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The properties of stimulated emission of Ph160 dye in the pores of PAO were studied. The quantum yield of
fluorescence was F¢ = 0.73. Stimulated emission of Ph160 molecules in‘the pores of alumina was obtained at the
maximum of fluorescence band. The threshold of stimulatéd emissioffwas 1.7 MW/cm?. It is shown that low-Q
generation of stimulated emission in the film Q= 1 * 10 relates to the fact that the ray geometry of in the pores
is not approximate to the ray geometry for the,case of total\internal reflection, resulting in the increase of
radiative losses. The presence of gold nanoparticlesyin PAO results in the increase in fluorescence intensity and
lowering of the generation threshold of dyg,stimulated, emission.

1. Introduction

Cylindrical microresonators in the optical range due to the'effect of
total internal electromagnetic wave reflection from thepwalls, can
support high-Q modes (~ 10°-10°) [1]. Since the concentration ofitlie
electromagnetic field within the cavity reaches high values, the in-
tensity of optical transitions is greatly enhanced. o, this reason, cy-
lindrical microresonators can be used to amplify radiative transitions
[2].

The actual task is to increase the oufput energy and frequency of
repetition of laser pulses, but a number 'of factors)prevent this. One of
them is the thermal strength of thefactive eleménts, and the second is
the thermal optical distortion in(the active medium [3,4]. Thermo-op-
tical distortions are observed, at\@, temperature gradient much lower
than the thermal destruction threshold®f the active element and have a
significant effect on thétoutput characteristics of the laser. Thermally
induced effects havegassignifieant effect on increasing the divergence of
the output laserf/radiation, amd the thermooptical inhomogeneities
manifestediin, the active element at high pump energies lead to a de-
creaselin the generationgefficiency [5,6].

In this aspect, porous alumina is one of the promising materials on
the basisief which laser active media can be created and the structure of
porous alumina represents a system of ordered pores with close packing
[7]. Cavities'of the cylindrical resonators can be filled with organic dye
molecules having broadband fluorescence with a high quantum lumi-
nescence yield [8-10].
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Membranes of anodic aluminum oxide are a promising material for
the creation of high-tech devices operating at elevated temperatures
[11]. The coefficient of thermal conductivity of alumina films is 1.6 W/
m/K, which is much higher than the thermal conductivity of polymeric
materials and glasses used as solid-state matrices in tunable dye lasers
[12-14]. If pores are filled with laser dyes, then such system can be
used as an active medium for a tunable laser.

For the first time the generation of stimulated emission was ob-
tained in the pores of anodized aluminum oxide filled with rhodamine
6Zh molecules [15,16]. And follow-up studies in this direction were
carried out in [17]. The present work is continuation of the studies
dedicated to generation of dye stimulated emission in porous alumina.
The Ph 160 dye was chosen as an active medium.

An effective and photo-stable laser dye generating radiation in the
red spectral region is important for medical applications and perfor-
mance indicator of the generation is comparable with the performance
indicator of xanthene as well as it demonstrates generation efficiency
and photo stability upon UV stimulation.

A special interest in this type of dye is conditioned by the fact that it
is well luminesced in ethanol solutions and polymer matrices, and the
efficiency of generation are not inferior to xanthene and pyrromethene
dyes [18-20].

2. Material and methods

Synthesis of PAO was carried out according to the procedure
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Fig. 1. SEM image of the surface (a) and the transverse ’eavage of the pe

described in [21]. The porous aluminum oxide matrices obtained were
separated from aluminum base by selective dissolution of the latter in a
solution of CuCl, in HCL. A snapshot of the surface and transverse
cleavage of the film obtained with a scanning electron microscope
MIRA 3LMU is shown (Fig. 1). The measurements were carried out at an
accelerating voltage of 7kV, at working distance of 7mm in a hi
vacuum. On the surface of the film, the pores of the same diameter we
observed ~ 60 nm and with a pore distance of about 80 nm.
For the synthesis of AuNPs in the pores of anodized alug

AuNPs in POA, the pH of the gold solution w.
the solution of NaOH (1 n). After that, a
was immersed into the solution of HAu
temperature of 80 °C for 2 h. At the end
acquired a crimson-pink color.
nanoparticles in the pores. An e
(Fig. 2) showed that as a re

ing process, the film
e formation of gold
rsive analysis of the sample
esis, the gold nanoparticles

The sorption of dy: h160 (Fig. 3) in the pores was

carried out by keepi 1 a films in the ethanol solution of phos-
phor with initial rati "= 10"* mol/1 for 20 h, followed by
i e temperature of 100 °C for 3h. The number of

ho! les was determined according to the change
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ig. 3. The structural formula of 6-Amino-1H-phenalen-1-one (Ph160).

in the optical density of the solution before and after sorption using the
equation below:

Na*C'*V

Cc= M*S

(1 — D,/Dy)

where V is the volume of the solution, C 'is the concentration of the dye
solution, D; and D, are the optical densities of the solution before and
after sorption, S is the specific surface area of the porous alumina, Ny is
the Avogadro number (6.022 * 102 mol™1), M is the molar mass dye
(195.22 g/mol).

