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Abstract: Resonance interaction between a localized electromagnetic field and excited states
in molecules paves the way to control fundamental properties of a matter. In this study, we
encapsulated organic molecules with relatively low unoriented dipole moments in the
polymer matrix, placed them in tunable optical microcavity and realized, for the first time,
controllable modification of the broad photoluminescence (PL) emission of these molecules
in strong coupling regime at room temperature. Notably, while in most previous studies it was
reported that the single mode dominates in the PL signal (radiation of the so-called branch of
the lower polariton), here we report on the observation of two distinct PL peaks, evolution of
which has been followed as the microcavity mode is detuned from the excitonic resonance. A
significant Rabi splitting estimated from the modified PL spectra was as large as 225 meV.
The developed approach can be used both in fundamental research of resonant light-mater
coupling and its practical applications in sensing and development of coherent spontaneous
emission sources using a combination of carefully designed microcavity with a wide variety
of organic molecules.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light-matter coupling between dipole transitions in matter and the localized electromagnetic
field is a central topic of cavity quantum electrodynamics research. It could lead to reversible
coherent energy exchange between a single or an ensemble of emitters and a cavity mode [1—
3]. This coupling imposes strict restrictions on system parameters and occurs only when the
transition is in resonance with the electromagnetic mode. One of the main features of coupled
systems is strong dependence of their properties on the interaction between the material and
its local electromagnetic environment [4,5]. Thus, altering the environment by placing an
emitter in a cavity can drastically affect the spectral properties in controlled manner [6—8]. In
general, properties of a coupled system are governed by the competition between the rate of
the coherent energy exchange (Rabi frequency) and the damping rates of the emitter and
microcavity. Depending on the ratio between these rates, two coupling regimes can be
distinguished: weak and strong coupling. Weak coupling regime takes place when damping
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rates prevail over coupling rate [9]. In this regime, the spontancous emission rate of the
emitter is modified by altering the photon density of states, which is also known as Purcell
effect [10]. This regime can be effectively used in photonics, biosensing and the development
of many electro-optical devices [6,11,12]. Strong coupling regime is reached when energy
exchange between the emitting dipole and the cavity mode is faster than their damping rates.
Strong coupling leads to formation of the new eigenstates separated by the energy of the Rabi
splitting that can be described in terms of hybridized light-matter bosonic quasiparticles
called polaritons [13]. The fundamental properties of these new eigenstates originate from the
quantum-mechanical superposition of the two original states. Thus, the implementation of
strong coupling is of a special interest since in this regime the fundamental properties of
coupled matter can be greatly altered. This effect can be used in a variety of applications,
such as enhancement of Raman scattering [14], modifications of chemical reactivity [15],
enhanced conductivity [16], nonradiative energy transfer [17—19] and fabrication of coherent
spontaneous emission sources [20-22].

In general, Rabi splitting value (%€, ) for the ensemble of emitters could be estimated

using the following equation [4]:

1Q, = 2hg N =2F__a [PV (1)
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where g is the coupling strength, N is the number of coupled emitters, F,,,, is the
parameter depending on the spatial orientation of dipole moment and cavity mode
distribution, d is the transition dipole moment, @ is the frequency of the cavity field, V, is

the mode volume, and g, is the vacuum permittivity. Over the past decades, a strong

coupling has been achieved by coupling emitter to selected optical modes of various
resonators, which resulting in different values of Rabi splitting [3]. However, most of these
systems consist of an emitter placed in a microcavity, which has fixed separation distance
between two metal layers or distributed Bragg reflectors, which makes it laborious to study
strong coupling effect for different samples since each sample requires unique set-up
arrangement. This necessitates the development of a versatile experimental set-up based on
open access microcavities with tunable parameters. In this regard, a tunable Fabry—Perot
microcavity with opposite plane-convex mirrors is a great promising approach for the
investigation of the strong coupling phenomenon [23,24]. Using this approach, a tunable
microcavity cell (TMC) was recently developed in our group [25], which is equipped with
interchangeable mirrors with different reflective indices, a piezo-positioner for adjustment of
the resonator length, and a high-precision alignment system. Among the advantages of this
design we would like to accentuate the availability of the optical mode for coupling to the
electronic or vibronic states of freestanding molecules and nanoparticles, high-precision
tunability of the resonance wavelength by precise control of cavity length using the
piezoelectric actuator, and an open access to the TMC for effortless sample replacement.
Furthermore, the variable distance between the mirrors provides an ability to directly measure
the dispersion of polaritons and to demonstrate the avoided crossing between two (upper and
lower) polariton branches in the spectra of hybrid states.

