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Charged Polaron-polaritons in an Organic Semiconductor Microcavity

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application Serial No.

62/585,903, filed November 14, 2017, the entire content of which is incorporated herein by

reference.

FIELD OF THE INVENTION

[0002] The present invention generally relates to a new species of charged polaritons in

an organic semiconductor at room temperature, in particular, polaron-polaritons.

BACKGROUND OF THE INVENTION

[0003] Exciton-photon polaritons that emerge in the strong light-matter coupling regime

have been studied extensively using a variety of organic and inorganic semiconductors. ’ Strong

excitonic transitions typically provide the matter resonance whereas a variety of different optical

modes (such as, e.g. Fabry-Perot, ’ photonic crystal defect, and surface plasmon modes ) can be

used for the photonic resonance. Being comprised of charge neutral excitons and photons, the

resulting polaritons are also spin-l 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

[0004] The possibility of strong coupling to a charged semiconductor 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. ’ 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 challenging to study and even more difficult to exploit for practical applications because

their low binding energy (~l meV) demands operation at liquid He temperature and invariably

leads to an admixture with the neutral exciton polariton. 8’9

SUMMARY OF THE INVENTION

[0005] The present invention provides a method of generating a light-matter hybrid

species by generating strong coupling between light and polaron optical excitations in a doped

organic semiconductor microcavity at room temperature.



[0006] The organic semiconductor microcavity may be a doped organic semiconductor

sandwiched in a microcavity. The doped organic semiconductor microcavity can be said to have

a polaron-polariton mode. When a light beam is directed into the organic semiconductor

microcavity at an incidence angle and reflected by the microcavity, the optical polaron transition

of the heavily doped organic semiconductor will couple with the reflected light and form the

polaron-polaritons when the frequency of the reflected light matches with the frequency of the

hybridized polaron-polariton resonance, meaning the frequencies or the associated photon

energies are substantially equal or the difference is within 20%. The polaron-polaritons are

charge-carrying polaritons.

[0007] For the purpose of the present application, the term “organic semiconductor

microcavity” and “doped organic semiconductor microcavity” refer to the same structure and

therefore can be used interchangeably.

[0008] The doped organic semiconductor may be a hole/electron transport material

having a polaron absorption coefficient exceeding 10 cm and capable of generating a polaron

optical transition with a linewidth smaller than a predetermined threshold. The hole/electron

transport material has a binding energy high enough such that the polaron optical transition is

observed at room temperature.

[0009] In one embodiment, the organic semiconductor may be the hole transport material

4,4'-cyclohexylidenebis[/V2V-bis(4-methylphenyl)benzenamine] (TAPC). Co-depositing metal

oxides such as M0O3 and the TAPC introduces a large hole density with a sufficiently narrow

linewidth optical transition <0.4 eV that is sufficient to resolve Rabi splittings in excess of 0.3

eV at room temperature. The acceptable linewidth of the polaron transition in general needs to

be less than twice the Rabi splitting, which in turn depends on the magnitude of the polaron

absorption coefficient. Examples of other materials that could be used are small molecule

organic semiconductors such as the linear polyacenes, rubrene, perylene, NN'- Bis(3-

mcthylphcnyl)-/V,/V'-diphcnylbenzidine (TPD), and many others. Additionally, conjugated

polymer organic semiconductors such as poly(p-phenylene vinylene), polyfluorene, and many

others could also be used. In one embodiment, the optical transition may be centered at 1.8 eV

and a hole absorption coefficient of exceeding 104 cm 1 may be achieved. In general, materials

with polaron absorption coefficients exceeding 10 cm are required to form polaron polaritons.

[0010] Coupling this transition to a microcavity mode yields upper and lower polaron

polariton branches that are clearly resolved in angle-dependent reflectivity with a vacuum Rabi

splitting h R > 0.3 eV. The resulting polaron polaritons may offer 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.

[0011] The microcavity may be a Fabry-Perot cavity, dielectric mirrors, cylindrical

cavity or the like. The cavity can be as simple as a pair of glass substrates with a layer of silver

coating on the substrate. The microcavity may be semi-transparent. A cavity is said to be a

microcavity if the cavity is on the order of magnitude of a wavelength of light.

[0012] To introduce positive polarons, doping with other metal oxides such as W03

would work, as would molecular dopants such as F4-TCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane). To introduce negative polarons, doping with alkali metals such as Li

or molecules such as Rb2C0 3 would work.

[0013] The step of fabricating an organic semiconductor microcavity may include p-

doping the organic semiconductor by co-evaporating the organic semiconductor with a

concentration of dopants including metals, metal oxides, or molecular dopants.

