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1. Introduction

Abstract. Improvement of the efficiency of a Rhodamine 6G dye laser by adding proper
concentrations of gold colloidal nanoparticles into the dye solution has experimentally been
investigated. Gold colloidal nanoparticles, due to their strong plasmonic peak in the visible
region, are expected to have a considerable interaction with Rhodamine 6G dye molecules
with broad emission spectrum in the visible range. It is shown that with addition of enough
low concentrations (less than 0.4 p M/1) of gold nanoparticles to the dye solution, both
the output power and the efficiency of the dye laser increase. The best improvement of the
laser efficiency reaches 15%. Two amplifying mechanisms exist for efficiency improvement
by the nanoparticles, which are resonant energy transfer from the plasmonic nanoparticles
to the dye molecules and the high near field around the nanoparticles. The results indicate
that in low concentrations of gold nanoparticles, the amplifying mechanisms dominate the
dissipating mechanism of scattering of the pumped light by the nanoparticles. This leads
to the efficiency improvement by addition of the nanoparticles.

(© 2016 Sharif University of Technology. All rights reserved.

state, which consequently diminishes the number of
lasing transitions [18].

Dye lasers, due to capability to produce tunable laser
lights in a wide range of wavelengths in addition to
producing CW and pulsed lasers, have many applica-
tions in science [1-6], medicine [7-11], and industry [12-
14]. A dye laser is generally pumped by a flash
lamp or by the light of another laser. Usually, the
efficiency of dye lasers is low, typically less than 5%
[15]. Therefore, increasing the efficiency and output
power of dye lasers is one offavorite challenges for
the researchers in the field. The main reason for the
low efficiency of dye lasers is existence of some non-
radiative transitions in the dye molecules, including the
intersystem crossing processes from a singlet excited
state to lower triplet states [16,17]. This generally leads
to reduction of the population inversion in the excited
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Usually, by increasing the pumping power and the
concentration of dye molecules, it is possible to produce
higher output power from a typical dye laser. However,
enough pumping power leads to cell damaging in which
both the material inside the cell and the cell window are
damaged [19]. Also, increasing the dye concentration
results in distortion of the output spatial profile [15].
Therefore, for moderate dye concentrations, finding
a method for increasing the excitation rate without
reaching the threshold of cell burning is a desirable
goal in developing the dye lasers. The main idea of
this paper is to use the enhanced electromagnetic field
of localized surface plasmons as a promising method
for this purpose.

Localized Surface Plasmon Resonance (LSPR)
is produced by collective oscillations of conduction
electrons of metal nanoparticles due to interaction
with an external field. The resonance occurs when the
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frequency of the electromagnetic field is adjusted to
the natural frequency of oscillations of electrons in the
metal nanoparticle. This resonance depends on the
size [20,21] and the shape [22] of the nanoparticles in
addition to the dielectric constants of the surrounding
medium [23]. Around the plasmonic nanoparticles, in
the near field regions, the electric field can be much
greater than the incident field [24,25]. Such enhanced
electric field can be used for improving the efficiency of
a dye laser. The enhanced localized electromagnetic
field near the metal nanoparticles can facilitate the
excitation of a molecule or a quantum dot [26]. In
fact, the excitation rate of the molecule close to a
nanoparticle is proportional to the electric field at the
location of the molecule, which can increase by the
near field enhancement of LSPR [27]. In addition,
both radiative and non-radiative decay rates of an
excited molecule can change by presence of a metal
nanoparticle around the excited molecule.

The interaction of metal nanoparticles with dye
molecules has been studied by several researchers [28-
37]. Both fluorescence [38-42] and fluorescence en-
hancement of dye molecules [43-45] have been reported
as the results of the nanoparticle-dye interaction. One
of the notable reports in the field is the enhancement of
spontaneous emission of Rh6G molecules (up to 45%)
by addition of aggregated silver nanoparticles to the
dye solution [46]. When a dye molecule is placed in
the vicinity of a metal nanoparticle, two mechanisms
can amplify the excitation of the dye molecule. The
first is a resonant energy transfer from the plasmonic
nanoparticle to the dye molecule, which can excite
the dye molecule to an upper level [47]. Of course,
the rate of energy transfer from the donor particle to
the acceptor molecule depends on the spectral overlap
of the donor’s emission spectrum and the acceptor’s
absorption spectrum. The second mechanism is the
higher electric field that the dye molecule senses in
the near field region of the nanoparticle [48]. In
addition, placing the nanoparticles close to the dye
molecules can conduct some dissipating processes that
non-radiatively bring the excited dye molecule to some
lower levels and this reduces the emission of the dye
molecule.

