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Organic nanowire waveguide exciton-polariton sub-

microlaser and its photonic application
Qing Llao , Zhenzhen Xu’*, Xlaolan Zhong®, Wei Dang Qiang Shi®, Chao
Zhang’, Yux1ang Weng®, Zhiyuan Li® and Hongbing Fu™®

Development of nanoscale optical components has been an active topic in nanophotonics, with
potential for use in high-speed data highways on electronic chips. Organic semiconductors are
low-cost advanced materials, exhibiting ease of processing, along with chemically tunable
electronic and optical properties. Moreover, the large binding energy and oscillator strength of
Frenkel excitons make polaritons in organic semiconductors highly stable at room temperature.
Here, we demonstrate a waveguide exciton-polariton (WGEP) sub-microlaser from a built-in
Fabry-Pérot (FP) cavity based on self-assembled organic nanowires (ONWSs) of 1,4-chloride-
2,5-di[4’-(methlthio)styryl-benzene (CDSB). The strong light-matter coupling results in strong
optical confinement, enabling ONWs to guide and steer WGEP laser light at the wavelength
scale. An optical router was realized using a dendritic structure as a result of efficient polariton
waveguiding and photoluminescence (PL) anisotropy of ONWs, opening a new route to future

photonic circuits.

Introduction

In recent years the ever-increasing demands on high-speed
optical communication and data processing had inspired great

efforts for development of nanophotonics'®. Based on
semiconductor nanowires, a myriad of nanoscale on-chip
optical components had been realized, including lasers,

waveguide interconnectors, routers, and all-optic switches'”

Organic semiconductors are very promising advanced materials
for nanophotonics due to their low-cost, their ease of processing,
and their chemically tunable electronic and optical properties®'°.
Optically pumped organic lasers had been reported in a variety
of resonator geometries, such as micro-ring, distributed
feedback (DFB), and photonic bandgap structures''. The active
medium in these devices generally consists of an amorphous or
polycrystalline film, in which unavoidable structural disorder
and grain boundaries limit the device performance. Most
recently, single-crystalline ONWSs self-assembled from -
conjugated semiconductors has shown superior charge mobility
to amorphous or polycrystalline films'%. This, combined with
recently observed optical waveguiding and lasing action' ',
make ONWSs very attractive candidates for future photonic
circuits.

Strong coupling of confined photons with Wannier-Mott
excitons in semiconductor quantum microcavities generates
half-light half-matter exciton polaritons (EPs)", which have
enabled observations of Bose-Einstein condensation'®, low-
threshold polariton lasing'” and bright polariton solitons'®. As

This journal is © The Royal Society of Chemistry 2013

compared with Wannier-Mott  excitons in inorganic
semiconductors, Frenkel excitons in organic semiconductors
possess higher binding energy and larger oscillator strength19,
making EPs highly stable in these materials at room

2022 co-workers

temperature Recently, Forrest and
demonstrated the room-temperature polariton lasing from an
organic planar microcavity, in which a melt-grown single-
crystalline ultrathin layer of anthracene is placed at the antinode
of a A/2-microcavity made by two DBRs?'. This planar
microcavity confines the photon field in the z-direction, while
the in-plane wave-vector k;, changes continuously. As a result,
EPs are two-dimensionally confined in planar microcavities,
with the upper and the lower polariton branches (UPB and LPB)
anti-crossing in the &, space. Under lasing conditions, increase
in LPB population at £, = 0 had been observed due to non-
equilibrium condensation of EPs, leading to a threshold lower
than that calculated for conventional photon lasing?'. Different
from the planar microcavity, faceted ONWSs confine photons
one dimensionally with two end-faces as two reflectors forming
a FP cavity along its length, in which waveguide modes of
confined photons (k, = fixed values, £, is quantized) can couple
with excitons generating waveguide exciton-polaritons
(WGEPs). Takazawa and co-workers reported that WGEPs
in J-aggregate
organic nanofibers?2. Most recently, two-photon pumped lasing
in ONW WGEP microresonators was observed at liquid-
nitrogen temperature of 77 K, with the photonic part rather than

the excitonic part of WGEPs playing the major in the lasing

exhibit remarkable propagation properties
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action®. In this letter, we demonstrate a room-temperature
WGEP sub-microlaser from a built-in FP cavity based on self-
assembled ONWs of CDSB. We found that strong light-matter
coupling leads to a significantly slowed group velocity and
therefore a high group refractive index, allowing ONWs to
guide and steer WGEP laser light at the wavelength scale. The
strong WGEP optical confinement and PL anisotropy of highly
ordered ONWs make them attractive candidates for future
photonic circuits.