Since the achievement of the strong coupling regime requires a large coupling strength,
which is proportional to the emitter dipole moment, it is necessary for the emitter to have a
dipole moment as large as possible. The most effective way to significantly increase the
dipole moment is to use the phenomenon of collective coupling [3]. In this case ensemble of
coupled emitters act like one collective dipole due to the bosonic nature of polaritons [26].
Consequently, the coupling strength becomes proportional to the square root of the
concentration of emitters in the ensemble [27]. In this regard, organic materials are a
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particularly favorable choice, since they have large binding energies, can reach high densities
and have large dipole moments through collective interaction.

Rhodamine 6G (R6G) is one of the most frequently used fluorescent molecule in many
fundamental optical studies due to its high quantum yield of fluorescence (up to 100% [28])
in the visible range (500-600 nm) and significant absorption cross section [29-31]. Recently,
the drastic change in emission properties of R6G has been demonstrated, such as the
modulation of the emission spectrum, the fluorescence lifetime, and the fluorescence quantum
yield, upon placing the molecules inside a metal microcavity with metal mirrors which were
separated by a subwavelength spacer [32-34]. On the other hand, R6G has very broad
absorption and emission bands, which makes it difficult to fulfill the requirements for strong
coupling. It is noteworthy that some of the previous studies were performed using plasmonic
modes for coupling with R6G transitions [29,30,35]. In these nanostructures, extremely small
plasmonic mode volume leads to the considerable increase in the coupling strength. However,
the coupling to the plasmonic modes has several fundamental disadvantages. The plasmonic
mode cannot be changed or adjusted during the experiment and, therefore there is no
possibility to make the coupling process tunable and reversible. Moreover, an ensemble of
molecules assembled with plasmon structures is inaccessible for any other manipulations, and
hence it becomes difficult to use such systems in practical applications. Besides, the close
contact of organic molecules with the surface of the metal nanoparticles leads to a strong
quenching of their emission due to the effective Forster resonance energy transfer.

Here we present results of the investigation of the emission properties of R6G molecules
encapsulated in the Poly(methyl methacrylate) (PMMA) matrix, whose electronic transitions
are coupled with electromagnetic modes of tunable optical microcavity at room temperature.
The developed approach based on the use of an open-access microcavity for the controllable
wide-range tuning of the coupling strength can be effectively used both in fundamental
researches of resonant light-mater interaction and for practical applications of strong coupling
phenomena in chemistry, biosensing, fabrication of optoelectronic devices and novel sources
of coherent emission [16-22].

2. Materials and methods
2.1 Experimental setup

Scheme of the experimental setup consisting of the TMC and the light excitation/collection
system, is shown on Fig. 1. The design and implementation of the TMC has been described
elsewhere [25]. More specifically, TMC is a tunable unstable A/2 Fabry—Perot microcavity
consisting of plane and convex mirrors. This configuration satisfies the plane-parallelism
condition, at least at one point of the curved mirror, and also minimizes the mode volume.
Fine-adjustment of the microcavity length is provided by the Z-piezopositioner in the range
up to 10 um with a step of several nm. The moving console used for the upper
interchangeable convex mirror holding is equipped with the XY precision positioner for the
alignment of the plane-parallelism point and the sample. A sample was deposited directly on
the bottom flat mirror, which consists of standard (18x18 mm) glass coverslips with Al films
of different thicknesses on their upper side. The coverslips with a sample were glued to the
interchangeable holders, which, in turn, were placed on Z-piezo-positioner of the TMC. The
intracavity space was filled with Cargille Type DF (Cargille Labs) immersion oil. The TMC
was placed on the homemade inverted confocal microspectrometer that included an Ntegra-
base (NT-MDT) with a 100X/0.80 MPLAPON objective (Olympus) mounted on a Z-piezo-
positioner, an XY scanning piezo-stage, and a confocal unit.

