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We report on angle-resolved, exciton-polariton photoluminescence measurements from asymmetric
terminals of a microsphere-coupled organic waveguide (MOW). The MOW architecture consisted
of a SiO, microsphere coupled with a diaminoanthroquinone mesowire, self-assembled on a glass
substrate. The angle-resolved emission measurements were performed using spatially filtered
Fourier-plane optical imaging method. The light emanating from the sphere-terminus had two
regions of angular emission in the Fourier-plane, of which one had azimuthal angular spread as
small as 10°. The emission from wire terminus was uni-directional in nature, with some light emit-
ted beyond the critical angle of glass-air interface. Our results highlight unique directional emission
characteristics of a hybrid organic waveguide geometry and may have implications on single-
element, exciton-polariton based light-emitting devices and lasers. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939980]

There is a high demand for materials which can be
adapted to realize devices that are inexpensive, flexible, and
clean. Organic molecular materials cater to this requirement
and have been extensively studied in the context of photo-
voltaics and opto-electronics.'™' In recent years, organic
nanomaterials have also been explored in the context of
nanophotonics, where light has to be managed at sub-
wavelength scales."''™2! Specifically, organic semiconduc-
tor materials have been under exploration as they facilitate
exciton-polaritons (EPs), which are essentially quasipar-
ticles of matter and light. The EPs in organic materials arise
due to the coupling of Frenkel excitons with electromag-
netic radiation' and have been extensively studied both in
the context of fundamental physics and technological appli-
cations.'**™*> Compared to Wannier-Mott excitons in inor-
ganic materials,”>*® Frenkel EPs have advantage of higher
exciton binding energy, larger oscillator strength, high pho-
toluminescence, and greater stability which further helps in
guiding photons at subwavelength scale with minimal
losses.! #7733 Recently, EP based organic molecular wave-
guides have been coupled to optical resonator structures
such as microspheres and micro-discs.>***3> Such coupling
is motivated to realize active light sources (lasers and light
emitting devices), with large quality factors and minimal
coupling losses.>* 7 An unexplored aspect of such coupling
is the directionality of light emitted from the terminals of
such hybrid architectures. This will be crucial factor to fur-
ther optimize the active emission devices, and also under-
stand how the out-coupled light can be routed and coupled
to other structures on a photonic chip.

Motivated by the above requirement, herein we report on
characterization of non-reciprocal angular exciton-polariton
emission from the terminals of a hybrid meso-architecture:
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dielectric microsphere coupled organic mesowire waveguide.
The dielectric microsphere that we use is of SiO, and the
organic molecular mesowire is made of diaminoanthroqui-
none (DAAQ).

A detailed protocol to prepare such hybrid structures can
be found in our previous report.** Figure 1(a) shows an optical
image of a microsphere-coupled organic waveguide (MOW)
structure resting on glass substrate. The scanning electron mi-
croscopy (SEM) image of the same structure has been shown
in Figure 1(b). The insets in Figure 1(b) show higher resolu-
tion SEM images of the end terminus of the MOW structure.
All the measurements reported in this paper were performed
on the MOW structure shown in Figure 1(b). The SEM
images in Figures 1(c)-1(f) show a variety of MOW struc-
tures, indicating repeatability of our preparation method.

To probe the directionality of EP emission from end
terminals of the described geometry, we performed
angle-resolved emission measurements in two different

FIG. 1. Microsphere (diameter: 3 um)-coupled organic waveguide (MOW)
on a glass substrate. (a) Optical and (b) scanning electron microscopy
(SEM) image of the same MOW structure. Insets show higher resolution
SEM images of the two terminals of the architecture. The scale bar for the
insets is 500nm. (c¢)—(f) SEM images of a variety of isolated MOW
structures.

