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nderstanding and controlling light—

matter interactions is a major objec-

tive of photonics. In particular, the
coupling between an emitter and an elec-
tromagnetic (EM) mode constantly attracts
a wide research interest. This interaction
was first studied in atomic physics, where
experiments detailed the behavior of atoms
in a microwave cavity."” Later the field
expanded to semiconductor physics with
confined electrons (quantum well excitons)
and confined photons (microcavities).>©
The term vacuum Rabi splitting (VRS), refer-
ring to the energy splitting of a single atom-
ic transition coupled to a cavity mode, has
often been used when the system involves
more than a single oscillator, e.g., the case of
many atoms or dye molecules or of quan-
tum wells.” In the many-oscillator system
the behavior is classical; that is, adding one
extra oscillator to the system has little effect.
It has been shown that the behavior of the
system under the latter regime is well de-
scribed by inserting the complex refractive
index of the excitonic medium into the
transfer matrix formalism.®~'° If the absorp-
tion linked to the excitonic state is strong
and narrow enough compared to the width
of the EM mode, two polaritonic branches
appear. This case corresponds to normal
mode coupling (NMC), sometimes also
called many-emitter VRS. The Rabi splitting
is proportional to the oscillator strength of
the transition,'" which in the many-oscilla-
tor case varies with the square root of the
number of excited molecules. Active control
of the coupling between excitons and sur-
face plasmon polaritons is of significant
interest for a fundamental understanding
of light—matter interactions and for applica-
tions in nanoplasmonics. Recently ultrafast
modification of the excitonic—plasmonic
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ABSTRACT We experimentally demonstrate the active control of the coupling strength between
porphyrin dyes and surface plasmon polaritons supported by a thin gold layer. This control is
externally exerted by a gas flow and is reversible. The hybridized exciton—polariton branches
resulting from the exciton—plasmon coupling display a splitting proportional to the coupling
strength of the light—matter interaction. The coupled system changes from the weak (no splitting)
to the strong coupling regime (splitting of 130 meV) by controlling the effective oscillator strength in
the dye layer, via exposure to nitrogen dioxide. The modification of the coupling strength of the
system allows tailoring of the dispersion of the hybridized modes as well as of their group velocity.

KEYWORDS: normal mode coupling - polariton splitting - porphyrin dye - surface
plasmon polariton - strong coupling - active control

coupling was demonstrated using excitonic
nonlinearities.'?

In this work, we demonstrate a simple
method to prepare the hybridized exci-
ton—polariton states at a given coupling
strength, from weak to strong. In particular,
we present a method to actively control the
many-emitter VRS by modifying the strength
of the coupling between a porphyrin dye
and surface plasmon polaritons. This mod-
ification of the coupling strength is con-
trolled by a reaction between a layer of
dye molecules and NO, gas, which modifies
the total oscillator strength of the layer, and
depends on the gas concentration. The
prepared system is stable at constant gas
concentration and can be reversed by heat-
ing under nitrogen flow. We show that this
characteristic behavior can be used to tailor

the normal mode coupling to a surface
* Address correspondence to

plasmon polariton as well as actively slow
down the polariton. The oscillator strength
of Frenkel excitons in organic semiconduc-
tors, such as those investigated here, is
usually much larger than that of inorganic
semiconductors. Therefore the interaction
strength of such excitons with EM modes is
much larger than their inorganic analogues.
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Figure 1. (a) Schematic representation of the experimental setup in the attenuated total reflection (ATR) configuration
illustrating the flow cell, the porphyrin silica hybrid nanocomposite (active layer), and the gold layer (50 nm) on the BK7 glass
substrate. The excitation of the surface plasmons is realized by the cylindrical prism. (b) Representation of the OH-2H-TPP dye

molecule embedded in the active layer.

Moreover, Frenkel excitons are observable at room
temperature. A few studies of strong coupling of organic
excitons placed in a microcavity used porphyrin'® or
cyanine'?'* dyes. Porphyrin dyes are known to devel-
op an excitonic peak at 1.77 eV when exposed to NO,
gas molecules.”” The interaction of porphyrin mol-
ecules with NO, molecules has been exploited in gas-
sensing schemes.'® The study of the modifications of
the NMC by a modification of the nonlinear saturation
of excitons in quantum wells placed in a microcavity
has already been proposed as a tool to study the
behavior of the inorganic semiconductor excitons.'”

