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Abstract

Enhancing electrical conductance in organic semiconductors has been a focus of intense research
over last few decades. The improvement can be made by optimizing either the material or the
device architecture. As it has been shown in [Orgiu et al., Nature Materials, 2015], strong
coupling of organic molecules with a nanostructured plasmonic substrate can significantly
improve the molecules’ electrical conductivity. In the present study, we searched for the effect of
strong coupling with a Fabry-Perot cavity on the conductivity of the semiconducting Poly (3-
hexylthiophene) (P3HT) polymer. Despite the observation of the strong coupling evidenced by a
very large Rabi splitting of 1.0 eV, the increase of electrical conductivity with increase of the
P3HT film thickness was primarily affected by an increase of the polymer’s order in thick P3HT
films.
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1. Introduction

Recently, organic semiconducting polymers have been at the center of intense industrial and
academic research, due to their ability to create flexible and inexpensive devices that can be
processed on a large scale. Such devices are to be used in thin-film transistors, photoelectrical
cells, light emitting diodes, photovoltaics, plasmonic devices, photoelectrical cells and many
more electronic applications.'® However, the widespread adoption of these materials into
electronic systems is hindered by the very low charge carrier mobility, which is associated with
large disorder in organic materials, as compared to conversional inorganic semiconductors.’

Light-matter interaction enters the strong coupling regime when the photon exchange rate
between exciton and electromagnetic modes becomes faster than the decay and/or decoherence
rates of either constituent.® Strong coupling leads to the formation of two hybridized light-matter
polaritonic states, P, and P_ separated by the energy gap known as the Rabi splitting, Fig.1. In
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quantum electrodynamics, the Rabi splitting (for a single molecule) is proportional to \/n,, +1,

where n,, is the number of photons in the mode. This means that even in the dark, there always

exists a finite Rabi splitting attributed to the interaction with vacuum fluctuations.

Light-matter interaction in the strong coupling regime offers exciting possibilities for exploring a
broad range of physical phenomena, including Bose-Einstein condensation in organic and
inorganic semiconductors °  modification of chemical reactivities '° and surface potentials t
Fano resonances -, Forster energy transfer B spontaneous ' and stimulated " emission, and van
der Waals interactions '°. Strong coupling of e.g. molecular ensembles with electromagnetic
modes can be achieved by utilizing surface plasmon resonances or confined electromagnetic
environments, such as cavities. A typical example of a strongly coupled system is a Fabry-Perot
(micro) cavity (composed of two parallel metallic mirrors), which is resonant with an electronic
transition in a dye-doped polymer or an organic semiconductor filling the cavity. Large
molecular concentrations and collective dipole moments lead to gigantic Rabi splitting (as large
as 1.12 eV '), which are comparable with energy eigenvalues of not coupled constituents taken
separately. The latter light-matter interaction is said to occur in the ultrastrong coupling regime.

A
molecule hybrid cavity
states \
|P.> B
& IS e i),
o
w |P>
\,. -
0>
[So> |

Fig. 1. The simplified energy diagram showing the interaction of a HOMO-LUMO (S,-S;) transition of a
molecule resonant with a cavity mode ho., where o, is the resonant oscillation frequency of the cavity.
Strong coupling leads to the formation of two hybrid light-matter (polaritonic) states (P- and P.)
separated by the Rabi splitting energy hQg. O represents the ground state.'®

According to Ref. [7], large ensembles (~10°) of organic molecules can be strongly coupled to
plasmonic modes, resulting in an increase of electrical conductivity. We asked the question
whether this phenomenon is universal and whether it should be expected in other strongly
coupled systems involving organic molecules and polymers.

In the present study, we searched for the effect of strong coupling (with Fabry-Perot cavities) on
electrical conductivity of Poly(3-hexylthiophene-2,5-diyl) polymer (P3HT). Despite the
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remarkably strong coupling (Rabi splitting ~1.0 eV), no correlation between the strong coupling
and the electrical conductivity has been found. The only effect on the electrical conductivity was
(tentatively) from increase of the order in thick P3HT films.

2. Experimental Samples and Measurements

2.1 Sample fabrication

We designed and experimentally fabricated multiple resonant Fabry-Perot cavities by
sandwiching 2,5-poly(3-hexylthiophene) (P3HT) semiconducting polymeric films of different
thickness between thick bottom silver layer (deposited onto a glass substrate) and a thin semi-
transparent top silver layer, Fig. 2. The metallic Ag films were deposited on clean glass
substrates using thermal evaporator (Edwards coating, Auto306) and all film thicknesses were
measured with the Bruker DektakXT profilometer. The polymeric solutions were prepared from
a high purity, 99.995%, P3HT flakes (with molecular weight ~40kD and head-to-tail
regioregularity >99%, obtained from Sigma Aldrich) dissolved in ACS grade chloroform from
Fisher Scientific.

electrical
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cavity electrical
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Fig. 2. Schematics of the Fabry-Perot cavity: bottom layer Ag ~ 200 nm and the top semi-transparent Ag layer
~ 40 nm sandwiching polymeric P3HT films of different thicknesses.