The light excitation/collection system consisted of a 488-nm Ar + laser (LGN-519M,
Plazma Ltd.) with the power of 0.1 mW, an Andor Shamrock 750 monochromator equipped
with an Andor DU971P-BV CCD (Andor Technology Ltd) and two 488-nm ultrasteep long-
pass edge filters (RazorEdge, Semrock). To align the “area of interest” on the sample with the
field of view of the confocal microspectrometer, the TMC can be adjusted in transverse plain
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using the Ntegra-base XY-screws. A white LED (MCWHEF2, Thorlabs) with a homemade
optical condenser was used for broadband upper illumination of TMC.
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Fig. 1. Scheme of the experimental setup.An atomic force microscopy (AFM) imaging was
carried out using of the unique setup “System for probe-optical 3D correlative microscopy” of
the Institute of Bioorganic Chemistry of the Russian Academy of Sciences (IBCh RAS)
(http://ckp-rf.ru/usu/486825/) [36,37]. Equipment was provided by the IBCh core facility
(CKP IBCh, supported by Russian Ministry of Education and Science, grant
RFMEFI62117X0018). High resolution of images has been achieved using silicon noncontact
AFM-cantilevers (NSGO1, Tipsnano OU).

2.2 Preparation and characterization of R6G-PMMA films

Poly(methyl methacrylate) (PMMA) thin films containing R6G were obtained using spin-
coating method. First, a mixture of 10 pl of R6G in methanol and 1 mL of toluene solution of
PMMA with intermediate chain length of 120k in concentration of 2 mg/mL and 25 mg/mL,
respectively, were prepared. Then, 100 pL of R6G in PMMA was dropped on a substrate,
namely, a pre-cleaned metal mirror covered with SiO, protective layer. At the next step, the
substrate was rotated for 30 s at an angular velocity of 1000 rpm to ensure the evaporation of
toluene. The AFM profiling technique was used to estimate the average thickness of the R6G-
PMMA film. The measuring procedure is based on scratching a sample with a sharp blade
followed by an AFM-imaging of the scratch area. AFM images were acquired in the semi-
contact topography mode, and the size of the scanning area was in the all cases 25x25 pm
(512x512 points) with the scanning rate of 0.8 Hz. It is noteworthy that the scratched
substrate consists not only of the PMMA film but also has underneath the metal mirror. As a
result, AFM profiling yields the total thickness of whole multilayer structure. Thus, it was
first necessary to estimate the thickness of the metal films on bare mirrors. The values of ca
35 nm and ca 45 nm were obtained for the 67% reflection mirrors and the 8§7% reflection
mirrors, respectively. The AFM-image of cross-section of the scratch in PMMA film
deposited on the 87% reflection mirror is shown in Fig. 2(a). It can be seen that the total
thickness of the 87% mirror and PMMA film was about 150 nm. Taking into account the
average thickness of the metal coating for this mirror, the thickness of the R6G-PMMA film
was estimated to be ca 105 nm.

Figure 2(b) shows the fluorescence spectrum of the R6G-PMMA film measured with the
integration time of 3s. The uniformity of the distribution of R6G molecules in the PMMA
matrix and hence through the whole area of a sample was monitored using the confocal
fluorescence microspectroscopy. For the confocal fluorescent imaging, the fluorescence
signal was integrated in the spectral range of 540-560 nm under the same excitation
condition. The scan area was 50 x 50 pm (200 % 200 pixels), while the integration time was
0.1 s/point. The mean deviation of the fluorescence intensity over the whole scanning area did
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not exceed 10%, which indicates a fairly uniform distribution of the dye. Transition dipole
moment of R6G for main absorption peak was estimated to be about 1.74 D in [38].
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Fig. 2. (a) AFM-image (inset) and the cross-section of the scratch-in-PMMA area on the 87%
reflection mirror. (b) Fluorescence spectrum of the R6G-PMMA film on metal mirror
substrate.

