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 Microlasers are in high demanded for many applications, 
such as photonic integrated circuits, quantum information 
processing, and the platform for investigation of light–matter 
interactions. [  1–9  ]  Up to date, fabrication of solid state microreso-
nators has primarily been based on semiconductor materials, 
using either top-down or bottom-up techniques. [  10  ]  For the top-
down approach, a microstructure can be obtained by etching an 
epitaxially grown planar cavity. [  11  ]  This approach critically relies 
on epitaxial growth, thus requiring costly apparatus and sophis-
ticated growth techniques. Meanwhile, the strict requirement of 
lattice-matching between the epitaxial layers and the substrate 
severely limits material choices. Moreover, this method intro-
duces optical losses at the boundary due to the imperfection of 
the etching, leading to low quality ( Q ) factors of the microreso-
nators. In comparison, for the bottom-up approach, the micro-
cavities are directly formed by self-assembled crystallization of 
nanostructures. This approach still calls for precise control of 
the shape, location, and size of the structures. [  12–15  ]  To solve this 
problem, soft microcavities such as microdroplets and liquid 
crystals have attracted increasing attention in recent years due 
to the simple fabrication and doping fl exibility. [  16  ,  17  ]  

 For spherical microresonators such as microdroplets, the 
light is trapped due to total internal refl ection at the inter-
face. [  16  ]  Therefore, by embedding active materials into a micro-
droplet, optical emission can be selectively enhanced by the 
resonance known as whispering gallery modes (WGMs). [  16–23  ]  
However, the instability of microdroplets and the complex trap-
ping system largely hinder its practical application. [  21  ,  22  ]  Obvi-
ously, a solid-state microresonator fabricated from soft matter 
but supported by a substrate is advantageous in terms of both 
stability and fl exibility. Inspired by this motivation, microreso-
nator made from organic polymers on a hydrophobic substrate 
was reported. [  24  ]  Unfortunately, there is no lasing observed 
from this structure, which might be due to the weak coupling 
of the emission into the WGM, high absorption of pumping 
wavelength by the polymer, or the poor quality of the cavity (low 
Q factor). 

 In this work, we report high-quality, self-assembled fl ex-
ible microresonators, which demonstrate excellent WGM 
lasing upon optical pumping at room temperature. Flexible 
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hemispherical microresonators on distributed Bragg refl ector 
(DBR) substrates are achieved using the hydrophobic effect. 
Both the size and position of the hemispheres can be tuned 
by this simple approach. The size tunability allows us to study 
the size-dependent optical characteristics of the structure. Laser 
emission from individual hemispheres is examined by a micro-
photoluminescence ( μ -PL) system, and the mechanism of lasing 
can be explained well by a 2D WGM model. Moreover, the mode 
spacing and  Q  factors of the microcavities are analyzed, and the 
relationship between the resonant energy of lasing spectrum 
and the mode numbers is discussed. Numerical simulations 
show a 3D confi nement of emitted light inside the hemisphere, 
due to the high refl ectivity of the DBR and total internal refl ec-
tion at the interface between the hemisphere and the air, which 
verifi es the existence of WGM microcavities. 

