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Abstract 

We demonstrate an all-organic, one-dimensional photonic crystal tuned to the regime of strong 

exciton-photon coupling.  The structure consists of a high index of refraction light-absorbing 

active layer periodically distributed in a low index of refraction non-absorbing background 

medium.  The strongly coupled state in this structure is shared between multiple active layers 

separated by distances longer than the wavelength of light in the structure.  In order to 

characterize the potential for long-range energy transfer, the photon-mediated exciton 

hybridization of multiple absorbing species is examined as a function of the spatial arrangement 

of the active layers in the photonic crystal. 
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Extensive attention has been devoted to the study of semiconductors embedded in optical 

nanostructures that confine the electromagnetic field and enhance the light-matter interaction.1-11 

When the transition energies of the exciton in the semiconductor and the photon mode are 

degenerate, an exciton-photon interaction occurs resulting in two distinct regimes of coupling 

depending on the relative magnitude of the respective transition linewidths.12  The energy figure 

of merit separating these regimes is termed the Rabi splitting.12  When either the photon or 

exciton linewidth exceeds the Rabi splitting, the regime of weak exciton-photon coupling is 

reached.  This leads to a modification of the emission characteristics of the exciton, both in terms 

of the spectral shape and excited state lifetime.13,14  If the photon and exciton transition 

linewidths are less than the Rabi splitting, the regime of strong coupling is realized.  The strongly 

coupled regime is characterized by a reversible energy exchange between the photon mode and 

the exciton resulting in the appearance of new eigenstates known as exciton-polaritons.8,15  

Exciton-polaritons exhibit an energy-in-plane wavevector (or angle of incidence) dispersion 

consisting of two branches which anti-cross at the point of degeneracy.16  

Frequently, the regime of strong coupling is accessed by placing the absorbing 

semiconductor layer at the antinodes of the confined field in an optical microcavity.8,15  

Comparable exciton-photon interactions, however, have also been demonstrated in one-

dimensional (1D) photonic crystals.17-20  These structures are fabricated by periodically arranging 

the active layers for strong coupling in a uniform non-absorbing material.21  The periodicity of 

the active coupling layers is an integer multiple of half the desired resonant photon wavelength.21  

Multiple reflections at the dielectric-active layer interfaces add constructively to establish the 

photon modes (or Bragg modes) of the system.22-25  A large index contrast between the dielectric 
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and active layers is critical in realizing spectrally narrow photon modes and a resolvable exciton-

photon coupling.19  Various active coupling layers including inorganic semiconductors and 

layered perovskites have been used to observe strong coupling in 1D photonic crystals.17-19,26  

Indeed, polariton amplification was recently demonstrated in a 1D photonic crystal containing 

quantum wells of InGaAs as the active layers.19  The regime of strong coupling has also been 

observed in two-dimensional photonic crystals with semiconductor quantum dots used as the 

absorbing active material.27,28  The strongly coupled state in 1D photonic crystal systems is 

shared among the multiple absorbers of the structure which are often separated by large distances 

exceeding the wavelength of light.  This long-range coupling of semiconductor excited states 

makes these structures attractive for realizing non-radiative energy transfer over large distances.  

Thus, the term long-range refers to the strong coupling that occurs over the entire thickness of 

the photonic crystal.  A similar effect would be difficult to achieve in a conventional optical 

microcavity as increasing the cavity length reduces the optical field overlap with the active 

coupling layer, decreasing the light-exciton coupling.  

