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We report strong coupling between light and polaron optical excitations in a doped organic
semiconductor microcavity at room temperature. Codepositing MoO3 and the hole transport material
4, 40-cyclohexylidenebis[N, N-bis(4-methylphenyl)benzenamine] introduces a large hole density with a
narrow linewidth optical transition centered at 1.8 eV and an absorption coefficient exceeding 104 cm−1.
Coupling this transition to a Fabry-Pérot cavity mode yields upper and lower polaron polariton branches
that are clearly resolved in angle-dependent reflectivity with a vacuum Rabi splitting ℏΩR > 0.3 eV. This
result establishes a path to electrically control polaritons in organic semiconductors and may lead to
increased polariton-polariton Coulombic interactions that lower the threshold for nonlinear phenomena
such as polariton condensation and lasing.
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Exciton-photon polaritons that emerge in the strong
light-matter coupling regime have been studied extensively
using a variety of organic and inorganic semiconductors
[1,2]. Strong excitonic transitions typically provide the
matter resonance, whereas a variety of different optical
modes (such as, e.g., Fabry-Pérot [1,2], photonic crystal
defect [3], and surface plasmon modes [4]) can be used for
the photonic resonance. Being comprised of charge neutral
excitons and photons, the resulting polaritons are also spin-
1 bosons that carry no charge, and therefore their motion
cannot be manipulated directly with applied electric fields,
except for relatively weak instances when polaritons carry a
static dipole moment inherited from a spatially indirect
exciton transition [5,6].
The possibility of strong coupling to a charged semi-

conductor excitation was initially demonstrated for trions
(i.e., a complex consisting of an exciton bound to a free
electron or hole) in CdTe and GaAs quantum wells [7,8].
Owing to their net charge, the resulting trion polaritons are
expected to possess some unusual properties, such as a very
large charge-to-mass ratio, the ability to control their motion
with an electric field, and a vacuum Rabi splitting that
depends on the square root of the electron density in the
quantum well [9]. This species nonetheless remains chal-
lenging to study andevenmoredifficult to exploit for practical
applications, because their low binding energy (∼1 meV)
demands operation at liquid He temperature and invariably
leads to an admixture with the neutral exciton polariton [8,9].
Here, we demonstrate strong coupling between light and

charge-carrying polaron optical excitations in an organic
semiconductor at room temperature. We show that a radical
cation transition of hole-doped 4, 40-cyclohexylidenebis[N,

N-bis(4-methylphenyl)benzenamine] (TAPC) can be
strongly coupled to the optical field in a planar microcavity
to yield polaron polariton states with a vacuum Rabi
splitting >0.3 eV. This result should greatly expand
the practical potential of charged polaritons and may also
lead to increased Coulombic polariton-polariton inter-
actions in organic semiconductors that reduce the threshold
for nonlinear phenomena such as parametric amplification,
Bose-Einstein condensation, and polariton lasing [10–16].
Strong coupling between light and free charge carriers is

uniquely facilitated in organic semiconductors by intense,
narrow linewidth cationic and anionic optical transitions
inherited from their constituent molecules [17–21], in con-
trast to the broad and featureless free carrier absorption of
inorganic semiconductors [22]. Figure 1 illustrates the notion
of an organic polaron polariton and how it differs from a
traditional exciton polariton. In the former case shown in
Fig. 1(b), when an electron is removed from a molecule to
form the radical cation, the neutral excitonic transition is
typically replaced by two new polaronic transitions shown in
blue [23–26]. In the solid state, the excitation of an electron
from a lower-lying molecular orbital into the partially vacant
highest occupied molecular orbital (HOMO) can equiva-
lently be viewed as the excitation of a hole.
Figure 2(a) shows the molecular structure of TAPC

alongside the optical transitions calculated for its cation
via density functional theory (B3LYP/6-31g**) using a
background dielectric constant of 2.5 [27,28]. The lowest
energy transitions are all hole excitations, with one deep in
the infrared (0.4 eV) originating from the HOMO-1 and
several closely spaced in the visible (between 1.8 and
2.2 eV) associated with lower-lying molecular orbitals.
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Figure 2(b) shows that these transitions (indicated by
purple arrows) are clearly observed in solution upon
electrochemically oxidizing TAPC at its first oxidation
potential shown in the inset. Based on these measurements,
we estimate a peak molar extinction coefficient of
ε ¼ 8.2 × 104 M−1 cm−1 for the TAPC cation at 1.82 eV.
The same transitions are also observed in the solid state