In this paper, we study improvement of the output
power of an Rh6G dye laser by incorporating the
plasmonic properties of gold nanoparticles in the frame-
work of a dye circulating system. A Littrow configura-
tion has been used in the optical resonator to achieve a
tuned and stable wavelength profile with less than 1 nm
spectral width. This system has the merit of long time
lasing stability (even with the nanoparticles inside the
dye solution) in addition to lack of any photo-bleaching
problem of the active media. After synthesizing the
gold nanoparticles and mixing them with a fixed dye so-
lution, we measured the effect of various concentrations

of gold nanoparticles on the improvement of output
power of the laser. The results indicate that under
the optimum concentration of gold nanoparticles, it is
possible to increase the laser efficiency by about 15%.

2. Experimental setup

We measured the output power of an oscillator dye
laser with different mixtures of Rh6G dye and colloidal
gold nanoparticles both dissolved in ethanol. The
concentration of dye in the solutions was fixed at
0.01 mM/l. The experimental setup for measuring
the output power of the dye laser has schematically
been shown in Figure 1. The active media was a
rectangular cubic dye cell with the dimensions of 1 x
1 mm? and the length of 20 mm. The dye cell was
transversely pumped with the cross sectional area of
1 x 20 mm?. The dye solution was circulated in the
cell, with the flow of 2 1/min. The pumping system was
a pulsed Q-switched Nd:YAG laser (second harmonic
A = 532 nm), with the high repetition rate of 10 kHz
and the pulse duration of 10 ns. The intensities of two
polarizations of the light of the pump laser reaching
the dye cavity can be controlled by a combination of a
half-wavelength slab and a polarizer. The powermeters
(PM1 and PM2) measured two sample intensities of
the perpendicular polarizations of the pump light. A
Littrow configuration was used for the resonator of
the dye laser with a 1200 line/mm grating as the
back mirror and an 80% reflection mirror as the front
one. A portion of the output power of the dye laser
was measured by the powermeter PM3 after passing
through the sampler SA2. Also, the spectrometer
shown in the figure determined the frequency spectrum

Dye laser oscillator
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Figure 1. Experimental setup for measuring the output
power of an Rh6G dye laser to investigate the effect of
different concentrations of gold nanoparticles on the laser
performance. Two half-wavelength slabs of HW1 and
HW?2 in addition to the polarizer P totally control the
intensities of two polarizations of the pump light reaching
the dye cavity. The samplers SA1 and SA2 provide two
samples of the intensities of the pump and the output
lights reaching the photomultiplier tubes (PM1 and PM2).
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of the dye laser output. It should be mentioned that
all powermeters used in this work were similar and
provided from Gentec.

The gold nanoparticles for this work were synthe-
sized by the method of [27,49]. The average diameter
size of the synthesized spherical nanoparticles was mea-
sured by a TEM to be around 10 nm (Figure 2), which
was much greater than the size of Rh6G dye molecules.
Figure 3 schematically shows the size of an Rh6G dye
molecule in front of a 10 nm gold nanoparticle. To be
sure that the nanoparticles remained monodispersed in
all experiments, the solutions of nanoparticles before
and after mixing with the dye solution were inside
the ultrasonic bath for 10 min. By changing the
concentration of the nanoparticles in the dye solution,
the average distance between a dye molecule and the
nanoparticles changed. This effectively allowed us to
investigate influence of the distance between the dye
molecules and the nanoparticles on improvement of the
excitation of the dye molecules. In the experiments,
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Figure 2. TEM image of the synthesized gold

nanoparticles. The image was taken by a Zeiss TEM
model EM900 with the energy of 80 keV.
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Figure 3. Schematic comparison of the size of an Rh6G
dye molecule in front of a 10 nm gold nanoparticle.

we also measured the fluorescence and the absorption
spectra of the pure dye solution and the nanoparticles
by the setup shown in Figure 4.

3. Results and discussion

To investigate the possibility of improvement of the
output power of Rh6G dye laser by the gold nanopar-
ticles, we first measured the absorption and the fluo-
rescence spectra of the dye solution in addition to the
absorption spectrum of the colloidal gold nanoparticles.
The results are shown in Figure 5. It is seen that the
plasmonic resonance of the gold nanoparticles has a
relatively broad peak around 520 nm. Such peak has a
strong tail in the short wavelengths less than 450 nm,
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200 nm-1100 nm

Spectrometer 2

Spectrometer 1 |

Figure 4. Experimental setup for measuring the
fluorescence and theabsorption spectra of the dye solution
and the gold nanoparticles. The fluorescence and
absorption spectra are obtained by the spectrometers 1
and 2, respectively.
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Figure 5. Normalized absorption and fluorescence
spectra of Rh6G dye solution in addition to the absorption
spectrum of the gold nanoparticles.
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which corresponds to the interband transitions of the
gold nanoparticles. On the other hand, the absorption
spectrum of the dye solution includes a relatively sharp
peak centered at 530 nm. In addition, the fluorescence
spectrum of the dye has a sharp peak at 560 nm.