Results and discussion
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Figure 1. (a) SEM image of the as-prepared ONWs. Insets show the
corresponding TEM (upper) and SAED (lower) images. (b) A schematic
illustration of the formation, propagation and emission of WGEPs in CDSB
ONW microcavity. The insets are the molecular structure of CDSB (upper)
and micro-area PL images of one single ONW (lower). (c) PL spectra of an
ONW with L = 10.4 um as a function of pump laser power at 400 nm. The
inset shows the power-dependence profile of integrated PL intensities of 0—1
peak. The lasing threshold is identified as the intersection between the
sublinear and superlinear regions.

In our experiment, regularly shaped ONWs of CDSB were
prepared by a solution self-assembly method'?, upon injection
of 100 pL of a stock solution of CDSB (5 mM) in
tetrahydrofuran into 2.0 mL of hexane under stirring. Scanning
and transmission electron microscopy (SEM and TEM) results
(Figure 1a) confirm that these nanowires are well faceted with a
rectangular cross-section [width (W) = 1-2 um; height (H) =
0.5-0.8 x W] uniformly distributed along the entire length (L)
of several to several tens of micrometers. The selected area
electron diffraction (SAED) and X-ray diffraction (XRD)
analyses (inset of Figure 1a and Figure S1) further indicate that
our rectangular ONWs are single crystals and can be indexed to
monoclinic CDSB crystal, with cell parameters of a = 9.6685
(19) A, b=22.865 (5) A, ¢ =9.6903 (19) A, a =y =90°, and B
= 112.41° (Figure S1). The spots (Inset of Figure 1a) are due to
(100) and (001) Bragg reflections with lattice spacing (d)
values of dgp) = 9.66 A and do1y = 9.69 A, respectively.
According to the SAED pattern suggests that the preferential
growth orientation of ONWs is along [100] direction and in
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which CDSB molecules stack at a tilting angle of 75.3° along
the nanowire Z-direction (Figure 1b).

To investigate the lasing effect, we studied single ONW
using a home-made optical microscope equipped with a 50x 0.9
NA objective. The second harmonic (4 = 400 nm, pulse width
150 fs) of a 1 kHz Ti:sapphire regenerative amplifier was
focused to a 50-um-diameter spot to excite the selected single
ONW wholly. The micro-area PL image shows that rectangular
ONWSs exhibit a strong optical confinement effect: the ONWs
are able to absorb the excitation light and the PL propagates
along the 1D direction, leading to bright tips when the PL exits
the ONWs (Figure 1b)**%*. In our setup (Figure 1b and Scheme
S2), the spectrum of PL leaked at the ONW end was collected
underneath using another 3D-movable objective coupled to an
optical fiber and detected using a liquid-nitrogen cooled charge-
coupled device (CCD).