In this work, an all-organic semiconductor 1D photonic crystal exhibits strong exciton-

photon coupling between multiple layers of the active material tetraphenylporphyrin (TPP) 

spaced in a uniform dielectric background.  The large exciton binding energy and absorption 

coefficient of TPP (Fig. 1a) enable the observation of strong coupling in measurements of room 

temperature reflectivity with a Rabi splitting of (75 ± 7) meV.29-31  While previous work on all-

inorganic 1D photonic crystals has also led to the observation of strong coupling, these studies 

have not investigated the crucial question of long-range coupling between individual active 

layers in the structure.  Here, by including a second organic semiconductor active material, 
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octaethylporphyrin (OEP, Fig. 1a), in the photonic crystal, we demonstrate long-range, photon-

mediated hybridization between two different organic semiconductors (TPP and OEP).32 

 Photonic crystals were constructed by depositing organic thin films onto glass substrates 

using vacuum thermal sublimation at a pressure of 8x10-7 Torr. For photonic crystals containing 

only a single absorbing active material, the structure consisted of 8 periods of a 190.5-nm-thick 

layer of the background dielectric material bathocuproine (BCP) and a 10-nm-thick layer of the 

active material TPP.29,30  The layer sequence and index of refraction profile for this structure are 

shown in the inset of Fig. 1b.  A transfer matrix formalism was employed to simulate the optical 

field and confirm that the active layers are placed at the antinodes of the confined optical field 

(Fig. 1b).33  The wide energy-gap material BCP was chosen as the background dielectric material 

in order to prevent parasitic absorption at the energies of interest for strong coupling.34  

Reflectivity measurements were performed using a variable-angle spectroscopic ellipsometer 

with s-polarized light illumination. 

In order to characterize the stop band of the photonic crystal, reflectivity spectra were 

simulated using an optical transfer matrix model with a static index of refraction n=2.1 and an 

extinction coefficient k=0 for TPP (shown in Fig. 1c).  The structure exhibits a 0.27 eV wide 

photonic band gap centered at ~2.0 eV with Q=17 corresponding to a photon Bragg mode 

FWHM linewidth of 68 meV.  A single, 10-nm-thick active layer of TPP embedded within a 

photonic crystal was confirmed via optical transfer matrix simulations to not be sufficiently 

absorptive to reach the regime of strong coupling.  Hence, the observation of a splitting using the 

structure shown in Fig. 1b would already suggest that the coupling occurs amongst multiple 

active layers. 
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 The photonic crystal of Fig. 1b was tuned to overlap with the excitonic transition of TPP 

at 1.908 eV (Fig. 1a).  Angle-resolved reflectivity spectra for the photonic crystal of Fig. 1b are 

shown in Fig. 2a.  Two spectral features clearly anti-cross around the uncoupled excitonic 

resonance of TPP, indicating strong coupling between an optical mode of the photonic crystal 

and the excitonic transition.  A third feature observed at high energy (>2.05 eV) results from the 

hybridization of the resonant photon mode with both the 1.908 eV and 2.091 eV excitonic 

resonances of TPP.  The additional feature observed at low energy (<1.85 eV) is a lower order 

mode of the photonic crystal. 

The reflectivity spectra of Fig. 2a were multi-peak fit to construct a dispersion relation 

for the exciton-polariton resonances (Fig. 2b).  Figure 2c shows an example of peak 

deconvolution for a reflectivity spectrum collected at an angle of incidence of 40° for the 

structure of Fig. 1b.  The experimental dispersion curve is in good agreement with a damped 

two-branch coupled oscillator model (Fig. 2b, solid lines) with fixed parameters that are 

separately determined.  A Rabi splitting of (75 ± 7) meV was calculated as the minimum 

energetic separation between the upper and lower branches.  The photon dispersion (Fig. 2b) and 

linewidth (FWHM = 72 meV) of the photonic crystal were determined via an optical transfer 

matrix formalism with no free parameters as all layer thicknesses and optical constants for the 

organic materials were separately measured.  The TPP exciton linewidth (FWHM = 69 meV) and 

energy (1.908 eV) were determined from the absorption spectrum of Fig. 1a. 

