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In this work the luminescent properties of anodized alumina oxide films with high-orderedystructure, doped
with Rhodamine dyes molecules were investigated. The fluorescence quantum yield in“alumina oxide films of
Rhodamine 6 G was equal to Fq = 0.78 and Rhodamine B was equal to Fy = 0.54# Stimulated”emission of the
Rhodamine 6G and Rhodamine B molecules in the film of anodic aluminum oXide is observed, The,presence of Ag
NPs in porous alumina leads to the decreasing of the dye generation threshold. For Rhodamine B plasmon effect
of silver NPs on the stimulated emission is lower than for Rhodamine 6G.<ThiS may,be due to the smaller overlap
of absorption and fluorescence spectra of the dye and Ag NPs in the matrix ofthe alumina.

Keywords: Ag nanoparticulars, anodized alumina oxide films, “dyes molecules, stimulated emission,
plasmon effect.

Introduction

Researches related to the excitation of lgcalized plasmon resonance of metal nanoparticles
have most interest in recent times [1,2]. Surface-enhanced Raman scattering is the most famous
among the optical manifestations of localized plasmon resonance [3]. Molecules of luminophores
placed near the surface of metal nanogsttucture also undergo the action of the local electro-magnetic
fields. Thus, depending on the distaficéybetween the nanoparticles and molecule fluorescence of the
past could be enhanced or quenched [4,519Emission could be quenched at close distances and direct
contact of nanoparticles with €luorophores. Practically, interest in the plasmonic effect is linked to
the possibility of the creatiom, ofthighly sensitive sensors [6], optoelectronic devices [7], lasers [8],
photovoltaic cells [9]. The addition of metal nanoparticles in the active medium of dye lasers leads
to the lowering in th€%generation threshold [10,11,12]. The results of studying the stimulated
emission in a thin film of nanoporous aluminum oxide doped with Rhodamine 6 G dye and Ag
nanoparticles we ‘are ‘presented. The choice of porous alumina is due to the fact that the alumina
oxide has mdny advamtages: chemical, thermal stability, transparency in the visible region of the
spectrumg@nid, execllent adsorptive properties due to a large volume of pores having a branched
surface [13¢14]. Fluorescent properties of dyes embedded in the pores of alumina oxide were
studied in S 16]. In the [17], a porous alumina matrix was used for formation of active laser
nanofibers of poly(9-vinylcarbazole) doped with TiO; particles and Rhodamine 6 G. OLEDs based
on“anodic porous alumina were obtained in [18]. In [19], a nanoporous alumina matrix with Ag
nanoparticles was proposed for use as Raman scattering active mediums. It has been shown [20]
that the anodic alumina membranes are promising material for high-tech devices that operate at
high temperatures. The porous anodic aluminum oxide structure undergoes no substantial change
and remains stable over a wide temperature range up to 1000°C. The heat conductivity factor of
aluminum oxide films is equal to 1.6 Wm™ K which is significantly higher than the thermal
conductivity of polymeric materials and glass used as solid-state active elements in tunable dye
lasers [21]. Using the matrix of the porous alumina will contribute to the rapid dissipation of heat,
which occurs upon absorption of light by the process of internal conversion in the dye molecules.
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4. Experimental part

Synthesis of alumina was carried out on ‘mild’ anodizing conditions including two-stage
synthesis at low values of the voltage (U = 40 V) in a solution of 0.3 M oxalic acid [22]. For
electrochemical synthesis of nanoporous alumina as a starting material the aluminium plates (purity
15 99.99 %) with a thickness of 0.5 mm and dimensions of 3.5 x 3.5 cm have been used.