Figure 1c depicts the guided PL spectra of an ONW with L =
10.4 um, as a function of pump laser power varied using a
series of metallic neutral density filters. At low pump density of
P = 276 nlJ/cm?, the PL spectrum displays broad 0—1 and 0-2
spontancous emission bands at 490 and 525 nm, respectively.
And the 0—0 emission band at 465 nm, which is well resolved
in the PL spectrum of CDSB powder (Figure 3a and S2), is
almost undetectable in ONWSs probably owing to the self-
absorption effect occurring during the PL waveguiding
process®>. Upon increasing the pump density from P = 276
nJ/em? to P = 727 nl/cm?, strong laser emission develops as a
set of sharp peaks on the top of 0—1 transition, indicating the
resonant cavity modes. With further increasing of pump density,
these modes become dominant in the PL spectra, as indicated
by the cyan line in Figure 1b recorded at P = 886 nJ/cm®. And
the individual cavity mode presents a line-width as narrow as
0.6 nm. Meanwhile, the full width at half maximum (FWHM)
of the 0—1 peak-contour dramatically decreases from 28 nm at
P =276 nJ/cm?to 6 nm at P = 886 nJ/cm®. The inset of Figure
1c shows the integrated intensities of 0—1 peak as a function of
pump density, showing clearly an intersection point at Py, = 384
nJ/cm? defined as the lasing threshold. And the intensity
dependence of 0—1 peak can be fitted to a power law of x” with
p = 0.44 £ 0.02 below threshold and p = 2.18 + 0.16 above
threshold, indicating a transition from sublinear regime that is
dominated by bimolecular quenching to a superlinear regime'*
2 1n sharp contrast, the 0—2 band remains in the sublinear
regime both below and above threshold. Furthermore, we found
that the laser emission is linearly polarized and follows a
function of sin?(6) as expected for TE polarization (Figure S3),
where @ is the angle between the X-direction in Figure la and
the polarizer (Scheme S3).

To avoid the saturation of CCD camera, we usually used a
shorter CCD-exposure time (100 ms) to collect the spectra
during the lasing experiment as shown in Figure 1b. The poor
signal-to-noise ratio due to the fluctuation of excitation laser
degrades the contrast of spectral fringes below threshold. Upon
extending the CCD-exposure time (500 ms), we could observe
cavity resonances also below threshold over the entire spectral
range covering both the 0-1 and 0-2 transition. Figure 2b
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depicts that the lasing modes of the 10.4-pm-long ONW
observed above threshold (red line) are in good agreement with
those FP modes observed below threshold (black line). This
suggests that similar cavity operates below and above threshold.
In order to understand the influence of ONW sizes on cavity
effect, we investigated hundreds of ONWs with L = 3-20 um: i)
90% of them presents thresholds (50-500 nJ/cm?) for
superlinear output, spectral narrowing, and periodic intensity
modulation; ii) about 30% of them also exhibit cavity
resonances below threshold with a pattern similar to that
observed above threshold. Figure 2a and c give two examples
of ONW WGEP lasers with L = 7.9 and 20.1 um, respectively.
For a FP cavity of length L (Supporting Information), the mode
spacing (A1) at A is given by AL = (A/2L)[n-A(dn/dA)]”", where
n is the phase refractive index and dn/dl the dispersion
relation'®. Figure 2d plots the mode spacing of A4 at A = 490
(black squares) and 525 nm (red circles) versus 1/L of ONWs.
As one can see, both can be fitted linearly, confirming that the
pair of optically flat end faces of an ONW can function as two
reflectors, forming an FP microcavity along its length (middle
image in Figure 1a). The group refractive index of [rn-A(dn/d)\)]
for light that travels at least a round trip was determined
according to [n-Mdn/dA)] = (A*/2AAL), based on FP resonant
modes of individual single ONWs with different lengths. Figure
2e presents the dispersion curve of group refractive index at
different wavelengths, calculated from the data shown in Figure
2a-c and S5. The value of [n-A(dn/dL)] is constant around 3.8
for A > 520 nm, and then increases rapidly with decreasing the
wavelength. And [n#-M(dn/d\)] = ~11 is obtained at 490 nm,
much larger than reported values (ca. 3~4) for organic FP
cavity lasers'® 22°_ Note that similar results, i.e., the enhanced
group index, had also been reported for J-aggregate organic
nanofibers and ZnO nanowires, and were ascribed to strong
light-matter coupling that creates WGEPs propagating along
the 1D nanostructure®.

