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Abstract
WestudyFrenkel exciton-polaritonBose–Einstein condensation in a two-dimensional defect-free
triangular photonic crystalwith anorganic semiconductor activemediumcontainingbound excitons
withdipolemoments oriented perpendicular to the layers.Wefindphotonic Blochmodes of the
structure and consider their strong coupling regimewith the excitonic component.Using theGross–
Pitaevskii equation for excitonpolaritons and theBoltzmann equation for the external exciton reservoir,
wedemonstrate the formation of condensate at thepoints in reciprocal spacewhere photongroup
velocity equals zero. Further,wedemonstrate condensation at non-zeromomentumstates for transverse
magnetic-polarized photons in the case of a systemwith incoherent pumping, and show that the
condensation threshold varies for different points in the reciprocal space, controlled by detuning.

1. Introduction

The large exciton binding energy andoscillator strength of organicmaterials embedded in light-confining
structures such as optical cavitiesmake it possible to achieve giant energies of theRabi oscillations desired for
room-temperature exciton-polariton (EP) condensation [1–3]. In this respect, two-dimensional (2D)photonic
crystals (PC), which canbe easily integratedwith organicmaterials [4, 5], are a current area of focus. Lowgroup
velocity of theoptical Blochmodes at the edgeof the conduction bandprovides for a long lifetime of the slowwaves
and thus seemspromising for the realization of polariton condensation, similar to the enhancement of coherent
emission indefect-free photonic crystals [6–9].

A considerable number of organic semiconductors, such as thiophene/phenylene co-oligomer single crystal,
1,4-bis(5-phenylthiophen-2-yl)benzene and 2,5-bis(4-biphenyl)thiophene [4, 5], have transitiondipolemoments
oriented along the vertical directionwith respect to themain crystal face. For this reason, these organic crystals are
inappropriate for strong interactionwith the opticalmodes of a Fabry–Perot cavity,where the electricfield is
orientedperpendicular to thedipolemoment. Instead, aswewill show in the case of 2DPCs, transversemagnetic
(TM)modes have the electricfield component perpendicular to the planeof the crystal and therefore canbe
strongly coupledwith excitons. It can benoted that there exist othermaterials, such as cyano-substituted
compound2,5-bis(cyanobiphenyl-4-yl) thiophene, inwhich the transition dipolemoment lies in the in-plane
directionwith respect to the crystal face.While suchmaterials can be assumed to demonstrate strong couplingwith
theFabry–Perot cavities or transverse electric (TE)modes ofPCs [10], supportingΓ-point condensation in the
reciprocal space, this case is trivial andbeyond the scope of ourmanuscript. It shouldbenoted that, unlike the
nanostructure proposed in [10], herewe study structureswhich fabrication is easier.

In thismanuscript, we consider a 2DPC represented by a triangular lattice of pillars supporting the
emergence of band gaps for both TE andTMpolarizations. In principle, 2DPCs provide two types of exciton-
photon quasiparticles. Thefirst type results from coupling between excitonic and photonicmodes below the
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light cone (free photon dispersion), with suchmodes called guided PCpolaritons. The second type, called
radiative polaritons, constitutes the excitons lying above the light cone. Polaritons of the latter type can be
effectively analyzed by angle-resolved spectroscopy, under the condition that the exciton-photon coupling is
much greater than the intrinsic photon linewidth [11]. These twomodes can be employed differently; in
particular, the radiativemodes can be used as efficient reflectors [12], whereas the guidedmodes can be utilized
for the realization of strong light–matter interaction in such devices as vertical cavity surface emitting lasers [13]
and polariton lasers [14]. Themain advantages of 2DPCs constitute cheap and relatively simple fabrication
technique, scalable and stable technology, relatively strong light confinement in plane, which promotes strong
light–matter interaction. The disadvantages of 2DPC are low confinement comparing to 3DPCs and possible
losses along z direction.