2.3 Measurements of transmission and fluorescence spectra

The step-by-step TMC landing algorithm was described in detail elsewhere [25]. After the
landing procedure was completed, all movements in Z-direction were performed exclusively
with the Z piezo-positioner of the lower plane mirror. The distance between the two mirrors
was monitored in real time from the analysis of the transmission spectra, which were recorded
using white LED emission in the CCD continuous mode with 1s integration time.

For a given refractive index of the intracavity medium (immersion oil and the PMMA
matrix), the estimated from the transmission spectra parameters — the free spectral range
(distance between the resonance peaks) and the resonance quality-factor (Q-factor) - were
directly related to the distance between the mirrors. It is important to point out that before
measuring the spectra, the relative position of the mirrors was adjusted in manual close-loop
mode until their complete halt. After this final adjustment of the mutual position of the
mirrors, the transmission spectra were measured with an increased integration time of 3s. The
fluorescence spectra were obtained at the same conditions as in p.2.2. The white LED was
switched off and laser excitation was used instead.

3. Results and discussion

Above, we described the principal advantages of our TMC over conventional optical cavities
consisting of two plane metal mirrors. Curved surface of one of the mirrors leads to much
lower mode volumes and hence to increased coupling strength. Using optical measurements
of transmission of empty cavity and comparing the results with the mathematical modelling,
we have shown [39], that it is possible to achieve the mode volume two orders of magnitude
lower, and the coupling strength more than an order of magnitude higher with respect to
conventional optical cavities. These results have shown the possibility to fulfill strong
coupling conditions for materials with lower dipole moments, wider absorption and
luminescence spectra and to use lower concentrations than, for example, in ensembles of J-
aggregates of cyanine dye. In this paper we used R6G in order to demonstrate the advantages
of developed TMC in the case of a coupling of a broad electronic transitions in organic
molecules to the modes of optical resonator. Previous study of the strong coupling
phenomenon in ensembles of R6G molecules where carried out mainly using plasmonic

3
nanoparticles [29,30,35] because of their much smaller mode volumes (around 10~ in (—j
n



Vol. 27, No. 4 | 18 Feb 2019 | OPTICS EXPRESS 4082

Optics EXPRESS

units) in contrast to the value of 10° in the case of conventional optical resonators [3].
However, the use of the developed TMC with small mode volume allows not only to achieve
the strong coupling regime in the optical microcavity, but also to make it in a tunable manner.
Recently we have shown [39] that the mode volume of developed TMC could be as small as

(A . . . .
73 in (— units. Moreover, it can be tuned in a wide range, up to 10°, with the
n

corresponding tunability of the spectral position of transmission peaks and their Q-factor. As
a result, it is possible to tune not only the energy of the coupled states, but also the coupling
strength, as well as to investigate the properties of the same system in weakly or strongly
coupled regimes in comparison to the properties of the uncoupled states of the exactly the
same system. In order to eliminate the possibility of coupling of electronic transitions of R6G
simultaneously with more than one longitudinal mode of the microcavity, the free spectral
range of microcavity modes must be sufficiently wide. This means that there is an upper limit
for the separation between mirrors. On the other hand, one of goals of this work was to
maximize this separation in order to demonstrate the effect of the lateral confinement on the
mode volumes and, consequently, show the potential for further development of TMC.
Promisingly, even a distance of a few microns between the mirrors opens up the possibility of
fabricating microfluidic channel on the surface of bottom mirror and achieving strong
coupling regime in a dynamic flow of molecules. Furthermore, the damping rate of the optical
modes should be significantly lower than that of R6G molecule. Otherwise it would be
difficult to achieve the coupling rate high enough to overcome the damping rate of the whole
system and make the coherent energy exchange dominant. To ensure that these conditions are
met, we carried out all experiments with a mirror separation of about 2 micrometers and
mirror reflection coefficients of 67% and 87%.