In conventional planar microcavities, the energy~in-plane-
wavevector (E~k,) dispersion can be determined by angle-
resolved reflection or PL measurements to characterize the

151720, 21 Thjs, however, are not

exciton-photon coupling
applicable for our ONWs, in which the value of &, is factually a
fixed value due to the limitation of section dimensions. By
extracting the energy positions of FP cavity resonances, for
example, those presented in the black spectrum in Figure 2a-c,
we could reconstruct the energy~wavevector (E~k,) dispersion
of propagating modes by placing the interference peaks at
integer multiples of 7/L in the space of k.*’. The obtained E~k,
dispersion of the propagating modes exhibits significant
curvature (triangles in Figure 3b). We simulated this WGEP
dispersion using a coupled oscillator model based on equation
(1) (refs. 20 and 21),

E, -E 14 a\_,
14 EGX—E(,B]_

Here E,, and E. are the energies of the uncoupled cavity
photon and the bare exciton, respectively, and V represents the
coupling potential between them. E are the new eigenvalues of

ey
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Figure 2. (a)-(c) High-resolution PL spectra of below (black) and above
threshold (red) for ONWs with L = 7.9, 10.4 and 15.1 um, respectively.
Insets show high-magnification SEM images of the corresponding single
ONW. The scale bar is 5 um. (d) Plot of the mode spacing AA at 490 nm
(black square) and 530 nm (red circle) as a function of 1/L. (e) The
relationship of group refractive index (n-Adn/dA) vs. wavelength, determined
from ONWs with L =7.9, 10.4, 15.1 and 20.7 pm, respectively.

the coupled system of WGEPs with |of* and |47 of the mixing
coefficients of the cavity photon and the exciton, respectively.
Good fits were obtained based on eq. (1) with E, = 2.72~2.87
eV, which corresponds to |10> excitons as determined from the
absorption spectra (Figure 3a), yielding V' = 0.355~0.617 eV
(Table S1). Figure 3b shows an example for £, = 2.80 eV.
Anti-crossing is clearly observed between upper and lower
polariton branches (UPB and LPB) with a separation of Rabi
splitting energy, 2= 2V = 1.0 eV, orders of magnitude larger
than that in semiconductor microcavities'>'”. Figure 3¢ depicts
the mixing coefficients of | and |4 extracted from the
coupled oscillator model plotted versus &, for LPB. It is
apparent that the excitonic component is dominant with |A?
around 0.9 in the spectral range where WGEP lasing takes
place (marked by blue circles in Figure 3a). Therefore, it is the
matter side of polaritons, rather than the light side, that plays
the major role in the observed WGEP lasing action.

In the case of our CDSB ONWs, 400-nm femtosecond laser
excitation produces high-energy |ln> excitons (the first and
second number denotes the electronic and vibrational states,
respectively), which then undergo fast vibrational relaxation
giving rise to a reservoir of lowest-energy |10> excitons (inset
of Figure 3a). Spontaneous emission occurs from the relaxed
|10> state to vibronic sublevels of the ground state. In organic
semiconductors, the vibrationally excited ground state, i.e., 01>
state, is unoccupied in thermal equilibrium, providing a four-
level diagram that facilitates the stimulated transition from |10>
to |01> states (inset of Figure 3a). Recently, Mazza and La
Rocca theothretically demonstrated that direct pumping of

J. Name., 2012, 00, 1-3 | 3
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Figure 3. (a) Diffused reflectance absorption (black) and spontaneous PL
(blue) spectra of a 110-nm-thick film of CDSB. Inset: Energy level diagram
of CDSB ONWs. (b) E~k, dispersion relation of WGEPs (triangle), obtained
by placing those FP interference peaks extracted from the balck spectrum in
Figure 2b at integer multiples of 7/L in the space of k,. The black line
represents a fit following the coupled harmonic oscillator Hamitonian eq. (1)
using E¢x = 2.80 eV, yield a Rabi splitting of 2= 2V = 1.0 eV. The red- and
blue-dashed lines obey the dispersions of uncoupled exciton and light,
respectively. (¢) Photonic and excitonic branch content for lower polariton
branch.