[0013] In one embodiment, the step of fabricating the organic semiconductor microcavity

includes p-doping the TAPC by co-evaporating the TAPC with a concentration of Mo0 3 forming

a MO0 3 :TAPC film, the Mo0 3:TAPC film sandwiched between the microcavity according to a

structure: glass substrate/Ag (l00nm)/MoO3:TAPC/Ag (l7nm). The TAPC+ polaron density in

30 wt% Mo0 3 doped organic semiconductor film is of an order of 1020 cm 3 . The thickness of

MO0 3 :TAPC film ranges from 175 nm for 10 wt% Mo0 3 to 155 nm for 30 wt% Mo0 3.

[0014] A doped organic semiconductor microcavity in accordance with the present

invention may be used to control the direction of a light beam. The organic semiconductor

microcavity has a polaron-polariton mode and may include two electric contacts. Applying an

electric field between the two electric contacts generating an electric field between the two

electric contacts causing a drift of the polarons. When a light beam having a wavelength or a

wavelength range is directed at an incident angle into the doped organic semiconductor

microcavity, the light will be coupled into the polaron-polariton mode and may be accelerated by

the field, gaining an additional in-plane momentum component from the drift of the polarons that

results in an angular deviation of the reflected light beam. The direction of the reflected light

may be controlled by controlling magnitude and direction of the current.

[0015] A doped organic semiconductor microcavity of the present invention may also

give rise to photogenerated electric currents. The organic semiconductor microcavity may have

two electric contacts for measurement. When a light beam is directed at an incident angle into

the organic semiconductor microcavity, an electric current is generated flowing between the two



contacts. A light beam normal to the surface of the organic semiconductor microcavity would

not yield any current in this case.

[0016] If the microcavity is wedged with a thickness of the active layer varies from one

side to the other, a polariton-voltaic device may be created. Creating a wedged cavity would

induce acceleration of polaron polaritons due to the potential gradient from the cavity mode and

would lead to a photovoltage (V) detected between the two electrodes.

[0017] In an alternative embodiment, polaron polaritons may be created electrostatically

by using an organic thin film transistor architecture with a metal gate that supports a surface

plasmon mode or other tightly confined optical modes. Applying negative/positive gate voltage

will accumulate a large hole/electron density in the channel of the device. The resulting density

of positively charged TAPC+ molecules may have an interaction with the surface plasmon mode

(SPP) supported by the gate electrode or another similar confined mode that is substantial

enough to create hybrid charged polariton modes. In one embodiment, the organic material may

be TAPC. Other small molecule organic semiconductors may be used.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1A is a schematic showing a traditional organic semiconductor exciton

polariton;

[0019] Figure 1B is a schematic showing a traditional organic semiconductor polaron

polariton;

[0020] Figure 2A is a schematic showing a molecular structure of TAPC together with

the optical transitions calculated for its cation using the B3FYP functional;

[0021] Figure 2B is a plot showing molar absorption coefficient of neutral TAPC and its

cation (TAPC+);

[0022] Figure 2C is a plot showing complex refractive index optical constants, n = n +

ik, determined via variable angle spectroscopic ellipsometry for 40 nm thick films of TAPC co

evaporated with increasing concentrations of M0O3 on a glass substrate;

[0023] Figure 3A is schematic showing the microcavity structure and polaron optical

transitions that arise upon p-doping TAPC with Mo0 3;

[0024] Figure 3B is a plot showing absorption (left-hand axis) and emission (right-hand

axis) spectra collected from 50 nm-thick film of neat TAPC and a 165 nm-thick film of 10 wt%

MO0 3 :TAPC under λ = 375 nm excitation; the inset shows a magnified view of these spectra in

the vicinity of the Pi polaron transition;



[0025] Figure 3C is a plot showing that the polaron emission is photostable under

λ = 640 nm (circles) excitation but degrades rapidly and irreversibly when excited by λ = 375

nm (squares) light with the same intensity;

[0026] Figure 4A is a plot showing a s-polarized reflectivity spectra collected from a 165

nm-thick 10 wt% Mo0 3:TAPC microcavity (∆ = —0.11 eV) at incidence angles ranging from 10°

to 70° in 5° increments;

[0027] Figure 4B is a plot showing normalized photoluminescence spectra collected from

the same sample as in Figure 4A, exciting non-re sonantly at λ = 375 nm and detecting through

an s-oriented polarizer at angles ranging from 0° to 70°;

[0028] Figure 4C is a plot showing polariton dispersion extracted via Gaussian peak

fitting of the reflectivity (square) and emission (triangles) spectra in Figures 4A and 4B;

[0029] Figure 5A is a false color map of the angle-resolved, s-polarized

photoluminescence intensity collected from a negatively-detuned cavity (∆ = —O.ll eV) under

non-resonant, λ = 375 nm excitation;

[0030] Figure 5B a positively-detuned cavity ( ∆ = +0.11 eV) under non-resonant,

λ = 375 nm excitation;

[0031] Figure 5C is a simulated map showing the s-polarized photoluminescence

intensity simulated for the negatively-detuned cavity via transfer matrix dipole emission

modeling;

