to a decrease in the fluorescence contribution to the total emission spectra. This tendency
partly originates from the reabsorption of cluster emission, but cannot be totally attributed
to the inner-filter effect, considering that the absorption spectra of Ag.025 glass heat treated
at 350 and 400 °C were almost identical (Figure 1c), while the contribution of fluorescence
lowered from 37% to 28% of the total light emission. Additionally, only for Ag.05 glass
samples with the most prominent plasmon peak of silver nanoparticles, we observed
a clear reabsorption mark at 410 nm (Figure 3g—i). Therefore, changes in the fluorescence to
phosphorescence ratio should originate from the formation of different sets of luminescent
silver clusters after heat treatment at different temperatures.
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Figure 2. Normalized luminescence spectra of the initial glass samples, Aex = 340 nm (a). Fluorescence
decay curves of the initial glass samples registered at 405 nm, Aex = 340 nm (b). Fluorescence,
phosphorescence, and total emission spectra of the initial Ag.05 glass sample, Aex = 340 nm (c).
Comparison of the Ag.01 and Ag.05 glass fluorescence spectra, Aex = 340 nm (d). Normalized
luminescence spectra of the glass samples after UV irradiation, Aex = 340 nm (e). Phosphorescence
and total emission spectra of the Ag.025 glass after UV irradiation, Aex = 340 nm (f).

Table 2. Quantum yields of Ag.01, Ag.025, and Ag.05 glass samples under 340 nm excitation.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Initial glass 0.1 0.06 0.09
UV-irradiated initial glass 0.02 0.03 0.05
350 0.25 0.35 0.34
400 0.16 0.42 0.43

450 0.07 0.32 0.3
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Figure 3. Fluorescence, phosphorescence, and total emission spectra of Ag.01 glass after UV irradiation
and heat treatment at (a) 350, (b) 400, and (c) 450 °C. Fluorescence, phosphorescence, and total emission
spectra of Ag.025 glass after UV irradiation and heat treatment at (d) 350, (e) 400, and (f) 450 °C.
Fluorescence, phosphorescence, and total emission spectra of Ag.05 glass after UV irradiation and heat
treatment at (g) 350, (h) 400, and (i) 450 °C. All spectra were measured with A¢x = 340 nm.

Although the heat-treated samples of Ag.05 glass manifested clear plasmon absorption
bands, the emission of silver clusters in these samples was not quenched. The photolumi-
nescence quantum yield of the Ag.05 sample heat treated at 400 °C reached the maximum
observed value of 0.43 (Table 2). This result indicates that luminescent silver clusters
and plasmonic nanoparticles can coexist in glass without negative effects on the emissive
properties of the clusters. It has been shown that a characteristic emission of silver clusters
was observed for Ag.05 glass right after synthesis (Figure 2a); further development of
the effective cluster luminescence after UV irradiation and heat treatment implies that
a significant part of silver in glass did not form plasmonic nanoparticles and remained in
the form of Ag* ions. The fluorescence and phosphorescence lifetimes (Table 3), as well
as the spectral properties (Figure 3), were the same for all heat-treated samples, except for
the Ag.01 sample after heat treatment at 450 °C. Average fluorescence lifetimes coincided
within 0.5 ns, and phosphorescence lifetimes had values of 120-141 ps. Unlike the lifetimes
of emission, quantum yields of luminescence differed by more than a factor of two, from
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0.16 to 0.43. Considering that the applied method of quantum yield measurements deter-
mines the external quantum efficiency, this significant difference should originate from the
existence of passive absorption at the excitation wavelength. Possible sources of passive
absorption are plasmonic nanoparticles and other non-luminescent silver species, as well as
the residual Ce®* ions. To evaluate the possible application of the studied glass samples for
the generation of white light, CIE chromaticity coordinates were calculated for the selected
glass samples (Figure 4b).
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Figure 4. Photo of initial, UV-irradiated, and heat-treated glass samples at temperatures 350, 400, and
450 °C (from left to right) under UV illumination (a). CIE chromaticity diagram of the selected glass
samples. Temperatures of heat treatment are presented in brackets (b).