To increase the size of crystallites of aluminum and removal of microstrains in the sample and
the subsequent order best distribution received pore alumina substrate was annealed in a guffle
furnace in air for 10 hours at T = 500 ° C. To remove surface defects of aluminum the sample\was
prone to electrochemical polishing in a pulsed mode in a solution of CrO3 and H3PO4*Fhereafter,
the samples were washed in distilled water and air dried. Silver NP were obtained by reduction
AgNOs in porous alumina [19]. The sorption of the dyes Rhodamine 6 G andjRhodaminé” B
molecules in the pores was carried out by exposing the alumina films in aqueous solution,

Spectral characteristics of stimulated emission were studied upon second h@armemic excitation
of samples by Nd: YAG laser (SOLAR LQ 215, Agen = 532 nm, Eimp = 90 mJ¥j,z =10 ns) in the
longitudinal version. A resonator was formed with two glass plates whereghe film*was placed. The
pumping radiation passing a diaphragm by means of lenses is focuséd on‘thé surface of the film in
the dots with the area of 0.13 cm?. Pump power density was varie@with the help of a neutral density
filter and was equal to 0.01 "' MW cm 2. The stimulated emission ofid film™®y means of a collecting
lens was focused on an entrance of an optical fibre of a spectrometer ofiAvaSpec-2048 (fig. 1).
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Fig. 1. Installation for inViestigating the characteristics of stimulated emission of thin films:.
1-LQ 215; 2 — neutral density filters; 3 — diaphragm; 4.6 — lens; 5 — sample; 7 — AvaSpec-2048;
8 — computer

5. Resultsiand its discussing

The surface morphology and cross-cleaved samples obtained in a scanning electron microscope
MIRA 3LCMUfare shown in figure 2. The measurements was carried out at accelerate voltage of 7
kV and working distance of 7 mm in high vacuum. One can see on the film surface uniform pores
of ‘diameter ~ 80 nm and the distance between the pores of approximately 105 nm (figure 2(a)) are
observed. On the cross-cleaved sample (figure 2(b)) the parallel straight channels arranged
perpendicularly to the surface are visible. It is could be well defined that as the result of the
synthesis silver nanoparticles formed on the surface and pore walls.

The absorption and fluorescence spectra of Rhodamine 6 G embedded in the channels of
porous matrix exhibits the maximum at 524 nm (figure 3 curve 2). The main maximum of the
fluorescence spectrum is observed at 566 nm (figure 3 curve 3). The absorption and fluorescence
spectra of Rhodamine B embedded in the porous matrix exhibits the maximum at 556 nm and 596
nm correspondingly.
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Fig. 2. The SEM images of the porous alumina film (a) and bottom side G
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Fig.3. A d fluorescence spectra of dye molecules and Ag NPs embedded in the pores of alumina

e a tion spectra of Ag nanoparticulars embedded in the porous matrix exhibits the

um at 412 nm (figure 3 curve 1) and overlaps with the absorption and fluorescence spectra of
dyesy It is evidence of the conditions of plasmon resonance. It should be noted that the overlap
spectra of Rhodamine B with Ag NPs is smaller than for the Rhodamine 6G. The quantum yield of
fluorescence (Fn) of Rhodamine 6G and Rhodamine B molecules in the pores of alumina was
determined by de Mello absolute method for hybrid systems. The fluorescence quantum yield of
Rhodamine 6 G was equal to Fq = 0.78 and Rhodamine B was equal to Fq = 0.54.

Stimulated emission of the Rhodamine 6G and Rhodamine B molecules in the film of anodic
aluminum oxide is shown in figure 4. When the power density of the pump source is equal to P =
0.2 MW cm 2 only the spectrum of the spontaneous fluorescence with maximum at 566 nm
Rhodamine 6G (figure 4 curves 1) was observed. Increasing the power of the pump source up to
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0.38 MW cm~2 leads to the appearance of a narrow band with a maximum 566 nm wavelength on
the background of the laser-induced fluorescence spectrum, which refers to the band of the
stimulated emission [23]. The narrowing of the emission band with increasing of excitation
intensity indicates the predominance of stimulated emission over spontaneous emission. The system
switch over to generation mode.
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Fig. 4. Influence Ag nanoparticles on the spgetfaof Stimulated emission of Rhodamine 6G (1.3)
(P <0.38 MW / cm?) and Rhodamine By(2.4) (P, <0.44 MW / cm?) in the anodic alumina.

