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This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/pssb.202000235.
This article is protected by copyright. All rights reserved

microcavity containing strongly coupled excitons with in-plane uniaxially oriented transition dipole
moments and presents a different interpretation to a previous report. The propagation of the electric
field inside the cavity is discussed and a distinction is made between two different physical cases: the
first, previously observed, and the second, which enables the interpretation of measurements
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performed on a microcavity containing an oriented layer of liquid-crystalline
poly(9,9-dioctylfluorene). In all cases, the reflected and transmitted electric fields derive from
photons leaking parallel and perpendicular to the transition dipole moment orientation.

1 Introduction

Exciton-polaritons in solid state microcavities are an active field of research thanks to their
potential for both fundamental (Bose Einstein condensation [1, 2, 3], light superfluidity [4, 5]) and
practical applications (optical transistors [6], exciton-polariton lasers [7, 8], light-emitting diodes
[9]). Since their first observation [10] in a planar microcavity, in which an excitonic medium is
sandwiched between two mirrors, a wide variety of materials including III-V [10] and II-VI [11]
inorganic semiconductors, semiconducting conjugated polymers [12], small molecules [13],
perovskite [14] and 2D-materials [15] have been used for their fabrication.
Strongly coupled microcavities contain layers of material whose optical refractive indices,
shaped by the physical properties of the excitons, can exhibit different forms of anisotropy. The
exciton transition dipole moment

can for example lie parallel to the mirrors [16]

(in-plane/out-of-plane anisotropy) where it can further adopt a preferential orientation (in-plane
uniaxial anisotropy), for instance along crystalline axes. [17] Recent experimental demonstrations of
strong coupling (SC) using oriented J-aggregates, [18] nanotubes (made of carbon [19] or tungsten
disulfide [20]), liquid crystals [21] and liquid crystal conjugated polymers (LCCP)s [22] have been
reported and study the influence of orienting

on the resulting polaritons.

Fitting the energy dispersions of the minima (maxima) of the reflected (transmitted) intensity
This article is protected by copyright. All rights reserved

spectra obtained by varying the polar angle

(shown in Figure 0) is usually sufficient to

characterize the strength of the interaction taking place inside a microcavity, as increasing

is

equivalent to increasing the cavity mode energy, which close to the excitonic resonance splits into
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two extrema, the lower and upper polaritons (LP, UP) separated by the Rabi-splitting energy

R

.

For microcavities containing excitons whose transition dipole moments are oriented in-plane along a
given direction, the interpretation of the transmissivity and reflectivity spectra is less straightforward
as the electric field in the polaritonic modes becomes fully concentrated along the transition dipole
moment, a result previously demonstrated by Litinskaya et al. [23] and Balagurov et al. [24]
Here, we examine the specific case of a TE-polarized wave incident on a microcavity
containing strongly coupled excitons with
effect of rotating the electric field

E

oriented along

e

y

(see Figure 0). We focus on the

with respect to the azimuthal angle

(represented in Figure 1)

and show that in the presence of cavity damping broad enough compared with
Rabi-splitting energy induced by the excitons in the
exhibit two extrema which get closer in energy as

e

y

(the

direction) the transmissivity and reflectivity

is increased.

Whilst this result resembles the one obtained when increasing
microcavities where

0 y

in strongly coupled

has no preferential in-plane orientation, we show that the extrema are in fact

the superposition of separate intensities originating from the propagation of two waves dephased by
experiencing either the permittivity brought about by the excitons along
extrema) or the background permittivity along

ex

e

y

(yielding the LP and UP

(yielding a photonic mode extremum). We

underline that this measurement has previously led to a different interpretation. [19]
When

0 y

is much larger than the cavity damping, we recover signals in which the three

extrema become clearly resolved and do not experience any spectral shift upon increase of

. We

support our results by fabricating and measuring the TE-reflectivity from a metallic microcavity
containing an oriented layer of liquid-crystalline poly(9,9-dioctylfluorene) (PFO).
This article is protected by copyright. All rights reserved

2 TE-polarized Wave Propagation

We first examine the propagation of an incident TE-polarized wave inside a microcavity
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containing excitons with

oriented along

e

y

. The geometry is shown in Figure 1.

