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 Self-Assembled Organic Crystalline Microrings as Active 
Whispering-Gallery-Mode Optical Resonators  
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  Light confi nement within micro/nanoscale volumes allows 
a profound engineering of light-matter interactions to realize 
nanophotonic components for all-optical signal processing. [  1–3  ]  
High quality nanowires can travel light forth and back, and 
serve as Fabry-Pérot (FP) resonators to enhance optical gains for 
light amplifi cation. [  4–6  ]  The major drawback of such nanowire 
cavities is their low refl ectivity at end facets, [  7  ]  which implies 
most of traveled photons are outcoupled from cavities at wire 
tips. One simple yet effective solution is to join the two ends of 
a nanowire into a pseudo-ring conformation, [  8,9  ]  where the light 
might be better confi ned via the formation of whispering gal-
lery mode (WGM) resonance. [  10  ]  Practical applications of these 
artifi cial optical geometries are still hindered for their incon-
venient fabrication and the unexpected light scattering and 
energy leakage at joint points. 

 The chemical versatility and fl exible nature of organic mate-
rials allow for numerous kinds of micro/nano-assemblies, [  11–13  ]  
even highly bent ones as tubes, [  14  ]  twists, [  15  ]  and also rings. [  16,17  ]  
These self-assembled molecular micro/nanocrystals have been 
already applied in multiple nanophotonic units, including 
nanolasers, [  18  ]  optical routers, [  19  ]  modulators, [  20  ]  sensors [  21  ]  and 
logic gates. [  22  ]  However, the construction of active WGM ring 
resonators, [  23  ]  as a kind of fundamental photonic units, is still 
a challenge, because self-assembled rings often suffer from a 
low structural quality of optical defects or a tiny size below dif-
fraction limits. [  24  ]  In this paper, we propose an improved self-
assembly strategy in microscopic solution droplets to produce 
organic crystalline microrings with high structural quality, in 
which optical WGM resonance of fl uorescence could effi ciently 
occur. These self-assembled WGM resonators would take 
advantages of facile preparation, active optical responses, free 
of mechanical defects and well-defi ned circular shapes, offering 
great potentials in low-threshold WGM microlasers, [  25  ]  interfer-
ometers, [  26  ]  optical sensors, [  27  ]  wavelength fi lters [  28  ]  and slow-
light devices. [  29  ]  
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 The crystal of organic compound 1,5-diphenyl-1,4-penta-
dien-3-one (DPPDO) ( Figure    1  a), where molecules can be rear-
ranged in the loose crystal lattice, was adopted due to its good 
tolerance for structural distortions. [  30  ]  Here, we realized the cir-
cular growth of DPPDO microcrystals by introducing the liquid 
tension of solution droplets during the process of molecular 
assembly. The fi nal confi guration and size of DPPDO assem-
blies could be easily controlled by changing the concentration 
of molecules in solution. In the as-prepared microrings, the 
fl uorescence emission could be effi ciently guided and locally 
confi ned, resulting in WGM spectral modulation of the outcou-
pled light signals. The quality ( Q ) factor of these self-assembled 
WGM resonators could exceed 300, which means the better 
confi nement of photons and stronger exciton-photon coupling 
over those in nanowires FP cavities. [  10,31  ]   

 When DPPDO molecules were dissolved in a mixed solvent of 
ethanol/water (volume ratio = 1/20) and then kept undisturbed 
for hours, they could aggregate into crystalline microbelts as 
shown in Figure  1 b. These molecular assemblies grew along the 
[001] crystal direction, as indicated in the corresponding selected 
area electron diffraction (SAED) patterns. The molecular planes 
are perpendicular to the  c  axis and have a large space between 
neighboring molecules, which means that the  c  parameter has 
a considerably variable range within the tolerance of weak inter-
molecular interactions. As a result, the self-assembled DPPDO 
belts are of remarkable fl exibility (Figure S1), which implies the 
bendable molecular packing in the preferential growth direc-
tion. [  17,32  ]  It is very possible to achieve self-assembled microring 
structures from the aggregation of DPPDO molecules, as long 
as an appropriate driven force could be applied for the circular 
growth during the assembly process. 

