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Here we propose a strategy to produce highly flexible

ABSTRACT: Flexible microdisk whispering-gallery-mode microdisk WGM resonators based on the controlled emulsion
(WGM) resonators with high quality factors were achieved assembly of organic materials. The diameter of the microdisk can
through the controlled assembly of organic materials with be finely tuned by altering the micelle size of the emulsion during
an emulsion-solvent-evaporation method. The high ma- the assembly process. With an ultrasmooth surface and perfect
terial compatibility of the assembled microdisks enabled us circle boundary, the acquired microdisk possesses a Q factor of
to realize low-threshold WGM lasers by doping with over several thousand and can provide sufficient feedback for the
organic dyes as gain media. Furthermore, the emulsion- laser oscillations. Because organic materials with strong
assisted self-assembly provided a strategy for the one-step intermolecular interactions exhibit excellent compatibility, we
fabrication of microwire-waveguide-connected microdisk chose appropriate guest organic laser dyes that have strong
heterostructures, which can be utilized for the efficient interactions with the host material of the microdisk to dope into
output of the isotropic WGM lasers from the coupled these WGM resonators and realized low-threshold WGM lasers
waveguides. We hope that these results will pave an avenue under optical pumping. Further, the lasing emission was
for the construction of new types of flexible WGM-based efficiently output from a tangentially coupled wire waveguide
components for photonic integration. that was obtained by one-step assembly via a controllable phase

separation between the doped dye and the matrix material. The
results offer a comprehensive understanding of the assembly

ith high quality (Q) factors and small mode volumes, mechanism of organic composite materials and open a new way
whispering-gallery-mode (WGM) microcavities can to construct flexible WGM-based photonic components® that
tightly confine photons for a long time by means of continuous can be integrated with other functional devices.
total internal reflection along a smooth, curved surface, making The organic WGM resonators were obtained by controllably
them ideal candidates for novel coherent light sources' that hold evaporating the solvent of the emulsion solution containing the
promising applications in high-throughput sensing” and on-chip isotropic spherical micelles (see the Supporting Information (SI)
optical communication.” With the development of top-down for details). Polystyrene (PS), which is transparent in the visible
processing techniques, various shz;ped solid cavities have been range, was chosen as the matrix material to create the high-quality
achieved, including disks,** rings,”” and toroidals,® supporting microdisk resonators because of its outstanding flexibility. Our
effective optical feedback for the lasing emission.”®’ However, concept for the generation of PS microdisks is illustrated in
these resonators require sophisticated planar epitaxial technol- Figure 1A. First, PS molecules were dissolved in N,N-
ogy to incorporate the optical gain medium.”® The strict dimethylformamide (DMF), and then slow precipitation of PS
requirement of lattice matching between the epitaxial layers was induced by adding a small amount of water.”” Driven by the
limits the choice of gain materials, posing a formidable challenge interfacial tension, the polymer molecules with low crystallinity
to design and tailor the lasing wavelengths of these cavities. prefer to aggregate into spherical micelles."” Thus, a PS
In comparison, with outstanding doping flexibility, organic microemulsion was achieved after ultrasonic treatment, as
matrixes can be expediently incorporated with various laser dyes confirmed by enhanced light scattering intensity of the polymer
as optical gain media.'® The emission wavelengths of these dyes solution (Figure SI in the SI). To obtain the disk-shaped
can be easily tuned from UV to near-IR through molecular resonators, we subsequently used a tiny gap consisting of two
design."""? Furthermore, the chemical versatility and flexible glass substrates as a template during drying of the PS micelles.
nature of organic materials allow for numerous kinds of micro/ The capillary force in the tiny gap squashed these spherical
nanoassemblies,'>'* even highly bent waveguides,'>' micror- micelles into disk-shaped structures.
ings,"”"'® isotropic spheres,'*° platelets,”' and hemispheres,*>** The corresponding optical microscopy (OM) images in Figure
where the light would be well confined via the formation of 1A show that large-scale microstructures with circular boundaries

were obtained after complete evaporation of the solvent. The
disk shape was confirmed by top- and side-view scanning
electron microscopy (SEM) images (Figure S2). According to

