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The effect of plasmonic nanoparticles (NP) on the generation of radiation by organic dye molecules has been
theoretically and experimentally investigated. To calculate the intensity of radiation generated by molecules in the
presence of plasmonic NPS, a theoretical model is proposed that takes into account the change in the rates of
spontaneous and stimulated radiation of a molecule, nonradiative relaxation of the molecule, and light absorption
by a molecule near the NPS in the velocity equations of a three-level laser. The nonmonotonic dependence of
the threshold of generation of an aqueous solution of rhodamine 6G on the concentration of NPS in the solution
observed in the experiment is explained on the basis of the proposed model.
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Introduction

The influence of plasmonic nanoparticles (NPs) on
the spectral-luminescent characteristics of dyes has been
actively studied both experimentally and theoretically over
the past two decades. This topic is primarily interesting due
to a wide range of practical applications related to the optical
response of dye molecules in the presence of plasmonic
NPs. For instance, principles of various modern sensors
and detectors are often based on changes in the fluorescence
intensity of molecules near NPs. [1-3]. It is well known that
in the presence of metallic NPs, the excited-state lifetime
of a molecule decreases, and fluorescence enhancement or
quenching may be observed [4-6]. This is associated with
the existence of localized surface plasmons in the NPs. The
electromagnetic field energy of the plasmon is concentrated
near the NP surface, which changes the rates of radiative
and nonradiative transitions in molecules located close to
the NP. Moreover, several studies [7-9] have shown that
the greatest fluorescence enhancement occurs when dye
molecules are located approximately —10 nm away from the
NP surface.

A continuing important challenge in quantum electronics
is to reduce the lasing threshold and improve the emission
quality of dye lasers. One approach to this problem is the
incorporation of metallic NPs into the laser’s active medium.
Experimental studies on the influence of Ag NPs on the
lasing properties of dyes in aqueous and aqueous-alcohol
solutions are documented in the literature [10-13]. For
example, in [10] it was shown that laser photoexcitation of
aqueous rhodamine 6G solutions leads to spontaneous flu-
orescence, which transforms into stimulated laser emission
and superluminescence with increasing pump power. The
addition of Ag NPs to rhodamine 6G solutions enhances
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all types of luminescence and lowers the lasing threshold
for both types of stimulated emission. The presence of
Ag NPs in ethanol solutions of asymmetric polymethine
dyes results in an increase in emission intensity and a
reduction in the lasing threshold [11]. Adding Ag NPs
to ethanolic merocyanine dye solutions enables stimulated
emission generation at lower pump intensities and dye
concentrations compared to solutions without NPs [12].
Improved characteristics of liquid lasers based on rhodamine
640 with the addition of Au NPs to the active medium have
also been reported [13].

Dye-doped solutions or polymer films containing
nanoparticles serve as the active media of random
lasers) [14]. These lasers lack a resonator, but a high
concentration of NPs provides multiple light scattering
within the active medium. As a result, photons that
escape the molecular excitation zone are scattered back
and amplified. The first random laser based on La;0s3,
doped with Nd** was realized by certain researchers. [15].
Later studies [16] demonstrated that the lasing threshold of
rhodamine 640 in methanol with added NPs TiO, depends
on both dye and NP concentrations, with the threshold
sometimes decreasing and sometimes increasing. Numerous
subsequent works have focused on random lasers with
plasmonic particles. For example, in [17] it was reported
that embedding Au NPs in rhodamine 6G-doped polyvinyl
alcohol films leads to increased emission intensity and
lowered lasing threshold. Similar results were obtained
for polymethyl methacrylate films containing rhodamine
6G and Ag NPs [18], polyvinyl alcohol films with DCM
dye and Au NPs [19], and polystyrene films with DCITB
dye and Ag NPs [20]. An experimental study [21] on the
influence of Au, Ag, and bimetallic (Au@Ag) nanorods on
stimulated emission generation of rhodamine B in polymer
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films showed the best lasing performance in the presence
of bimetallic nanorods, which have a broad absorption
spectrum largely overlapping with the absorption spectrum
of rhodamine B.