 An effi cient route to ring formation is to use the essential 
contact lines around evaporating liquid drops on a solid sub-
strate. [  33,34  ]  Inspired by this, we could realize the circular 
assembly of DPPDO (Inset in Figure  1 c), when its ethanol/
water solution was freshly mixed and drop-cast on a glass 
slide (See Experimental Section for details). After the complete 
evaporation of solvent, well-defi ned ring-like structures with 
a uniform diameter were observed on substrate, as displayed 
in Figure  1 c. The SEM image (Figure  1 d) illustrates a relative 
smooth surface of these rings, and also their fl exibility oriented 
to the b  crystal axis due to the considerable height to width 
( h / w ) ratio (Inset in Figure  1 d). These results indicated that the 
rings are formed from the bent growth of belts, induced by the 
liquid tension in hemispherical-shaped microdroplets during 
the evaporation (Figure S2). The phase difference inside and 
outside the microdroplets provide an anisotropic environment 
for ring formation to occur rather than the unrestricted one-
dimensional aggregation in homogeneous solution. [  31,35  ]  
mbH & Co. KGaA, Weinheim 357wileyonlinelibrary.com
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      Figure 1.   (a) Molecular packing in a DPPDO crystal with probable lattice distortions. Inset: 
molecular structure of DPPDO. (b) TEM image of self-assembled DPPDO microbelts. Scale 
bar is 1  μ m. Inset: SAED pattern of a single belt. (c) Large-scale optical microscopy image of 
the as-prepared DPPDO assemblies on glass substrate. Scale bar is 50  μ m. Inset: illustration 
of the circular growth driven by liquid tension. (d) SEM image of several separated microrings. 
Scale bar is 10  μ m. Inset: high-resolution SEM image of the bent part of a typical ring. Scale 
bar is 2  μ m.  
 By combining the above morphological results, we propose 
an optimized model for the ring formation process driven by 
interfacial tension, [  36  ]  as illustrated  Figure    2  a. In a microsized 
droplet of mixed solution on the glass substrate, DPPDO 
should nucleate preferentially at the contact line, where the sol-
vent evaporated faster than that in the central area. The solu-
tion droplet was therefore confi ned within the inner surface, 
and offered a circular template for the assembly around the 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We

      Figure 2.   (a) Illustration of the formation mechanism of the self-assembled microrings driven 
by the interfacial tension of liquid droplets. By this means, typical products (wires, rings, tiles) 
could be obtained by controlling the solution concentration. (b-e) Optical microscopy images 
of wires, small/large rings and tiles obtained by using DPPDO solutions with different concen-
trations of 2 mmol L −1 , 4 mmol L −1 , 6 mmol L −1  and 10 mmol L −1 . Scale bars are 25  μ m. Insets: 
corresponding SEM images. Scale bars are 2  μ m.  
droplet. Then, the molecular units aggre-
gated with a larger  c  parameter at the outer 
surface, because the direction of molecular 
packing was bent by the force of liquid ten-
sion at the contact line. With the further 
evaporation of solvent, the assemblies could 
grow into a curved belt that embraced the 
microdroplet. Moreover, the defects between 
curved blocks could be fi lled by molecules in 
the solution droplet via the weak intermolec-
ular interaction. As a result, self-assembled 
microrings without noticeable defects or 
joints were fi nally obtained after the exhaus-
tion of DPPDO molecules in the evaporating 
droplets.  