Another important feature of the developed setup is that at relatively low concentrations
of R6G molecules in PMMA films, the number of photons from the white LED used for
transmission measurements greatly overcomes the number of generated excitons, and most of
the transmitted light passes the cavity uncoupled. As a result, the effect of coupling in
transmission spectra cannot be observed. In contrast, in the case of fluorescence, the number
of emitted photons fundamentally cannot exceed the number of excited excitons, and the
requirement for a collective coupling observation can be fulfilled.

Figure 3 shows the normalized fluorescence spectrum measured from a cavity containing
a R6G-PMMA film, as well as the transmission spectrum and fluorescence spectrum of R6G-
PMMA film on a mirror. In this experiment, the distance between the mirrors was about 1830
nm, and the reflectivity of the mirrors was about 67%. The resulting Q-factor of the
eigenmode was 140 and the free spectral range (FSR) was 0.22 eV.
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Fig. 3. Fluorescence spectrum (red curve) of R6G-PMMA film in a tunable microcavity in
comparison to the fluorescence spectrum of the same film on the substrate (grey area) outside
the microcavity and corresponding transmission spectrum of the microcavity (black curve).

The uncoupled emission of an ensemble of R6G molecules originates from both
monomers and dimers of dye molecules contained in PMMA films. The monomers absorb at
2.35 eV and have an emission maximum at about 2.25 eV, while dimers, despite having two
maxima in the absorption spectrum (at 2.48 and 2.26 eV), emit only from a lower energy state
at 2.07 eV [40].

In general, aggregates of more than two R6G molecules and of excimers can also make a
contribution to the emission spectra. However, this additional contribution is negligibly small,
and monomer emission prevails in the fluorescence spectrum (Fig. 3). Thus, it is
predominantly the monomeric electronic transitions that are involved in the formation of
coupled states with the optical modes of the microcavity.

Figure 3 also demonstrates drastic modification of the lineshape of the fluorescence band
of the R6G-PMMA film in TMC. The pronounced double-peak structure is observed now in
the emission spectrum with the corresponding peak energies of 2.16 and 2.27 eV. It is
important to note that the dip in the fluorescence spectrum between two maxima exactly
coincides with the spectral position of the emission maximum of an ensemble of unbound
R6G molecules, and is also shifted relative to the maxima in the transmission spectra of the
cavity. Generally, in the case of a strong coupling of electronic transitions of all R6G
molecules with photon modes, emission should not be observed at cavity eigenmode energies
due to formation of hybrid energy states spectrally shifted from the microcavity eigenmodes.
However, in the spectrum shown in Fig. 3, fluorescence is observed at the spectral position of
the higher-energy eigenmode of the cavity. It can be explained by the contribution of
emission from non-hybridized states, which could be additionally enhanced at the energies of
the eigenmodes of the microcavity. Besides, the overall broad fluorescence spectrum of the
R6G-PMMA film in a TMC may also be affected by the presence of uncoupled states and
R6G aggregates, the fluorescence of which, weak in the case of uncoupled system, can also
be enhanced by interaction with the microcavity modes. Nevertheless, the splitting energy in
the fluorescence spectrum (about 110 meV) is quite large for the system of optical resonators
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integrated with quantum emitters, but, strictly speaking, do not exceeds the broadening of the
original emission spectrum of R6G film. Indeed, the full width at half maximum of the
fluorescence spectrum of R6G monomers is estimated to be about 160 meV [30]. In order to
achieve the maximum coupling strength and demonstrate the evolution of the energies of the
two polaritonic branches, experiments were carried out in which the mirror separation was
varied with a step of 30 nm while recording the emission spectra. In that way, the distance
between the mirrors was changed from 1790 nm to 1970 nm, causing a corresponding
variation of the eigenmode energies from 2.1 to 2.3 eV, which covers the entire area of
maximum emission of the R6G film. The resulting fluorescence spectra are shown in Fig. 4.
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Fig. 4. Fluorescence spectra (color curves) of the R6G-PMMA film in a tunable microcavity
with different distances between low (67%) reflecting mirrors. The spectra are vertically
shifted for better presentation. From the upper spectra to the bottom one, the distance between
the mirrors increased from 1790 nm to 1970 nm. Black arrows mark the maxima of the
emission of the cavity polaritons. The corresponding spectral shift of the transmission maxima
is marked with a dashed grey line. The solid grey line indicates the emission maximum of the
R6G film without the microcavity.