For the hybridized structure that contains two absorbing species (Fig. 3a), the layer stack 

consisted of 4 periods of a 160.5-nm-thick layer of BCP and a 20-nm-thick layer of TPP, 

followed by 4 periods of a 90.5-nm-thick layer of BCP and a 80-nm-thick layer of OEP.  In this 
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structure, both TPP and OEP serve as the active layers for strong coupling.  Transfer matrix 

simulations were again used to ensure maximum overlap between the optical field and each of 

the active layers (Fig. 3a).33  The absorption coefficient of OEP is roughly a factor of two smaller 

than that of TPP (Fig. 1a).  Since the Rabi splitting in strongly coupled organic semiconductor 

microcavities increases with active layer absorption,31 the total layer thickness of OEP in the 

structure is made considerably thicker than that of TPP in order to realize a comparable exciton-

photon interaction.  By including a second active material, multiple excitonic transitions in the 

photonic crystal are hybridized via their common interaction with the photon mode.  The periods 

containing TPP and the periods containing OEP are located at opposite ends of the structure of 

Fig. 3a.  Since the optical excitation is through the periods containing TPP, this arrangement 

permits the spatial extent of strong coupling to be studied as coupling to OEP will only occur if 

substantial optical field intensity is present throughout the structure. 

Figure 3b shows angle-resolved reflectivity for the photonic crystal of Fig. 3a which 

contains two active materials, namely, TPP and OEP.  Three prominent features, particularly at 

an angle of 70°, are observed due to the photon-mediated hybridization of the excitonic 

transitions of TPP at 1.908 eV and that of OEP at 1.958 eV with the optical mode of the photonic 

crystal.  The two additional spectral features observed at high energy (>2.05 eV) are attributed to 

a coupling between a higher order mode of the photonic crystal and the TPP excitonic resonance 

at 2.09 eV while the additional spectral feature observed at low (<1.85 eV) energy is a lower-

order mode of the photonic crystal.  Multi-peak fitting was performed on the reflectivity spectra 

to extract the position of each feature and construct a dispersion curve (Fig. 3c).  Branch 

splittings of (40 ± 7) meV and (41 ± 7) meV are determined as the minimum energetic separation 

between the middle and lower branches (TPP exciton), and the upper and middle branches (OEP 
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exciton), respectively.  As in the case of the photonic crystal of Fig. 1b, a transfer matrix 

simulation was used to determine the photon dispersion and linewidth (FWHM = 39 meV) of the 

photonic crystal.  The aforementioned parameters and exciton linewidths of TPP (FWHM = 69 

meV) and OEP (FWHM = 70 meV) as determined from Fig. 1a were set as fixed parameters in a 

damped three-branch coupled oscillator model.  Good agreement is obtained in Fig. 3c between 

experiment (symbols) and the damped three-branch coupled oscillator model (solid lines).   

Figure 4 shows the mixing coefficients extracted from the three-body coupled oscillator 

model plotted versus angle for each branch of the dispersion relation in Fig. 3c.19  The lower 

polariton branch exhibits symmetrically varying degrees of photon and TPP exciton character.  

The middle polariton branch demonstrates significant mixing between the photon, the TPP 

exciton and the OEP exciton.  Maximum mixing occurs at an angle of ∼55°, where the middle 

branch polariton character is equal parts TPP and OEP exciton (~42%) and ~16% photon.  

Consistent with previous reports of photon-mediated hybridization, the large branch splittings 

lead to a gradual middle branch dispersion with angle and a small photon contribution to the 

overall character of the middle branch.32  The upper branch consists mainly of OEP exciton and 

photon character with some mixing of the TPP exciton occurring at large angles.  The presence 

of hybrid exciton-polariton states in the structure confirms that long-range strong coupling is 

present as the resonant photon mode clearly samples the entire structure. 

In examining the reflectivity spectra obtained from the structures of Fig. 1b and Fig. 3a, it 

is interesting to note that in both cases, the observed Rabi splittings are comparable in magnitude 

to the respective exciton and photon linewidths.  Broad exciton linewidths are frequently 

observed in disordered organic semiconductors, and have been previously discussed in the 
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context of polariton coherence.  Work by Agranovich et al.35 has suggested that depending on 

their energy and in-plane wavevector, polaritons in such systems can exhibit either coherent or 

incoherent behavior.  For the photonic crystal structures investigated here, a closer examination 

of polariton coherence could reveal a similar behavior.  