[0032] Figure 5D is a simulated map showing the s-polarized photoluminescence

intensity simulated for the positively-detuned cavity via transfer matrix dipole emission

modeling;

[0033] Figure 6A is a plot showing the relative intensity of LP emission collected at

normal incidence for a series of samples with different cavity detuning;

[0034] Figure 6B is a schematic showing the dominant polariton population and

relaxation pathways in the system in accordance with an embodiment of the present invention;

[0035] Figure 7 is a schematic showing another embodiment of a device for creating

polaron polaritons electrostatically;

[0036] Figure 8A is a schematic showing electrical acceleration of polaron polaritons to

module the direction and frequency of light;

[0037] Figure 8B is a plot showing how the operation of the device in Figure lOa works

in energy-momentum space;

[0038] Figure 9 is a schematic showing a current flow associated with polaron polariton

propagation enabling a new type of photodetector; and



[0039] Figure 10 is a schematic showing that creating a wedged cavity would induce

polaron polariton acceleration and lead to a photovoltage (V) detected between the two

electrodes.

DETAILED DESCRIPTION OF THE INVENTION

Overview

[0040] The present invention demonstrates strong coupling between light and charge

carrying polaron optical excitations in an organic semiconductor at room temperature. A radical

cation transition of hole-doped 4,4'-cyclohcxylidcncbis[/V,N-bis(4-mcthylphcnyl)bcnzcnaminc]

(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 interactions in organic semiconductors that reduce the threshold for nonlinear

phenomena such as parametric amplification, Bose-Einstein condensation, and polariton lasing.

[0041] The present invention provides an organic semiconductor microcavity at room

temperature. The organic seminconductor cavity may be a heavily doped organic semiconductor

sandwiched or embedded in a microcavity. The microcavity is an optical cavity capable of

generating an optical resonance. A microcavity is on the scale of the order of wavelength of

light. The microcavity may be a pair of mirrors such as dielectric mirrors, a Fabry-Perot cavity

or a cylindrical cavity. The microcavity may be semi-transparent to allow the light through. The

heavily doped organic semiconductor is able to generate an intense and narrow optical polaron

transition, which can be coupled with the optical resonance of the microcavity, thereby forming

polaron-polaritons. The polaron-polaritons are charge-carrying inherited from the charge

carrying polarons.

[0042] The organic semiconductor microcavity can be said to have a polaron-polariton

mode. When a light beam is directed into the organic semiconductor microcavity at an

incidence angle and reflected by the microcavity, the optical polaron transition of the heavily

doped organic semiconductor will couple with the reflected light and form the polaron-polaritons

when the frequency of the reflected light matches with the frequency of the optical polaron

transition. Wavelength of the light must be near-resonant with the cavity mode frequency or

polaron transition frequency, meaning the frequencies or the associated energies are substantially

equal or the difference is within 20%.

[0043] In one embodiment, the organic semiconductor is provided with its cation or

anions for generating charge-carrying polarons optical transitions. In another embodiment, the



organic semiconductor is doped to generate charge-carrying polaron optical transitions. Light is

reflected in the microcavity and the reflected light is coupled with the charge-carrying polaron

optical transitions in the microcavity, thereby yielding polaron-polariton states with a vacuum

Rabi splitting, i.e., upper and lower polaron polariton branches. The polaron-polaritons are

charge-carrying inherited from the charge-carrying polarons. 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. The

linewidths of the polaron transitions generally need to be narrower than twice the vacuum Rabi

splitting to resolve the upper and lower polariton branches. In general, materials with polaron

absorption coefficients exceeding 10 cm are required to form polaron polaritons. Examples of

the organic semiconductor in accordance with the teaching of the present invention include the

hole transport material 4,4'-cyclohcxylidcncbis[/V,/V-bis(4-mcthylphcnyl)bcnzcnamincJ (TAPC),

small molecule organic semiconductors such as the linear polyacenes, rubrene, perylene, Ν,Ν'-

Bis(3-mcthylphcnyl)-/V,/V'-diphcnylbenzidine (TPD), and many others. Additionally, conjugated

polymer organic semiconductors such as poly(p-phenylene vinylene), polyfluorene, and many

others could also be used.

[0044] The organic semiconductor can be provided in a solution or in a solid state.

Taking the TAPC as an example, the cation TAPC+ can be created by electrochemically oxiding

TAPC with respect to a reference electrode. Alternatively, the TAPC can be p-doped by co

evaporating it with varying concentrations of dopants. The dopants may be metals such as Li,

metal oxides such as M0O3 and W0 3, or molecular dopants such as F4-TCNQ (2,3,5,6-

Tetrafluoro-7,7,8,8-tetracyanoquinodimethane) and Rb2C0 3.

