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ABSTRACT

We investigate the lasing performance of different composite gain materials consisting of small organic molecules, gold nanoparticles, and a
polymer matrix mixed on a nanoscale within a spin-coated thin film. We experimentally demonstrate that the localized surface plasmon
resonances of randomly distributed gold nanoparticles can oscillate in phase with the standing wave of the surrounding microcavity

resonator and contribute to a lower lasing threshold.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027321

The presence of metal films in organic microlaser devices is gener-
ally considered detrimental to the lasing action and presents a significant
obstacle to the development of electrically driven organic solid state
lasers."* This is mostly caused by the absorption of metals, which leads
to substantial loss of electromagnetic radiation in the visible range of the
spectrum. Approaches to at least partially solve this problem involve the
use of carefully designed structures with metal layers incorporated close
to the nodes of the standing wave pattern,”” periodically structured
metallic contacts,” or cavity-embedded perforated thin metal films.”

On the other hand, light interaction with metals leads to the for-
mation of surface plasmon polaritons on thin-metal-film surfaces’ or
localized surface plasmon resonances (SPRs) in metallic structures
that are small compared to the wavelength.” These effects cause the
creation of enhanced electric fields near the vicinity of the metal inter-
face, which, in turn, can modify emissive properties of the surrounding
optically active materials and, for example, lead to a plasmon-
enhanced fluorescence.'’ Both radiative and nonradiative decay rates
of the excited fluorophore can substantially change when it is coupled
to the plasmonic mode.''"” This interaction between the dipole
moment of the molecule and plasmon resonance of the nanoparticle
can be very efficient and even lead to the strong coupling effects and
corresponding spectral Rabi splitting of the coupled system without
any additional optical resonator."* '

There exist many convincing demonstrations that these modes
can coherently interact with surrounding materials and even lead to
lasing on the subwavelength scale.”'” Insertion of metal nanoparticles
into the systems exhibiting population inversion of states may lead to
cavity-free plasmon-assisted random lasing.'* *’ In these systems, las-
ing characteristics are defined by the net effect from the localized sur-
face plasmon resonances of metallic nanoparticles and the scattering
efficiency of the random system. Furthermore, periodic arrangements
of metal structures incorporated into a conventional microresonator
allow for coherent radiation,””"”* and several groups have already
demonstrated plasmonic nanolasers with low thresholds.”**

In this work, we produce thin films that consist of small organic
molecules and gold nanoparticles (GoldNP), homogeneously distrib-
uted within the polymer matrix. The films are spin-coated on a high-
optical quality distributed Bragg reflector (DBR) and have a thickness
up to 3 /2 in the vicinity of the sample spinning axis at the emission
wavelength of the organic dye. Part of the sample is covered by the top
DBR, embedding the organic layer into the cavity. Along with the
samples with composite cavity material, we have also prepared a set of
similar samples under identical conditions, which do not contain gold
nanoparticles (reference samples). The emissive properties of these
structures are investigated spectroscopically under soptical pumping
by femtosecond pulses.
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The gold nanoparticles have a trisoctahedral shape [inset of
Fig. 1(a)] and were grown via the seed-mediated growth technique.
The size and shape of the nanoparticles are precisely controlled by
adjusting the kinetics using a syringe pump system during the
process.””° We use gold nanoparticles with their characteristic size of
109 nm. This assures that the SPR occurs in the visible spectral range
at 520 nm.

As an emitting material, we choose three different organic dyes:
difluoro-3-ethyl-5-[1-(4-ethyl-3,5-dimethyl-2H-pyrrol-2-ylidene-N)ethyl] -
2,4-dimethyl-1H-pyrrolato-Nboron ~ (Pyrromethene, =~ PM567),
tris-(8-hydroxyquinoline)aluminum (Alqs), and 4-(dicyanomethy-
lene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM). All of
them show a substantial spectral overlap with the extinction coeffi-
cient of gold nanoparticles, as shown in Fig. 1.