In conclusion, an all-organic 1D photonic crystal is demonstrated that permits the 

observation of strong exciton-photon coupling at room temperature with Rabi splittings that are 

an order of magnitude larger than those observed in inorganic analogs.18  The long-range 

character of the coupling is confirmed through the observation of photon-mediated exciton 

hybridization between two different absorbers that are spatially separated in the structure.  While 

in this work the separation between absorbers is 90.5 nm, the extended nature of the photon 

mode will permit hybridization to be observed over considerably larger distances as well.  The 

unique attributes of all-organic photonic crystals tuned to the regime of strong exciton-photon 

coupling make this an interesting platform for the examination of energy transfer between 

spatially separated excited states.  Additionally, these structures could offer new opportunities 

for the development of polariton-based devices. 

Primary support for this work was received from the NSF MRSEC Program under Award 

Number DMR-0819885.  Part of this work was carried out in the Institute of Technology 

Characterization Facility, University of Minnesota, which has received funding from NSF 

through the MRSEC, ERC and MRI programs. 
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Figure Captions: 

Fig. 1: (a) The absorption coefficient for 70-nm-thick films of TPP and OEP on glass. (b) 

Photonic crystal discussed in the text containing eight periods of: 190.5 nm BCP and 10 nm TPP.  

The solid line overlaid over the index of refraction profile is the optical field intensity simulated 

using a transfer matrix model at an angle of incidence of 27.5° and a wavelength of λ = 650 nm 

(1.91 eV). (c) Reflectivity spectrum at 15° simulated for the structure of Fig. 1b with a static 

index of refraction of n=2.1 and an extinction coefficient of k=0 for TPP. 

Fig. 2: (a) Angle-resolved reflectivity and the corresponding dispersion relation (b) collected 

under s-polarized light illumination for the structure in Fig. 1b.  In part (a) the vertical solid line 

denotes the uncoupled exciton resonance of interest while the broken lines indicate the position 

of strongly coupled features.  In part (b), the horizontal solid line designates the uncoupled 

exciton resonance, the broken line is the simulated uncoupled photon dispersion and the solid 

lines are dispersion curves obtained from a damped two-branch coupled oscillator model. (c) 

Multi-peak fitting for the reflectivity spectrum of Fig. 2a collected at an angle of 30°.  The 

spectrum is deconvoluted by multi-peak fitting with two Lorentzian peaks representing the lower 

and upper polariton branches. 

Fig. 3: (a) Photonic crystal used to examine photon-mediated exciton hybridization.  The 

structure consists of 4 periods of 160.5 nm BCP/20 nm TPP followed by 4 periods of 90.5 nm 

BCP/80 nm OEP.  The solid line is a simulated optical field intensity profile at 70° and a photon 

wavelength of λ = 642 nm (1.93 eV).  (b) Angle-resolved reflectivity collected under s-polarized 

light illumination and (c) the corresponding dispersion relation.  In (b), the reflectivity spectrum 

collected at 70° (bold) exhibits three clear features confirming photon-mediated hybridization 
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between the excitons of TPP and OEP and the photon mode.  The vertical solid lines denote the 

uncoupled exciton resonances of interest while the broken lines indicate the position of strongly 

coupled features.  In (c), the solid horizontal lines denote the position of the uncoupled exciton 

resonances, the broken line is a simulated uncoupled photon dispersion curve and the solid lines 

are dispersion curves obtained from a damped three-branch coupled oscillator model. 

Fig. 4: Mixing coefficients extracted from the dispersion relation of Fig. 3c for the lower (a), 

middle (b) and upper (c) branches.  The middle branch demonstrates the most significant mixing 

between the TPP and OEP excitons and the photon mode of interest. 
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