As shown in several studies [22-25], the dependence
of the lasing threshold on NP concentration in the active
medium is non-monotonic. With increasing NP concentra-
tion, the lasing threshold first decreases and then increases.
In [22] this behavior was observed for the laser dye PM597
in a nematic liquid crystal doped with Ag NPs, as well as
in aqueous rhodamine 6G solutions with Au, Ag, and Pt
NPs [23-25].

At low concentrations of plasmonic NPs in the active
medium, where light scattering is negligible, the main phys-
ical mechanism by which NPs affect lasing generation and
luminescence is the increase in radiative and nonradiative
transition rates of molecules near the NPs [6,26]. At higher
NP concentrations, scattering of pump and emission light by
molecules is added to this mechanism, which can lead either
to suppression or enhancement of laser generation [13]. It
should be noted that despite numerous experimental studies
on the lasing properties of dyes in the presence of plasmonic
NPs, works containing theoretical analysis of the observed
phenomena are significantly fewer.

This work presents theoretical and experimental results
investigating the influence of gold and silver NPs on
stimulated emission generation of aqueous rhodamine 6G
solutions. ~An analysis of stationary solutions of rate
equations describing the dynamics of three-level lasers was
performed, accounting for changes in spontaneous and
stimulated emission rates of molecules, light absorption
by molecules in the presence of plasmonic NPs, and
nonradiative energy transfer from excited molecules to NPs
calculated within a quantum-mechanical framework. The
theoretical results qualitatively explain the experimentally
observed changes in spectra and lasing thresholds of
aqueous rhodamine 6G solutions when plasmonic NPs are
added.

Experimental Methods and Results

The experimental subject was aqueous rhodamine 6G
solutions containing gold and silver NPs. The dye was
chosen for its high fluorescence quantum yield and pho-
tostability. NPs were synthesized using the Turkevich-Frens
citrate reduction method from aqueous tetrachloroauric acid
or silver nitrate solutions. The sodium citrate aqueous
solution concentration, acting as a reducing agent and metal
surface stabilizer, was 80 mM, with gold and silver salt
solutions at 50mM each. Most NPs produced by this
method have radii of 20—30nm. The absorption spectra
of synthesized NP solutions exhibit peaks corresponding
to plasmon resonances: approximately 520 nm for gold NP
solutions and 420 nm for silver NP solutions. The average
NP size and total metal atom content in the reaction solution
allow estimation of particle concentration at about —
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Figure 1. Emission spectra of aqueous R6G solution (/) and
solutions with NPs (2—4) at a pump intensity of 210 MW/cm?.
The volume fractions of the NP solution in the sample were 25 (2),
375 (3), 50% (4).

5-10°cm~3. To minimize possible random lasing, it was
necessary that NP solutions be weakly scattering media;
therefore, synthesized NP solutions were further diluted
tenfold with water.

Experimental samples of solutions were prepared with
a volume of 2ml each. One quarter of this volume was
aqueous dye solution at 1 mM concentration. The rest of
the sample volume was water and aqueous NP solution
mixed in various proportions. Sample / contained no NPs;
in samples 2—6 the volume fraction of diluted NP solutions
increased from 0.25ml (12.5%) to 1.25ml (62.5%) in
0.25 ml increments.

In order to observe stimulated emission generation, the
samples were placed in a resonator consisting of a glass
cuvette with one side in contact with a back mirror and the
opposite side functioning as a partially transparent mirror.
Sample excitation was performed using a pulsed solid-
state YAG:Nd3*, laser operating at 532nm and generating
10ns pulses. The laser intensity was varied by changing
the pumping pulse duration through adjusting the time
delay between powering the xenon lamp and Q-switch
modulation. This parameter was varied from 90 to 200 us
in 10us steps, corresponding to laser pulse energies from
2 to 35ml, approximately linearly. =~ The pump beam
was focused by a spherical lens into a 1mm diameter
spot on the cuvette side perpendicular to the resonator
axis. Thus, the average intensity of the pump pulse
varied in the range from 16 to 270 MW/cm?. Stimulated
emission generation occurred in the solution region about
0.6—0.8mm deep from the illuminated face. The dye
emission signal was collected by a lens and, after passing
through a spectrally neutral filter, registered by a CCD
spectrometer BIM-6002.
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Figure 2. Dependences of the maximum intensity (solid lines)
and linewidth (dashed lines) of R6G emission on pump intensity
for various volume fractions of gold NPs in the sample. Curve
designations are the same as in Fig. 1.