Both types of polaritons can bemade of photons representing slowBlochmodes (SBM), confined in 2DPCs
in the vicinity of the extremumpoints at the edge of the photonic band gap, where the group velocity
approximately equals zero [6]. Slow velocity of themodes results in long optical paths, or in other words, nearly
total light confinement. This effect has been used formode synchronization in organic lasers [7], and has also
proved to be efficient for lasing threshold reduction in vertical cavity surface emitting lasers [15] and in 2DPC
lasers in the strong coupling regime.Notably, such lasers exhibitmuch lower threshold gains [9].

The lifetime of the Blochmodes ismostly determined by the lateral quality factor of the PC,which itself
depends on the size and quality of the nanostructure. The vertical quality factor can be considered infinitely high
for 2DPCs of sizes greater than a hundredmicrons.

2. Photonic band structure

Our system schematic is presented infigure 1. The structure consists of aluminumnitride (AlN) high aspect ratio
micro pillars of radius 450 nm forming the photonic crystal, with a lattice constant of 1 μmand a refractive index
(n) of 2.15. The transparent layer consists of a polymermaterial with optical properties close to air. Generally, the
substrate can provide for optical confinement in the vertical direction and should therefore be chosen from
materials with refractive indices lower than that of AlN.One can choose Si3N4 as the substratematerial, which
can be implemented inAlN growth technology.We consider the system to be effectively 2D in our calculations
and neglect the influence of the substrate on the optical properties of the system.

Indeed, the design assumes the lightmomentum lying in the x–y plane. Effectively there is no light
propagation in the substrate. For this reasonwemodel the system as an effectively 2DPC.

Further, in order tomake the light–matter coupling effective and strong, the thin active layer is firmly set
onto the PC. The thickness of the active organic layer we take three orders ofmagnitude less than the photonic
crystal thickness. The structure is exposed to an electromagnetic wave falling at the edge of the PC, nearly
parallel to the layers of the structure. It should be noted that normal incidence does not provide for light
confinement, which is necessary for a finite photon lifetime in the system, and is thus outside the focus of
our study.

Figure 1.Hexagonal photonic crystal with lattice vectors a1, a2 and reciprocal lattice vectors b1, b2 covered by a transparent layer of a
polymer (semi-transparent gray) and a highmolecular orientation organic active layer 1,4-bis(5-phenyl thiophen-2-yl)benzene
(green). The system can be excited by an electromagnetic field through the edges.
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Weemploy a standard Fouriermethod in order to decouple theMaxwell’s equations andfind independent
behavior of the TE andTMpolarizations, using separate equations for themagnetic and electric fields. Both the
magnetic and electricfields are coplanar to the z axis. In the case of TE polarization, time harmonic field
components can be presented in the following form [16, 17]:

w= w-( ) ( ( ∣ ) ( )H expH r r, t 0, 0, , 1z
i t

w w= w-( ) ( ∣ ) ( ∣ ) ) ( )E E expE r r r, t , , 0 , 2x y
i t

where ( )x yr , is the coordinate in the xy plane. Inserting (1) and (2) intoMaxwell’s equations in the frequency
domain, wefind:
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Further, we use the Bloch decomposition,

åw = - +( ∣ ) ( ) ( )( · · )H Ar k e , 4z
G

G
k r G ri

where the summation is taken over the reciprocal lattice vectors, = +G n mb b1 2, where n andm are integer
numbers. Inserting (4) into (3), we obtain the eigenvalue problem for the TE-modes:
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where  ¢G G, is the dielectric permittivity.
Let us now consider TMpolarization, where

w= w-( ) ( ( ∣ )) ( )E expE r r0, 0, , 6z
i t
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Thenwewrite downMaxwell’s equation,
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and by substituting the ansatz