© 2016 AIP Publishing LLC
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FIG. 2. Two experimental configura-
tions used in this study. (a) Schematic
of the first configuration in which free
end of the wire was excited (Ex.) and
the photoluminescence emission was
collected (Col.) from the sphere termi-
nus. (b) Photoluminescence image and
(c) spatially filtered photoluminescence
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in which sphere terminus was excited
and emission was collected from the
wire terminus. (e) Photoluminescence
image and (f) spatially filtered photolu-
minescence spectra from the wire end.
The excitation source was a 532nm
laser. For photoluminescence imaging
and spectroscopy, an edge filter was

configurations. In Figure 2(a), we show schematic of first
configuration where the wire-end was excited with a 532 nm
laser using an objective lens (100x, 1.3 NA). This excitation
leads to EPs in the mesowire, which further propagate along
its length and out-coupled as photoluminescence (PL) from
the sphere-terminus. The light emanating from the collection
points was spatially filtered (see dotted circle in Figure 2(b))
and routed towards spectrometer to obtain the PL spectra
(Figure 2(c)). In Figure 2(d), we show schematic of the sec-
ond configuration: sphere terminus being excited and the
PL were collected from wire-end. The corresponding PL
image and PL spectra from the wire terminus are shown in
Figures 2(e) and 2(f), respectively. A comparison of whisper-
ing gallery mode spectra for various excitation and collection
configuration and the related discussion can be found in the
supplementary material,”® Figure S2.

The main objective of these experiments was to analyse
the directionality of the emitted PL signal from the collection
points shown in Figures 2(b) and 2(e). A home built photolu-
minescence microscopy with spectroscopic detection and

210 T80 150
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used to reject the elastic scattered light.
Wavelength(nm)

Fourier-plane (FP) imaging capability was utilized, whose
details can be found elsewhere.’**° For the angle-resolved
PL measurements, we projected spatially filtered PL signal
from the terminus of MOW structure on the back-focal plane
or Fourier-plane (FP) of the objective lens and imaged it on
EM-CCD camera (Andor iXon Ultra). The FP images reveal
directionality of the PL intensity as a function of two angle 0
and ¢, where 0 is the polar angle defined by the numerical
aperture of the objective lens (in our case, 0 < 0 < 60°) and
¢ is the azimuthal angle (0 < ¢ < 360°).

Configuration [—Wire excitation, sphere-terminus col-
lection: Figure 3(a) shows the schematic of the experimental
configuration with the corresponding projection of emission
into the Fourier plane. In Figure 3(b), we show the intensity
distribution as a function of angles 0 and ¢. The emission was
pronounced at two values of polar angles 0 = 40° and 30°.
Figure 3(c) shows intensity as a function of ¢ at 0 = 40°. The
dominant emission was around ¢ = 240°, with an azimuthal
spread (0¢) of around 60°. Such high forward-to-backward
ratio in the angular emission pattern is similar to the case of

FIG. 3. (a) Schematic of the excitation
and emission configuration, and the
Fourier-plane (FP) projection of the
emitted light. (b) FP image of the in-
tensity of the emitted light from the
sphere terminus of MOW structure.
The outer most circle (0 = 60°) repre-
sents the angle of numerical aperture
of the objective lens (100x, 1.3NA).
(c) Intensity distribution as a function
of azimuthal angle (¢) for 0 = 40°
(close to critical angle of glass-air
interface). (d) Intensity distribution as
a function of polar angle (0) for the
line 1 shown in Figure 3(a). (e)
Intensity distribution as a function of ¢
for 0 =30°. (f) Intensity distribution
as a function of 0 for line 2 shown in
Figure 3(a).
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plasmonic nanowires,”” and an interesting feature to note in
our results. In Figure 3(c), we also observed a weak emission
around ¢ = 120°, with an azimuthal spread of around 30°.
Figure 3(d) shows intensity distribution as a function of 0
along line 1 (shown in Fig. 3(a)). The maximum intensity
measured was at around 40°, which is close to the critical
angle of glass-air interface (41.5°) and represents out-
coupling of leaky waves.”® Interestingly, the intensity distri-
bution was oscillatory in nature for 0 value less than 40°. The
oscillatory intensity distribution indicates various waveguide
modes being channelled at different polar angles. Such oscil-
latory emission patterns have been observed in complex plas-
monic waveguide geometries.*' Our observation is unique in
the sense that such oscillatory intensity distribution has been
observed for a hybrid organic waveguides. Furthermore, in
order to show the importance of wire-excitation sphere-collec-
tion configuration, we compared the angle-resolved emission
with sphere-excitation sphere-collection configuration (see the
supplementary material,>® Figure S1 and the related discus-
sion) and found that only in case of the former we obtain
directional emission. This further highlights the relevance of
MOW structure in the context of directional photolumines-
cence emission.