In the linear approximation, the dielectric permittivity tensor of the cavity layer takes the
form:

where

0

(

) =

0

x

0

0

0

y

0

0

0

z

(1)

is the permittivity in vacuum. In the outside medium, a TE-polarized plane wave incident

on the microcavity can be written:

where:

E 0 = E0 xex
i

i

E i (r , t ) = E 0 e

j[ k x
x

k

y

y

k z
z

t]

(2)

,

i

E0 yey

. The propagation of TE-polarized waves in birefringent media is well

i

documented [25, 26, 27]: if

E0

is parallel to either
i

ex

or

e

y

then the wave propagates

experiencing the corresponding axis permittivity (see Figure 1 (b)), otherwise the

x

and

y

components propagate separately and are dephased according to the in-plane anisotropy of the
medium.

We now focus on angle-resolved transmissivity and reflectivity spectra which commonly
allow characterization of the SC regime. We take below the example of reflectivity but note that the
reasoning and therefore results, are qualitatively similar for transmissivity. We use a Lorentzian
model to represent the electric susceptibility of the excitons inside the cavity layer:
2

( ) =

4g0
2

2

ex

where

g0

is the amplitude of the resonance,

ex

,
j

(3)

ex

is the transition pulse frequency of the exciton
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and

is the natural homogeneous broadening. The dielectric permittivity then reads:

ex

0

m

(

) =

0

0

m

(1

(

0

along

ex

=

0

m

0

0

(4)

,

m

and

e

y

:

s in
E0 = E0
i

cos

(5)

.

i

0

Similarly to what was noted by Balagurov et al. [24], the
x

))

is the background permittivity of the dielectric layer. We decompose the incoming wave

m
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where

0

component experiences the permittivity

ex

and the resulting wave is weakly coupled to the structure while the

experiences the permittivity
medium where

x

=

y

=

o rd

y

e

y

component

and the physics falls back to that of SC inside an hypothetical

, where

o rd

is the ordinary (in-plane) component of the permittivity,

yielding the LP and UP (see Supporting Information Sections 1 and 2 for more details). The overall
reflected electric field can then be written under the form:

where
Since

rx ( ,

rx ( ,

)

)

and

and

rx ( ,
Er = E0

) cos

(6)

,

0

ry ( ,

ry ( ,

ry ( ,

i

) s in

)

)

can be fully determined using transfer matrix calculations (TMC)s.
are calculated using

x

and

y

, they do not yield in-phase reflected

waves except in very specific cases where the dimensions of the cavity allow matching of the
phase-changes experienced in the two directions. Following averaging, the total reflected intensity
becomes the sum of the weighted contributions along
Rr( , ,

) = rx ( ,

)

2

s in

2

ex

and

e

y

:
2

ry ( ,

)

cos

2

,

(7)

which, as we will see in the next section, can lead to the existence of one to three minima (maxima
This article is protected by copyright. All rights reserved

for transmissivity) that require careful interpretation.
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3 Simulations

We can identify two cases using Equation 7 and the coupling considerations made in the
previous section: (i) The photonic mode broadening along

ex

is comparable to

and UP extrema in reflectivity/transmissivity observed along
extremum along
energy as

to form two peaks for

ex

is increased; (ii)

0 y

]0 , 9 0 [

e

y

mix with the photonic mode

that converge towards the photonic mode

is intense enough so that the LP and UP along

enough spectrally to not mix with the central photonic mode extremum along
peaks for

]0 , 9 0 [

and the LP

0 y

e

are distant

y

resulting in three

ex

.

Figure 2 (b) shows the simulated transmissivity at normal incidence (

= 0

) for an

aluminium microcavity (Al thickness 100 nm at the bottom, 30 nm at the top) containing a 94.5 nm
thick layer of material M1 whose susceptibility parameters are:
g0 = 4

10

12

1

ra d s

).

0 .7 m e V

ex

=

(

in the

ey

FW H M

0y

ex

cav

ex

= 10

The

) = 9 .5 m e V

12

ra d s

cavity

ex

=

= 58m eV

1

= 2 .5 6

,

ex

= 3 .2 5 e V

,

(corresponding to a full width at half maximum (FWHM):

mode

at

normal

and its broadening is

direction are measured :

U P / LP

For

and

m

FW H M

incidence

= 110 m eV

55m eV

U P / LP

is

slightly

detuned

. The linewidths of the polaritons

which is correctly predicted by:

[28]. Following fitting (see Supporting Information Section 3), we derive:

2

which is resolved as

]0 , 9 0 [

, since

0y

0y

ex

>

FW H M

.