The upper and lower spectra correspond to the maximum detuning of the maxima of
cavity transmission from the maximum of the R6G fluorescence spectrum measured without a
microcavity. The presented data clearly demonstrate the anti-crossing behavior of polaritonic
branches. In all measured spectra, the most pronounced emission was observed in the spectral
region of two separate peaks, which correspond to two hybridized modes. The only exception
is one weak emission peak, which coincides in energy with the position of the transmission
maximum of an empty microcavity, and is due to the contribution of a small number of
unbound dye molecules. Similar mechanism of weak coupling but with the higher energy
cavity mode leaded to the formation of additional peaks with the energy about 2.32 eV for
black and red curves.
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In the anti-crossing regime, the value of Rabi splitting, and, therefore, the coupling
strength, can be deducted from the spectrum measured at zero detuning, when the resonator
mode energy coincides with the energy of the emission maximum of R6G (about 2.22 eV).
For these conditions, the Rabi splitting was estimated to be 184 meV. This value exceeds the
emission bandwidth of the R6G film measured without a microcavity, and, thus strong
coupling criteria are met.

It is important to note that while observation of Rabi splitting in extinction and reflection
spectra of the hybrid systems combining organic dyes and confined electromagnetic field
have been reported in a number of publications [3,29,30], investigation of hybrid states in
fluorescence spectra is usually more complicated. Most often, only emission from the lower
polaritonic branch is observed experimentally, in contrast to the case of extinction
experiments, when both upper and lower polaritonic branches can be clearly detected. This
peculiarity can be explained by the presence of uncoupled states in the ensemble of
molecules, which leads to the prevailing fast recombination (of the order of 50 fs) from the
upper hybrid state towards these uncoupled states [41]. It should be noted that the uncoupled
states could also have delocalized character in case of discrete electromagnetic field spectrum
[42]. However, in our experiments, a pronounced emission from both the upper and the lower
polaritonic states was observed for all detunings. We speculate that it becomes possible
because of the relatively low number of uncoupled states within the cavity mode volume,
which leads to the suppression of recombination from the upper polaritonic branch to the
uncoupled states.

Another interesting effect, observed in our experiments, is a rather unusual splitting
behavior upon changing the detuning. After passing the point of zero detuning, the spectral
position of high-energy emission peak abruptly shifts to the lower energies and gradually
approaches the energy of the emission maximum the R6G film at 2.2 eV (Fig. 4, blue, red and
gray curves). This behavior can be explained by taking into account the multi-component
nature of the emission of an R6G film containing monomers, dimers and, very likely, various
aggregates of dye molecules. Tuning the cavity photon energy leads to a drastic change in the
probability of coupling of cavity eigenmodes with electronic transitions of different
constituents of the R6G film. Electronic transitions in monomers, dimers and aggregates of
R6G molecules have different dipole moments, which leads to different coupling strength
between the respective transitions and microcavity eigenmodes. Similar dispersion has been
demonstrated previously in coupled systems with broadband emitters [29,43].

The experiments, the results of which are shown in Fig. 4, were carried out using TMC
mirrors with a relatively low reflectivity (67%), which imposed a limit on the Q-factor of the
microcavity, and, in effect, on the coupling strength. A further increase in coupling strength
was achieved by replacing the mirrors with those that have a higher reflectivity of about 87%.

