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Plasmonic nanolaserssproduce coherent light with wavelengths on a scale similar to their own or
larger. In the past.decade they have attracted intense interest, particularly from the emerging areas
of integrated photonic circuits and biomedicine. Despite these capabilities, plasmonic nanolasers
are still not completely understood, and this lack of understanding leads to confusing them with
spasers and random lasers. Here, the operation of pure spaser-based plasmonic nanolaser arrays is
presented. For this, a monolayer of silver nanoparticles (NPs) affixed to a dielectric surface and
covered with a fluorescent PMMA-—coumarin solid composite is investigated. The input—output
characteristic measured for the composites on a bare substrate (without Ag nanoparticles) reveals
that the emission‘atpump pulse energies above 2.4 mJ (at 355 nm excitation wavelength
corresponding ceumarin absorption) practically stops growing, instead inhibited by saturation. In
contrast, in such structures with Ag nanoparticles an additional emission band pops up over a
fluorescence background. It has a spectral width order of units of nanometers and its intensity
grows faster than at'lewer pump pulse energies, revealing a nonlinear dependence of the input—
output characteristic. The spaser-based lasing observed is completely linearly polarized and clearly

directed as 45 degrees from the substrate.
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1. Introduction

The extensive development of nanoscale coherent optical sources is the current trend of
research in the field of nanophotonics, directed towards the development of photonic integrated
circuits capable’of augmenting today's integrated electronic circuits.™™ The creation of nanometer-
size lasers forthesvisible and infrared spectral ranges is impossible with traditional designs since
the size of the resonator in a conventional laser cannot be smaller than its emission half-wavelength.
This problem has been addressed by Bergman and Stockman? who suggested the new feedback
mechanism in which the usual mirrors are replaced with metal nanostructures supporting localized
plasmon oscillations. Similar to lasers, these devices were initially called ‘spasers’ and later termed
‘plasmonic nanolasers?, > which have been in focus for the last ten years.['” Plasmonic nanolasers
and spasers arescommonly confused, but these two terms are not synonymous — spasers generate
plasmons?! while®plasmonic nanolasers emit light™*?! with wavelengths that are larger than their
own sizes.

The plasmon-based sources overcome the diffraction limit, have faster (up to THz)
switching capabilities in comparison to semiconductor counterparts, exploiting stimulated
recombination,* limited to switching rates of the order of GHz. The spaser-based nanolaser is the
smallest, biocompatible, and non-toxic tool, and can be incorporated in living tissues for a large
number of biomedical in vivo and in vitro applications.?**® To date, several implementations of
spasers and plasmonic nanolasers have been investigated: nanospheres,*? nanodisks,™”!
nanoflakes,?®*nanowires,’ nanorods,”? nanotori;* a topological spasert**! and free electron
excited spasert?”! were proposed. Organic dyes,*? carbon nanostructures,® transition metal
dichalcogenides,?® as well as their hybrids?? can act as a gain medium. The properties of
subwavelength lasers are constantly improving; several groups have dealt with low-threshold for
lasing, 32 multiwavelength lasing,*® and high external quantum efficiency.*” Despite the cogent

results that spaser-based nanolaser have demonstrated, there are several negative responses to
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plasmonic nanolasers, particularly because the lasing can be interpreted as a stimulated emission in
a random laser®>*® or as an amplified spontaneous emission.F”**!

The first part of the experiment described in this article details plasmonic nanolasers and the
reliability of different interpretations of their emission, as in conventional lasers. First, a lasing
input—output characteristic has a threshold-like behavior. Second, it is characterized by a narrow
emission band. Coherent optical sources can also have a distinguished polarization and directivity.
For plasmon nanestructures, possibly enhanced-spontaneous radiation in an amplifying medium can
cause spectral narrowing and, as a result, can be misinterpreted as stimulated emission. The
presence of the speetral narrowing and nonlinear input-output dependence is not enough to interpret
the results asithe manifestation of spaser-based lasing. Therefore, it is necessary to study at least
one of the characteristics of radiation, such as polarization, and we are aiming to take this into
account in the secondipart of the work, as well as an analysis of radiation patterns of the emission.
So, we propose plasmonic nanolasers based on a polymer—dye composite of 2D ensembles of silver
nanoparticles wheresrandom lasing cannot be obtained. Silver nanoparticles in ensembles act as
nanoresonators; aPMMA layer serves as a buffer layer preventing the uncontrolled fluorescence
quenching of dye'molecules by metals; dye molecules represent gain media. In contrast to previous
studies, this work demonstrates a combination of the aforementioned lasing features. Thus, for the
first time, the proposed ‘plaser’ implementation provides comprehensive evidence of the plasmonic

nature of the stimulated emission.