Detailed Description of the Drawings

[0045] Figs. 1A and 1B illustrate one embodiment of the notion of an organic polaron

polariton and how it differs from a traditional exciton polariton. A traditional organic

semiconductor exciton polariton, as shown in Fig. 1A, involves a Frenkel exciton transition

between the highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO,

respectively). In the case shown in Fig. 1B, when an electron is removed from a molecule to

form the radical cation, a radical cation transition between the HOMO and a lower-lying HOMO

is involved. The neutral excitonic transition shown in Fig. l a is typically replaced by two new

polaronic transitions shown in Fig. 1B. In another embodiment, a radical anion, rather than a

radical cation, may be involved. 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

equivalently be viewed as the excitation of a hole.

[0046] Fig. 2A shows the molecular structure of TAPC alongside the optical transitions

calculated for its cation via density functional theory (B3LYP/6-3lg**) using a background

dielectric constant of 2.5. The lowest energy transitions are all hole excitations, with one deep in

the infrared (0.4 eV) originating from the HOMO-l and several closely spaced in the visible

(between 1.8 and 2.2 eV) associated with lower-lying molecular orbitals. Fig. 2B shows that

these transitions (indicated by downward 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 = 8.2 X 104 M^cnT 1

for the TAPC cation at 1.82 eV.

[0047] Fig. 2B shows molar absorption coefficient of neutral TAPC and its cation

(TAPC+) . The solution consists of 50 µΜ TAPC dissolved in dichloromethane with a 0.5 M

tetrabutylammonium tetrafluoroborate (TBABF4) electrolyte. The cation may be created by

electrochemically oxidizing TAPC for 40 minutes at 0.7 V with respect to a Ag/Ag+ reference

electrode in acetonitrile containing 0.01 M AgN0 3 and 0.1 M TBABF4; the inset shows the

associated cyclic voltammetry scan. Fig. 2c shows complex refractive index optical constants,

n = n + ik, determined via variable angle spectroscopic ellipsometry for 40 nm thick films of

TAPC co-evaporated with increasing concentrations of Mo0 3 on a glass substrate. In Fig. 2B

and Fig. 2C, the TAPC + transitions in the 1.5-2.2 eV spectral range are associated with

excitation from low-lying states into the partially-occupied HOMO whereas that at

approximately 3.4 eV involves excitation from the HOMO into the LUMO as illustrated by the

corresponding arrows in Fig. 2A.

[0048] The same transitions may also be observed in the solid state when TAPC is p-

doped by co-evaporating it with varying concentrations of Mo0 3, as shown by the optical

constant dispersions in Fig. 2C. In this case, the large electron affinity of Mo0 3 induces electron

transfer from the TAPC HOMO, leaving behind a hole. The polaron absorption band peaking at

1.77 eV is consistent with the cation absorption in solution, as shown in Fig. 2B, and is

associated with hole excitations to states lying below the HOMO according to the computational

model in Fig. 2A. The slight red shift 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.

[0049] The polaron extinction coefficient scales with Mo0 3 concentration up to

approximately 30 wt%, where it peaks at k = 0.28 (corresponding to an absorption coefficient



a = 4nk/ λ = 5xl0 4 cm 1) before declining at higher concentrations. This trend is similar to that

of the conductivity in other Mo0 3-doped hole transport materials and is thought to result from

Fermi level pinning within the disorder-induced HOMO density of states. Based on an

absorption cross-section, σ = 2.5 X 10 -16 cm2 derived from the solution-phase molar absorption

coefficient above, the TAPC+ polaron density in the 30 wt% doped film is of order 1020 cm 3 .

[0050] Photoluminescence (PL) from the upper and lower polariton branches of a p-

doped 4,4’-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) planar

microcavity under non-resonant excitation has also been observed. It is demonstrated both upper

and lower branch polariton luminescence from this species in the strong coupling regime. The

quantum yield of polaron luminescence is low (-10 4 ) owing to fast internal conversion, yet the

predominant mode of polariton population still appears to be radiative via fluorescence from the

polaron excited state reservoir. These results clarify the manner in which charged polariton

states are populated under non-resonant excitation and are an important prerequisite for

exploring possible lasing or condensation phenomena with this species in the future.

[0051] Figure 3A shows a schematic of the microcavity structure together with an energy

level diagram illustrating the manner in which TAPC is p-doped by Mo0 3 through ground-state

electron transfer from the highest occupied molecular orbital (HOMO). This results in two new

optical transitions, Pi and P2, that respectively correspond to excitation of an electron into, and

out of, the now partially-occupied HOMO. Though the cartoon in Fig. 3A is drawn for an

isolated molecular cation, these optical transitions remain largely unchanged in the solid state

due weak intermolecular electronic coupling, where Pi is now equivalently viewed as the

excitation of a hole polaron. The thickness of the Mo0 3:TAPC layer in the cavity ranges from

175 nm to 145 nm depending on its detuning.

