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The influence of silver nanoparticle on the spontaneous and stimulated luminescence of rhodamine 6G
molecules in agueous solution was studied. It was determined that under laser beam excitation. of the dye
solution appears the stimulated luminescence which with increase in laser pumping transforms in stimulated
laser emission and superluminescence. In the presence of silver nanoparticle. all kinds of emission
amplification and the lasing threshold contraction of both types of stimulated emission have been observed.
When measuring the emission spectra of solutions for "reflection” superluminescence of rhodamine 6G was
found.Dependence of the lasing intensity and the superluminescence intensity :on nanoparticle silver
concentration correlates with spontaneous fluorescence data.
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Introduction

Researches related to the excitation of localized plasmon resonance of metal nanoparticles are
intensively carried out in recent time [1,2]. Surface-enhanced Raman scattering is the most famous
among the optical manifestations of localized plasmon resonance of nanoparticles of metals [3].
Molecules of luminophores placed near the surface of metal nanoparticles also undergo to the action
of the local electro-magnetic fields. Thus, depending on the distance between the nanoparticles and
molecule fluorescence of the past'could be enhanced or quenched [4,5]. Mission could been
quenched at close distances and direct contact of nanoparticles and fluorophores because of the
predominance of the nonradiative energy transfer from fluorescent molecules to the nanoperticles.

Practically, interest in-plasmonic effect is linked with the possibility of the creation of highly
sensitive fluorescent sensors [6], optoelectronic devices [7], nanolasers [8], efficient photovoltaic
cells [9], etc.

One of the promising areas of modern laser physics is the creation and study of composite
media of laser-active molecules and metal nanoclusters [10]. There is information about that the
addition of nanoparticles of metals in the active medium of dye lasers leads to the lowering in the
generationthreshold [11, 12, 13].

In this paper the effect of silver nanoparticles on the properties of induced lasing of Rhodamine
6G was studied in solutions.

Experiments

Nanoparticles (NPs) were prepared by the silver citrate recovery AgNQOg in water solution [14].

During the preparation of a colloidal solution of silver nanoparticles deionized water obtained
by the multi-stage filtration AquaMax 360 Basic was used. The specific resistance of the water was
equal to 18.2 MQ/cm.

The size of Ag nanoparticles in colloidal solutions was determined by dynamic light scattering
analyzer of the sizes of submicron particles Zetasizer Nano ZS (Malvern). The average size of the
silver particles was equal to 85 nm. The spread of the values of dispersibility of the silver particles
is the minimal and ranges from 5 to 10 nm.
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Measurements of the spectral and energy characteristics of induced emission of solutions of
Rhodamine 6G were performed upon excitation of samples by second harmonic of Nd:YAG laser
(1) (SOLAR LQ 215, Agen = 532 nm, Ejmp =90 mJ , T = 10 ns) in the cross-version.

An optical resonator, which was formed by reflection mirror (6) and the front edge of the cell
with a dye solution (7) were used at the measuring of the lasing properties. Pump radiation passing
diaphragm (3) by the cylindrical lenses (4,5) was focused on the lateral face of the cell in the strip
with area of 0.07 cm?® Generation of radiation arises in a narrow region near the wall of the front
wall of the cell.

1

Laser LQ-21 SJ

1 - laser LQ 215; 2 — neutral density filters; 3 — aperture; 4,5 =cylindrical lens; 6 — nontransmitting mirror; 7 — the
sample; 8 — converging lens; 9 — AvaSpec-2048 spectrometer; 10 - computer

Fig.1. Scheme of apparatus for the study of the lasing characteristics of molecular systems

Pump power density was varied with the help of neutral density filter (2) and was 0.005-0.2
MW/cm?. Stimulated emission with the help of converging lens (7) focused on the input of optical
fiber spectrometer AvaSpec-2048. The lasing spectra were measured on spectrometer AvaSpec-
2048 (8) connected to the computer (9). Relative error in the determination of the spectral
characteristics was 3%.

The research was carried. out superradiance R6G dye by measuring the luminescence of
solutions for "reflection”. In‘this case, the receiver part of the fiber located was assumed at an angle
450 to the front wall of the cell (Fig. 1).

Results and ' Discussion

Absorption spectrum of silver nanoparticles (fig. 2, curve 1) exhibits as a broad band with the
maximum _at 428 nm and have a strong overlapping with absorption and fluorescence spectra of
Rhodamine 6G. (fig.2, curves 2, 3). It is evidence that conditions of plasmonic resonance are
stratified. Absorbance in the maximum of the absorption band increased from 0.03 to 2.2 upon
growth of the concentration of silver nanoparticles in the range of 10° — 10° mol/l.