Mixtures of 1-ethenylpyrrolidin-2-one (Polyvinylpyrrolidone,
PVP) polymer matrix, small organic molecules, and gold nanoparticles
were prepared at a constant weight ratio of dye 1.0 wt. % to PVP dry
mass and PVP equal to 0.03 wt. % to ethanol solvent. For the compos-
ite materials, different amounts of gold nanoparticles up to 2.3 x 10'°
particles per milliliter have been tested. However, the use of a higher
nanoparticle concentration quickly leads to the formation of particle
agglomerates, as it is shown in Fig. 2. Particle agglomeration not only

a)

Extinction coeff., arb. units

Fluorescense intensity, arb. units

500 600 700
Wavelength, nm

FIG. 1. Extinction coefficient of gold nanoparticles as a function of wavelength (a)
and fluorescence spectra of three small molecule organic dyes (b), which have
been used to produce composite gain materials. The inset shows the transmission
electron microscopy image of a cluster of gold nanoparticles used. The characteris-
tic size of one particle is around 109 nm.

scitation.org/journal/apl

FIG. 2. SEM image of spin-coated PVP layers containing a constant amount of
PM567 dye with low (a) and ten times higher (b) concentration of gold
nanoparticles.

causes a shift of the SPR resonance frequency but also weakens the
interaction between nanoparticles and organic molecules. On the other
hand, using a lower particle concentration quickly leads to identical
emission spectra from the samples with composite gain materials and
the reference samples. Based on these observations, we concentrate
further on the empirically found value of 0.7 x 10° particles per milli-
liter for the composite gain materials; this is the density of the particles,
which considerably modifies the emissive properties of the material
and still does not cause particle agglomeration.

The samples are prepared on a borosilicate float glass from
Schott, which is 1.10 mm thick and possesses an optical flatness better
than 4/10. First of all, the bottom DBR is thermally evaporated under
high vacuum conditions. The mirror design wavelength is set close to
the organic laser dye fluorescence emission peak. The mirror consists
of 21 alternating layers of SiO,/TiO, of 1/4 optical thickness and has
an estimated reflectivity of ~99.8% at the design wavelength. As a sec-
ond step, the composite (or reference) material solution is spin-coated.
Although precise control of the thin-film thickness is difficult, it is usu-
ally in the range of 3 1/2 in the vicinity of the spinning axis at the
emission wavelength of the organic dye. Finally, the top DBR, which is
identical to the bottom one, is thermally evaporated. During this pro-
cess, a shadow mask is used to preserve part of the sample to have a
top mirror-free area for comparison purposes.

Both PVP/PM567/GoldNP and PVP/DCM/GoldNP cavity-
embedded sample regions as well as their corresponding reference
samples show lasing under optical pumping by 100 fs pulses at a wave-
length of 525 nm. However, we did not observe any difference in emis-
sive properties of PVP/DCM/GoldNP and its reference sample neither
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below nor above lasing threshold. We interpret this observation by a
rather broad emission spectrum of DCM molecules and its relatively
large spectral shift with respect to the extinction function of gold
nanoparticles (Fig. 1). In contrast, the spectrum of the PM567 dye is
relatively narrow, and its peak intensity is close to the peak value of
the extinction coefficient of gold nanoparticles. This causes more effec-
tive interaction between PM567 dye molecules and gold nanoparticles
than in the DCM case.

The PVP/Alqs/GoldNP samples did not show lasing when opti-
cally pumped at 400 nm in the absorption band of Alqs. Neither of our
composite gain materials show any signature of random lasing in top
mirror-free areas of the sample. We, therefore, concentrate only on the
measurements in the PVP/PM567/GoldNP samples for the rest of this
paper.

Figure 3 shows ellipsometry measurements of the refractive index
as a function of the wavelength for the spin-coated pure PVP polymer
matrix as well as when it is doped with PM567 organic dye or for the
composite material with gold nanoparticles added. We estimate the
refractive index of ~1.53 for composite gain material at the emission
wavelength of 560 nm for the PM567 organic dye.

In what follows, we analyze the emissive properties of PVP/
PM567/GoldNP material-based samples below and above lasing
threshold at 525 nm femtosecond optical excitation. The signal is col-
lected perpendicular to the sample surface from the small solid angle
in order to avoid signal integration over larger angles and to eliminate
effects due to microcavity’s angular dispersion. The cavity spectra were
taken on the sample spots, which show a minimum spectral width of
the modes. Figure 4 shows four fluorescence spectra of such a layer
from the cavity (C and D) and cavity-free (A and B) regions below las-
ing threshold. The fluorescence signal is effectively suppressed in the
stop band regions of the microresonator (red arrows) and enhanced at
the cavity resonance (green arrows). The cavity mode shift is caused
by the build-in thickness gradient of the cavity layer due to the spin-
coating process of the composite gain material. The quality factor Q of
the cavity resonance is 103 and 173 for the sample positions C and D,
respectively.