Table 3. Fluorescence and phosphorescence lifetimes of Ag.01, Ag.025, and Ag.05 glass samples under
340 nm excitation. Tf_avg—average fluorescence lifetime registered at Aem = 405 nm for initial glasses
and Aem = 400 nm for heat-treated glasses, Tp,—phosphorescence lifetime measured at Aem = 485 nm
for initial Ag.05 glass and Aem = 515 nm for heat-treated glasses.

Heat Treatment Temperature, °C Ag.01 Ag.025 Ag.05
Tf avg (NS) Tp (us) Tf avg (NS) Tp (us) Tf avg (nS) Tp (us)
Initial glass 23.7 - 28.3 - 16.9 100
350 3.7 141 32 132 3.3 135
400 3.6 136 3.4 136 3.4 133
450 4.5 105 32 123 34 120

Based on the spectroscopic characterization of the synthesized glass samples, we have
chosen Ag.01 glass after heat treatment at 350 °C and Ag.025 glass after heat treatment at
400 °C for the analysis of photophysical process rates. The chosen samples had the highest
quantum yields of luminescence for a given concentration of Ag,O and demonstrated no
spectral features of plasmonic nanoparticles. The rate constants of cluster fluorescence,
phosphorescence, and intersystem crossing were estimated on the basis of the earlier pro-
posed approach [40], which is summarized below. It was supposed that a set of silver
clusters formed in the glass is responsible for the bright white luminescence under near-UV
excitation. Broad emission spectra originate from inhomogeneous broadening by different
local environments in the glass matrix. Based on the observed fluorescence and phos-
phorescence emission components, a three-level energy diagram with the ground singlet
state Sy, excited singlet S1, and triplet T; states (Figure 5a) was applied to analyze the
photophysics of silver clusters in glass. After photoexcitation of a silver cluster, the S; state
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is deactivated radiatively via fluorescence with the process rate constant k¢ or nonradia-
tively via intersystem crossing with the process rate constant k;s.. The probability of direct
51 deactivation via internal conversion is negligible, since the energy of the fluorescence
transition is significantly higher than the typical phonon energy of silicate glass [41]. After
the intersystem crossing, the excited triplet state T, is deactivated radiatively via phospho-
rescence with the process rate constant k, or nonradiatively with the rate constant k.
Similar three-level energy diagrams were used to describe the properties of silver clusters
in other glass systems [42,43]. Within the used approach, it was necessary to measure the
quantum yield of emission, separate the spectra of fluorescence and phosphorescence, and
the emission decays of fluorescence and phosphorescence to estimate the rate constants of
silver clusters. It is important to note that the applied method of photophysical process
rate determination provides average values of the rate constants, while the properties of
a single silver cluster may deviate from them.
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Figure 5. Energy level diagram of silver clusters. k. and k;p—radiative rate constants of fluorescence
and phosphorescence, kjsc—intersystem crossing rate constant, k,,;—nonradiative deactivation of
the triplet state rate constant (a). Fluorescence decay curves of the Ag.01 glass after UV irradiation
and heat treatment at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C
measured at Aem =400 nm, Aex = 340 nm (b). Phosphorescence decay curves of the Ag.01 glass after
UV irradiation and heat treatment at 350 °C and Ag.05 glass after UV irradiation and heat treatment
at 400 °C measured at Aem = 515 nm, Aex = 340 nm (c).

Figure 5b,c demonstrate the decay curves of fluorescence and phosphorescence. The
corresponding lifetimes used for estimation of the photophysical parameters of silver
clusters and luminescence quantum yields are summarized in Table 4. Comparison of the
luminescence quantum yields and emission lifetimes obtained for silver clusters in the bulk
of glass with earlier published results on silver clusters formed by ion exchange in the same
glass matrix shows that no significant difference between these synthesis approaches is
observed. The most prominent difference in the value of luminescence quantum yield partly
originates from the passive absorption at the excitation wavelength since the formation of
clusters in ion-exchange layers does not require the cerium in glass composition. The ion
exchange procedure used to form silver clusters in photo-thermo-refractive glass provides
an average AgyO concentration of 5.2 mol.% in a 12.4 pm layer with a surface concentration
of 12.7 mol.% [24]. Therefore, the concentrations of silver ions used to form luminescent
silver clusters in the glass bulk were 200-500 times lower than in the ion exchange method.
Nevertheless, those great differences in the concentration of Ag™ ions in glass do not lead
to the formation of fundamentally different emissive silver clusters. Analysis of the rate
constants of photophysical processes shows that a common feature of silver clusters in
photo-thermo-refractive glass is a very fast intersystem crossing, leading to the prevalence
of phosphorescence in the emission (Table 5). The radiative rate constants of fluorescence
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and phosphorescence are of the same order of magnitude, as well as the constant rates of
the triplet state deactivation.