For the Rhodamine B when the powét density ofithe pump source is equal to P = 0.3 MW cm 2
only the spectrum of the spontanegds flueres€ence with maximum at (figure 4 curves 2) was
observed. Increasing the power of the pump source up to 0.44 MW cm-2 leads to the appearance of
a narrow band with a maximum 396 nm wavelength of the stimulated emission. Further increasing
of pump density power leadWto \growth of intensity and narrowing of the band of stimulated
emission of dyes.

The appearance of stimulated emission in the case of using resonator with low quality factor
due to the fact that to thepFfesnel reflection from two glass plates the cylindrical microcavities of
the matrix serves.as microrésonators. Due to the effect of total internal reflection of electromagnetic
waves from th€ walls“6f the pores in the microcavity concentrated high energy density of the
electromagneti€yfield;»which greatly strengthens the emission intensity of the dye molecules in the
pores.

If the«value of the power density of the pump source below the threshold in the samples with
silver/NPs stimulated emission spectrum of the dyes in the anodic aluminum oxide (figure 4 curves
3jand 4) is observed. Influence of the power density of the pump source on the intensity and half-
width of the spectrum of stimulated emission of Rhodamine 6G in the anodic alumina with Ag NPs
shown in figure Sa.

The intensity in the maximum spectra upon changing of the power density of the pump source
from 0.1 to 0.8 MW / cm? increased by 3.4 times and the half-width in the emission spectrum is
narrowed by 3 times for the sample with the Ag NPs. Comparison of experimental data for samples
with Ag NPs and without them shows the correlation between changes in the intensity and half-
width of the emission spectrum. From the data shown in the figure 5 it is evidence a decrease in the
lasing threshold in the presence of pores in the alumina Ag NPs. For a film with Ag NPs lasing
threshold is reduced by 2.2 times.
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Fig. 5. Depending on the intensity and half-width of the emission speetrum of Rhodamine 6G (a) and
Rhodamine B (b) in the porous anodic alumina of the pump pewer density.

In the case of Rhodamine B intensity of emission increases by 1.7 times and the half-width of
the spectra is narrowed by 1.7 times. Lasing threshold of stimulated emission is reduced by 1.4
times. The parameters of stimulated emission of RHodamine,6G and Rhodamine B in the pores of
alumina are shown in Table 1.

Table 1. Influence of Ag nanoparticlegsifighe'peres of anodized aluminum on the parameters of
stimulated emission spectra of Rhodaming 6G and Rhodamine B.

2205 AR AR AAl, | Feo| 2% | AA%", | Threshold
Dye nm %2 nm %2 nm % of generation,
nm nm nm MW/cm?
Rhodamine 6G | 524 42 566 58 0.78 | 566 23 0.38
without Ag NPs
Rhodamine 0G| 524 42 566 43 - 566 3.5 0.17
with Ag NPs
Rhodamine B | 556 46 596 38 0.54 | 594 20 0.44
without Ag NPs
Rhodamin€ B with | 556 46 596 31 - 594 12 0.3
Ag'NPs
Conclusion

Thus, in this work the luminescent properties of anodized alumina oxide films with high-
ordered structure, doped with Rhodamine dyes molecules were investigated. The fluorescence
quantum yield of the Rhodamine 6G and Rhodamine B in the matrix of the alumina is equal to 0.78
and 0.54 correspondingly. Generation of stimulated emission of dye molecules in the film of
anodized aluminum oxide was obtained. For Rhodamine 6G it is determined that under excitation of
the samples with the pump source power density of 0.1 MW cm~? the spectrum of the laser-induced
fluorescence of the dye is only observed. When the power of the pump source reaches 0.38 MW
cm~? on the background of laser-induced fluorescence spectrum the narrow band of stimulated
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emission with a peak wavelength of 566 nm appears. The presence of Ag NPs in porous alumina
leads to the decreasing of the dye generation threshold. For Rhodamine B plasmon effect of silver
NP on the stimulated emission is lower than for Rhodamine 6G. This may be due to the smaller
overlap of absorption and fluorescence spectra of the dye and Ag NPs in the matrix of the alumina.
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