 From the growth model described above, 
we can see that the rate and time period of 
molecular aggregation should be strongly 
dependent on the amount of DPPDO units 
in the microdroplets. Thereby, the molar con-
centration of drop-casting solutions could 
determine the morphological parameters 
(e.g., dimension, curvature and size) of the 
fi nal structures. When the concentration is 
2 mmol L −1 , the insuffi cient growth resulted 
in only wire-like structures, which are too 
short to be bent and connected into rings 
(Figure  2 b). Although these wires might be 
slightly bent at the beginning of assembly 
period, they were more likely to unfold into straight ones after 
the evaporation due to their low length to diameter ratio. When a 
solution with a concentration of 4 mmol L −1  was adopted, longer 
warped belts and microrings with a diameter of  ∼ 5  μ m were 
observed on substrate, as shown in Figure  2 c. It indicates that 
4 mmolL −1  is the critical concentration that allows for ring for-
mation just before the termination stage. Therefore, rings with 
a larger diameter would be prepared in solutions with a higher 
in
concentration, because they can formed at an 
earlier stage when the evaporating droplet 
was still of a larger volume. As expected, 
the perfect circular conformation ( ∼ 10  μ m) 
was prepared from a 6 mmol L −1  solution, as 
displayed in Figure  2 d. However, only micro-
tiles of tens of micrometers (Figure  2 e) were 
obtained at a further increased concentration 
of 10 mmol L −1 , because the molecular aggre-
gation became too fast, and also brought too 
large mechanical resistance to assemble crys-
talline nucleus into circular structures. 

 The microsized assemblies of DPPDO 
molecules emitted instinct blue fl uorescence 
under UV excitation via radiative transi-
tion of  π -electrons, as shown in  Figure    3  a. 
The uniform light emission indicates that 
DPPDO structures are free of optical defects, 
which implies their potential abilities of 
optical waveguide and spatial confi nement of 
fl uorescent photons. [  6,18  ]  When DPPDO belts 
were excited locally by a focused UV laser 
heim Adv. Optical Mater. 2013, 1, 357–361
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      Figure 3.   (a) Fluorescence microscopy image of the as-prepared DPPDO microstructures 
excited with UV band (330-380 nm) of a mercury lamp. Scale bar is 50  μ m. Inset: high-
magnifi cation image of the DPPDO microrings. Scale bar is 10  μ m. (b–d) Spatially resolved 
spectra outcoupled from DPPDO microrings with diameters of 8  μ m, 14  μ m, and 27  μ m. 
Insets: fl uorescence microscopy image of the microrings locally excited with a focused 351 nm 
laser beam. The excitation positions are marked with the violet circles, and the spectra were 
collected from the unexcited areas.  

      Figure 4.   (a) WGM modulation within the range of 500–600 nm in rings 1–3 by removing the 
fl uorescence background. (b) The plots and fi tted curve of group index versus wavelength in 
these microrings. (c) Simulated 3D electric fi eld intensity distribution (  λ   = 550 nm,  n  = 1.60) 
in the microring resonator ( d  = 4  μ m,  w  = 500 nm,  h  = 3  μ m). (d) The curves of estimated 
optical losses (absorption, scattering, and radiation) and total  Q  factor versus ring diameter. 
The dashed line was fi tted from the experimental  Q  factors in rings 1–3.  
beam, light fl ows could be steered from the 
excitation spot towards tips (Figure S3). The 
outcoupled spectra revealed little loss occurs 
at the curved area, which could be attributed 
to active optical waveguide mode of fl uo-
rescence. [  2,31  ]  Most of the emitted photons 
were outcoupled at the low refl ective end 
facets, [  7  ]  so that no FP type spectral modula-
tion could be detected from the wire geome-
tries. Nevertheless, in the DPPDO microring 
waveguides, the light emission could travel 
around and be trapped in the optical modes 
without outcoupling at end facets. [  8  ]  As dis-
played in the fl uorescence images (Insets 
in Figure  3 b–d), the fl uorescence was wave-
guided and observed from the entire rings 
although the samples were locally excited 
by a laser beam. In these ring cavities with 
central symmetrical shapes and rather small 
sizes, the propagated photons were thereby 
trapped to generate WGM optical resonance 
at the circular boundary. [  10  ]   