2.2 Numerical modeling of resonant cavities

Numerical solutions to Maxwell equations were obtained using the commercial finite element
method (FEM) solver, COMSOL Multiphysics. The spectra of real and imaginary parts of the
dielectric permittivity of Ag were obtained from Ref. [19], and those of the P3HT polymer were
adopted from Ref. [20] The reflectance spectra of Fabry-Perot cavities of difference sizes filled
with P3HT were calculated and the energy positions of the dips in the reflectance spectra were
plotted against the cavity thickness d, forming two branches of the dispersion curve with a Rabi
splitting, Fig. 3.
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Fig. 3. Dependence of the spectral positions of the reflectance dips on the cavity size d. UP is the upper polariton
branch, LP is the lower polariton branch, and AE=UP-LP is the difference between them. Red open squares —
calculation, blue closed circles and green filled diamonds — experiment, solid lines — guides for eyes.

2.3 Optical studies

The reflectance spectra of the experimental samples were measured in the integrated sphere of
the Lambda 900 spectrophotometer. Two minima in the reflectance spectra, manifesting the
strong coupling, have been observed in most of the samples studied. The corresponding
experimental dispersion curve, characterized by one of the largest Rabi splittings reported in the
literature, 1.0 eV, was in a good agreement with that calculated numerically, Fig. 3.

The absorbance spectra taken in the series of P3HT films of different thickness (deposited on
glass) reveal known in the literature structure of the P3HT absorption band, featuring maxima
and shoulders at 520 nm, 550 nm and 600 nm in thicker films, while the absorbance spectra of
thinner P3HT films were nearly featureless, Fig. 4. This suggests that thick films have higher
degree of crystallinity than thin films ',
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Fig. 4. Absorption spectra indicating increase of crystallinity with increase of the thickness of P3HT
films deposited onto glass substrates; tracel: film thickness ~ 76 nm; trace 2: film thickness ~ 255 nm.
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2.4 Electrical studies

The current-voltage (I-V) response of the cavity samples, measured in a straightforward setup
involving dc voltage supply from Xantrex, voltmeter and ammeter (both 34405A Multimeters
from Agilent), was found to be linear or ohmic in nature, Fig. 5.
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Fig. 5. Typical I-V curve of the Fabry-Perot cavity filled with the P3HT polymer.

Alternatively, the dc resistance of P3HT cavity samples, R, was routinely measured using the
digital multimeter (model 34405A from Agilent) switched to the ohmmeter mode. The resistance
of Ag films and other electrical conduits, measured in the schematics of Fig. 2 without P3HT
layer, was properly taken into account. The electrical conductivity of the samples studied was

calculated from the Pouillet’s relation, o, L , where o, is the dc conductivity, A is the
cross-sectional area of the P3HT cavity and L is the thickness of the P3HT layer.

In our experiments, we used two nominally identical batches of P3HT (from Sigma Aldrich).
The results of their electrical conductivity studies are summarized in Figs. 6a and 6b. We have
found that: (i) In both series of samples, the measured values of electrical conductivity fell within
the range of data reported in the literature between 10* S/em and 10° S/cm.**? (ii) There is no
any obvious correlation between the size dependence of the electrical conductivity and the
behavior of the dispersion curve. In particular, no anomaly in the electrical conductivity is
observed at the cavity size equal to ~100 nm, when the energy gap between the upper and the
lower polariton branches is the smallest (Fig. 3, green diamonds) and the coupling is the
strongest. (iii) The only observable trend was the increase of electrical conductivity with the
increase of the cavity size, Fig. 6. As electrical conductivity is expected to increase with an
increase in the polymer’s crystallinity ¥ the latter phenomenon can tentatively explain our
experimental results.
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Fig. 6. Electrical conductivity as a function of the thickness of the P3HT layers, measured in samples fabricated
from two batches of the P3HT polymer.

3. Summary

We have studied electrical conductivity of P3HT polymeric films, which were stronger or
weaker coupled to Fabry-Perot cavities. Despite the observation of a gigantic strong coupling
evidenced by the Rabi splitting of 1.0 eV, no obvious correlation was found between the strong
coupling and the electrical conductivity. The latter was (presumably) primarily affected by an
increase of the polymer’s crystallinity in thick P3HT films. On the other hand, since the upper
and the lower polariton branches of the dispersion curve (as well as the difference between them)
were nearly flat and featureless, Fig. 3, observation of any sharp anomalies in thickness-
dependent electrical conductivity could not be expected. Therefore, we conclude that the effect
of strong coupling on electrical conductivity of molecular ensembles, reported in Ref. [7], is not
universal and not readily observed in every strongly coupled system.
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