We identify lasing from a sharp spectral narrowing of the fluores-
cence signal above lasing threshold rather than measuring input-
output curves and precisely identifying lasing thresholds from the
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FIG. 3. Variation of the refractive index vs wavelength obtained by ellipsometry for
various spincoated PVP polymer matrix-based layers.
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FIG. 4. Fluorescence spectra of the spin-coated PVP/PM567/GoldNP layer thin film
measured on four distinct areas of the sample. The structure is schematically
shown at the top of the figure. The sample possesses a natural radial wedge due to
the spin-coating process. The A and B spectra represent photoluminescence emis-
sion from the top mirror-free area, whereas the C and D spectra disclose cavity
effects.

exposure characteristics. In this way, we could minimize sample expo-
sure down to a few laser shots of fixed energy and avoid degradation
of the PM567 dye in a PVP matrix, which is very pronounced for the
femtosecond optical excitation at 525 nm. We repeat every measure-
ment at several different sample positions to collect statistics and mini-
mize possible influences of sample inhomogeneities on the result.

Figure 5 shows emission spectra below and above lasing thresh-
old from organic microcavities based on the PVP/PM567/GoldNP
composite gain material.”” The observed spectral narrowing to less
than 0.3 nm at higher pump energy is a clear indication of lasing. In
the cavities with a composite PVP/PM567/GoldNP gain material, such
spectral narrowing was observed in 90% of cases when measured on
different places of the sample. In all these cases, the lasing took place
in the 570-600 nm spectral range, i.e., close to the peak of the extinc-
tion coefficient of gold nanoparticles. Lasing was never observed in the
reference sample not containing gold nanoparticles, under the same
pumping conditions. Therefore, we consider these observations as
clear evidence of a coherent optical interaction between gold nanopar-
ticles and PM567 dye molecules.

The observed reduction of the lasing threshold is a direct conse-
quence of the field enhancement due to the coherent interaction
between the microcavity and plasmonic particles. In microcavities
with composite gain materials, the cavity field and SPR oscillations
coexist. According to Fermi’s golden rule, the probability for a small
organic molecule to emit spontaneously depends on the electric field it
experiences independent of the origin of the field. Although the emis-
sion spectra from the cavity-embedded regions in Fig. 4 suggest that
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FIG. 5. Emission spectra below and above lasing threshold from the organic micro-
cavity based on PVP/PM567/GoldNP composite gain material.

the cavity field oscillations dominate over the surface plasmon oscilla-
tions, the SPR and the cavity fields have to oscillate in phase such that
the overall electric field gets enhanced at some point in time. In turn,
due to the Purcell effect, the field enhancement leads to a higher emission
rate of organic molecules to the mode that will eventually lase. In this
way, all three constituents, which possess resonances in the system—
planar cavity, plasmonic nanoparticles, and organic molecules—interact
with each other in a coherent manner even before the lasing threshold is
reached.

In summary, we produced a solid-state organic microcavity laser
based on a composite gain material as an optically active layer. The lat-
ter consists of PVP as the polymer matrix hosting diluted gold nano-
particles and different organic dyes, which can exhibit population
inversion. The resonance of the particles is tuned by shape and size, as
well as the DBR design wavelength by layer thicknesses such that they
fit the emission spectra of the dye used. We have tested Alqs, DCM,
and PM567 small organic molecule dyes as optically active constituents.
Our experimental results indicate that PM567 molecules can effectively
couple to the SPR of 109-nm-sized gold nanoparticles. When these
molecules are coupled to the cavity field, the SPR oscillations occur in
phase with the cavity oscillations in a coherent manner. This coupling
leads to the enhancement of the spontaneous emission or lower lasing
threshold if the system is operated in a coherent regime.
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Complexity and Topology in Quantum Matter-ct.qmat (EXC 2147,
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