 A series of sharp peaks from the WGM 
modulation was found over the emission 
band in the outcoupled spectra, as shown in 
Figure  3 b–d. In this optical active structure, 
the modes emerge more obviously at the 
range from 500 nm to 700 nm, because of the 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeiAdv. Optical Mater. 2013, 1, 357–361
strong re-absorption of higher energy photons 
at shorter wavelength and the low optical gain 
at longer wavelength regions. [  18,31  ]  The mode 
spacing between the peaks decreases rap-
idly with an increase in ring diameter from 
8  μ m to 14  μ m, and to 27  μ m. It should be 
noted that such optical modulation was not 
observed at the excitation spots (Figure S4), 
where most of emitted photons are from 
the unguided light scattering rather than the 
light outcoupling of ring cavities. It indicates 
that the optical modulation is based on the 
confi nement of photons within the rings, 
and thus, the rings function as optical WGM 
resonators of fl uorescence. These assembled 
rings were perfectly connected without joint 
points, and the backscattering was there-
fore minimized to improve the degeneracy 
of clockwise and anticlockwise light propa-
gation. The breakdown of spectral degen-
eracy should be quite limited compared with 
the line width of ring modes, so we did not 
observe notable peak splitting into doublets 
which is a common drawback in mechani-
cally joined pseudo-rings. [  8,10  ]  

 The optical modulation of WGM reso-
nance in these organic rings could be better 
analyzed by removing the fl uorescent back-
ground, as shown in  Figure    4  a. For instance, 
the spacing between peaks is 5.8 nm, 2.6 nm 
359wileyonlinelibrary.comnheim
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and 1.8 nm at 550 nm for rings 1, 2 and 3, respectively. The 
spacing between the spectral peaks   Δ  λ   is given by   Δ  λ   =   λ   2 / n  π  d , 
where   λ   is the wavelength of guided light,  n  is the group refrac-
tive index, and  d  is the diameter of ring. [  10  ]  The value of   Δ  λ   
exhibits a quadratic growth with the emission wavelength  λ  , and 
is in inverse proportion to the optical path length  n  π  d . There-
fore, the group index  n  could be calculated to profi le the optical 
dispersion relations in active microring cavities, as plotted 
in Figure  4 b. The  n  value shows a curve that dramatically 
decreases with the increase of wavelength at the region below 
550 nm, and then reaches a stable value ( ∼ 1.60), which is iden-
tical in all the three microrings with different sizes. The dis-
persion curve indicates effi cient exciton-photon coupling at the 
high-energy band of photons, which may help to explain the 
results that the resonance at short wavelength is more obvious 
in rings with a smaller size.  

 Three-dimensional (3D) local electric fi eld distribution 
within microring structures was numerically simulated with 
fi nite element method, which profi les the circular interference 
of confi ned light as typical WGM resonance, as displayed in 
Figure  4 c. It is noticeable that the electric fi eld of light is almost 
localized at the outer half of the ring, indicating the photons 
are trapped by the total refl ection at the outer interface between 
ring and air. The electric fi eld on the x-y equatorial plane shows 
a distribution of periodic patterns in the azimuth direction, and 
the number of nodes increased linearly with the ring diameter 
(Figure S5). The profi le of cross-section (y-z plane) reveals that 
the traveled light could be totally confi ned due to the high  h / w  
ratio of microrings, although the refractive index of organic 
dielectric is close to that of the glass substrate. [  18  ]  The energy 
leakage to substrate can be ignored; however, the intensity dis-
tribution of light shows a curvature-dependent bias to the outer 
surface of ring (Figure S6), resulting in the optical leakage of 
confi ned photons during the circular propagation of photons. 