SURFACE PLASMON POLARITONS

Surface plasmon polaritons (SPPs) are electromag-
netic modes propagating at the interface between a
metal and a dielectric. These modes are extremely
sensitive to changes in the permittivity (or complex
refractive index) of the dielectric.'® The dispersion
relation of SPPs propagating at the interface between
a metallic layer and an infinitely thick dielectric layer is

given by
kspp _ QRE{ Emetal €layer }
C Emetal T Elayer

where kg, is the wavevector of the surface plasmon
polariton along the propagation direction, w is the
angular frequency, c is the velocity of light in a vacuum,
Emetal IS the complex permittivity of the metal layer, and
Elayer IS the complex permittivity of the dielectric layer.
An SPP has a greater wavevector than the correspond-
ing propagating photon at the same frequency in the
surrounding dielectric; therefore we cannot couple to
the SPP mode by direct illumination. The coupling of

m
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free space radiation to SPPs can be achieved by total
internal reflection in a high refractive index prism. This
coupling takes place when the parallel component of
the wavevector of the incident radiation in the prism
(with respect to the interface), (277/A)n,, sin 6, where 0 is
the angle of incidence and n, the refractive index of
the prism, is equal to k.pp. Therefore, for the experi-
ments, the sample is fixed on a half-cylindrical lens
acting as a prism using index matching liquid (n=1.51).
The sample is mounted on a setup that allows the gas
flow and the rotation of the sample and a detector to
measure the specular reflection. Figure 1 illustrates the
experimental configuration. More details can be found
in the Methods section.

RESULTS AND DISCUSSION

Experimental. Figure 2 shows the measurements of
the attenuated total reflectance as a function of energy
and wavevector for different NO, gas concentrations in
the control flow. The NO, concentration varies be-
tween 0 and 6 ppm. The band of low reflectance in
Figure 2a corresponds to the coupling of the incident
light to SPPs at the interface between the gold and the
active layer when the sample is not exposed to the
reactive gas. In Figure 2b, ¢, and d we can see the
evolution of the SPP dispersion curve as the gas
concentration is increased. The anticrossing behavior
between the porphyrin exciton at 1.77 eV and the SPP
results in a splitting of the dispersion curve into two
polaritonic branches, as seen in Figure 2d. The antic-
rossing is the signature of the strong coupling regime
between the excitons and SPPs with the width of the
splitting at the resonance being proportional to the
strength of the mode coupling. The observed splitting
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Figure 2. Experimentally obtained dispersion relations of
the surface plasmons as a function of the NO, gas concen-
tration Cin the flow cell under N, flow: (@) C=0 ppm; (b) C=
0.3 ppm; (c) C = 4.6 ppm; (d) C =6 ppm.

has been given different names in the literature, such
as normal mode splitting’” or surface polariton splitting.'
We will use the term mode splitting in the following.
The magnitude of the mode splitting increases with
the number of activated excitonic oscillators per unit
volume, N, itself proportional to the active gas con-
centration. The effective mode coupling constant G,
characterizing the rate at which energy is transferred
between the EM mode and matter, varies as G = gN./%;
where g = Sodefosc is the coupling constant between a
single oscillator and the EM mode,® with Sioge the
mode strength and f, the oscillator strength for one
oscillator. The strength of the coupling depends on the
comparison of G with the rate at which light escapes
from the EM mode gy and the decay rate of the
exciton Y. Therefore a variation in N, acts directly
upon the strength of the mode coupling since it
modifies the value of G. The strong coupling regime
is usually reached when G becomes larger than both
kem and vos.2° The control of the number of active gas
molecules N, gives us the possibility to switch be-
tween a regime of weak coupling, for which light and
matter do not interact more strongly inside the
coupled system than with the outside of the system,
and a regime of strong coupling, for which light and
matter exchange energy for a certain number of
periods before the energy escapes the system.
Modeling. The optical properties of the layered sys-
tem can be calculated using the transfer matrix meth-
od (TMM), where the dispersion of the exciton is
included in the permittivity of the active layer using a
linear dispersion model in which the organic excitons
are treated as single Lorentz oscillators. In this model
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the variables are the effective oscillator strength per
unit volume, the excitonic line width, and the thickness
of the active layer. The spin coating of a solution with a
porphyrin concentration of 1.25 g/L results in a final
layer of 65 nm after solvent evaporation. The permit-
tivity of the porphyrin layer is given by'®
—-20 F
tw) = +9.10 " ——-————— (2)
(w2 — wo? —iyw)

where ¢, is the complex permittivity of the back-
ground, g is the angular frequency of the absorption
line, v is the damping of the transition, w is the angular
frequency, and F is the effective oscillator strength
density of the active layer. We define the effective
oscillator strength density of the active layer as F =
Nacifoser With fosc the absorption molecular oscillator
strength for one molecule and N, the number of
activated excitons per unit volume, i.e., Nyt = PNiotans
with P being the fraction of porphyrin molecules that
are activated by NO, and Ny the density of porphyrin
molecules.