WGM resonance. To this end, organic materials would be ideal
for the fabrication of flexible WGM microresonators to realize
lasing emission over the whole visible spectrum. However,
constructing organic WGM resonators in a controlled way, which
is critically important for tailoring their resonant modes** and Received: November 3, 2014
efficiently collecting their emission,” is still a challenge. Published: December 24, 2014
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Figure 1. (A) Schematic diagram of the microdisk fabrication process.
Corresponding OM images are also shown. (B—D) SEM images of the
PS microdisks prepared by adding water (10, 20, and 30 uL,
respectively) to the PS solution (1 mL). All scale bars are 10 um.

our proposed assembly process, the diameter of the microdisks is
in direct proportion to the size of the micelles in the emulsion
solution. The size should strongly depend on the interfacial
tension between PS and the solvent phase, which increases with
the volume of water added, generating larger polymer micelles
with smaller specific surface areas to reduce the interfacial energy
of the system. Thus, we could finely tune the microdisk diameter
from 4 to 20 ym by changing the amount of water added from 10
to 30 uL mL™" (Figure 1B—D).

The microdisks have a perfect circlular boundary and
ultrasmooth surface, which is favorable for WGM resonance.
Moreover, the phenyl groups of the PS matrix may have a strong
m—7 interactions with 7-conjugated molecules, resulting in
excellent compatibility with conjugated chromophores. This
enabled us to realize WGM lasers by doping luminescent dyes
into the microdisks. 1,4-Bis(a-cyano-4-diphenylaminostyryl)-
2,5-diphenylbenzene (CNDPASDB, Figure S3), an efficient laser
dye®® with a delocalized 7-conjugated system, was added to the
polymer solution at a concentration of ~1 wt % relative to PS,
providing the optical gain for the operation of the WGM laser.
The composite microdisks emitted uniform yellow fluorescence
of CNDPASDB under UV excitation (Figure S4), confirming
uniform doping of the dye in the PS matrix.

When the dye-doped microdisk was excited locally with a
focused pulsed laser beam (400 nm, ~200 fs) in a homemade
microphotoluminescence system (Figure SS), a brighter ring
shape pattern located at the outer boundary of the microdisk was
observed (Figure 2A inset), indicating total internal reflection of
the emitted light along the edge of the microdisk. A series of
sharp peaks from the WGM modulation was found in the
photoluminescence (PL) spectra collected from the edge of the
microdisk, as shown in Figure 2A. With increasing pump pulse
energy, the PL intensities of two peaks in the gain region were
dramatically amplified, indicating lasing action of the polymer
microdisks. The corresponding power dependence of the PL
intensity (Figure 2B) showed a nonlinear behavior at the
threshold of ~146 nJ pulse™". This resulted from the stimulated
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Figure 2. WGM lasing characteristics of the dye-doped PS microdisks.
(A) PL spectra recorded at the edge of a microdisk as a function of pump
energy. Inset: PL image of the microdisk under laser excitation. The
scale bar is S ym. (B) Plots of PL peak intensity vs excitation pulse
energy. (C) PL spectra of microdisks with different diameters and
corresponding PL images. TE and TM are labeled according to the
polarization-sensitive PL spectra illustrated in Figure S6. Scale bars are
10 um. (D) Relationship between 12/AA and the diameter of the
microdisk (D). The red line is a fit to the function 4>/ A4 = nzD. (E) Plot
of experimental Q factor vs microdisk diameter.

emission of the doped organic dye, which further confirmed the
lasing action of these microdisks.