 There are three major sources of optical losses, light absorp-
tion, surface scattering and radiation, [  9  ]  that should be involved 
in these active WGM resonators, as illustrated in Figure  4 d. The 
absorption loss   γ  abs   keeps unchanged with the ring circumfer-
ence, because the absorption coeffi cient of DPPDO molecules 
is constant at a given wavelength (Figure S7). The scattering 
loss   γ  sca   is mainly caused by the roughness of the outer sur-
face of rings, and the scattering intensity decreases in the ring 
with a large volume due to the better confi nement of photons. 
The radiation loss   γ  rad   is the photon tunneling out of cavities on 
the surface evanescent wave, and shows an exponential decline 
with the ring diameter. The inverse of the sum of above-men-
tioned three kinds of optical losses, 1 / (  γ  abs   +   γ  sca   +   γ  rad  ), was 
calculated to estimate the quality of cavities. [  37  ]  The estimated 
curve of  Q  factor drastically increases from 300 to 400 with the 
increase of ring diameter, and gradually reaches a saturation 
region ( ∼ 450) beyond a ring size of 20  μ m. It agrees well with 
the variation of experimental  Q  factors in rings, which only 
decrease slightly due to the uncertainties in actual losses. 

 In conclusion, the crystalline dielectric microrings were 
prepared from small organic molecules DPPDO via a liquid-
phase self-assembly approach, by inducing the crystal growth 
with the liquid tension of droplets on substrates. The micro-
droplets served as soft templates, and enabled facile control on 
the morphology and size of obtained structures. The assembled 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
microring could well confi ne its fl uorescence as active WGM 
resonance. The coupling between excitons and photons dras-
tically altered the optical dispersion relations in the organic 
microring. The self-assembled microring cavity has a  Q  factor 
over 300, offering considerable potentials in active photonic 
components with spectral modulation abilities and compact 
sizes. There is still plenty of space for the improvements of 
luminescent effi ciency and structural quality in the assembled 
rings. Therefore, we believe our demonstration of self-assem-
bled WGM microring resonators would pave a new road to the 
extensive exploration of organic active components for inte-
grated photonics.  

  Experimental Section 
  Materials : Organic compound 1,5-diphenyl-1,4-pentadien-3-one 

(DPPDO) was purchased from Meryer (Shanghai) Chemical Technology 
Co. Ltd., and used without further treatment. Ethanol (HPLC grade) was 
obtained from Beijing Chemical Agent Inc., and used without further 
purifi cation. Ultrapure water with a resistivity of 18.2 M Ω  cm was 
produced using a Milli-Q apparatus (Millipore). 

  Procedure : Organic microrings were prepared through a self-
assembly method by drop-casting solution on a solid substrate. In a 
typical preparation, a stock solution of DPPDO (500  μ L) in ethanol was 
rapidly injected into a tube of ultrapure water (10 mL) at ice-water bath 
condition. Then the tube was kept for 30 min at 0 °C to achieve intensive 
mixing of solvents without obvious precipitation. After that, a drop of 
as-prepared mixed solution (50  μ L) was cast onto a glass slide, and left 
without any disturbance at room temperature for 3 h. The evaporation 
of surrounding solvents can induce the aggregation and assembly of 
DPPDO molecules. Finally, self-assembled microrings were obtained on 
substrate after the solvents completely evaporated. 

  Characterization : The morphology and crystallinity of DPPDO 
microstructures were examined by scanning electron microscopy (SEM, 
Hitachi S-4300) and transmission electron microscopy (TEM, JEOL JEM-
1011). The absorption and fl uorescence spectra were measured on a 
UV-visible spectrometer (Perkin-Elmer Lambda 35) and a fl uorescent 
spectrometer (Hitachi F-7000), respectively. Bright-fi eld optical images 
and fl uorescence microscopy images were taken from an inverted 
fl uorescence microscope (Nikon Ti-U), by exciting the samples with 
the UV band (330–380 nm) of a mercury lamp. The single microbelts 
and microrings were locally excited by a focused 351 nm Ar ion laser 
beam (Spectra-Physics Beamlok, spot size 2  μ m). The spatially resolved 
spectra were measured with a monochrometer (Princeton Instrument 
Acton SP 2300i) connected with an EMCCD (Princeton Instrument 
ProEM 1600B).  
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