 The fl exible hemispherical microresonators on DBR sub-
strates are achieved as shown in  Figure    1  . Firstly, the DBR was 
deposited by electron beam evaporation on a glass substrate 
(Figure  1 d,e). The DBR used herein consisted of 27 pairs of 
alternating SiO 2  and TiO 2  quarter-wave layers. The stop-band 
width of the DBR was about 140 nm, with a refl ectivity of 
about 99.5% at 630 nm. A layer of 1H,1H,2H,2H-perfl uorooc-
tyltriethoxysilane (the hydrophobic layer) was then deposited 
over the topmost layer of the DBR by spin coating (Figure  1 f). 
This layer increases the hydrophobic effect by surface modifi -
cation. [  24  ]  In addition, the commercially available epoxy resin 
(Araldite 506 from Sigma-Aldrich) was chosen as a host mate-
rial for the hemisphere due to its high viscosity, transparency, 
thermal stability against oxidization, and low-cost, which are 
suitable to form a high-quality and stable microresonator. To 
prepare the solution for the creation of hemispheres, the epoxy 
resin was dissolved in chloroform (CHCl 3 ) with a volume ratio 
of 8:1. A high concentration of the epoxy resin was used in 
order to maintain a reasonable solution viscosity, which helps to 
prevent shrinkage of the hemispherical structures after solvent 
evaporation. The solution was then doped with 4 m M  molecular 
Rhodamine 6G (R6G). The same hydrophobic layer was then 
coated onto a small cylindrical tip (Figure  1 a,b) by a soft felt. It 
is noted that the cylindrical shape of the tip was chosen because 
it enables minimal contact with a planar surface. As shown in 
Figure  1 b, a small amount of solution was spread on the tip. It 
was found that after several minutes, a line of discrete ‘droplets’ 
were spontaneously created and hung on the tip due to both 
gravitational and hydrophobic effects, as shown in Figure  1 c. 
These ‘droplets’ were well aligned, which enabled us to achieve 
a line of hemispheres on the DBR later. Finally, the tip with the 
‘droplets’ was carefully lowered to the DBR surface (Figure  1 g) 
and then moved away after gentle contact (Figure  1 h). As a result, 
a line of hemispherical microresonators were transferred onto 
the DBR surface from the tip. It is interesting to note that the 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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    Figure  1 .     a–c) Creation of ‘droplets’ on a cylindrical tip. d–f) Deposition of the DBR and hydro-
phobic layer. g) The ‘droplets’ are transferred from the tip onto the DBR surface. h) The hemi-
spheres are formed on the DBR surface. i–m) Top-down view optical images of hemispherical 
resonators with different sizes under halogen illumination. The scale bars are 50  μ m.  

    Figure  2 .     a) The PL emission recorded at room temperature as a function of pump pulse 
energy. The inset enlarges the part of the  μ -PL spectrum in the low range of excitation density. 
b) The integrated PL intensity dependence on the excitation power. The optical image (top) 
and PL image (bottom) of the hemisphere are given in the inset. c) Calculation of WGM lasing 
mode numbers. d) The corresponding lasing spectrum.  
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tip can be reused for creating smaller hemi-
spheres by subsequent depositions. By doing 
so, the size of the hemispheres can be changed 
from large ( ≈ 120  μ m) to small ( ≈ 5  μ m), 
maintaining perfect circular structures. In 
addition, the number of hemispheres created 
can be modifi ed by the length of active solu-
tion, as shown in Figure  1 b. Therefore, we 
can obtain a single hemisphere if the length 
is short enough. These structures were dried 
in air for 24 h and then in an oven at 80  ° C 
for 1 h. This treatment helps to evaporate the 
solvent fully and stabilize the hemispheres. 
Figure  1 i–m display the optical image of 
our hemispherical structures with diameters 
from about 100 to 25  μ m.  

 Optical measurement of the created struc-
ture was carried out (see Experimental Sec-
tion for details).  Figure    2   depicts the  μ -PL 
spectra (Figure  2 a) from a single hemisphere 
(images attached in Figure  2 b, showing a 
diameter of about 80  μ m) at room tempera-
ture. It can be seen that the PL intensity 
increases with increasing pump pulse energy 
(PPE) of the incident laser, and lasing emis-
sion was observed under PPE  =  2.8  μ J. In 
order to examine the lasing action, a few 
of the PL spectra around this threshold are 
enlarged in the inset of Figure  2 a, which 
shows clearly the trend from spontaneous 
emission with a broadened spectrum (PPE 
 =  0.5–1.8  μ J) to lasing emission with sharp 
peaks. Analysis of lasing peaks under higher 
PPE will be discussed later. In addition, an 
integrated PL intensity of the peaks with PPE 
is shown in Figure  2 b. A nonlinear increase 
of the emission intensity supports the lasing 
action, and the lasing threshold was found to 
be around 2.6  μ J.  