exciton reservoir into LPB through PL processes can selectively
populate LPB states, which have an energy separation from the
exciton reservoir equal to quanta of molecular vibrations. To
examine the scattering mechanism from the reservoir of |10>
exctions to LPB, we systematically investigated the PL
lifetimes of a 10.4-um-long ONW at different pump densities
using a streak camera, as shown in Figure 4a. At very low
excitation density (P = 0.04 Py,), the emission follows single
exponential decay with a time constant of zonw = 1.00 = 0.06
ns. Based on the measurement of PL quantum yield of DASB
ONWSs, @onw = 0.92 £ 0.03, the radiative and nonradiative
decay rates of exciton reservoir were determined to be k, =
0.08 ns ' <<k =0.92 ns ', according to k, = @/t and 7 = (k, +
ka) ~'. This suggests that scattering of exciton reservoir into
LPB via nonradiative emission of vibrational phonons, i.e., ky;,
is negligible in our system. Upon increasing the pump intensity
to P = 0.25 Py, PL of CDSB ONWs decays bi-exponentially
with the fast component ascribed to the presence of bimolecular
quenching. Above threshold (P = 1.55 Py,), the emission decay

4| J. Name., 2012, 00, 1-3
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time always collapses to < 20 ps (limited by the resolution of

the streak camera). By using a planar A/2-microcavity, Forrest

and co-workers observed an accumulation of LPB at k, = 0

under lasing conditions due to non-equilibrium condensation of

EPs. In our system, this is, however, unclear yet. And the fast
decay time < 20 ps observed in ONW WGEP laser indicates a
stimulated radiative scattering from the exciton reservoir to

LPB.
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Figure 4. (a) Typical PL decay profiles of a 10-pm-long ONW monitored at
490 nm using a streak camera. The 10-pm-long ONW was fully excited with
a 400-nm, 150-fs laser spot around 20 pum in diameter. (b) and (¢) Time-
resolved emission spectra recorded using NOPA method at different delay
times after excitation with femtosecond laser at 400 nm. (d) Typical PL
decay profiles at 400 nm below (blue) and above threshold (red) recorded by

using NOPA method.

To further understand the lasing dynamics, femtosecond
time-resolved transient fluorescence was measured based on

non-collinear  optical

parametric

amplification

(NOPA)

technique®®. Figure 4b and ¢ show the spectral evolution of
polariton lasing as a function of delay time. The one at the early
stage with a delay time 1.0 ps exhibits characteristics of
amplified spontaneous emission (ASE). With increasing the
delay time, the 0—1 peak develops rapidly and becomes
narrower, indicating that the cavity feedback concentrates the
LPB population into those cavity resonant modes around the
gain maximum in the vicinity of 490 nm. After the delay time
exceeds 7 ps (Figure 4c), ASE characteristics registers again,

This journal is © The Royal Society of Chemistry 2012
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suggesting that the short cavity photon lifetime determines the
polariton decay rate in our system.

Figure 4d plots the normalized PL intensities at 490 nm as a
function of delay time below and above threshold. The one
below threshold (blue line) decays exponentially with a time
constant similar to the fast component measured using the
streak camera as shown in Figure 4a. In sharp contrast, the one
above threshold (red line) presents as a Gaussian profile with a
FWHM of ca. 3.2 ps, which is factually the pulse temporal
profile of ONW polariton laser. As compared with the one
below threshold, the one above threshold exhibits a slower
rising edge and a faster lifetime, strongly supporting the lasing
process. Meanwhile, the PL dynamic behaviors at 525 nm are
found to be the same below and above threshold (Figure S6),
and are almost identical to that measured at 490 nm below
threshold (blue line in Figure 4d). Furthermore, we found that
the PL decay profile at 490 nm above threshold (red line in
Figure 4d) exhibits periodic oscillations after the delay time >
2.5 ps, probably as a result of back and forth reflections of
propagation light between two ONW ends. According to the
oscillating period, ~ 400 fs, which corresponds to a single trip
between two ONW ends along the length of 10 um, the group
velocity of propagation light is determined to be ¢/12 (c: the
light speed in vacuum), consistent with the calculated group
refractive index of [n-AM(dn/d\)] = ~11 at 490 nm (Figure 2¢).
This further verifies our observation of polariton lasing in
ONW microcavities.