3. Results and discussion
The absorption spectra of the films were measured using a Cary

UV-VIS spectrophotometer (Agilent Technologies), and the fluores-
cence spectra were measured using Cary Eclipse (Agilent Technologies).
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Fig. 2. Results of energy dispersive analysis of a porous film.
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Fig. 4. Absorption spectra (1.2) and fluorescence (1 ', 2’) of the Ph160 matrix of
PAO (1, 1 ") and in ethyl alcohol (2, 2").

The photoexcitation of fluorescence of Ph160 in the PAO film was
carried out at the wavelength of A = 520nm. The absorption and
fluorescence spectra of the Ph160 molecules implanted in the channels
of the porous matrix showed that the dye absorption band in the matrix
had a maximum at the wavelength of A = 550 nm (Fig. 4).

The same figure shows the absorption and fluorescence spectra of
the dye molecules in the solution of ethyl alcohol at the concentration
of C = 10~ ° mol/l. The dye absorption spectrum in the pores of PAO is
broadened in comparison with the absorption spectrum in the eth
alcohol, and the maximum of the spectrum is shifted to the long-wa
velength region at 12 nm.

The shape of the dye fluorescence spectrum in the pores
change compared with the alcohol solution and the positi

changes in the absorption spectrum observed in
cohol solution indicate a small fraction of a
lecules formed. In the pores of alumina, t
cence of Ph160 molecules, determined ag€or:
was F¢ = 0.73.

The absorption spectrum of
wide band with the maximum &
absorption and fluorescenc

of dye mo-
of fluores-
procedure [22],

t] matrix (Fig. 4) is a
and overlaps well with the
60, indicating that the re-
s'and dye spectra are met.

The fluorescence of rous alumina with AuNPs depends
on the concentratio

ration of Chy, = 107> mol/l, and a further

increase T enching of the fluorescence.

0 the reason for the enhancement of fluores-
cen ules near low-frequency metals is an increase in the rate
of exci of fluorescence due to localized plasmon resonance. At the

same time,ywhen molecules are located near a metal surface or in
contact with'it, non-radiative energy transfer occurs from molecules to
nanoparticles resulting in the decrease in the probability of radiative
decay of excited molecules.

At low concentrations of AuNPs, when nanoparticles and dye mo-
lecules are sufficiently far apart, the observed increase in fluorescence
intensity of Ph160 is associated with plasmon resonance of gold na-
noparticles. At high concentrations of nanoparticles, due to the de-
crease in the distance between fluorophores and nanoparticles, non-
radiative deactivation of the excited fluorescent state of the dye dom-
inates. Intensity of fluorescence in solutions with gold nanoparticles can
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Fig. 5. Dependence of fluorescence intensity of tl e on the concentration of

AuNPs.

also increase as a result of additiond
excitation radiation scattered b

by dye molecules of
owever, at high con-

spectrometer with
correlated photon co

fluorescen
condu a

orescence decay of Ph160 molecules in the solu-
us alumina film (2), and the PAO film with gold na-

nce" characteristics showed that the fluorescence decay of
the solution occurred exponentially with the excited- state
me tq = 8ns. The kinetics of Ph160 in PAO had non-exponential
y (Fig. 6). Analysis of the decay kinetics in a specialized program
SP image 3.9.4 showed that it can be broken down into three exponents
h different exponents (Table 1).

The excited state lifetime calculated from the exponential part of the
decay curve of Ph160 in PAO, was 0.6ns. When gold nanoparticles
were added to the POA, the fluorescence lifetime is reduced by t g
= 0.4ns.

Measurement of spectral-energy and kinetic characteristics of the
stimulated emission of PAO doped with dye molecules was carried out
on the apparatus described in [11].

The spectra of stimulated emission of Ph160 molecules in a
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Fig. 6. Ph160 Fluorescence decay kinetics.
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Table 1

Influence of gold nanoparticles on the fluorescence kinetics of Ph160 in PAO.
Sample T, pS AL, % T2, ps Az, % T3,ps As, %
Ph160 in PAO 20 85.65 1465 7.76 4499  6.59
Ph160 in PAO with AuNPs 27 26.68 1197 13.43 3589 11.36

3,0x10°q
i 5 5. =591.5nm
2,5x10' =
2,0x10°4

5874 nm|i| 596,5 nm

1.5x10"
1,0x10"

5,0x10'

600
wavelength, nm
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1P=05MW/cm*2P=1MW/cm*: 3
P=2MW/cm%;4P=36MW/cm%:5P=6 MW /cm’