Absorption band of dye at a concentration of 10° mol/l has a maximum at a wavelength Amax =

531 nm and half-width A/laybsz 32 nm in pure aqueous solution. Increasing of concentration of the
2

dye leads to the broadening of absorption band due to the development of the aggregation process.
Slight decrease in absorptivity ability of the dye solution was registered upon addition of silver
nanoperticles to the dye solution. Optical density in the absorption band of Rhodamine 6G
decreases in 1.2 times when silver nanoparticles with concentration of 10 mol/l were added to a
colored solution. The position of the peak in the absorption band and its half-width does not change.
Decrease of absorbance of Rhodamine 6G in the presence of Ag nanoparticles was also observed in
the work [15].
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Fig.2. Relative arrangement of the spectra of absorption of Ag nanoparticles (1),
Rhodamine 6G (2) and fluorescence of dye (3) in‘agueous-ethanol solution

Absorption band of dye at a concentration of 10 mol/l has a maximum at a wavelength Amax =
531 nm and half-width A/la;sz 32 nm in pure aqueous solution. Increasing of concentration of the
2

dye leads to the broadening of absorption band due to the development of the aggregation process.
Slight decrease in absorptivity ability of the dye solution was registered upon addition of silver
nanoperticles to the dye solution. Optical density in the absorption band of Rhodamine 6G
decreases in 1.2 times when silver nanoparticles with concentration of 10 mol/l were added to a
colored solution. The position of the peak in the absorption band and its half-width does not change.
Decrease of absorbance of Rhodamine 6G in the presence of Ag nanoparticles was also observed in
the work [15].

Upon photoexcitation-of aquieous solution of rhodamine 6G with concentration of 10™° mol/l a
spontaneous fluorescence ofdye with the maxima of spectrum at 564 nm and band-width of 34 nm
was observed. When added-to the aqueous solution of silver nanoparticles R6G fluorescence
intensity depends on the concentration of dye nano particulars Ag (see Table 1).

Intensity of dye fluorescence increases with increasing of Ag nanoparticles up to Cag = 10
mol/l. Futher growth in the Cagq results in quenching of fluorescence. Position of the maximum of
band and.its half-width does not change.

Measurements of the kinetic characteristics of the fluorescence in time—correlated photon
counting mode under excitation of samples by a diode laser (Agen = 488 nm, © = 150 ps), showed
that the decay of fluorescence of Rhodamine 6G occurs exponentially with tq = 3.2 ns. Life time of
fluorescence of dye does not change in the presence of silver nanoparticles on the solution.

According to the results of works [2,16] enhancement of fluorescence of molecules in the near
field of metal nanoparticles caused due to increase the rate of excitation of fluorescence under the
influence of the plasmon effect. Nonradiative energy transfer from molecules to nanoparticles
occurs at arrangement of molecules near a metal surface or in contact with it. It leads to a decrease
in the probability of radiative decay of the excited molecules. These reasons explains the observed
dependence of the fluorescence of the dye on concentration of silver nanoparticles.
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Table 1. Influence of silver NP on the fluorescence properties of R6G

Cag, Ih.,au. AN, nm Aﬂ;'/ ,nm
Mol*I* 2
0 2,43 564 34
10° 2,60 564 33
2*107° 2,66 564 34
5*107 2,68 564 34
10* 2,73 564 34
3*10™ 2,30 564 34
6*10™" 2,16 564 34
103 1,91 564 34

At low concentrations of NP Ag, when NP and dye molecules are far enough from each other,
the observed increase intensity of fluorescence of due to the R6G by plasmon resonance of silver
NP. At the high concentrations of Ag NP due to decrease the distance between the dye and bass
dominates the nonradiative deactivation of the excited fluorescent state.

The fluorescence intensity of dye in solutions of silver NP may be increase by to the additional
absorption of dye molecules dispersed silver nanoparticles of the exciting radiation. However, at
high concentrations of NP is determined, apparently, is a non-radiative decay channel of the excited
molecules.

To research the lasing properties were used R6G aqueous solution with a concentration of 107
Mol*I*. Figure 3 shows the emission spectra of aqueous solution of R6G at different densities of the
pump power. At low densities, pump power is-observed spontaneous fluorescence (curve 1) the
characteristics of the spectrum, as in the steady-state excitation (Fig.2 , curve 3) . With increasing
pump power band maximum intensity increases with simultaneous narrowing of the spectrum
(curves 2,3). When the power density of the pump source P = 0.05 MW/cm? is observed Lasing dye
with a maximum range at the 559 nm-and a half-width 12.6 nm (curve 4).

When added to the dye solution of silver nanoparticles is a growth of the emission intensity
and the narrowing of the band generation. Table 2 presents data on the intensity of the lasing R6G
and half-width of the band at various concentrations of NP Ag. Generating maximum intensity
observed at Cay = 10 Mol*I'."At max intensity of the stimulated emission half-width of the
generation decreases almost doubled. It should be noted that the maximum of the lasing spectrum is
shifted to shorter wavelengths relative to the maximum of the spectrum of spontaneous fluorescence
at 5 nm.

From Tables 1 and 2 show the intensity of the generation of the concentration of silver
nanoparticle is correlated with data on the spontaneous fluorescence. This is evidence that the
stimulated emission is born of spontaneous fluorescence.