The numerical calculation based on three-dimensional finite
difference time domain (FDTD) method reveals that WGEPs
are tightly confined in the center of ONWs (Figure S7). The
lateral size of our ONW could allow many types of modes in
the cavity. We only considered the lowest order TE mode,
based on two facts: i) polarization measurement and ii) this
fundamental mode has the highest reflection coefficient on the
two end-faces of the ONW cavity. Actually, the optical loss (o)
for WGEP propagation along ONWs was measure to be ~ 68
cm™' (Figure S8), far less than that observed for common
nanowire photon waveguiding'* °. So threshold gain (gg) is
also estimated as high as 433~677 cm™' for ONWs with L =
6~10 pm, according to gy, = a + (1/2L)In(R"?), where R is the
reflectivity of ONW end facets (~69.4%; Fresnel equations) '.

To demonstrate the utility of our ONW WGEP sub-
microlasers in the context of photonic circuit, we fabricated an
optical router using an ONW dendritic structure (Figure 5a and
S8). With one end excited by a focused laser (400-nm and 150-
fs) under lasing conditions, locally generated WGEP laser light
(black line, Figure 5b) can not only be guided along the
rectilinear direction to tip-I (red line), but also be steered over a
bending angle of 105° to tip-II (blue line). Remarkably, the
output lasing from the two tips are both linearly polarized but
along their respective ONW width directions (Figure 5a). And
the output polarizations from tip-I and -II exhibit a phase
difference of 75° (Figure 5d), equal to the angle between the
truck and the branch ONWs (Figure 5a and S9). The coupling
efficiency (7) to tip-I or -1I can be defined as the ratio between
PL intensities recorded at the excitation point and at the tip-I or

This journal is © The Royal Society of Chemistry 2012
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-1, respectively. Figure 4c reveals that in contrast to 77, the
value of 7y is wavelength-dependent and reaches a maximum
(~0.25) at 490 nm. This is consistent with FDTD calculations
(inset of Figure 5c¢).
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Figure 5. An optical router constructed with an ONW dendritic structure. (a)
A schematic illustration of a dendritic structure with one-end excited by
focused fs-laser under lasing conditions. The inset shows optical logic gates
using the excitation light polarization as inputs and the polarization (P) and
intensity (I) of output-lasing emissions at tip-I and -II as outputs. (b)
Spatially resolved spectra of WGEP lasing emissions from the regions
marked in the (a). (c) The coupling efficiency of WGEP laser light to tip-II
(mn) as a function of wavelength. Inset shows the simulated result using the
FDTD method for coupling efficiency at 490 nm. (d) Scattering intensity of
guided polariton laser light recorded at tip-I (red circle) and tip-II (blue
triangle) as a function of polarization angle between the trunk ONW length
direction and the polarizer.

Note that the output-lasing intensities at tip-I and -1I both can
be actively modulated by the excitation light polarization. As
the angle (0) between the polarization of excitation laser and
the axis of ONW trunk is adjusted (Figure S8), the output-
lasing intensities oscillate between the minimum (/;,, as the ‘0’
or ‘off” state, 5 = 0°) and the maximum (/,,, as the ‘1’ or ‘on’
state, 0= 90°) with an on/off ratio (/i ax/Imin) as large as ~7.0. If
the input signal is (0, = 0°), the intensity of output light at tip-
1 is minimally emitting and its polarization is parallel, i.e., (0, 0),
while that at tip-II is a minimum and its polarization is
perpendicular, i.e., (0, 1). Similarly, when we change input
signal to (1, 6 = 90°), the (1, 0) and (1, 1) output can be
obtained from tip-I and -II, respectively. Thus, the behavior of
an optical router was obtained by the utilization of both
intensity and polarization as the fundamental features of a
photon.

Conclusions

In conclusion, multimode WGEP lasing was observed at
room temperature from a built-in optical microcavity based on
single-crystalline ONWs. The strong light-matter coupling,
manifested by a Rabi splitting energy of ~1 eV, significantly
slows down the light group velocity to ¢/12 and therefore
results in strong optical confinement in ONW microcavities.
The short pulse-width of 3.2 ps observed for our ONW WGEP
laser suggests a bosonic final-state stimulated formation of LPB

J. Name., 2012, 00, 1-3 | 5
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ensemble, providing a way to decrease the threshold required
by achieving electrically pumped organic lasers. We
demonstrated an optical router using an ONW dendritic
structure as a result of efficient polariton waveguiding and PL
polarization anisotropy of output lasing emissions, opening a
new route to future photonic circuits.
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