[0052] Figure 3B shows the absorption coefficient measured for a 10 wt% Mo0 3:TAPC

film. There, the Pi hole transition peaks at E = 1.77 eV, with the shoulder at ~2.2 eV also

originating from a hole transition to another, slightly deeper molecular orbital; the P2 and neutral

molecule transitions both take place at higher energy (~3.3 eV and ~4 eV, respectively) and are

not captured on this axis. Figure 3B also shows the photoluminescence (PL) spectrum of this

film, acquired alongside that of an undoped reference TAPC film under = 375 nm excitation

using a λ = 410 nm long-pass filter. Relative to the reference PL, neutral TAPC fluorescence in

the doped film is blue-shifted and strongly quenched. Quenching presumably reflects energy

transfer to the lower energy polaron transitions whereas the blue-shift is a consequence of the

broad density of states (DOS) in the film, since molecules in the upper portion of the DOS (i.e.

those with the highest HOMOs and thus more likely to possess a lower HOMO-LUMO gap) are



the most likely to be ionized by M0O 3 (and occupied by extrinsic holes), effectively eliminating

them from the neutral molecule fluorescence ensemble.

[0053] The most striking feature of the doped film PL spectrum, however, is the weak

emission band located at 1.66 eV (see inset of Fig. 3B), which we assign to the P i polaron

transition. Emission from charged molecules is rare in the literature due to fast internal

conversion and all the more remarkable in this case because it is observed in the solid state at

room temperature. It is observed here under non-resonant ( = 375 nm; green line) and near

resonant ( = 633 nm, orange line) excitation, though in the latter case, a sharp additional line at

-1.77 eV is superimposed. This is a Raman line of the TAPC cation, an assignment supported by

the fact that it shifts appropriately upon exciting at λ = 640 nm (red line) while the polaron

emission remains unchanged. High resolution Raman spectroscopy shows that this peak is

actually a doublet, with Raman shifts of 1580 cm 1 and 1601 cm 1 that originate from neutral

TAPC but gain strongly in intensity for TAPC +.

[0054] Figure 3C shows that the polaron PL is photostable when excited at λ = 640 nm

but degrades rapidly when excited at = 375 nm. The PL degradation in the latter case is

irreversible, is largely the same regardless of whether the measurement is carried out in ambient

air or vacuum, and is mirrored by a reduction in the polaron absorbance. These observations

suggest that TAPC molecular cations may undergo chemical degradation in the presence of

neutral TAPC excitons, possibly via the same exciton-polaron annihilation mechanism that

causes molecular fragmentation in organic light emitting diodes. Alternatively, it may be that

directly exciting the P2 transition of TAPC + (which also absorbs at = 375 nm) leads to

molecular instability.

[0055] The comparable intensities of the Raman and polaron PL spectra in Fig. 3B attest

to the very low PL quantum yield of the latter, which we estimate to be 0 ~lO - 4 using a film of

tris-(8-hydroxyquinoline)aluminum (Alq3) as a reference standard 15 . This is consistent with the

rapid, τ ~ 1 ps decay of the polaron excited state measured via ultrafast transient absorption 6 and

implies radiative and non-radiative polaron decay rates of k r = 0 / τ ~ 1Ο8 s 1 and knr

1/ τ ~10 12 s 1, respectively. The radiative rate is in good agreement with that predicted by the

Strickler-Berg relation on the basis of the polaron molar absorption coefficient.

[0056] Figure 4A shows the angle-dependent reflectivity spectra collected for the cavity

architecture illustrated in Fig. 3A, where the thickness of the 10 wt% Mo0 3:TAPC active layer is

chosen to negatively detune the cavity mode (energy E at zero in-plane wavevector) relative to

the polaron transition by ∆ = E —E = —0.11 eV. Consistent with previous work, we observe

a clear anti-crossing in the reflectivity dips about the bare polaron transition energy (denoted by



the green dashed line) that signifies the existence of upper and lower polariton (UP and LP,

respectively) branches in the strong coupling regime. A similar evolution is observed in angle-

dependent PL spectra collected from the cavity under non-resonant ( = 375 nm, with periodic

translations to avoid photodegradation) excitation in Figure 4B. There, emission from the LP

branch dominates the spectrum at low angle whereas emission from the UP branch dominates at

high angle. Figure 4C plots the polariton mode dispersions determined from Gaussian multi

peak fitting of the reflectivity and PL data, demonstrating good overall agreement between the

two. The data are well-described using a simple coupled oscillator model shown by the solid

lines fitted to the data points, which yields a vacuum Rabi splitting of h = 0.11 ± 0.03 eV

based on a cavity mode linewidth, < ~0.08 eV, and negligible homogeneous broadening of the

polaron transition. The solid fitted lines result from fitting the reflectivity data with a coupled

oscillator model based on the bare cavity mode dispersion and polaron transition energy shown

by the dashed upward and dashed horizontal lines, respectively.