2

U P /LP

<

, the transmissivity is composed of two

peaks with each peak being the sum of one polariton and the overlapping photonic mode
This article is protected by copyright. All rights reserved

transmissivities mixed together thanks to the large value of
physical case previously identified. As
mode along

: this situation corresponds to the first

is increased, the relative transmissivity of the photonic

increases while the transmissivities of the polaritons along

ex

Accepted Article

peaks closer until they give way to the cavity mode at

3 .2 4 0 5 e V

for

y

decrease bringing the

= 90

. This phenomenon is

e

fully explained by Equation 7 as the two squared trigonometric functions vary in opposite fashion
upon increase of

and the respective contributions from the two directions can be observed as

dashed lines in Figure 2 (b).
The extrema dispersions are represented in Figure 2 (c), for

]0 , 9 0 [

each transmissivity maximum derive from orthogonal contributions along

ex

, we further note that
and

e

and as such

y

does not characterize an eigenmode of the structure. This first transmissivity analysis offers an
explanation to a previous experimental observation [19].

Figure 3 (b) shows the simulated transmissivity at normal incidence (

= 0

) for an

aluminium microcavity (Al thickness 100 nm at the bottom, 30 nm at the top) containing a 94.5 nm
thick layer of material M2 whose susceptibility parameters are:
g0 = 10

14

structure,
ex

1

ra d s

0 y

= 3 .2 5 e V

and

ex

= 4

is fitted:

10

0y

13

ra d s

1

= 1 .3 8 e V

(corresponding to a

m

FW H M =

. This splitting represents

now resolves three peaks for
transmissivities weighted by
photonic mode along

ex

]0 , 9 0 [

0 y

and

0y

FW H M

ex

e

,

ex

26 m eV

= 3 .2 5

eV,

). For this

of the exciton energy

42%

bringing the system into ultrastrong coupling (USC) along

than one order of magnitude smaller than

= 2 .5 6

y

.

U P /LP

is this time more
, the transmissivity

which are the two polaritons and the photonic mode

(Equation 7). As

is increased, the relative transmissivity of the

increases while the transmissivities of the polaritons along

e

y

decrease

changing the relative heights of the peaks without spectrally shifting them corresponding to the
This article is protected by copyright. All rights reserved

second physical case previously identified. The extrema positions are represented in Figure 3 (c).

We note that the TE-transmissivity values obtained in Figure 2 (b) and Figure 3 (b) are too
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low to be actually measured. Figure 4 (a) and (b) represent simulated TE-reflectivities for similar
structures differing in a 99.5 nm thick cavity layer and the measurement being performed at
to keep the detuning at

= 10 m eV

= 30

. The origin of the minima observed are analog to the maxima in

transmissivity and the interpretation is identical to the one previously made. We then proceed in the
following section to fabricate and measure a microcavity with similar characteristics to the one
showed in Figure 3 (c), corresponding to the second physical case previously identified.

4 Experimental Comparison with a Microcavity Containing an
Oriented Layer of PFO

We fabricated a microcavity containing a layer of PFO whose chains were oriented along

e

y

thanks to the use of a photoalignment-layer-induced homogeneous nematic orientation technique [29,
22], the structure and orientation are shown in Figure 5 (a) and (b), the exact fabrication process is
detailed elsewhere [22]. The refractive index of the oriented PFO is reproduced from Ref 22 and
shown in Supporting Information. The coupling strength for

E

parallel to

e

y

is almost identical to

the one derived in Ref 22 (see Supporting Information Section 4 for derivation) and TMCs confirm
the dimensions of the structure for both simulations and experiments with zero detuning between
cavity mode and exciton (centered at

3 .2 5 e V

) reached for

= 46

.

A few differences exist between this system and the simulations presented in the previous
section: (i) The permittivity of the embedded layer is not strictly identical to the one used in Equation
4 as there exists remainding optical activity along

ex

, however much less intense than along

e

y

; (ii)

The exciton spectral distribution is inhomogeneously broadened (as a result of deviations from the
This article is protected by copyright. All rights reserved

mean fluorene-fluorene single bond torsion angle (
the value of

135

) [30]) but this broadening does not alter

[31, 32, 22].