In Fig. 1, the emission spectra of gold NP samples
at a constant pump intensity of 210 MW/cm? are shown.
Without NPs in the solution (curve 1) dye fluorescence
is observed. The presence of gold NPs in the solution
leads to an increase in intensity and narrowing of the
emission band (curve 2), indicating that stimulated emission
of the dye dominates over spontaneous emission. As
the volume fraction of NPs in the solution increases, the
intensity of the emission band first grows (curve 3), and
then decreases (curve 4). It can be seen from Fig. 1 that
stimulated emission generation occurs at the fluorescence
band maximum. Similar results were obtained for silver NP
samples. The reduction of emission intensity at high NP
concentrations indicates that the random laser effect does
not occur. Dependencies of the emission peak intensity
(solid lines) and the linewidth (dashed lines) on pump
intensity are shown in Fig. 2. For all samples, the
emission band narrows as the excitation laser pulse intensity
increases.

From the inflection point of the maxima of the emission
intensity versus pump intensity graphs, the lasing thresholds
for different samples were determined. As can be seen from
Figs. 2 and 3, depending on the volume fraction of the NP
solution, the lasing threshold behaves non-monotonically: it
initially decreases and then increases, with higher emission
intensity corresponding to a lower lasing threshold. A
similar dependence is observed for the emission linewidth,
as shown in Fig. 4.

Thus, the experiments investigated changes in the lasing
characteristics of aqueous rhodamine 6G solutions with
the addition of gold and silver NPs. The measurement
results demonstrate a non-monotonic dependence of the
lasing threshold and stimulated emission linewidth on the
NP solution volume fraction in the sample, consistent with
the findings of other authors [23,24].
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Figure 3. Dependence of the lasing threshold of R6G solutions
on the volume fraction of gold NPs (/) and silver NPs (2) in the
sample.
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Figure 4. Dependence of the emission linewidth of R6G

solutions on the volume fraction of gold NPs (/) and silver
NPs (2) in the sample. Pump intensities are 210 MW/cm? (1)
and 120 MW/cm? (2).

Theoretical Model and Calculation Results

The experimentally observed dependencies of emission
intensity and lasing threshold on plasmonic NP concentra-
tion in the active medium are qualitatively explained using
an approach based on rate equations for a three-level laser
under the fast relaxation approximation [27]:

M = —Bnpn(ny — ny) — kainy + Ksams,
N3 = gny — K3y — K3, (1)
I;]ph = BVanph(n2 - nl) - I(phnph,

Ny + Ny + N3 = N,
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where Ny — concentration of active molecules, Ny, Ny, N3 —
concentrations of molecules in states 1 (ground state), 2
(upper laser level), and 3 (pump level), respectively, Npn —
photon number in the resonator. The following notations
are also used in (1): g — pump rate, B — coefficient
responsible for stimulated emission or photon absorption,
Va — resonator mode volume, Kp, — photon decay rate
in the resonator, k3, — nonradiative decay rate from pump
level to laser level. Molecular transition rates from states 2
and 3 to ground state k; and ks3; consist of spontaneous
emission rates K}, kj; and nonradiative rates K3}, k3.
The stationary solution of the rate equations system can
be written as:
_ Kpn
- BV’
o — k329(np — n) — ka1 ((Ks2 + K31)(np + n) 4 gn)
Bn(2(ksz + k31) + Q)

where N = np — Ny is the population inversion concentration.
The spontaneous emission rate is given by [27]

r 4wi3f \/E 2
kif = 3hc3 |pf|| ’

. (2)

(3)

where pj is the molecular transition dipole moment from
an excited state i =2 or i =3 to the ground state f =1,
wif — the transition frequency, ¢ — the speed of light
in vacuum, & — the dielectric permittivity of the active
medium.

The pump rate can be written as g = o3l p/(fiw), where
Ip — is the pump light intensity, w is its frequency, 013 —
is the photon absorption cross-section, expressed as [27]

o — 4m’w|psi|? cos? B 5w
Vehe
at i=1, f=3 1In (4 B is the angle between the
dipole transition moment and the electric field intensity
of incident wave, and, @ — frequency of incident light,
8(x) is a Lorentzian function replacing the delta function
for calculations.