The overlaps between the absorption peak of
the gold nanoparticles and the fluorescence and the
absorption peaks of the dye molecules are two key
factors determining the influences of gold nanoparticles
on the radiation properties of the dye molecules. The
intersection of the absorption spectra of the nanopar-
ticles and the dye molecules can change the amount
excitation of the dye molecules due to resonance
energy transfer between the nanoparticles and the
dye molecules. Moreover, the overlap between the
absorption of nanoparticles and the florescence of the
dye molecules leads to change in amount of stimulated
emission due to the exchange of energy between the
excited dye states and the plasmonic nanoparticles.

As we see in Figure 5, the overlap between the
absorption spectra of the nanoparticles and the dye
molecules is much greater than the overlap between the
fluorescence spectrum of the dye and the absorption
spectrum of nanoparticles. Therefore, it is expected
that the influence of gold nanoparticles on change in
excitation of the dye molecules would become greater
than their direct effect on the change of stimulated
emission from the excited molecules. If a resonance
exchange of energy appears from the nanoparticles to
the dye molecules with balance between the plasmon
energy and the dye excitation energy, it effectively
acts as a pumping amplification and leads to power
enhancement of the laser. On the other hand, in the
case of transfer of energy from excited dye molecules
to the nanoparticles, we will have reduction of excited
molecules and decrement in the laser power. In the
following, we investigate the experimental conditions
in which the presence of the nanoparticles amplifies the
lasing transitions of the dye molecules and the condi-
tions in which the presence of nanoparticles diminishes
the lasing emission.

By measuring the output power of the dye laser,
including different mixtures of Rh6G dye and colloidal
Au nanoparticles, it is possible to investigate the effect
of nanoparticles on the laser performance. Figure 6
shows the results in which variations of the laser power
versus the change in pumping power are presented for
different concentrations of the gold nanoparticles in the
dye solutions. It is seen that the trend of increment in
the output power versus the pump power is the same for
all concentrations of gold nanoparticles. With addition
of the nanoparticles to the dye solution, the minimum
pump power required for producing a detectable laser
light changes. The minimum pump power for initiating
the laser light is obtained from the crossing points
of the output power curves with the horizontal pump
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Figure 6. The variations of the output power of the dye
laser versus the change in the pumping power for different
concentrations of the gold nanoparticles denoted by “N”.

power axis in Figure 6. The change of minimum pump
power means that the efficiency of the laser at the
minimum laser output changes with the presence of
the nanoparticles in the dye solution.

The results of output power for the laser shown
in Figure 6 increase up to the maximum pump power
of 12 W. At this pump power, the laser output is in
the range of 170 to 205 mW. This pump power is
also the maximum pump power for the experimental
setup of this work, before the beginning of cell burning,
which damages both the dye liquid close to the cell wall
and the cell window. This upper threshold depends
on the configuration of the cell and is determined by
several preliminary tests. We see, between different
concentrations of the nanoparticles, the laser output
is always maximum for the concentration of N =
0.034 pM/1 in all pumping powers.

The results of Figure 7 indicate that for the
concentrations of nanoparticles between 0.034 p M/1
to 0.272 uM/1, with addition of the gold nanoparticles
to the dye solution, the output power increases relative
to that of pure dye solution. This indicates that in
such gold concentrations, the increment in excitation
of the dye molecule, which leads to more stimulated
(or fluorescence) emission, overwhelms the dissipating
processes, including non-radiative energy transfers.
The stimulated enhancement is optimized at the gold
concentration of 0.034 uM/1. However, for enough high
gold concentration of N = 1.36 uM/1, we see the output
power is lower than that of the dye laser without any
gold nanoparticles. In this case, the dissipation by the
non-radiative energy transfers is dominant in the dye-
nanoparticle interaction. In fact, the enhancement and
quenching of the (stimulated /fluorescence) emission are
the main reasons of improvement and degradation of
the output power in low and high gold concentrations,
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Figure 7. Variations of the efficiency of the dye laser
versus the change in the concentration of gold
nanoparticles in the dye solution for maximum pump
power of 12 watts.

respectively. The results of Figure 7 thoroughly agree
with the findings of other researchers in the field [28§].