 We tentatively analyzed the lasing mecha-
nism based on a 2D WGM model, supposing 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
the radial mode number  r   =  1. [  24  ]  Under this 
assumption, the resonant wavelength of 
the WGM can be calculated from following 
equation,

 m = π Dn/λm   (1)   

where  m  is the angular mode number and  D  
and  n  are the diameter and effective refrac-
tive index of the hemisphere, respectively. [  24  ]  
The value of  m  can be estimated as  m   =    λ   m + 1 /
(  λ   m  −   λ   m + 1 ), with   λ   m + 1,    λ   m  being the reso-
nance wavelengths for mode numbers  m + 1  
and  m , respectively.  D  can be estimated from 
the optical image, which then allows us to 
calculate  n . The calculated  n  is 1.41 assuming 
 D   =  80.14  μ m, and the corresponding 
nheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201103409
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    Figure  3 .     a–c) The  μ -PL spectrum of hemispheres with different diameters. The insets show optical and PL images of the hemispheres. d,e) The mode 
spacing and  Q  factors as a function of reciprocal diameter and diameter of the hemispheres. f) Lasing photon energy (large symbols) compared with 
theoretical data. The solid dots indicate predicted values, determined from  Equation (1) . The scale bars are 50  μ m.  
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mode numbers are indexed as 623–625 (Figure  2 c). We found 
that these values match well with the lasing peaks presented 
in Figure  2 d, which supports the WGM lasing mechanism. 
Moreover, as can be seen from Figure  2 d, the lasing peaks 
show a little blueshift under higher PPE. The reason for this 
phenomenon can be ascribed to a slight change of the hemi-
sphere’s refractive index due to a thermal effect generated by 
pumping. [  25  ]  

 The characteristics of the WGM lasing action were further 
investigated by examining the mode spacing, as well as  Q  fac-
tors of hemispheres with different sizes. Mode spacing provides 
information about cavity length ( Δ   λ    ∼  1/ D ), while the  Q  factor 
is an important qualitative parameter of a laser cavity. [  12  ]  The 
mode spacing ( Δ   λ  ) is shown in  Figure    3  a, gradually decreasing 
with increasing hemisphere size (Figure  3 a–c). It is found that 
the experimentally measured mode spacing is proportional 
to the reciprocal diameter of a hemisphere (Figure  3 d). [  26  ]  
Moreover, the  Q  factor (defi ned as  Q   =    λ  /  δ  λ  , where   λ   is the 
peak wavelength and   δ  λ   is the line-width of the peak, respec-
tively) exhibits linear dependence on hemispherical diameters 
(Figure  3 e). This is reasonable because increasing the hemi-
spherical diameter means increasing both cavity length ( L ), 
and refl ectivity ( R ) at the hemisphere–air interface. These two 
factors push the  Q  factor up based on following equation  Q   =  
2 π  nL /  λ  (1− R ). [  13  ]  It can be seen from Figure  3 e that the  Q  is 
around 4500 for  D   =  15  μ m, increasing to approximately 8000 
for  D   =  122  μ m. This value is higher than those of the microcav-
ities reported in spherical microdroplets [  17  ]  and micropillars. [  11  ]   
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201103409
 In order to get a clearer picture of the mode spacing depend-
ence on the hemispherical diameter, the resonant energy of 
WGM cavities as a function of mode number  m  is presented in 
Figure  3 f. [  14  ]  The mode spacing is the spatial distance between 
lasing peaks (big symbols), which regularly decreases with 
increasing  m , corresponding to the increase of hemispherical 
size. The experimental observations fi t well with theoretical 
predictions (line–symbols), which implies that the lasing mech-
anism from the hemisphere is indeed ascribed to 2D WGM. 