åw = - +( ∣ ) ( ) ( )( · · )E Br k e 9z
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we arrive at the eigenvalue problem:
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It should be noted that the Fourier approach employed here is only valid for perfectly periodic photonic
crystals. In reality, one should also account for the fact that the 2DPC is not infinitely large or lossless. For
dielectricmaterials with small absorption coefficients, one can apply an effective Fourier approach inwhich the
imaginary part of permittivity is considered as a perturbation [6]. In order to account for the finite lifetime of
photons, we use experimental data for the absorption coefficient [18]which gives us an imaginary part of the
permittivity of about 10−4. Thenwe use the complex-valued permittivity and find complex eigen frequencies
which give us the photon lifetime. Thefinite size of PCs and imperfections of a real sample lead to a reduction in
photon lifetime, the effect of which is important for the Blochwaves under the light cone. For thesemodes,
material losses do not reduce the photon lifetime, and imperfections of the geometry can be considered as the
only source of dissipation.We include thismechanismof energy relaxation in ourmodel phenomenologically,
as discussed below.

Whenwe apply equation (10) tomodel our system (figure 1), wefind that the structure favors two energy
minima in the spectrumof the TMmodes (see figure 2). It is important that the TMmode supports the
emergence of the SBMoften associatedwith the emergence of theVanHove singularity [19]. One of theminima
is located at the high-symmetryM-point of the Brillouin zone, and the other lies above the light cone in the
vicinity of theK-point. Suchmodes (lying above the light cone) are usually referred to as radiated or quasi-
guidedmodes since they can radiate in free space. Themodes lying below the light cone (guidedmodes) are
confined and can only radiate through imperfect sidewalls of the crystal or other disorders in the PC
structure [14].

As it was shown in [10],fluctuations of shapes and sizes of the basic elements (such as pillars, holes, rods)
forming the PC lead to the variation of the photonic bandgap edge.However, as it was shown, the randomness of
around 20 nm leads to deviation of the PC band edge less than 2%.Withmodern lithography and plasma
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etching technologies, one can easily achieve resolution higher than 20 nm, it allows us to disregard these
fluctuations.

3.Quality factor

Themain condition for the strong coupling regime, which provides for EP formation, can be roughly stated as

t tW > 1 , 1C XR , whereΩR is the Rabi frequency, standing for the rate of energy exchange between the
excitonic and photonic components, and τC and τX are the lifetimes of the photons and excitons, respectively. In
case of organic polaritons, based on Frenkel excitons with typically long lifetimes, the lifetime of the particles is
mostly determined by the photonic component. By definition, the latter is determined by the quality factor of
the PC and frequency τC=2πQ/ωreal. The relation between the optical pumping rate and EP inverse lifetime
determines the possibility of Bose–Einstein condensate (BEC) formation. Clearly, an increase of both the
lifetime and the pumping rate allows one to achieve critical polariton concentration for BEC formation.

In 2DPCs, the full quality factorQ can be found as the inversed sumof vertical and lateral quality factors:
Q−1=Q−1

v +Q−1
l . The lifetime of the Blochmodes, which lie above the light cone and can be coupledwith

free-spacemodes, is determined by the vertical quality factorwhich is a characteristic of the radiation losses in
the perpendicular direction [20], w w= --Q 2v

1
real im, whereωreal,ωim are the real and imaginary parts of the

frequency of the Blochmodes [21].We can estimateQv of a 2DPCoffinal size L using the assumption that such a

PC supportsmodeswithmean in-plane µk
L

1 . It is known that if, approximately, L>100 μm, then

Qv>50 000 [20]. Thus the totalQ ismainly determined by the lateral losses.
In turn,Ql depends on the band structure, size, and disorder of the nanostructure, and it can be estimated

with a phenomenologicalmodel [21]:
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whereR is themodal reflectivity,α is band curvature in the vicinity of theminimum (the second derivative of the
dispersion), the group velocity can be expressed as vg=α k, p is an integer number, andfr is the phase of the
modal reflectivity at the edges of the 2DPC. The phase andmomentum are connected via the expression

kL=pπ−fr, which allows us to simplify equation (11) to the following form: = -p
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Obviously, the quality factor is determined by the size of the PC and the group velocity. Then, forR=0.99% the
lateral quality factor close to theminimumon the band edge can be estimated asQl≈2000, and polariton
lifetime in this structure is τp≈5 ps.