Figure 3(e) shows intensity distribution as a function of
¢ at 0 = 30°. We observed sharp directionality with respect
to ¢ with an azimuthal spread as small as 10°. However, the
spread in 0 along line 2 (see Fig. 3(a)) was large as shown in
Figure 3(f), with the intensity peaking at 0 = 30°. The origin
of this highly directional emission may be due to the direct
leakage of exciton-polaritons from the sphere-glass interface.
The light emitted from the wire is channelled into the glass
substrate. Upon recording the emission through the glass and
projecting it into the Fourier plane, we obtain pronounced in-
tensity distribution in two regions of the Fourier plane
(Figure 3(b)). The first region is represented by the arc-like
emission. This emission is due to directional out-coupling of
light from the distal end of mesowire. The second region is
represented by a bright spot in the Fourier plane. This small
angular distribution may be attributed to the focusing effect
of the microsphere. Such confined angular distribution sug-
gests a kind of converging-lens effect, probably due to pho-
tonic jets**~** (a 3D finite difference time domain model and
discussion of the photonic jet effect and its dependence on
angle of excitation can be found in the supplementary mate-
rial,® Figure S4).

The obtained angular emission is sensitive to parameters
such as coupling configuration, coupling distance between
microsphere and organic waveguide, size and geometry of
microsphere, and waveguide cross-section. Therefore, its
angular emission can be tuned by precisely controlling these
parameters. To ascertain the repeatability of our results,
directional emission study on two different MOW structures
were performed, whose results are shown in the supplemen-
tary material®® (see Figures S1(ii) and S3).

Configuration 2—Sphere excitation, wire-terminus col-
lection: Figure 4(a) shows the schematic of the optical con-
figuration where the sphere was excited, and the optical
emission was spatially filtered from the wire terminus of the
MOW structure, and further projected on to the Fourier
plane. Figure 4(b) shows the intensity distribution of the
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FIG. 4. (a) Schematic of the sphere-excitation and wire-emission configura-
tion, and the Fourier-plane (FP) projection of the emitted light from distal
end of the mesowire. (b) FP image of the intensity of the emitted light from
the wire terminus of MOW structure. (c) Intensity distribution as a function
of ¢ for 0 = 42°. (d) Intensity distribution as a function of 0 for the line
shown in Figure 3(b).

emitted light as a function of ¢ and 0. The emitted light was
directional in nature, with majority of the emission occurring
at the 6 =42°. We also observed some emission beyond this
angle, upto 0 =60°. We further quantified the emission by
resolving it as a function of ¢ for §=42° as shown in
Figure 4(c). We found azimuthal angular spread greater than
60°, which was much greater than the case for sphere termi-
nus emission (see Figure 3(c)). Figure 4(d) shows the distri-
bution of intensity as a function of 6 for the dotted line
shown in Figure 4(b). We found maximum emission for
0 =42°, which was at the critical angle of the glass-air inter-
face. Interestingly, we found some emission beyond the criti-
cal angle, which was in contrast to the sphere-terminus
emission (see Figure 3(d)). It is to be noted that the depend-
ence of 0 on effective refractive index can be further har-
nessed as a refractive index sensor as show recently.>* Such
emission beyond critical angle has also been observed in flu-
orescence of dye molecule at a dielectric interface® and
depends on the geometrical factors of the emitter with
respect to the substrate. In our case, the wire orientation may
also have some connection to the emission beyond critical
angle.

To summarize, we have studied angle dependent
exciton-polariton emission from the two terminus of an
MOW structure placed on a glass substrate. Our analysis of
the angular emission from the sphere terminus revealed two
regions of directional emission, of which one of them had an
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azimuthal spread as small as 10°. For the wire-terminus
emission, the angular spread had a greater azimuthal spread
(>60°), with emission leaking beyond critical angle of glass-
air interface. Our experiments indicate how angular emission
varies when the light is collected at two different terminus of
a hybrid waveguide: MOW structure. The directionality of
light, especially from the sphere terminus, should have direct
implication on directional light emitted devices, including
one-dimensional exciton-polariton based laser. It would be
interesting to extrapolate our work to observe angle-resolved
nonlinear optical emission from two terminus of the MOW
structure. Such studies may facilitate nanophotonic platforms
to control and direct light at sub-wavelength scale.

This research work was partially funded by DST-
Nanomission Grant (SR/NM/NS-1141/2012(G)) and DST
Nanoscience Unit Grant (SR/NM/NS-42/2009), India. R.C.
wishes to acknowledge financial support from KVPY
fellowship.
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