2. Experimental section
2.1. Preparation of ensembles of silver nanoparticles with polymer—dye thin film

The laser dye coumarin 481 (C14H14F3NO,) was chosen as the gain medium because it has a high
quantum yield of fluorescence, which is important to compensate for dissipation losses in the
metallic resonators. The absorption and fluorescence spectra of this dye are well-overlapped with

the Ag NPs plasmon resonance spectrum, a key factor to the implementation of the plasmonic-
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based nanolaser. A coumarin dye layer was deposited on the surface of the samples with 2D
ensembles of silver nanoparticles via the evaporation technique. The same layers were prepared on
a clean quartz substrate to distinguish the NPs effect.

For the creation of 2D ensembles of plasmonic nanostructures, silver was chosen because
among plasmonic materials in the spectral range investigated, it demonstrated minimal damping of
plasmonic oscillations caused by losses. The physical vapor deposition technique in a vacuum
chamber PV/D-75shy=*Kurt J. Lesker’ with a residual pressure level of ~10” Torr was used to obtain
samples as granular films consisting of silver nanoparticles, with the equivalent thickness of 10 nm
on quartz substrates=After, the samples were additionally thermally annealed at 220 °C. More
details on theggxperimental setup, growing of nanoparticles and micrographs were given previously
in refs.[**** and in Supporting Information. Using these micrographs and measuring the
concentration of dye molecules dissolved from the surface, we estimated the surface density of
plasmonic nanopatticles which has an order of 10'° cm™, their lateral sizes in average were of 60
nm in diameters with a big distribution, the thickness of dye layers, about 700 nm and the ratio of
2000 molecules pera.nanoparticle. We considered that fluorophores located close to the metallic
surface of NPs expefience reducing or even are entirely quenched of their fluorescence.64")
Usually to minimize this effect, a dielectric layer can be used”’. In this work we use a polymethyl
methacrylate (RMMA) dielectric layer deposited on the surface of Ag NPs through the spin-coating

technique. Followingithe work,!*®! the thickness of PMMA layers was set to 10 nm.

2.2. Optical characterization of the prepared nanostructure

At first, all samples were characterized with absorption spectroscopy in the range of 300—700 nm.
Figure 1la shows the optical density spectra of the coumarin thin film (line 1) 2D ensembles of Ag
NPs (line 2), and hybrid structure, which consist of Ag NPs coated with the thin layer of PMMA

and a coumarin layer on the top.
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It is clearly seen that the hybrid structure possesses two absorption bands centered at the
wavelength of 406 nm and 498 nm (Figure 1a). These two bands correspond to molecular and
plasmonic absorption. The band with the maximum at the wavelength of 498 nm corresponds to the
localized plasmon resonances of Ag NPs. Since the frequency of plasmonic oscillations depends on
the dielectric permittivity of the environment, the resonances are red-shifted after PMMA and
coumarin layers deposition. The band centered at 406 nm corresponds to molecular absorption of
the thin film; thethin'film spectrum is broader than a spectrum of this dye in a solution due to
asymmetric intéraction with the substrate. Due to near fields of plasmonic nanostructures the

molecular absorptionsis also increased.
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Figure 1. (a) Optical‘density spectra of 1 — coumarin thin layer (right-hand scale), 2 — Ag NPs
ensemble on the substrate, and 3 — hybrid of coumarin and Ag NPs. Vertical lines represent the
spectral position of the optical pumping. (b) Emission registration scheme: 1 — Nd:YAG laser, 2 —
third harmonic generator or optical parametric oscillator, 3 — attenuating filters, 4 — sample, 5 —fiber
end with and without lenses, 7 —spectral analyzer Hamamatsu, connected to PC
These spectra'were used to select excitation wavelengths. Excitation at 355 nm corresponds

to minimal influence.ef plasmonic nanoparticles on the dye absorption, while excitation at 436 nm
leads to considerable enhancement of dye absorption due to the overlapping of molecular and

plasmonic bands.