Note that a typical quality factor of AlNhexagonal crystals is high enough for strong coupling, with such
structures commonly used asmicrowirewaveguides [13, 22]. It is, however, insufficient to provide a thermal
state for BEC, and therefore wewill consider nonequilibrium condensation. Thus, our system is describedwith a
kinetics approach. Another beneficial property of AlN is that it has a small latticemismatchwith other nitride-
based semiconductor alloys [23]; moreover, AlN stress-free layers can be easily grown on Si/SiC substrates [24].

Figure 2. (a)Band structure of the 2Dphotonic crystal (presented infigure 1) showingTE-modes (red solid lines) andTM-modes
(blue solid lines). The light cone and exciton dispersion are shownwith the brown and black dashed lines, respectively. The lower
polariton branch corresponds to the black solid curve. (b)A2Dphoton dispersion for the TM-modewhichwe couple to excitons.
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4.Dispersion relation

In organic activemedia, one can observe tightly bound Frenkel excitons with a typical size of one angstrom. This
fact allows us to neglect the influence of the periodic structure of the 2DPCon the excitonwave function and
consider non-uniform electric fields only. EPs emerge asmixedmodes of the electromagnetic field and the
exciton resonance, thus having the dispersion [10]:

w
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Themolecular packing density here can be estimated asN/V≈10−3Å−3, m »∣ ∣ 25 Debye. The estimations
with formula (13) give exaggerated values ofmore than 1 eVwhich do not complywith experimental data. This
discrepancy is due the fact that 99%of the excitons being uncoupled. For our simulations, we choose an
experimentally demonstrated value of the Rabi energy typical for a planar geometrywith an organic active layer,
 W » 100 meVR [4, 25], which corresponds to 1%of coupled exitons.

While the Rabi energy in typical Fabri–Perot cavities with organic active regions varies between 100 and
800meV [26–28], in our case it takes the lowest limit since we have laminated the active layer on top of the PC.
This configuration does not allow the achievement of full overlap between the electric field and the dipole.
Such values ofΩR typical for organicmicrocavities aremuch higher comparedwith GaAs/InGaAs quantum
well-basedmicrocavities due to the extremely high transition dipolemoment that is typical for organic
materials [26–28]. For a defect-free PC the electric field localizes in the Fabry–Perotmicrocavity, where the
quantumwell plays the role of a defect in 1DPC. But in the case of 2D PC, the active region covers the whole
surface of the sample; therefore, the overcrossing of the dipole and the photon field in each elementary cell is
small, yet for the whole sample the Rabi constant is quite high.

Figure 2(a) shows the results of the photonic band gap calculation: the red and blue lines correspond to TE
andTMmodes, respectively, and the black line shows the EP dispersion. The latter curve has twominimawhich
can be considered as traps for polaritons, where their condensationmight take place. It should be noted that we
do not describe the polaritons based onTE-modes since first,most organic active regions have dipolemoments
oriented perpendicular to the surface of lamination, and second, the bandgap for TE-modes is less than the trap
for the polaritons, resulting in nonzero group velocity and instability of the condensate.

5. Condensation kinetics

Afterfinding the bare EP dispersion, we can describe EP dynamics within themeanfield approximation, where
the EPfield operator, Ŷ( )tr, , is averaged over the z-direction and treated as the classical variable y ( )tr, with
Fourier image y ( )tk, . The corresponding equation ofmotion reads [30]:
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where -1 is the inverse Fourier transform,α is a parameter describing the strength of particle–particle
interactions, and τ is polariton lifetime. It can be estimated as:α≈(10−22/L) eV cm2, where L is the thickness of
the active layer [1].We use a valuewhich is three orders ofmagnitude less thanwhatwe usually have inGaAs
microcavities [29]. On one hand, such a small value ofα does not lead to a significant blueshift. On the other
hand, themain driver of condensation is still the cubic term in equation (14). The term  t y- ( )i 2 accounts for
the radiative decay of particles. Safely assuming that exciton lifetime τX lies in the nanosecond range and ismuch
greater than photon lifetime, we consider that polariton lifetime τ is determinedmostly by themicrocavity
photon lifetime, which is t w= [ ]1 ImC k

C where τC is determined by thematerial properties and geometry of
the PC (see the discussion above).