 The DBR is supposed to play an indispensable role in 
achieving lasing in these experiments, as it helps to confi ne 
the emission inside the hemisphere in the vertical direction. 
Moreover, light is trapped in the horizontal direction due to 
total internal refl ection at the hemisphere–air interface. As a 
result, all emission from the dye will be three-dimensionally 
confi ned inside the cavity and form WGM. Using the fi nite ele-
ment method supported by COMSOL Multiphysics, numerical 
simulations were performed to determine the fi eld distribu-
tion in the structure. [  27  ]  The refractive index of the substrate is 
approximately 1.54. [  28  ]  The calculated fi eld distribution inside 
the hemispherical microcavities is shown in  Figure    4  b–c. The 
resonant modes of WGM in the circumference are demon-
strated in Figure  4 b, where the total refl ection can be seen at the 
hemisphere–air interface. The mode profi le of WGM in the ver-
tical direction indicates a single resonant peak corresponding to 
a single cavity, as shown in Figure  4 c. Consequently, the light 
can be considered to travel in a circular cavity, as schemati-
cally drawn in Figure  4 a. This simulated result supports the 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  4 .     a) The 3D schematic of a hemisphere. The white circle inside 
the hemisphere indicates the WGM loop. b) Absolute electric fi eld inside 
a hemisphere in the horizontal plane. c) Electric fi eld profi le of the WGM 
in a hemisphere in the vertical plane.  
WGM cavity and provides a picture of a real cavity inside the 
hemisphere.  

 As a control experiment, we replaced the DBR with a simple 
glass substrate. In this situation, there was no lasing observed 
from hemispheres under the same experimental conditions. 
As it is well known, the emission from dye molecules inside 
a hemisphere is emitted uniformly in all directions. However, 
due to the higher refractive index of the substrate (1.54) com-
pared to the hemisphere, the emitted light prefers to penetrate 
the substrate. As a result, there is no confi nement in the vertical 
direction. For the horizontal plane, a WGM still can be formed 
due to the total internal refl ection. However, this confi nement 
is only in 2D and, thus, the lasing threshold should be much 
higher as compared to the previous case. This could explain 
why there is no lasing observed from the sample without the 
bottom DBR. 

 In conclusion, we have reported a simple method for fabri-
cating truly 3D-confi ned hemispherical microresonators with 
tunable size and position. The proposed approach does not 
require sophisticated microfabrication techniques. WGM lasing 
emission with a very high  Q  factor from dye-doped hemi-
spheres was observed at room temperature. Size-dependent 
lasing characteristics have been investigated, showing an agree-
ment between experimental observation and theoretical calcu-
lation. It is important to note that numerous active materials 
such as colloidal quantum dots or semiconductor nanowires 
can be easily incorporated into the cavity by a similar approach, 
which points out the doping fl exibility of our proposed struc-
ture. Owing to the fabrication simplicity, arrays of microcavities 
and coupled cavities can be readily produced, which may allow 
their use in novel photonic device applications such as high-
precision optical fi lters, or for optical bistability and quantum 
information processing. The proposed structure also provides 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
an excellent platform for fundamental studies of, for example, 
cavity quantum electrodynamics in the strong coupling regime 
and nonlinear optical phenomena.  

 Experimental Section 
 Optical characteristics of individual hemispheres were studied using the 
 μ -PL system. The excitation source was a frequency-doubled,  Q -switched 
Nd:YAG laser which generates green emission at 532 nm with a pulse 
width of 1 ns and a frequency of 60 Hz. The laser was guided at an angle 
of about 45 °  to normal of the sample and focused to a beam spot size 
with a diameter of 1.5 mm to pump the hemisphere. Emission spectra 
were collected by an objective (50 × , numerical aperture  =  0.42), and 
delivered to a camera for a PL image or to silicon charge-coupled device 
(CCD) for recording spectra with a spectral resolution of 0.05 nm. In 
addition, to avoid oxidation of the molecular dyes, the hemisphere was 
pumped only in discrete periods of 200 ms during a spectral scanning 
process of the CCD.  
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