Figure 5A displays a map of the PL intensity for this cavity (not normalized at each individual

angle as in Fig. 4B), which demonstrates that the emission peaks in the LP branch at zero in

plane wavevector = 0), similar to neutral organic polariton systems. By contrast, decreasing

the MO0 3 :TAPC layer thickness to positively detune the cavity (∆ = +0.11 eV) leads to a

relative increase in UP emission intensity as shown in Fig. 5B. This may simply reflect an

increasing contribution of background fluorescence into the UP mode that originates from the

neutral TAPC emission tail (see Fig. 3B). Subsequent relaxation from the upper to lower branch

is inefficient in this case because the predominantly photonic character of the UP branch

suppresses the interbranch relaxation rate, which is proportional to the product of UP and LP

polaronic Hopfield coefficients. Combined with the faster radiative decay of the more photon

like UP (roughly equal to the cavity photon lifetime, ~ 8 fs), which affords less time to relax in

the first place, the increase in UP emission observed for the positively detuned cavity is not

unexpected. Solid black circles denote the dispersion observed in reflectivity and upward and

horizontal dashed lines indicate the uncoupled cavity mode dispersion and polaron transition

energy, respectively.

[0057] Figure 5C and 5D show that transfer matrix dipole emission modeling

qualitatively reproduces the photoluminescence of each cavity, suggesting that the PL in both

cases can be understood on the basis of reservoir excited state fluorescence into the polariton

modes. This radiative mode of polariton population is associated with emission from uncoupled

polaron (and neutral TAPC tail) excited states into the wedge of optical etendue that makes up

the photonic component of a polariton mode. The agreement between data and simulation in Figs.



5A-5D not only argues for a predominantly radiative mode of polariton population (as opposed

to phonon scattering from the polaron excited state reservoir), it also implies that inter- and intra

branch polariton relaxation are negligible since they are not accounted for in the model.

[0058] Figure 6A examines the integrated LP emission intensity collected at normal

incidence as a function of the cavity detuning. The data are corrected for changes in the absorbed

fraction of the λ = 375 nm pump laser and are normalized to the emission from a bare 10%

MO0 3 :TAPC film on Si measured under identical conditions. This plot shows that the relative LP

emission yield peaks when the detuning equals the Stokes shift of the uncoupled PL (roughly

0.11 eV), in reasonable quantitative agreement with the transfer matrix model (solid line) except

at large negative detuning, where the uncertainty in the experimental data increases due to a

higher order cavity mode that strongly increases the pump absorption. These observations lend

further support to the notion that LP states are populated radiatively in proportion to their overlap

with the bare polaron fluorescence spectrum (i.e. the polaron excited state reservoir) as

illustrated in Fig. 6B. The apparent lack of competitive phonon scattering into the LP branch in

this case may be related to the high energy of the dominant polaron Raman modes (~0.2 eV; see

Fig. 3B) which, combined with the large Stokes shift, would require a cavity detuning of almost

∆ = —0.35 eV (and thus a very photon-like LP branch) to satisfy energy conservation in a

transition t

[0059] Fast vibronic relaxation following non-resonant excitation (the longer downward

arrow) leads to a reservoir of polaron excited states with a distribution approximated by the bare

polaron photoluminescence spectrum shown in gray (note that the high energy component above

-1.9 eV is the neutral TAPC emission tail). These reservoir states decay on a ~ps timescale (the

shorter downward arrow) and populate the lower polariton branch mainly via radiative pumping.

Dashed green, dashed purple, and solid red lines correspond to the bare polaron transition energy,

cavity mode dispersion, and polariton dispersion of the ∆ = —0.13 eV sample in Fig. 6A;

[0060] 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 multi-particle notions of a polaron polariton 10 and it carries a

number of implications that are interesting to consider. First, the dependence of the Rabi splitting

on polaron density established in Fig. 4b should make it possible to electrically gate the strong

coupling regime in much the same manner as intersubband systems, which are probably the

closest inorganic semiconductor analog. Polaron densities exceeding 10 cm (i.e. comparable

to that used here) are readily achievable in organic thin film transistors, though the nanometer

thickness of typical accumulation 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 field9 and they

may offer interesting magnetic field effects owing to the unpaired half-integer spin of the

underlying radical cations/anions.

[0061] 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. 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 wavefunction 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 semiconductor exciton polaritons.

[0062] Further, it is interesting to consider the extent to which strong polaron-photon

coupling might alter organic semiconductor electrical properties, as reported previously for

neutral exciton polariton systems. Polaron polaritons, by comparison, may 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 analogous to enhanced exciton conductance that has been predicted for

exciton polariton systems.