Nowwemodel the evolution of the exciton density in the reservoir, nX, using the equation [30]:

t
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where τX is exciton lifetime, P is the incoherent pumping power, and γ is the rate of polariton formation fed by
the excitonic reservoir.
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Using (14) and (15)wecalculatepolaritondistribution in the reciprocal space (figure3). The colormaps
demonstrate thatEPcondensationoccurs atnonzeromomenta states. Indeed,EPs condense at theminima,where the
photongroupvelocity turns into zero. It canbe seen that inboth typesofpoints,withone located at theM-point ink-
space and theother locatedbetweenΓ andKpoints (seefigure2),weobserve a threshold-likebehavior.At small, under-
thresholdpumpingpowers, theparticles are thermally distributed athigh energies above thegroundstate(s), as seen in
figure 3(a). Theminima remainnearlyunoccupied.With an increaseofpumpingpower (figure3(b)), theparticles start
to accumulate at the inflectionpointsof thedispersion andweobserve thebottleneck effect [31, 32]. The last panel
(figure 3(c)) corresponds to the above-thresholdpumping,when theparticles start toBose-condense at theminima.

Figure 4 illustrates that the condensate formation varies for different points in k-space.We attribute this to
the difference in the detunings of exciton energy and PCphoton energy. Consequently, as expected, the less-
detunedM-point ismore susceptible to condensation and exhibits a lower threshold.

6.Discussion and conclusions

Wehave demonstrated the formation of organic exciton polaritons in a triangular lattice of AlN pillars, forming
a 2Dphotonic crystal, and shown that BEC can take place at theminima of the band diagramwhere photon
group velocity equals zero. Such dispersion acts as a set of traps for particles, and it can be employed to achieve
polariton condensation at non-zeromomenta, whichmay be useful, for example, in valleytronics [33] and for
spontaneous symmetry breaking. It should also bementioned that one can replace our periodic (solid state)

Figure 3.Colormaps of the exciton-polariton distribution in reciprocal space for different pumping powers: (a)P=0.01 μm2 s−1,
below threshold thermal distribution; (b)P=0.1 μm2 s−1, close to the threshold distribution, or bottleneck region; and (c)
P=0.3 μm2 s−1, above threshold.

Figure 4.Exciton-polariton density inμm−2 at the bottomof the trap as a function of reservoir pumping.
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crystal with an optical lattice produced by crossed laser beams, as in cold atomic systems. Then it becomes easy to
in situ vary the optical properties of the PC.

In the framework of ourmodel, we found different particle densities at different points in k-space, controlled
by the varying exciton-photon detuning at different points. In contrast to BEC in conventional quantumwells
based on inorganic semiconductors, here organicmaterials with highmolecular orientation provide selective
couplingwith TM (as opposed to TE) polarizedmodes and produce strong coupling due to the giantmagnitude
of the dipolemoment, as opposed to regular inorganic excitons.

Exciton polaritons can be studied in variousmaterials, such as traditional III–V semiconductors and 2D
dichalcogenidemonolayers [34, 35]. However, organic polymers can be distinguished by relatively simple
fabrication procedure (in contrast to expensiveMBE technology).Moreover, polymers provide higher light and
matter cross-section, which results in higher Rabi energies and relatively high operation temperatures. One of
the drawbacks is that, asmentioned before, the number of coupled excitons is quite low in organicmaterials
(1%). It reduces the actual value of the Rabi splitting. This drawbackmight be overcome in future if one realizes
how to enforce the interaction between themolecular excitons and thus involvemoremolecules into the process
of couplingwith light.
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