The lasing characteristics of these flexible WGM resonators,
including the mode spacing and Q factor, were well-tuned by
altering the size of the microdisks. Figure 2C presents
fluorescence images and spectra of three distinct microdisks
with different diameters under excitation at a pump energy of 175
nJ pulse™' (above their laser thresholds). Bright emission was
observed along their ring-shaped boundaries, which is the typical
characteristic of the formation of WGM resonance. All of the
spectra show two separated lasing envelopes as a result of the
breakdown of the degeneracy of the transverse electric (TE) and
transverse magnetic (TM) modes in the microdisks.>* This was
further verified by the spatially resolved polarization-sensitive PL
spectra (Figure S6). Both the TE and TM mode spacings (A1)
gradually increase with decreasing microdisk diameter (D),
providing an opportunity to achieve single-mode lasers.
According to the WGM theory, the mode spacing A/ and the
diameter D should satisfy the equation A>/AZ = nzD, where  is
the wavelength of the guided light and # is the group refractive
index. On the basis of the experimentally measured relationship
between A*/AA and D (Figure 2D), n = 1.62 was obtained, which
is consistent with the intrinsic refractive index of the PS polymer
(1.59). This indicates that the optical WGM modes are tightly
confined in the polymer matrix with negligible optical leakage to
the substrate, which is beneficial for resonators with high Q
factors. The measured Q factors of the microdisks were on the
order of 10° to 10*, which is pretty high for organic resonators
(Figure 2E).*** The Q factor increased with increasing D
because the bending radiation loss of circular resonators declines
exponentially with their size.*
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With high Q factors and tight optical confinement, these
doped flexible microdisks can serve as ideal resonators for
achieving low-threshold miniaturized lasers. However, their
perfect rotational symmetry results in isotropic emission (Figure
S7), which is undesired for the integration with other functional
components. To design a proper structure for breaking the
symmetry and efficiently collecting the WGM signals, we
employed a two-dimensional finite-difference time-domain
(FDTD) method to simulate the spatial field distributions of
the microdisks. As illustrated in Figure 3A, the electric field in a
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Figure 3. (A) Spatial distributions of the WGM in the microdisk
resonator with and without the connected waveguide. (B) Schematic
illustration of the proposed assembly strategy to create the tangent
waveguide on the microdisk WGM resonator. (C) SEM images of the
acquired microwire-connected microdisks. Inset: magnified SEM image
showing the junction between the disk and the wire. Scale bars are 10
um. (D) Bright-field image (top) and corresponding PL image
(bottom) of the wire-connected disk under UV excitation. The scale
baris S ym. (E) Spatially resolved PL spectra collected from the wire and
disk shown in (D).

discrete microdisk is symmetrically distributed. Comparatively,
when a disk is connected with a tangent waveguide, there is
strong coupling between them that can be used to efliciently
export the resonating light.

It was reported that waveguide-coupled WGM resonators can
be achieved by using precisely aligned tapered fibers®' or etching
techniques,”” which require sophisticated multistep procedures.
The emulsion assembly method proposed in this work provides a
strategy for the one-step construction of waveguide-coupled
microdisks for the efficient output coupling of WGM lasers.
Although the PS matrix has good compatibility with z-
conjugated CNDPASDB, upon the introduction of a dye
compound with a nonplanar molecular structure, the weaker
interaction will lead to phase separation during the self-assembly
to give a hybrid structure. Here we applied aluminum tris(8-
hydroxyquinoline) (Alq;) with a twisted molecular structure
(Figure S3). The photographs shown in Figure S8 prove that in
comparison with CNDPASDB, the nonplanar structure of Alq;,
leads to a weaker interaction with PS. We initiated the
cooperative assembly of PS, CNDPASDB, and Alq; by dropwise
addition of a small amount of water into their mixed solution
(Figure 3B). During the nucleation of PS, the CNDPASDB
gradually diffused into the polymer matrix, while the Alqs
preferred to stay in the solvent phase. Upon evaporation of the
solvent, the CNDPASDB-doped PS microdisks formed as
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mentioned above, and the Alq; turned to nucleate at the edge
of the squashed PS microdisks because the small radius of
curvature and high surface energy allow them to serve as
preferential condensation nuclei.*>** The Alg, then aggregated
to form 1D nanostructures via epitaxial growth driven by its own
intermolecular interactions. The Alq;-wire-coupled microdisks
were obtained after aging of the assembly system for 10 h.