when TAPC is p-doped by coevaporating it with varying
concentrations of MoO3, as shown by the optical constant
dispersions in Fig. 2(c). In this case, the large electron
affinity of MoO3 induces electron transfer from the TAPC
HOMO, leaving behind a hole [29]. The polaron absorption
band peaking at 1.77 eV is consistent with the cation
absorption in solution [Fig. 2(b)] and is associated with
hole excitations to states lying below the HOMO according
to the computational model in Fig. 2(a). The slight redshift
relative to the solution spectrum likely results from the
solid-state solvation effect associated with the higher film
refractive index (i.e., optical frequency dielectric constant).
The polaron extinction coefficient scales with the MoO3

concentration up to approximately 30 wt %, where it peaks
at k ¼ 0.28 (corresponding to an absorption coefficient
α ¼ 4πk=λ ¼ 5 × 104 cm−1) before declining at higher
concentrations. This trend is similar to that of the conduc-
tivity in other MoO3-doped hole transport materials and is

thought to result from Fermi level pinning within
the disorder-induced HOMO density of states [29]. Based
on an absorption cross section, σ ¼ 2.5 × 10−16 cm2

derived from the solution-phase molar absorption coeffi-
cient above, the TAPCþ polaron density in the 30 wt %
doped film is of the order of 1020 cm−3.
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FIG. 2. (a) Molecular structure of TAPC together with the
optical transitions calculated for its cation using the B3LYP
functional. (b) Molar absorption coefficient of neutral TAPC
(black line) and its cation (TAPCþ, red line). The solution
consists of 50 μM TAPC dissolved in dichloromethane with a
0.5M tetrabutylammonium tetrafluoroborate (TBABF4) electro-
lyte. The cation was created by electrochemically oxidizing
TAPC for 40 min at 0.7 V with respect to a Ag=Agþ reference
electrode in acetonitrile containing 0.01MAgNO3 and
0.1M TBABF4; the inset shows the associated cyclic voltamme-
try scan. (c) Complex refractive index optical constants
~n ¼ nþ ik, determined via variable angle spectroscopic ellips-
ometry for 40-nm-thick films of TAPC coevaporated with
increasing concentrations of MoO3 on a glass substrate. In (b)
and (c), the TAPCþ transitions in the 1.5–2.2 eV spectral range
(purple arrows) are associated with excitation from low-lying
orbitals into the partially occupied HOMO, whereas that at
approximately 3.4 eV (green arrow) involves excitation from
the HOMO into the LUMO as illustrated by the corresponding
color arrows in (a).
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FIG. 1. Schematic showing the difference between a traditional
organic semiconductor exciton polariton (a) and a polaron
polariton (b). The former involves a Frenkel exciton transition
between the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively), whereas the latter
involves a radical cation (or anion; not shown) transition, in this
example, between the HOMO and a lower-lying molecular
orbital.
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To explore the strong coupling regime, we fabricated
doped TAPC Fabry-Pérot microcavities with varying
MoO3 concentrations according to the structure: glass
substrate=Agð100 nmÞ=MoO3∶TAPCðX nmÞ=Agð17 nmÞ,
where X ranges from 175 nm for 10 wt % MoO3 to 155 nm
for 30 wt % MoO3. Angle-dependent reflectivity measure-
ments are carried out using collimated light (<1° diver-
gence) from a laser-driven Xe light source filtered through a
monochromator and detected synchronously with a photo-
diode and lock-in amplifier. Figures 3(a) and 3(b) show the
s-polarized reflectivity spectra for cavities with 10 and
30 wt % MoO3 concentration, respectively. In both cases,
we observe two dips with a clear anticrossing evolution
(shown by the red lines) about the bare polaron transition
energy (vertical green dashed line) that correspond to upper
and lower branch polariton modes. These data are in good
agreement with transfer matrix modeling of the reflectivity

(black dashed lines) based on the associated MoO3:TAPC
complex refractive index dispersions shown in Fig. 2(c).
The energy of each mode is extracted from the reflec-

tivity data via Gaussian multipeak fitting, and the resulting
dispersion is plotted for the 30 wt % MoO3 sample in
Fig. 4(a). There, the dispersion of the upper and lower
polariton branches is well described by a 2 × 2 coupled
oscillator Hamiltonian [1,2]:

�
Eγ V

V EP

��
α

β

�
¼ E

�
α

β

�
; ð1Þ

where EP ¼ 1.77 eV is the energy of the uncoupled
polaron transition and EγðθÞ is the energy of the bare
photon mode computed at each incidence angle for an
equivalent cavity with the background refractive index
dispersion of MoO3:TAPC estimated from ellipsometry in
the absence of the cation transitions. The interaction energy
V is determined by fitting the eigenvalues of Eq. (1) to the
data in Fig. 4(a), which leads to a Rabi splitting
ℏΩR ≈ 2V ¼ 320� 40 meV, neglecting the cavity line-
width and homogeneous broadening of the polaron tran-
sition [30]. Figure 4(b) summarizes the Rabi splitting
obtained without approximation for all of the different
MoO3 concentrations, demonstrating a linear variation
with the square root of the polaron absorbance [i.e.,
ΩR ∝ ðαdÞ1=2, where d is the cavity thickness] as expected
[1,2]. We note that, while the Rabi splitting of the 30 wt %
MoO3 cavity explicitly satisfies the nominal strong cou-
pling condition Ω > δP=2þ δγ=2, defined in terms of the
bare cavity linewidth (δγ ∼ 0.1 eV full width at half
maximum; see Fig. 3) and the polaron transition linewidth
[δP ∼ 0.38 eV; see Fig. 2(c)] [4], the lower concentration
cavities do not. The fact that the 10 wt % MoO3 cavity
strongly couples with a clearly resolved anticrossing in
Fig. 3(a) despite not meeting this condition is due to the fact
that polaritons tend to reflect the homogeneous, rather than
inhomogeneous, linewidth of the underlying electronic
transition [31,32]. In the present case, the polaron transition
is dominated by inhomogeneous broadening; we estimate
its homogeneous linewidth to be less than 5 meV based on
an excited state lifetime of ∼1 ps measured via ultrafast
transient absorption.
Taken together, these data demonstrate that polaron

polaritons are readily achievable at room temperature using
organic semiconductors. This species is distinct from trion
polaritons [8,9] as well as alternative multiparticle notions
of a polaron polariton [33], and it carries a number of
implications that are interesting to consider. First, the
dependence of the Rabi splitting on the polaron density
established in Fig. 4(b) should make it possible to electri-
cally gate the strong coupling regime in much the same
manner as intersubband systems [34], which are probably
the closest inorganic semiconductor analog. Polaron den-
sities exceeding 1018 cm−3 (i.e., comparable to that used
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FIG. 3. Angle-dependent reflectivity spectra of microcavities
containing (a) 10 wt % MoO3:TAPC and (b) 30 wt % MoO3:
TAPC. The spectra (blue lines) are acquired at incidence angles
ranging from 20° to 75° in 5° increments and are offset vertically
from one another for clarity. The dashed black lines indicate the
simulated reflectivity at each incidence angle based on the
associated MoO3:TAPC complex refractive index dispersions
displayed in Fig. 2(c). The solid red lines are drawn as a guide to
show the anticrossing behavior. The vertical dashed green line at
1.77 eV designates the bare polaron transition energy, and the
purple reflectivity spectra at the bottom of each plot are the angle-
dependent reflectivities simulated for the bare cavity.
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here) are readily achievable in organic thin film transistors
[35], though the nanometer thickness of typical accumu-
lation layers will require the photon mode to be tightly
confined near the organic semiconductor–gate dielectric
interface. Beyond electrostatic control over their energy,
charged polaritons have been predicted to accelerate in an
applied electric field [9], and they may offer interesting
magnetic field effects owing to the unpaired half-integer
spin of the underlying radical cations or anions [36].
It is also possible that polaron polaritons will interact

with one another more strongly than exciton polaritons,
which is significant because it would lower the threshold
for nonlinear polariton phenomena such as parametric
amplification, Bose-Einstein condensation, and lasing
[13,15,16]. While no direct Coulomb interaction is
expected between them (i.e., only the excitation of polarons
propagates, so the position of polarons relative to one
another, and thus their Coulomb repulsion, does not change
as two polaritons approach one another), there may be
secondary effects that are nonetheless significant. For

example, the electronic polarization of the surrounding
molecules may change in the transition between polaron
ground and excited states, since the wave function of the
latter is typically more extended. Owing to the low
dielectric constant of organic materials, this would provide
the basis for a long-range Coulombic polariton-polariton
interaction, which is normally negligible for organic semi-
conductor exciton polaritons.
Finally, it is interesting to consider the extent to which

strong polaron-photon coupling might alter organic semi-
conductor electrical properties, as reported previously for
neutral exciton polariton systems [37,38]. Polaron polar-
itons, by comparison, arguably offer a more direct link to
electrical properties, since the excitation of free charge
carriers themselves is shared via the cavity mode. This may
give rise to, for example, enhanced photoconductivity in a
polaron polariton system that is closely analogous to
enhanced exciton conductance that has been predicted
for exciton polariton systems [39].
In summary, we have strongly coupled light in a Fabry-

Pérot microcavity to a polaron optical transition of the
organic semiconductor TAPC. By doping TAPC with
MoO3 to introduce a large density of holes, we achieve
a hole absorption coefficient exceeding 104 cm−1 with a
sufficiently narrow linewidth to resolve Rabi splittings in
excess of 0.3 eVat room temperature. The resulting polaron
polaritons are unique to organic semiconductors and
may offer enhanced nonlinearities as well as a pathway
to exploit charged polaritons in practical optoelectronic
applications.
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