It.is' known [17,18] that in a strongly scattering dispersion medium random-laser effect can be
realized. In our case, this phenomenon is not observed, because otherwise, with increasing of
concentration of nanoparticles, when the probability of scattering of induced emission on the
nanoparticles enhanced, efficiency of random-laser should increase. The data obtained show that at
high concentrations of silver nanoparticles the intensity of lasing falls.

The influence of silver nanoparticles on the lasing threshold of solutions of Rhodamine 6G was
found during the experiments. Figure 5 shows the dependence of the lasing intensity on the pump
power. From this curves a lasing thresholds were defined. The can be seen that lasing threshold of
the laser radiation is reduced substantially (more than 10 times) in the presence of Ag nanoparticles
in comparing with the pure dye solution.
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Fig.3. Emission spectra of aqueous solution of R6G at different pump power density: 1 - 0.01; 2 - 0.03; 3 - 0.04; 4
- 0.05 MW/cm?. The inset shows the emission intensity on the pump‘energy: 1 - pure dye solution; 2 - R6G solution
with 4*10™* mol *I" NP Ag.

Table 2. Influence of Ag NP on the lasing properties of R6G in water

gen gen
Mcol?gf’ll 1 9 a.u. A% A/l% ,
nm nm
0 6,77 559 12,6
10°® 6,80 559 10,8
2*107° 7,06 559 9,3
5*107° 7.13 559 8,4
107 7,62 559 7.1
3*107° 6,48 559 16,7
6*10™ 6,37 559 20,6
103 5,32 559 21,9

When.measuring the emission solutions R6G on "reflection” from the drop - maintainer
excitation laser pulse is detected superluminescence that occurs due to increased spontaneous
fluorescence [19,20]. View spectrum superluminescence differs from both species spontaneous
fluorescence spectrum, and on the spectrum of the laser generation (Fig. 4). Maximum is shifted to
shorter wavelengths compared with the fluorescence spectrum and coincides with the maximum of
the lasing spectrum (Table 3). Shortwave shift of the spectrum maximum superradiance R6G in
solution was observed in [10]. Spectral width is less than the half-width superradiance fluorescence
spectrum , but more than that of the generation spectrum

From Table 3 it can be seen that when added to the dye solution Ag nanoparticle luminescence
intensity increases until Cag = 10 mol*I™, and then decreases. The half-width of the spectrum
increases with increasing concentration of silver nanoparticles.
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Fig. 4. Emission spectra of R6G aqueous solution measured on the "reflected" power densities at various pump: 1
-0.05; 2 - 0,013; 3 -0.17 MW/cm?. The inset the radiation intensity on the pump energy: 1 - pure solution of the dye; 2 -
R6G solution with 10 mol T NP Ag.

Table 3. Influence of Ag NP on the characteristics of superradiance R6G in water

Chg, I suber=d a.u, e nm AZ,,,nm
Mol*I! %
0 3,78 559 26,5
10° 3,98 559 27,3
2*107 4,47 559 28,2
5*%107 4,54 559 29,5
10 3,88 559 30,2
3*10™ 3,85 559 31,2
6*10™ 3,68 559 32,1
10° 3.60 559 32,5

From the experimental data found effects on the presence of silver NP thresholds pumping
superradiance(see inset Figure 4). As in the case of laser generation, the presence of Ag NP
solution lowers. the threshold of superluminescence. Unlike lasing for superluminescence
luminescence characteristic smaller difference values lasing threshold in the absence and presence
of a solution of silver NP.

Coclusion

Thus, our study showed that addition of silver nanoparticles in aqueous-ethanol solution of
Rhodamine 6G leads to increasing of intensity of fluorescence of dye. Maximum of intensity of
fluorescence is observed at concentrations of nanoparticles 10 mol/l. A further increase in the
number of nanoparticles results in the quenching of fluorescence. Life time of florescence of
Rodamine 6G was equal to 3.2 ns and does not change with the addition of silver nanoparticles in
solution.

The generation of laser radiation with a maximum of spectra at 564 nm is observed upon
excitation of the dye solutions with a concentration 10 mol/l by the second harmonic of Nd:YAG
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laser at a power density of the pump source P = 0,05 MW/cm?. Adding of the silver nanoparticles in
dye solution leads to an increase in the intensity of the emission and narrowing of lasing band. In
the presence of silver nanoparticles in the dye solution decreases the lasing threshold more than 10
times.

When measuring the luminescence of solutions for "reflection” found superradiance R6G.
View superradiance spectrum differs from both species spontaneous fluorescence spectrum, and on
the spectrum of lasing. Maximum is shifted to shorter wavelengths compared with the fluorescence
spectrum and coincides with the maximum of the lasing spectrum. Spectral width is less than the
half-width superradiance fluorescence spectrum, but more than that of the generation.spectrum.
Unlike lasing characteristic for superradiance smaller difference values lasing threshold in the
absence and presence in the solution of silver NP. Depending on the intensity of lasing and
superradiance of Ag NP concentrations correlate with the data on spontaneous fluorescence. This is
evidence that both types of radiation forced - born of spontaneous fluorescence.
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