Figure 3C shows SEM images of some typical assembled
hybrid structures. It can be seen that most of the doped
microdisks were tangentially connected with a wire. Structures
with disk-to-wire ratios of 1:2 or more could also be obtained
with higher concentrations of Alq; in the mixed solution.
Temporal observation of the assembly process (Figure S9)
showed that with solvent evaporation, doped disks formed first
and then provided spots for the nucleation and growth of the
one-dimensional structure. Almost all of the wires were
tangentially connected to the microdisks, possibly because the
Alq; molecules preferred to aggregate along the interface
between the PS micelle and the solvent phase to reduce the
interface energy. Figure 3D displays bright-field and PL images of
a typical hybrid structure. Under UV excitation, the disk and
microwire showed different emission colors. The spatially
resolved PL spectra (Figure 3E) demonstrate that the spectrum
recorded from the microwire presents a single peak at 530 nm,
which is identical to that of Alq; (Figure S10). In contrast, the
spectrum of the disk shows a maximum emission at ~550 nm and
a shoulder at ~580 nm, in good accordance with the emission
features of CNDPASDB.

The tangentially connected heterostructure facilitates light
coupling both from the waveguide to the WGM resonator and
the other way. As shown in Figure S11, when the Alq; wire was
excited locally at one end with a focused UV laser (351 nm), the
light flow was steered from the excitation spot toward the other
tip. Most importantly, the emission could be trapped in the
microdisk at wavelengths consistent with the resonance cavity.
Thus, a series of sharp dips from the WGM modulation of the
microdisk was found in the spectrum outcoupled at the end of
the microwire waveguide, but such a series was absent without
the disk (Figure S12). The spacing between the neighboring dips
was found to be in fine accordance with the mode spacing of the
connected disk, further confirming the strong coupling between
the wire and the disk.

On the basis of the simulation illustrated in Figure 3A, the
strong coupling would break down the rotational symmetry of
the cavity and help to efficiently output the WGM laser from the
wire. As displayed in Figure 4A, when a 400 nm femtosecond-
pulsed laser beam was focused at the disk edge, bright PL spots
were observed at the tips of the wire. The spectra shown in Figure
4B indicate that the WGM laser with CNDPASDB as the gain
medium was effectively outcoupled from the wire waveguide
without obvious signal distortion. As an important signal carrier
in optical communication, the polarization state is a key character
of the lasing emission. In the microdisk resonator, the TE and
TM modes are polarized parallel and perpendicular to the disk
plane, respectively,35 as shown by the polarization detection
results in Figure 4C. Both the TE and TM lasing modes output
from the wire tip maintained their polarizations very well (Figure
4D). These results reveal that the self-assembled structures
demonstrated in this work can be applied to realize efficient
output coupling of WGM lasers without changing the intrinsic
properties (wavelength, polarization, etc.), which is of great
significance for the integration of the WGM laser with other
functional photonic components.
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Figure 4. (A) Bright-field and PL images of a wire-connected microdisk
locally excited at the disk edge with a pulsed laser. EX denotes the
excitation position. The scale bar is § ym. (B) Spatially resolved PL
spectra collected from the disk and the wire tips, as marked in (A). (C,
D) Spatial polarization profiles of the emission intensities of the TM and
TE lasing modes collected from (C) the disk and (D) the wire tip as
marked in (A). € refers to the angle between the polarizer transmission
direction and the axis of the wire.

In summary, we have reported a facile emulsion-solvent-
evaporation method to construct highly flexible organic
microdisk resonators in a controlled way. The microdisks can
confine the light well via the formation of WGM resonance. By
incorporation of a laser dye having excellent compatibility with
the microdisk matrix, low-threshold WGM lasing was obtained
under optical pumping. Furthermore, on the basis of our
proposed assembly strategy, waveguide-coupled microdisks were
prepared by one-step self-assembly, and the waveguide efficiently
coupled the output of the WGM laser without loss of the intrinsic
properties of the signals. We anticipate that the composite
microdisks could be ideal for achieving various functional
nanophotonic devices and lead to useful platforms for
fundamental research in nanophotonics and quantum optics.
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