It is difficult to estimate the total amount of acti-
vated molecules present in the porous layer, as well as
the individual molecular oscillator strength. It is well
known that the environment influences the oscillator
strength. Molecular oscillator strengths have been
reported to range from several units for J-aggregates
to 1072 for porphyrin dyes in a silica environment.?’
For the modeling of the optical properties of the active
layer we use an effective oscillator strength density
with an order of magnitude 10%° m~2. In our modeling
of the permittivity of the active layer we take only the
oscillator at 1.77 eV into account. When the magnitude
of the splitting is on the order of magnitude of the line
width of the resonance, the two peaks are indistin-
guishable. Figure 3 shows the result of the TMM
calculations based on the model described above.
Figure 3a displays the variation of n and k (respectively
real and imaginary components of the refractive index)
of the active layer as the effective oscillator strength
density varies from 8 x 102 to 6 x 10 m 3. The black
curves are the values of n and k experimentally
obtained by ellipsometry for an active layer exposed
to a NO, concentration of 1.3 ppm. The absorbance
peak increases with the effective oscillator strength.
Figure 3b and c represent an enlargement of the
calculated reflectance around the energy of the ex-
citon (1.77 eV). The calculated energy—wavevector
reflectance diagrams reproduce the experimental be-
havior seen in Figure 2.

Group Velocity. The dispersive behavior of the surface
plasmon polaritons close to the excitonic mode can be
tailored by the control flow of NO, molecules. Figure 4a
presents the minimum of reflectance, as obtained from
the experiments, for different gas concentrations. The
group index, defined as ng = vq/c = (1/c)(dw/dk), where
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vg is the group velocity, is plotted in Figure 4b. At the
wavelength of 560 nm, the value of the group index
can be varied from 1.40, when no gas is flowed over the
structure, up to 2.80, when a gas concentration of 6
ppm is used. This experimental demonstration of the
active control of the polaritonic propagation shows the
ability to significantly slow SPPs by modifying the flow
of gas. Since the gas—active layer interaction is
reversible,? it is possible to recover the initial state of
the sample after gas exposure, hence controlling the
release of the slowed polariton and recovering its initial
group velocity.

Mode Splitting. The polaritonic mode splitting in-
creases with the absorbance of the layer. The reflec-
tance curve at a fixed wavevector k has two dips,
characteristic of strong mode coupling. The width of
the mode splitting Q is a measure of the strength of the

exciton—SPP interaction. It is interesting to look at the
evolution of the splitting of the polaritonic modes as a
function of the effective oscillator strength of the
active layer. Figure 5 shows the cuts of the calculated
energy—wavevector diagrams at minimum mode
splitting, i.e., zero detuning between the EM mode
and the excitonic mode. When the fraction of activated
porphyrins (P) increases, the reflectivity minimum be-
comes less pronounced and the dip of the curves gets
flattened out. When the energy width of the splitting is
large enough, we can resolve two reflectivity dips
(Figure 5a). For such a curve, we can measure the
energy separation between the dips, giving a measure
for the mode splitting. The evolution from the weak
coupling to the strong coupling regime can be
achieved by a modification of the mode strength
(depending on, for instance, the quality factor of the
resonance of the EM mode) or by modification of the

a b 1s s E_":“ properties of the excitonic state, ie., the effective
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Figure 3. (a) Real (n) and imaginary (k) components of the
refractive index of the active layer calculated from a Lor-
entzian oscillator model with the effective oscillator
strength density varying from 0.8 x 10%° to 8 x 10 m 3
(percentage of activated porphyrins, P, varying from 10% to
100%) displayed as gray curves. The black curves corre-
spond to the real and imaginary components of the re-
fractive index of the active layer exposed to a NO,
concentration of 1.3 ppm. The black curves coincide with
the calculated index with P = 0.3. (b) Calculated reflectance
in an ATR configuration with an effective oscillator strength
density of 3.2 x 10%° m 2. (c) Same as (b) with an effective
oscillator strength density of 6.4 x 10° m~3,