2.3. Stimulated emission measurements
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To register the input-output characteristics, the experimental scheme was assembled as
schematically shown in Figure 1b. Optical pumping was provided by the Nd:YAG laser with a
cascade of nonlinear converters: the third harmonic (355 nm) and optical parametric oscillator with
the wavelength set to 436 nm. All measurements were performed with the laser operating in the
pulsed mode: single pulses with a duration of 10 ns, the beam spot was 0.45 cm?. The input energy
was varied with neutral light filters and ranged from 0.3 mJ to 2.9 mJ (for 436 nm excitation) from
0.4 mJ to 9.4 mJ(foer'355 nm excitation). We carefully checked the film was stable in the range of
the excitation pulse energies (see Supporting Info). The emission signals from the samples were
collected using therecollimating lens and fed to the photonic multichannel analyzer Hamamatsu. In
the experiments we conducted in the polarization investigation a dichroic polarizer was attached to
the detecting system additionally. The emission of the samples was recorded at two mutually
orthogonal positions of the polarizer, corresponding to s- and p- polarizations relative to the
scattering plane. ker the experiments on the radiation patterns investigation, an optical fiber with a

small aperture connected to the photonic analyzer was used.

3. Results and discussion

3.1. Nonlinearinput-output characteristic and spectral narrowing

Figure 2 plots the emission spectra of the coumarin thin films without (a) and with silver NPs (b)
recorded at different®pump energies and the excitation wavelength of 355 nm.

The dependenges of the emission intensities of the coumarin dye layer and coumarin—
PMMA on thetep.of Ag NPs on the pump pulse energy are shown in Figure 2c and 2d for both
excitation wavelengths. First, we analyze Figure 2c (excitation at 355 nm). At pump energies below
1.1 mJ, the emission intensity, both for the coumarin layer on the substrate and the coumarin with
silver NPs, grows equally linearly. Above the threshold energies of 1.1 mJ, both curves become

sharply nonlinear, albeit in different sense. The dependence is sublinear for the bare coumarin layer,
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namely because at pump pulse energies larger than 2.4 mJ, the input—output characteristic goes into
saturation. Contrary to this, for the thin coumarin film with Ag NPs the emission continues to grow
after the threshold. Its growth rapidly becomes much faster than at lower pump. The same behavior
of the input—output characteristics was observed at 436 nm excitation. However, the threshold in
this case was almost 2 times lower (0.6 mJ) due to the effect of spectral coincidence of coumarin

and silver plasmonic bands.
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Figure 2. Emission spectra of the coumarin layers without (a) and with Ag NPs (b); (c) and (d)
input—output characteristics of the emission depending on pumping energy of the coumarin layers
with (red squares) and without (black dots) plasmonic nanoparticles (c — excitation at 355 nm; d —
436 nm). The blue and gray lines extrapolate pumping threshold and linear dependence of the
emission at small pumping energies, correspondingly

All the emission spectra of the samples with Ag NPs measured at excitation levels above the

threshold can be decomposed into two parts: the first part corresponds to the broad spectrum of a
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fluorescence background. This part reproduces exactly the emission spectrum of the coumarin layer
without Ag NPs. The second part is the narrow band emission, with the intensity growing faster
than the background emission. This fact of narrowing the emission was clearly observed for both
excitation wavelengths and only for the sample containing Ag NPs. The spectral width of the
second part of the emission is larger in comparison with conventional lasers due to the broad
distribution of shapes and sizes of nanoparticles.

It should*bemnoted that in contrast to random lasers, the maximum intensity of the stimulated

emission is indépendent of excitation wavelengths and remains constant, 491 nm.