The value B is calculated as B = oy,¢/V, where V is
the effective resonator mode volume, and, oy, is the cross-
section for the 2 and 1 laser transition at the resonator mode
frequency [27] determined by the formula (4) at i =1,
f=2

Setting the photon number equal to zero in (2) the
threshold pump rate Qin, can be found, and from it, the
threshold pump intensity is expressed as:

- 1) (4)

fiwz1Ka1 (K32 + K31) (no + n)
(ks2(ng — n) — karn)ois

lth = (5)
When a molecule is near a plasmonic NP, radiative and
nonradiative electric dipole transition rates change, which
alters the stimulated emission generation conditions.
In the presence of NPs, an additional relaxation chan-
nel appears: nonradiative energy transfer from excited
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molecules to NPs. The rate of this transfer, derived from
Fermi’s golden rule, is [6]

NP 47 o (I +1)(21 + )R+
kig” (r) =-—
hw2 |r2|+4
P im
117 o |2
X‘pfi Yim (Q)’ §(wr — wit), (6)
where R is the NP radius, Y| !(Q) — a vector

spherical function. The localized plasmon frequency is
o) = wpy/1/(excl + €(1 + 1))(assuming the metal dielectric
function given by the generalized Drude model without
electron collisions) em(w) = £0o — Wp/®?, €0 — high-
frequency dielectric constant, wp, — the plasma frequency.
The delta function in (3) is replaced by a Lorentzian
function with halfwidth equal to twice the inverse lifetime 7
of the localized plasmon in the NP.

Near NPs, emission and absorption are performed by the
combined ,molecule + NP“ system. The transition dipole
moment of this system from its excited to ground state
is found using a quantum-mechanical perturbation theory
approach if two close energy levels are available [28]. The
excited state is a superposition of two states: one with
molecule excited and no plasmon in the NP; the other
with molecule in ground state and one dipole plasmon
in the NP. The ground state contains no plasmon and an
unexcited molecule. The transition dipole moment of the
combined system between the ground and excited states
can be written as [28]:

ptot.m(r) = CmpNP,m + Dm(r) Pi,m, (7)

where m=0, =1 are the indices
onal components in the cyclic

of the orthog-
coordinate system,
Pp.m = €4/3hwiR3 /203 is the dipole moment matrix

element of the nanoparticle (NP); psim are the cyclic
components of the molecular transition dipole moment. The
coefficients Cm(r) and Dy (r) in equation (3) are calculated
by the formulas [6]:

Cm(l‘) . Vfi (1m|r)

= Enlr, 0) — hay D)

2>—1/2

Em(r) = %(E + oy £ 1/ (E — hor 2 + 4Vy (1m|r)|2)

127h?R3 pri - Y2 (Q
Vi (Imfr) = 4| wzl pfi r31m( ).
p

If the molecular excitation energy E = hwjtis less than the
dipole plasmon energy Em(r) then in the formula for the
superposition state energy one should take the lower sign;

Vi (1mir)
D(r) = (1 + ’75“(;) o

where

and
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Figure 5. Distance dependencies of the angular-averaged
nonradiative energy transfer rates (k57) to Ag NPs (/) and Au (2)
and spontaneous emission rates (kj;) near Ag NPs (3) and Au (4)
as functions of the distance between the molecule and the NP
surface.

otherwise, take the upper sign. Energy dissipation in the
metal can be accounted for by introducing an imaginary
component to the plasmon frequency w; — wy —i/7 [28].

Thus, to determine the absorption, spontaneous, and
stimulated emission rates of the molecule in the presence of
NPs, in formulas (3) and (4) the molecular transition dipole
moment pPs should be replaced by the transition dipole
moment Prot of the combined ,,molecule + NP system as
given in (7).

Calculations based on this theoretical model were
performed for silver and gold NPs with a radius of
20nm. Drude parameters at optical frequencies were
used: bulk plasmon energy hwp=9.0eV (Ag, Au),
high-frequency dielectric permittivity e, = 4.45 (Ag)
and 9.8 (Au), localized plasmon lifetime 7, =40fs
(Ag) and 30fs (Au) [29]. The dielectric con-
stant of the active medium was & =2. The dye
molecule parameters corresponded to rhodamine 6G:
wy1 =3.36- 10571, pj2=6.30D, w3 =3.54- 10871,
pi3 = 6.14D. The electric field intensity of the exciting
light wave and the transition dipole moment in the
moleculeps were assumed parallel to the z axis of the
coordinate system centered on the NP. Other model
parameters were: Ny =2.1-10%cm™3, V, = 0.001 cm?,
V = 0.0054 cm?®, kpn = 4.24 100571, k3 = 1.0-10"s7 1,
K =0, ks, =0.5-108s71, 1, = 100 MW/cm?.