In this case, a slight decrease in the distance between the mirrors along with an increase in
reflectivity led to the increased Q-factor up to 187 and FSR of 0.29 eV. In line with the
procedure used in previous experiment, the separation between the mirrors was gradually
varied from 1424 to 1552 nm with a step of 26 nm. The corresponding eigenmode energies
varied from 2.1 to 2.3 eV covering the area of the maximum in the emission spectrum of the
R6G. The resulted fluorescence spectra are shown in Fig. 5.
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Fig. 5. Fluorescence spectra (color curves) of the R6G-PMMA film in a tunable microcavity
with different distances between high (87%) reflecting mirrors. The spectra are vertically
shifted for clarity. From the upper to the bottom one, the distance between the mirrors
increased from 1424 nm to 1552 nm. Black arrows indicate the maxima of the emission of the
cavity polaritons. The corresponding spectral shift of the transmission maxima is marked with
dashed grey line. The solid grey line indicates the emission maximum of the R6G film without
the microcavity.

As in the previous case, the upper and lower spectra correspond to the maximum detuning
of cavity transmission peaks from the maximum in the fluorescence spectrum of the R6G
measured without a microcavity. A clear anti-crossing behavior can be seen in Fig. 5, as well
as an increase in the Rabi splitting energy, which correlate with the changes in the optical
properties of the electromagnetic modes of the cavity. The Rabi splitting at zero detuning
reached 225 meV, which is a rather large value for such system [3]. It is noteworthy that the
emission detected at the energy of the cavity eigenmode has become relatively larger than in
the previous case of a microcavity with lower reflectance of the mirrors. This can be
explained with the assumption that some of R6G molecules embedded in a PMMA film are
subjected to the effect of a weak coupling and a corresponding enhancement of emission.
Such an enhancement is proportional to the square root of the Q-factor divided by the mode
volume. The increased Q-factor of a microcavity with mirrors of increased reflectivity leads
to the increase in the emission enhancement at the microcavity eigenmode energy.

4. Conclusions

We have demonstrated that the R6G emission can be controllably modified using light-matter
interaction between the electronic transition of dye and the electromagnetic modes of a
tunable open access optical microcavity, despite the relatively low value of the dipole
moment and the broad emission band of the ensemble of the R6G molecules. For the first
time both the upper and the lower polariton branches have been observed in the fluorescence
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spectra in such a system. In the emission spectra of the R6G films placed in a tunable
microcavity, a strong dependence of the polariton state energy on the distance between the
mirrors of the microcavity, as well as clear anti-crossing behavior of two branches were
demonstrated. By changing the cavity parameters, the polariton energy varied from 1.98 to
2.35 eV while experimenting with one sample. A large Rabi splitting energy of up to 225
meV was reached, which, we believe, is not the upper limit of this parameter. The achieved
value of the Rabi splitting energy is bigger than the emission bandwidth of the R6G measured
without a cavity, which fully satisfies the condition for a strong coupling regime. It is
expected that significant enlargement can further be made by increasing the concentration
R6G molecules. The demonstration of polariton emission from both the higher and the lower
energy states in a tunable open access optical microcavity with a few micron distances
between mirrors opens up great prospects. First of all, it is promising opportunity to use thick
films placed in a microcavity, which can significantly increase the range of materials in which
electronic transitions are strongly coupled to the cavity photons. The second valuable
prospect is the feasibility to fabricate the versatile flow cell for a dynamic strong coupling of
the transitions of molecules in a microfluidic channel. Such a system can be used for dynamic
control of chemical reactions or highly effective bio- and chemical sensing in a flow cell. In
addition, R6G is a widely used dye for lasing applications and with its electronic transitions
being strongly coupled it can be used to create novel sources of exciton-polariton coherent
spontaneous emission, as well as exciton-polariton lasers with a tunable emission wavelength.
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