[0063] So far, discussion involves creating polaron polaritons chemically. In an

alternative embodiment, polaron polaritons may be created electrostatically. Fig. 7 shows an

embodiment of a device for creating polaron polaritons electrostatically. Fig. 7 provides an

organic thin film transistor architecture 902, but with a metal gate 904 that supports a surface

plasmon mode or other tightly confined optical modes. Vs, V G, and 908 represent for metal

source, metal gate, metal drain and insulating gate dielectric respectively. In one example, the

organic semiconductor is a film of TAPC about 100 nm thick. The insulating gate dielectric is a

film of MO about ~50 nm. Applying negative gate voltage will accumulate a large hole density

906 (TAPC+ molecules) in the channel of the device at the gate dielectric interface. Similarly,

applying positive gate voltage will accumulate a large electron density in the channel of the

device. The resulting density of positively charged TAPC+ molecules may have an interaction

with the surface plasmon mode (SPP) supported by the gate electrode substantial enough to



create hybrid charged polariton modes. In one embodiment, the organic material may be TAPC.

Other small molecule organic semiconductor may be used.

Applications and devices

[0064] The light-matter hybrid species, i.e., polaron polaritons, created with the method

of the present invention, may be useful in a variety of applications, such as lower threshold

lasing and coherent light emission, nonlinear frequency conversion, and parametric amplification.

In addition, polaron polaritons may be useful in polariton-based information processing and logic

operations because polaron polaritons can be manipulated directly with applied electric fields.

The strong polaron photon coupling regime may also be useful to modify the electrical properties

of organic semiconductors simply by controlling their optical environment.

Example 1:

[0065] Polaron polaritons can be used to enable electrical control over light and vice

versa. It is in principal possible to accelerate polaron polaritons by applying an electric field in

order to realize an electrooptic modulator that could control the direction of a light beam

electrically. An embodiment of this device 1000 could be a Fabry-Perot cavity with dielectric

mirrors 1002, 1004 sandwiching the doped organic semiconductor active layer 1010 with two

coplanar contacts 1006, 1008 included in the cavity, as shown in Fig. 8A. Applying an electric

field between the two contacts would generate an electric current flowing between the contacts

and, light 1012 incident resonantly into the polaron polariton modes would gain an additional in

plane momentum component from the drift of the polarons, resulting in a slight angular deviation

Θ of the reflected light beam 1014 that depends on the magnitude and direction of the current.

[0066] Figure 8B shows how the operation of the device 1000 in Figure lOa works in

energy-momentum space.

Example 2 :

[0067] A device 1100 similar to the above device 1000 could also be operated in reverse,

as shown in Fig. 9 . An embodiment of this device 1100 could be a Fabry-Perot cavity with

dielectric mirrors 1102, 1104 sandwiching a doped organic semiconductor active layer (not

shown). Two coplanar contacts 1106, 1108 are included in the cavity for measurement of the

electric current. There is no electrical field applied between the contacts 1106, 1108. An

incident light beam 1110 at an angle Θ onto the device 1100 generates a small current between

the electrodes that depends on the intensity and direction of the incident light beam. This mode



of operation is very similar to photon and surface plasmon drag detectors; however, in this case,

we would be taking advantage of charged polariton drag, which might lead to a stronger effect.

Example 3 :

[0068] Another possibility application is the polariton- voltaic s . In this case, the Fabry-

Perot cavity would be wedged, with the thickness of the organic semiconductor active layer

varying from one side to the other. As shown in Fig. 10, this device 1200 could be a wedged

Fabry-Perot cavity with dielectric mirrors 1202, 1204 sandwiching a wedged doped organic

semiconductor active layer (not shown) with two coplanar contacts 1006, 1208 included in the

cavity. An electric field is applied between the two contacts to generate an electric current

flowing between the contacts.

[0069] This wedge would laterally change the cavity detuning and hence would cause the

energy of the polariton modes to also vary laterally. The gradient in polariton potential energy

results in a force that pushes polaritons laterally. In the case at hand, the fact that polaron

polaritons have a net charge associated with them means that any flow of them imparted by such

a cavity wedge should also lead to a separation of charge and thus to the formation of a lateral

electric potential. This is a fundamentally new type of photovoltaic effect, which is termed as the

polariton-voltaic effect, which may offer new possibilities for light detection and optical signal

processing.

[0070] As will be clear to those of skill in the art, the embodiments of the present

invention illustrated and discussed herein may be altered in various ways without departing from

the scope or teaching of the present invention. Also, elements and aspects of one embodiment

may be combined with elements and aspects of another embodiment. It is the following claims,

including all equivalents, which define the scope of the invention.
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CLAIMS

1. A method of generating a light-matter hybrid species of charged polaritons at room

temperature, the method comprising the steps of:

providing an organic semiconductor microcavity, the organic semiconductor microcavity

including a doped organic semiconductor sandwiched in a microcavity capable of generating an

optical resonance, the doped organic semiconductor being a hole/electron transport material

having a polaron absorption coefficient exceeding 10 cm and capable of generating a polaron

optical transition with a linewidth smaller than a predetermined threshold, the optical resonance

of the microcavity having a resonance frequency matched with the polaron optical transition; and

coupling light to the polaron optical transition in the organic semiconductor microcavity

thereby forming polaron-polaritons, the polaron-polaritons being charge-carrying polaritons.