Since 12 W is the maximum pump power for
getting the best output power from the dye laser,
we focused on the improvement of the laser efficiency
at this pump power. Figure 7 shows variations of
the efficiency of the dye laser versus the change in
the concentration of gold nanoparticles in the dye
solution. It is seen that under the optimum gold
concentration, the efficiency increases from 1.43% to
maximum 1.7%, which is about 15% increment. The
best efficiency occurs at the nanoparticles’ concentra-
tion of 0.034 uM/1. Note that in the range of concen-
trations of gold nanoparticles between 0.1-0.4 pM/l,
the efficiency does not remarkably change, although
its value is higher than the laser efficiency without
using gold nanoparticles. In Figure 8, we have shown
the efficiency change of the dye laser with variation
of the pump power for the optimum concentration of
the nanoparticles; N = 0.034 pM/l. Generally, we see
that with increment in the pump power, the efficiency
of the laser monotonically increases in the dyes both
with and without nanoparticles. However, at higher
pumping powers, the improvement of the laser output
with addition of the gold nanoparticles is more notable.

As mentioned in the previous publications, both
fluorescence quenching [41,42] and fluorescence en-
hancement of dye molecules [38-42] have been reported
as the results of interaction between metal nanoparti-
cles and dye molecules. When a dye molecule is placed
close to a metal nanoparticle, the excitation of the dye
molecule is affected by two exchanges of energy. The
first is a resonant energy transfer from the plasmonic
nanoparticle to the dye molecule, which can excite the
dye molecule to an upper level [47]. The second is
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Figure 8. Variations of the Rh6G Dye laser efficiency
versus the change in the pump power for two cases of pure
dye solution (without gold NP) and dye solution with gold
nanoparticles with concentration of 0.034 pM/1 (with gold
NP).

transfer of energy from the excited dye molecules to
the nanoparticles through some dissipating processes
that non-radiatively bring the excited dye molecule
to some lower levels and this reduces the emission
of the dye molecule. Both of these mechanisms can
occur and thereby both enhancement and quenching of
fluorescence are observed in the experiments.

The experimental results of application of gold
nanoparticles for improving the efficiency of an Rh6G
dye laser show that in the range of low gold con-
centrations used in this work, the efficiency always
increases with presence of gold nanoparticles in the dye
solution. If a dye molecule is placed in the vicinity of
a metal nanoparticle, two mechanisms can amplify the
excitation of the dye molecule. The first is the high
electric field that the dye molecule senses in the near
field region of the nanoparticle [26]. The second is the
energy transfer from the plasmonic nanoparticle to the
dye molecule, transferring the molecule to its excited
state [25]. In addition, putting the nanoparticles close
to the dye molecules leads to some dissipating processes
reducing the excitation of the dye molecule. Two
main dissipating processes are the scattering of the
pumped light by the nanoparticles, which diminishes
the amount of light reaching the dye molecule, and
non-radiative energy transfer from the excited dye
molecules to the nanoparticles. In fact, the competition
between the amplifying processes and the diminishing
ones determines the final role of the nanoparticles in
improving or declining the dye laser output. The
results presented in this work indicate that in the range
of low gold concentrations, the two amplifying mecha-
nisms of resonant energy transfer from the plasmonic
nanoparticles to the dye molecule and the high near
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field around the nanoparticles dominate the dissipating
mechanisms of scattering of the pumped light by the
nanoparticles and non-radiative energy transfers from
the excited molecules to the nanoparticles.

4. Conclusion

In this work, we investigated the influence of gold
colloidal nanoparticles on output power of an Rh6G dye
laser. Because of strong plasmonic peak of gold nanop-
erticles in the visible regime (with Apax ~ 520 nm),
a remarkable interaction between gold nanoparticles
and Rh6G dye molecules can take place. It was
shown that in the concentrations less than 0.4 pM/1
for the gold nanoparticles, the laser efficiency increases
with addition of gold nanoparticles to the dye solution
and the optimum improvement of the laser efficiency
reaches 15%. This indicates that in these low gold
concentrations, the amplifying effects of resonant en-
ergy transfer from the plasmonic nanoparticles to the
dye molecule in addition to the high near field around
the nanoparticles dominate the dissipating effects of
scattering of the pumped light by the nanoparticles and
non-radiative energy transfers from the dye molecules
to the nanoparticles.
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