Fig. 7. Spectra of Ph160 molecules generation in PAO at the different pump
power densities.
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Fig. 8. Influence of AuNPs on the sti ed emi

molecules in PAO.

n spectrum of Ph160

er D =60nm are shown in
emission of dye molecules in the

cylindrical nanoresonato,
Fig. 7. The maximum o
film is observed at_the

umppe is of the order of 1.7 MW/cm?, a narrow
maximum at the wavelength of 591.5 nm (curve 3) ap-
e background of the laser-induced fluorescence spectrum
hich belongs to the laser emission generation band. A fur-
e'in the power density of the pump source results in nar-
rowing of the fluorescence spectrum and the development of the lasing
band. It is not possible to completely eliminate the component of
spontaneous emission. A Q-factor of the resonator was estimated using
the formula:

A
0=
M2

For the value of SA= 12nm at the wavelength of 591.5nm, we
obtain Q= 1 * 102 Such low-quality generation of stimulated emission
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Fig. 10. Kinetics of stimulated luminescence of Ph160 molecules in PAO.
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is due to the fact that in the case of a cylindrical resonator on a nan-
ometer scale, ray geometry in the pores is not approximate to ray
geometry for the case of total internal reflection, and as a result, ra-
diative losses increase [1].

The effect of gold nanoparticles on the spectra of generation of
stimulated emission in a PAO is shown in Fig. 8. Only the spontaneous
fluorescence spectrum of Ph160 (curve 1) is observed in the PAO film at
the pump power of P = 0.7 MW/cm?.

When the pump power density is below the threshold value and
equal to P = 0.7 MW/cm?, the spectrum of stimulated emission of the
dye in PAO is observed in samples AuNPs (Fig. 8, curve 2).

Based on the emission spectra measured, the half-widths of gen-
eration spectrum and intensity of the stimulated emission of the film
were plotted against pump power density (Fig. 9) and film pumping
thresholds were determined.

Narrowing of the radiation band with increasing excitation intensity
indicates the predominance of stimulated emission over the sponta-
neous emission, that is, transition of the system to a generation regime.
The value of the lasing threshold was determined based on a sharp
change in the growth rate of radiation intensity of the film. The lasing
threshold at the laser pumping Agen, = 532 nm is averaged at 1.7 MW/
cm? (Fig. 9).
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Table 2
Generation characteristics of Ph160 in a porous film of PAO.

Journal of Luminescence 204 (2018) 216-220

Dye AR nm A, nm 71, NS @5 Tgen, NS Ager*, nm A28, nm Generation threshold, MW / cm?
Ph160 550 591.5 0.6 0.73 6.2 591.5 11 1.7
Ph160 + AuNPs 550 591.5 0.4 - 591.5 0.7

The effect of pump power density on intensity and half-width of
stimulated Ph160 spectrum in PAO with gold nanoparticles is also
shown in Fig. 9. For the sample with gold nanoparticles, the intensity of
radiation at the spectrum maximum with a pump power density change
from 0.1 to 5 MW/cm? has a sixfold increase while the half-width of the
emission spectrum is narrowed by a factor of 2. Comparing experi-
mental data of the sample with and without gold nanoparticles shows a
correlation between changes in the radiation intensity and the half-
width of the emission spectrum. From the data obtained, we see a de-
crease in the generation threshold in the presence of AuNPs in the pores
of PAO. For a PAO with gold nanoparticles, the lasing threshold is re-
duced by a factor of 2.4.

Measurement of kinetics of the stimulated emission of PAO doped
with PM567 molecules was done using the picosecond DET025A
(Thorlabs) receiver and the DSO-X-3102A oscilloscope (Agilent
Technologies). The width of temporary hardware function of the mea-
suring system at the half-height was 0.3 ns. The measurement results of
the emission kinetics of Al,O3 films with Ph160 molecules with addi-
tions of the gold nanoparticles are shown in Fig. 10.

It should be noted that duration of stimulated emission pulse Ph160
in the film is 6.2 ns and does not exceed the pulse length of the pump
laser (LQ-215, SOLAR, 7, = 10ns). When gold nanoparticles are in-
troduced into the pores, the duration of the luminescence pulse is re-
duced to 74, ~ 6 ns and the radiation velocity increases. Parameters of,
the stimulated emission spectra of Ph160 film in the pores of PAO
given in Table 2.

4. Conclusion

The quantum yield fluorescence of the Ph160 in t s of is
F¢ = 0.73. Stimulated emission of Ph160 in PAO was obt at the
maximum of fluorescence band. The threshold of lated emission
generation averaged at 1.7 MW/cm? The lo n of stimu-

the fact that the
ay geometry for

, the radiative losses
alumina results in the
ering the threshold of dye

lated emission Ph160 in the film Q= 1 *

ray geometry in the pores is not approxima
the case of total internal reflection, and as a res
have increased. The presence of
increase in fluorescence intensi
stimulated emission. In po
stimulated emission is o,
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