Table 4. Photophysical parameters of silver clusters in Ag.01 glass after UV irradiation and heat treatment
at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C. ti—lifetime of i fluorescence
component, Tt ,yc—average fluorescence lifetime registered at Aem = 400 nm, Tp—phosphorescence
lifetime measured at Aep = 515 nm. All lifetimes were measured with Aex = 340 nm. @y,,,,—luminescence

quantum yield of glass samples under 340 nm excitation.

Sample T1, NS Ty, NS T3, NS Tf_avgs NS Tp, US Drum Reference
Ag.01-UV- .
HT350 0.8 3.8 14.5 3.7 141 0.25 this work
Ag.025-UV- .
HT400 1.3 5.1 - 3.4 136 0.42 this work
Ion-exchanged sample 1.5 5.0 - 3.8 110 0.66 [40]

Table 5. Photophysical parameters of silver clusters in Ag.01 glass after UV irradiation and heat treatment
at 350 °C and Ag.05 glass after UV irradiation and heat treatment at 400 °C. k¢ and k;p—radiative rate con-
stants of fluorescence and phosphorescence, kis.-—intersystem crossing rate constant, k,,T—nonradiative
deactivation of the triplet state rate constant, &y, ®js, and @p—fluorescence, intersystem crossing, and

phosphorescence quantum yields.

Sample kg 671 kige 671 kp 7V kpyr 571 o Digc D, Reference
Ag.Ol-UV— 7 8 103 3 .
FIT350 1.6-10 2.5-10 1.4-10 5.6:10 0.06 0.94 0.20 this work
AgOZS-UV- 7 8 3 3 .
1400 2.3-10 2.7-10 2.7-10 4.6:10 0.08 0.92 0.37 this work
Ion-exchanged sample 3.2:107 2.3-10% 5.6:10° 3.6:10° 0.12 0.88 0.61 [40]

4. Conclusions

Luminescent silver clusters were formed in the bulk of photo-thermo-refractive glass
containing 0.01, 0.025, and 0.05 mol.% of Ag,0. Spontaneous formation of plasmonic nanopar-
ticles during glass synthesis was observed at 0.05 mol.% of Ag,O in the glass composition.
After UV irradiation and heat treatment of the synthesized glasses, efficient formation of silver
clusters with bright white luminescence was observed even for the glass samples with plas-
monic nanoparticles. The spectroscopic characterization using steady-state and time-resolved
techniques revealed that silver clusters in the glass bulk have the same characteristic features
as the previously studied silver clusters in ion-exchange layers. The emission spectra of silver
clusters consist of fluorescence with an average lifetime of 3.2-4.5 ns and phosphorescence
with a lifetime of 105-141 us. The quantum yield of the studied glass samples varies from
0.25 to 0.42. Based on experimental studies, the estimation of the radiative rate constants of
fluorescence and phosphorescence, the rate constant of intersystem crossing, and the rate
constant of nonradiative deactivation of the triplet state was performed. The results obtained
on fluorescence and phosphorescence lifetimes and quantum yields, as well as the rates
of photophysical processes, were compared with the previously obtained results for silver
clusters formed in ion-exchange layers of the same glass matrix. It was revealed that different
synthesis approaches form close sets of emissive silver clusters, despite the difference in
Ag" concentration by 200-500 times. This result suggests that silver clusters of one type are
responsible for the white emission of the studied glasses.
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