2 . The method according to claim 1, wherein the hole/electron transport material has a

binding energy high enough such that the polaron optical transition is observed at room

temperature.

3 . The method according to claim 1, wherein the organic semiconductor is selected from

4,4'-cyclohexylidenebis[A/,A/-bis(4-methylphenyl)benzenamine] (TAPC), linear polyacenes,

rubrene, perylene, and /V,^V'-Bis(3-mcthylphcnyl)-/V,^V'-diphcnylbenzidine (TPD).

4 . The method according to claim 1, wherein the microcavity is a Fabry-Perot cavity.

5 . The method according to claim 1, the step of fabricating an organic semiconductor

microcavity comprises p-doping the organic semiconductor by co-evaporating the organic

semiconductor with a concentration of dopants including metals, metal oxides, or molecular

dopants.

6 . The method according to claim 5, wherein the dopants includes M0O3, W0 3 or F4-

TCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane) for introducing positive polarons.

7 . The method according to claim 5, wherein the dopants includes alkali metals or Rb2C0 3

molecules introducing negative polarons.



8. The method according to claim 5, the step of fabricating the organic semiconductor

microcavity comprises p-doping the TAPC by co-evaporating the TAPC with a concentration of

M0O3 forming a Mo0 3:TAPC film, the Mo0 3:TAPC film sandwiched between the microcavity

according to a structure: glass substrate/Ag (l00nm)/MoO3:TAPC/Ag (l7nm).

9 . The method according to claim 1, wherein the polaron-polaritons are positively charged.

10. The method according to claim 1, wherein the polaron-polaritons are negatively charged.

11. The method according to claim 8, wherein the TAPC+ polaron density in 30 wt% Mo0 3

doped organic semiconductor film is of an order of 1020 cm 3 .

12. The method according to claim 8, wherein the thickness of Mo0 3:TAPC film ranges from

175 nm for 10 wt% Mo0 3 to 155 nm for 30 wt% Mo0
3.

13. A method of controlling a direction of light beam, the method comprising steps of:

providing an organic semiconductor microcavity with a microcavity sandwiching a

doped organic semiconductor active layer, the organic semiconductor microcavity having a

polaron-polariton mode and two electric contacts;

applying an electric field between the two electric contacts generating an electric current

flowing between the two electric contacts causing a drift of the polarons;

directing a light beam having a wavelength at an incident angle into the organic

semiconductor microcavity, resulting in an optical resonance with the polaron-polariton mode,

gaining an additional in-plane momentum component from the drift of the polarons, resulting in

an angular deviation of the reflected light beam; and

controlling the direction of the reflected light by controlling magnitude and direction of

the current.

14. A method of generating an electric current using a doped organic semiconductor

microcavity, comprising the steps of:

providing an organic semiconductor microcavity with a microcavity sandwiching a doped

organic semiconductor active layer, the organic semiconductor microcavity having a polaron-

polariton mode and two electric contacts; and



directing a light beam at an incident angle into the organic semiconductor microcavity in

the polaron-polariton mode, thereby generating an electric current flowing between the two

contacts.

15. An organic semiconductor microcavity, comprising:

a doped organic semiconductor active layer sandwiched/embedded in a microcavity, the

microcavity capable of generating an optical resonance, the doped organic semiconductor being

a hole/electron transport material having a polaron absorption coefficient exceeding 10 cm and

capable of generating a polaron optical transition with a linewidth smaller than a predetermined

threshold.

16. The organic semiconductor microcavity according to claim 15, wherein the miccrocavity

is a Fabry-Perot cavity.

17. The organic semiconductor microcavity according to claim 15, wherein the microcavity

is semi-transparent.

18. The organic semiconductor microcavity according to claim 15, wherein the hole/electron

transport material has a binding energy high enough such that the polaron optical transition is

observed at room temperature.

19. A polariton voltaic device, comprising:

an organic semiconductor microcavity according to claim 15, wherein the microcavity is

wedged with a thickness of the active layer varies from one side to the other.

20. A method of creating a light-matter hybrid species of charged polaritons by electrostatic

gating in an organic semiconductor at room temperature, the method comprising:

providing an organic thin film transistor with a metal gate that supports surface plasmon

polaritons (SPP) or other tightly confined optical modes;

applying negative/positive gate voltage to the metal gate thereby accumulating a large

hole/electron density in the channel of the device; and

generating charged polaron polaritons through the interaction between the holes/electrons

and the SPP.
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