0 y

Figure 5 (c) shows the simulated TE-transmissivity for
,

18

,

36

,

,

54
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= 0

72

,

90

. At

,

= 0

E

is parallel to

= 46
e

for increasing values of

and we observe two intense

y

maxima (1 and 3) that correspond to the LP and UP. Interestingly, we also observe the formation of
another peak (2) close to the LP at

which corresponds to a further LP brought about by SC

2 .9 5 e V

of the second lowest lying cavity mode with the excitons (this coupling is made possible thanks to the
intense absorption in the
Figure 5 (c).
For

]0 , 9 0 [

e

y

direction), this shoulder peak is shown in more detail in the inset of

, we observe the formation of four maxima. The two most outer ones in

energy correspond to the LP and UP transmissivities identified as peaks 1 and 3 created by SC of the
lowest lying cavity mode to the excitons. Given the large value of
cavity mode broadening

= 220 m eV

0y

= 1 .4 7 e V

those maxima are similar in nature to those in Figure 3 (b)

and consequently do not shift in energy as

is increased.

The two remaining maxima are better understood by examining
is perpendicular to

e

y

compared with the

and the remaining optical activity along

ex

= 90

. For this angle,

E

causes the photonic mode to split

around the exciton at 3.25 eV (peak 4 at 3.0 eV and peak 5 at 3.67 eV). Maxima 4 and 5 are not clearly
resolved since the oscillator strength along

ex

is not intense enough following orientations of the

PFO chains, as it was demonstrated in Ref 22 that the broad and unstructured emission from this
structure confirmed weak coupling along
For

]0 , 9 0 [

ex

.

, the second lowest maximum in energy is the superposition of peaks 2 and 4,

0.05 eV apart in energy, whose respective broadenings allow for their mixing, with the overall
maximum seemingly shifting to lower energies as

is increased. Finally, the third lowest maximum

in energy corresponds to peak 5 and does not shift with increasing

.
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Figure 5 (d) shows the experimental measurement of the TE-reflectivity at

= 46

. All the

minima are similar to the maxima identified using the simulated TE-transmissivity in Figure 5 (c) and
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their spectral positions is confirmed by simulating the TE-reflectivity in Figure 5 (e).

5 Conclusion

We have carefully examined the effects of rotating the electric field with respect to

for an

incident TE-polarized wave on the measured reflectivity and transmissivity of a microcavity
containing strongly coupled excitons with in-plane uniaxially oriented transition dipole moments. We
have demonstrated that when the cavity damping

is broad enough compared to

TE-transmissivity and reflectivity present two extrema for

]0 , 9 0 [

0 y

,

which get closer in energy as

is increased. While this resembles the result obtained upon increase of the polar angle

when

the transition dipole moment has no preferential in-plane orientation, these extrema are the
superposition of separate intensities originating from the propagation of two waves experiencing
either SC along

e

y

or weak coupling along

ex

but mixed thanks to the losses

. This

experimental observation was reported for oriented carbon nanotubes [19] and this work offers a
physical interpretation. In the case where

0 y

is much larger than the cavity damping, we showed

that the measured reflectivity and transmissivity present three extrema for

]0 , 9 0 [

which are the

separate contributions from the different directions, as such they do not experience any spectral
shifting with increasing

. We supported our analytical model by fabricating and measuring the

TE-reflectivity from a metallic microcavity containing an oriented layer of liquid-crystalline PFO and
interpreted the different extrema observed by considering separately the contributions from the
and

e

y

directions.
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Table of Contents: This work examines the reflectivity and transmissivity of a TE-polarized
wave incident on a microcavity containing strongly coupled excitons with in-plane uniaxially
oriented transition dipole moments and demonstrate that the reflected and transmitted electric
fields derive from photons leaking parallel and perpendicular to the transition dipole moment
orientation.
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Representation of a TE-polarized wave incident on a microcavity containing an oriented layer of
PFO, details on the geometry can be found in the main text.

Figure 1: Geometry and angles used in this work,
a TE-polarized wave

is the azimuthal angle formed between

component of the wavevector k. In (a)
moment

is the polar angle formed between k and

0

, in (b)

= 0

:

E

and

E

, where

E

becomes parallel to

ex

y

, and

k

, for

is the in-plane

//

is parallel to the transition dipole

of the excitons and the wave propagates experiencing
= 90

e

ez

y

, a similar situation arises for

and the wave experiences
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x

.
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Figure 2: (a) In red and blue respectively ( n y ,
material M1 with susceptibility

(

)

ky

) and ( n x ,

) optical components for a simulated

using the physical parameters in the inset. Dashed lines give

the real component of the complex refractive index
(b) Simulated TE-transmissivity at

kx

= 0

for

n = n

jk

, solid lines the imaginary component.

= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0

of the microcavity

displayed in the inset of (c), the black curves represents the total transmissivity which is a
superposition of the transmissivities originating from the

e

y

direction (in dashed red) and

ex

direction (in dashed blue). Peaks 1 and 2 (in dashed red) are the result of strong light matter coupling
in the

e

y

direction, peak 3 is the photonic mode (in dashed blue) resulting from the uncoupled

direction. Note the increasing amplitude of peak 3 and decreasing amplitude of peaks 1 and 2 as
increased. (c) Dispersions of the TE-transmissivity maxima for

varying by steps of
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1

ex

is

: the black

crosses indicate the positions of the maxima for the two peaks in the main signal up until

= 73

,

angle from which the two maxima are no longer resolved and replaced by a single maximum, in red
the angle-independent positions of the two peaks induced by SC along
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angle-independent position of the photonic mode along

e

y

, in blue the

. Note that the maxima from the overall

ex

signal converge towards the photonic mode energy with increasing

Figure 3: (a) In red and blue respectively ( n y ,
material M2 with susceptibility

(

)

ky

) and ( n x ,

) optical components for a simulated

using the physical parameters in the inset. Dashed lines give

the real component of the complex refractive index
(b) Simulated TE-transmissivity at

kx

.

= 0

for

n = n

jk

, solid lines the imaginary component.

= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0
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of the microcavity

displayed in the inset of (c), the black curves represents the total transmissivity which is a
superposition of the transmissivities originating from the

e

y

direction (in dashed red) and

direction (in dashed blue). Peaks 1 and 2 (in dashed red) are the result of USC in the

y

direction,

ex

direction. Note the

increasing amplitude of peak 3 and decreasing amplitude of peaks 1 and 2 as

is increased. (c)

Accepted Article

peak 3 is the photonic mode (in dashed blue) resulting from the uncoupled

e

ex

Dispersions of the TE-transmissivity maxima for

varying by steps of

1

: the black crosses

indicate the angle-independent positions of the maxima for the well resolved three peaks in the main
signal up until

= 70

, angle from which the two maxima from the

e

y

direction are no longer

visible, in red the angle-independent positions of the two peaks induced by SC along
angle-independent position of the photonic mode along

ex

e

y

, in blue the

. Note that the positions of the maxima in

the main signal matches the positions of peak 1, 2 and 3.

Figure 4: Simulated TE-reflectivity at

= 30

for

= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0

of the microcavities

displayed in the inset of Figure 2 (c) for (a) and Figure 3 (c) for (b) with a 99.5 nm material layer
This article is protected by copyright. All rights reserved

thickness. In both cases the simulated values at
contributions from the LP and UP in the

e

y

= 0

(in solid red) correspond to the reflectivity

direction, the simulated values at

correspond to the reflectivity contribution from the photonic mode in the

(in solid blue)

direction. For other

ex

, two main minima are visible in (a) and get closer in energy with increasing values of

Accepted Article

values of

= 90

as the relative reflectivity contribution along

e

one peak corresponding to the photonic mode

y

ex

do not shift in energy with increasing values of

decreases and the one along

ex

increases until only

is visible. In (b) three main minima are visible but
as the relative reflectivity contribution along

decreases and the one along

ex

increases.
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e
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Figure 5: (a) Schematic of the microcavity structure fabricated. The PFO chains were oriented (A)
using the protocol presented in Ref 22. The TE-reflectivity is measured at
of the orientation of the PFO chains along
relative to the electric field
TE-transmissivity at

= 46

for

E

e

y

= 46

. (b) Bottom view

, the measurement is performed by rotating the sample

(in green), forming the azimuthal angle
= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0

. (c) Simulated

, the black curves represent the total

transmissivity which is a superposition of the transmissivities originating from the
dashed red) and

ex

e

y

direction (in

direction (in dashed blue). Peaks 1, 2 and 3 (in dashed red) are the result of USC
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along

e

y

for the lowest lying energy cavity mode (1 and 3) and the second lowest lying energy cavity

mode (2). Peak 4 and 5 are the result of a splitting of the photonic mode in the

ex

direction due to

remaining optical activity. Further explanations can be found in text. (d) Measured TE-reflectivity at
for

= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0

Accepted Article

= 46

, the numbered minima correspond to the ones simulated in

transmissivity. (e) Simulated TE-Reflectivity at

= 46

for

= 0 ,1 8 , 3 6 , 5 4 , 7 2 , 9 0

confirming the experimental observations.
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