3.2 Radiatiom’pattern of the 2D ensembles of plasmonic nanoparticles with coumarin

The input—output characteristics plotted in Figure 2 were measured when the detector was
positioned at 45-degrees from the substrate in the far field. For this, the detecting aperture was tilted
at different angles:from —60 to +60 degrees where the initial position of the detector was
perpendicular to the'exciting beam. The whole polar distribution of the angular variation of the
intensity of the ceumarin thin film with and without silver nanoparticles was not able to be
measured because'of weak signals, with the exception in this direction. According to well-known
results,[***°! the radiation pattern of a perpendicularly oriented dipole placed on a plane dielectric
interface, is similar to that observed in our experiments. In particular, the absence of radiation in the
direction parallelto the interface is in accord with the picture presented, by which the observed
radiation is a sum of contributions of individual plasmonic nanolasers that act independently of
each other. On'the other hand, this observation contradicts all mechanisms that involve scattering of
amplified radiation among many nanoparticles on a surface. Polarization measurements described
in the next section further support the conclusion that plasmonic dipole sources are normally

oriented to the surface.
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3.3 Polarization of the stimulated emission

Another characteristic of the stimulated emission is polarization because spontaneous fluorescence
is not polarized. We demonstrated above that the nonlinear dependence of the input—output
characteristic and the spectral narrowing of the emission can be observed for plasmonic-based
nanolasers. Similar results were analyzed in ref.,® about realizing directional random lasing, but
we do not observe the same phenomenon when the PMMA-—coumarin composite is excited.
Moreover, it cannet-demonstrate lasing since we observe the saturation of the emission.

For further proof of the stimulated nature of the radiation obtained from the hybrid nanostructure in
this work, we alsosinvestigated its polarization. To this end, a dichroic polarizer was used. The
emission signals of the samples were recorded at two positions of the polarizer (Figure 3a),
corresponding to linear s- and p- polarizations relative to the scattering plane. With the polarizer in
Position 1, corresponding to s-polarization (Figure 3b, blue curves), the emission spectrum has the
usual shape, which;is,typical for a coumarin dye layer, while the narrow band described above
disappears. The narrow fluorescence band of the hybrid film with Ag NPs is observed only with the

polarizer in Positien.2, corresponding to p-polarization (Figure 3b, orange curves).
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Figure 3. (a) Schematic representation of the polarization measurements (P — polarizer) and (b)
pairwise comparison of the emission of coumarin layers with Ag NPs at position 1 (blue spectra)
and at position 2 (orange spectra)
In accord with the previously described results, the emission intensity of the structure with

Ag NPs increases.linearly under threshold pump energies, and continues to grow at larger pump
energies with even larger rates than at lower pump energies if the polarizer is in Position 2.
Contrary to that, if the polarizer is in Position 2, the fluorescence intensity at larger pump pulse
energies goes‘intorsaturation. Analysis of these results shows that the stimulated emission radiation
of the samples with Ag NPs are linearly polarized. That is to say, we show one more proof of the

statement that'the emission observed from the samples with silver nanoparticles is due to localized

plasmon oscillations oriented perpendicular to the substrate surface.

4. Conclusion

We reliably demonstrated the stimulated emission of the 2D ensembles of plasmonic nanolasers,
where the nanoscale“layer of organic dye molecules acts as a gain medium and silver nanoparticles
with sizes of ~10 nm arranged in the monolayer act as nanoresonators providing feedback. A set of
stimulated emission.features for these composites was ultimately measured and explained. The first
signature of the stimulated origin of the emission is the nonlinear input—output characteristics
obtained: at pump energies larger than 2.4 mJ a separate emission band over the wide fluorescence
background appears«in the spectra of the coumarin samples with silver nanoparticles; and grows
faster than at lower pump energies. At the same time, the bare thin coumarin layer emission goes
into saturation in the same range of pump energies. The second signature of the stimulated emission
is the narrowness of its spectrum. The stimulated emission is linearly polarized in the scattering
plane, while the fluorescence is unpolarized — the third signature of stimulated emission. The

threshold of lasing is lower at pumping, with wavelengths corresponding to a better overlap of
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molecular absorption bands and plasmonic oscillation frequencies. Finally, the radiation angular
dependence shows the prominent direction of the stimulated radiation. Ultimately these features,
combined with 2D geometry of the samples, negate interpretations of the emission based on random
lasers or amplified spontaneous emission concepts. Thus, the results obtained put an end to many
years of discussion about the nature of stimulated emission of the lasers with plasmonic

nanostructures.
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The concept of plasmonic nanolasers is finally proven by investigation of the emission of thin
polymer—dye films with and without 2D ensembles of silver nanoparticles. The threshold-like
behavior of the input-output characteristic and spectral narrowing are clearly seen. In contrast to
polymer—dye thin films emission, the stimulated emission obtained is linearly polarized.
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Polarized stimulated emission of 2D ensembles of plasmonic nanolasers
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