that the mode splitting is linear as a function of the
square root of the absorbance of the active layer. One
notes here that if the splitting is obtained from wave-
length—angle reflectance maps, the dependence ver-
sus the square root of the absorbance would also be
linear, but with a larger slope and higher offset. Thus
this would give inappropriately larger values for the
mode splitting. However, it is possible to use the two
linear dependences to “translate” the energy separa-
tion of the reflectivity peaks measured from a wave-
length—angle plot into the value for normal mode
splitting. We will use this procedure to obtain the
values of the mode splitting displayed in Figure 6.
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Figure 4. (a) Measured (symbols) dispersion relation of the lower polaritonic branch around 1.77 eV for different
concentrations (C) of the active gas. The continuous curves are polynomial fits of the experimental data. (b) Group index

extracted from the fits of the polaritonic branches of (a).
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From Weak to Strong Coupling. We have demonstrated
a direct way to tune the splitting between the polari-
tonic modes of a coupled system by modification of
the effective oscillator strength, F, which can be achieved
by changing the number of activate oscillators, Ny
The variation of N, is obtained by varying the NO,
concentration in the control flow and waiting for the
equilibrium to settle. It is also possible to take advan-
tage of the diffusion of the gas into the porous layer to
get a time-dependent variation of N,.. Figure 6a pre-
sents the time evolution of the reflectance spectra
experimentally obtained at a fixed angle. The broad-
ening of the polaritonic resonance gradually increases,
and ultimately the splitting into the two branches
occurs. We underline that the angle of incidence, not
the wavevector, is kept constant in the experiments.
This explains why the reflectance dips of the two
polaritonic branches are not identical after splitting.
The splitting measured in Figure 6a can be translated
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Figure 5. (a) Linecuts of the calculated dispersion maps at
the wavevector inducing a surface plasmon resonance at
700 nm (1.77 eV) for an increasing value of the activation
percentage P as indicated in the legend. (b) Energy splitting
obtained from the energy—wavevector maps as a function
of the square root of the absorbance of the layer.
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into the mode splitting using a corresponding wave-
length/angle to energy/wavevector as described ear-
lier. We have fitted the experimental data (fits shown in
Figure 6b) using the transfer matrix method in order to
obtain the relative variation of the effective oscillator
strength density as a function of the strength of the
splitting. We note that a slight variation in angle would
imbalance the reflectance curves, leading to a higher
reflectance at shorter wavelength and lower reflec-
tance at longer wavelengths. This imbalance explains
the differences between the experimental and calcu-
lated curves at longer wavelengths.

Figure 6¢ presents the evolution of the full attenu-
ated total reflectance spectra, at a fixed angle of
incidence 6, as a function of the exposure time to
NO,. At time t = 0 the active gas molecules are
introduced in the control flow. The gas molecules
diffuse into the active layer and increase the coupling
strength G by increasing the number of active oscilla-
tors. In the time-resolved reflectance spectra we can
see that the fwhm of the reflectivity dip increases from
0 to about 100 s before forming two branches of
reduced fwhm as the time, i.e., the number of NO,
molecules captured by porphyrin molecules, increases.
The increase of the fwhm before splitting corresponds
to the increase of the radiative losses of the coupled
polaritons—exciton mode in the regime of weak
coupling.

The time evolution of the mode splitting is shown in
Figure 6d. The filled squares after 120 s correspond to
the regime of strong coupling, where the separation
between the two branches can be measured. At longer
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Figure 6. (a) Experimental reflectance spectra obtained at a fixed angle (53°) as a function of time (from 5 to 300 s). The NO,
concentration is 4.6 ppm. (b) Calculated reflectance spectra obtained with the Lorentzian model, with an effective oscillator
strength density varying from 0.03 x 10%° to 5.1 x 10%° m 2. (c) Time-resolved reflectance spectra obtained at a fixed angle
(53°) under gas flow with a NO, concentration of 4.6 pm. The blue curves are the contour curves of reflectance 0.3. The gray
dotted curves are guides to the eye. (d) Time evolution of the energy splitting between the two polariton modes as obtained
from experimental data by conversion to an energy—wavevector map (black squares). On the same graph is shown the
extracted effective oscillator strength density obtained from the fits to the measurements (open circles).
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time the splitting saturates, reaching the equilibrium.
On the same graph, the open circles represent the
extracted values of the effective oscillator strength
density as obtained from the fits to the experimental
curves (Figure 6b). This graph relates the mode split-
ting and the oscillator strength density. The regime of
weak coupling occurs for F < 1.5 x 10%° m™3, whereas
strong coupling occurs for larger values of F. The
saturation value of both the mode splitting and F
depends on the concentration of active gas molecules
in the flow: a larger mode splitting is obtained for a
higher concentration of NO, molecules in the control
flow. For a NO, concentration of 4.6 ppm, the maximum
splitting is 90 meV, while for a NO, concentration of 6 ppm
(Figure 2d) the maximum measured splitting is 130 meV.