Figure 5 shows the distance dependencies of angular-
averaged nonradiative energy transfer rates (K)7) (curves 1,
2), calculated by formula (6), and spontanecous emission
rates (k) (curves 3, 4), calculated by formula (3). The
averaging was done over angular positions of the molecule
near the NP surface. Curves / and 3 correspond to silver
NPs; curves 2 and 4, to gold NPs. The figure shows that

Ar, nm

Figure 6. Distance dependencies of the ratios of generated
photon numbers in the presence of Ag NPs (/) and Au NPs (2)
and lasing thresholds in the presence of Ag NPs (3) and Au NPs
(4) to their values without NPs.

if the distance Ar between the molecule and the silver
NP surface exceeds 7.5nm, the spontaneous emission rate
becomes greater than the nonradiative relaxation rate of
molecular excitation. In the range Ar from 5 to 10nm
these rates are of the same order of magnitude. For gold
NPs, the corresponding range is between 10 and 20 nm. At
small distances, the calculated rates for gold NPs are about
an order of magnitude higher than for silver NPs, since the
difference between the molecular transition frequency and
the plasmon resonance frequency is smaller for gold than
for silver.

Figure 6 presents the distance dependencies of the ratios
nph of the numbers of generated photons calculated by
formula (2), (curves I, 2) and ratios np of the lasing
thresholds, calculated using formula (5) (curves 3, 4),
relative to their values in the absence of NPs. Curves
1 and 3 correspond to silver NPs; curves 2 and 4, to
gold NPs. In the presence of NPs, the spontaneous
emission and nonradiative relaxation rates are supplemented
by the nonradiative energy transfer rate to the NP; ie.,
kit =kl + k¥ + kNP, i =2, 3, f =1. The calculations
utilized angular-averaged rates of radiative and nonradiative
molecular processes. TFrom Fig. 6, it is seen that as
the distance between the molecule and the NP surface
decreases, the number of generated photons and the
lasing threshold exhibit non-monotonic behavior.  The
lasing threshold first decreases, then sharply increases,
achieving its minimum in the distance range where the
spontaneous emission and nonradiative energy transfer
rates are comparable (Fig. 5). The number of gen-
erated photons first grows, then drops. This behavior
is explained by the competing increase in radiative and
nonradiative molecular transition rates in the presence of
NPs.
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Conclusion

A theoretical model of the influence of plasmonic NPs
on stimulated emission generation by dye molecules is
proposed. The model, based on balance equations describ-
ing a three-level laser, accounts for the effect of NPs on
the spontaneous and stimulated emission rates, molecular
light absorption rate, and the presence of nonradiative
excitation energy transfer from molecule to NP. Numerical
calculations of radiative and nonradiative transition rates in
molecules located at various distances from the NP surface
were performed. A distance range was established where
spontaneous emission and nonradiative energy transfer rates
are of the same order. It was shown that in this distance
range, the lasing threshold is reduced compared to the case
without NPs in the active medium.

Experimentally observed changes in the emission spectra
of aqueous rhodamine 6G solutions with added silver
or gold NPs are qualitatively explained on the basis of
the proposed theoretical model. Low NP concentrations
provide optimal average distances between molecules and
nanoparticles, resulting in stimulated emission generation
at pump intensities at which generation is absent without
NPs. Increasing NP concentration leads to a decrease
in emission intensity and an increase in lasing threshold
because the average molecule-NP distance reduces and
quenching of molecular excitation near NPs becomes
dominant.

Thus, the conducted theoretical and experimental study
shows that the greatest enhancement of emission intensity
and reduction of lasing threshold occur for certain optimal
geometric configurations of the ,molecule + NP“ system
achieved at specific NP concentrations in the active medium.
The results are important from an applied perspective,
as improving dye lasers is a priority task in quantum
electronics.
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