Similarly to the increase of the mode splitting
presented in Figure 6b, it is possible to decrease the
mode splitting by reversing the reaction between NO,
and the porphyrin molecules. The decrease of the
number of oscillators is attainable by heating the
sample. A complete reversal of the polaritonic splitting
was obtained by heating the sample at 75 °C for a few
minutes. After recovery of the initial state, the active
layer can still operate in a similar fashion, as shown in

METHODS

The samples consist of a glass substrate, a 50 nm gold layer,
and a 65 nm active layer. The active layer is made of an
organic—inorganic hybrid nanocomposite with interconnected
nanometer pores (nanoporous silicon oxide) in which the
porphyrin molecules are embedded.”® The porosity of the
matrix allows the increase of the thickness of the active layer
while keeping an open path for the gas molecules to reach the
active sites on the porphyrin molecules. A thicker active layer
increases the overlap of the porphyrin molecules with the
electromagnetic field profile of the surface plasmon polariton.

The porphyrin family of molecules plays an important role
in biology, as it includes hemoglobin, myoglobin, cytochromes,
and chlorophyll.>* They are very versatile molecules, as they can
be used as active elements for molecular switches,? energy
harvesting systems,26 nonlinear optical materials,?? and optical
gas sensors.'®?” They are highly conjugated macrocycles
known for their high chemical stability and characterized by
their distinctive absorption spectrum in the visible due to their
electronic structure.”® The highly conjugated flat ring of the
porphyrins gives rise to very intense absorption bands in the
UV—vis spectra due to 7—x* transition and the corresponding
vibronic modes. The adsorption of NO, perturbs the electronic
distribution of the aromatic ring by interacting with carbon
atoms of the outer pyrole rings.?® This interaction induces a new
excitonic state in the band gap of the organic semiconductor,
giving rise to a characteristic absorption band around 700 nm
(1.77 eV), also named the Q-band."”

In this work we use 5,10,15,20-tetrakis(4-hydroxyphenyl)-
21H,23H-porphine (2H OHTPP), commercially purchased from
Sigma-Aldrich and used without further purification. 2H OHTPP
molecules possess the typical crown structure of porphyrins
with two substituent phenol groups (Figure 1b). When the
active layer is exposed to the NO, gas, an extra absorbance
peak appears around 1.77 eV, as confirmed by ellipsometry
measurements on the exposed active layer. The sample is
inserted into a flow cell in which the active layer is in contact

BERRIER ET AL.

Figure 5; that is, it is therefore possible to go back from
a normal mode doublet toward a single reflectivity
peak, and vice versa.

In conclusion, we have experimentally demon-
strated the active control of the coupling between
excitons of a molecular dye and the surface plasmon
polaritons at the interface with a flat gold interface. The
sample can be brought from the weak coupling into
the strong coupling regime with a polaritonic splitting
that can be tuned by acting on the concentration of
NO, gas reacting with the dye. The magnitude of the
mode splitting reaches 130 meV in our experimental
range of gas concentrations. Using a model based on
the transfer matrix method with Lorentzian oscillators
describing the permittivity of the dye, we extract the
variation of the effective oscillator strength of the
active layer and relate it to the mode splitting. We
confirm that the essential physical parameter deter-
mining the behavior of the system is the number of
activated oscillators. This method paves the way for an
active control of the polaritonic branches of coupled
hybrid organic—inorganic system and can be applied
to tailor the coupling strength of dyes to guided, cavity,
localized, and lattice modes.

with the gas. The control flow (as defined in Figure 1) uses
nitrogen (N,) as a carrier gas and a variable concentration of
NO, molecules. NO, is inserted into the flow cell with different
concentrations ranging from 0.3 to 6 ppm. The NO, molecules
diffuse into the porous matrix of the active layer and react with
the porphyrin molecules, hence activating the excitonic
oscillators.

For the attenuated total reflectance measurements, light
from a halogen lamp impinges from a cylindrical lens onto the
gold layer. The reflected light is collected by a spectrometer. The
sample is positioned on a two-axis rotational stage where both
the angle of incidence (0) and the angle of detection (specular
reflection) can be varied. Since surface plasmons can be excited
only by p-polarized light, a polarizer is set in the light path to
control the polarization of the incident light. The measurements
with s-polarization are used as reference. The specular reflectance
spectra are collected as a function of the angle of incidence and
subsequently transformed into energy—wavevector diagrams.
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