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Abstract: We demonstrate reversible spectral tuning of optofluidic microcavities formed by 

optically trapped, dye-doped emulsion droplets of liquid crystals by changing ambient temperature 

or exposing the droplets to AC electric field of varying magnitude. 
  
OCIS codes: (140.3945) Microcavities; (160.3710) Liquid crystals; (300.2530) Fluorescence, laser-induced; (350.4855) 

Optical tweezers or optical manipulation  

 

1. Introduction 

Optofluidics utilizes optical and mechanical properties of fluids for creating unique reconfigurable optical systems 

inconceivable with conventional solid-state materials [1,2]. Active fluid-based optical resonators (cavities) 

containing a suitable gain medium are among the most critical components of optofluidic systems as they represent a 

prerequisite for developing on-chip integrated sources of laser light [3-5]. Liquid microdroplets suspended in a low-

refractive index environment act as self-assembled optical cavities hosting high-quality optical resonances - 

whispering gallery modes (WGMs) [6]. Droplets of liquid crystals (LC) – in contrast to ordinary liquids - show 

optical anisotropy and birefringence that can be controlled externally by electric field or changes of the ambient 

temperature. Thus, LC droplets are attractive for implementing tunable optofluidic cavities [7,8]. 

We report on the development and characterization of tunable optofluidic resonators based on dye-doped LC 

emulsion droplets suspended in an immiscible host liquid with the refractive index smaller than the refractive index 

of the LC material, thus supporting WGM resonances. The contrast of refractive index necessary for excitation of 

WGMs in the droplets also enables stable spatial confinement of the studied droplets in optical tweezers which adds 

large flexibility to the spectroscopic experiments. We show that the WGM emission spectrum of an LC droplet-

based resonator can be largely and (almost) reversibly tuned by controlled changes of the ambient temperature that 

induce phase transitions in the LC droplets. We also demonstrate the possibility of tuning reversibly the WGMs of 

LC droplet cavities by modifying the spatial profile of the effective refractive index of the cavity via external AC 

electric field of varied magnitude and frequency. Our results indicate feasibility of these approaches for creating 

miniature tunable sources of coherent light that can be integrated into microfluidic chips.  

2.  Materials and methods 

Experimental setup used for the WGM spectroscopy of optically trapped emulsion droplets of liquid crystals was 

described previously [9]. Spectroscopic experiments were carried out in specially designed sample chambers that 

allowed adjusting the optical properties of the studied LC emulsion droplets by external stimuli (temperature 

changes, AC electric field) in parallel with confinement of the droplets in a single-beam optical trap. During the 

experiment, actual internal structure of the trapped LC droplet could be visualized by polarization microscopy.  

Our working emulsions consisted of 5CB liquid crystal (refractive index in isotropic phase nLC = 1.58 at 640 nm) 

containing 1% w/w Nile Red fluorescent dye and emulsified in deionized water (nhost = 1.33) in the presence of 4 

mM sodium dodecyl sulfate surfactant. At room temperature around 23°C, this material combination leads to LC 

emulsion droplets with radial orientation of the molecular director [8]. The emulsion droplets were prepared by 

manual shaking of the liquid mixture and subsequently loaded into the sample chamber immediately before the 

experiments. 

3.  Temperature-induced tuning of emission spectra of LC droplets 

Figs. 1(a),(b) present typical fluorescence emission spectra recorded from an optically trapped LC droplet of 

diameter approximately 13.5 m at different stages of the heating/cooling cycle, with the actual sample temperature 
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indicated in the plot headings. Inset in each spectrum shows the corresponding image of the studied droplet acquired 

using polarization microscopy which reports on the internal organization of LC molecules within the droplet. 

 

 
Fig. 1. Tuning of WGM spectra of LC droplets by controlled temperature changes. (a) WGM spectrum of a radial LC droplet. (b) WGM 

spectrum of an isotropic LC droplet. (c) Complete tuning cycle induced by temperature increase and decrease.  

 

At temperatures below the phase transition point, the droplet is in the birefringent radial LC phase and its 

emission spectrum features TM-polarized modes of radial orders n = 1, 2 and also TE-polarized modes of the lowest 

radial order n = 1 (Fig. 1(a)) [6]. Due to the low contrast between the ordinary refractive index of liquid crystal 

molecules no seen by the TE-modes and the refractive index of the surrounding host medium nhost, the intensities and 

Q-factors of the TE-modes are lower than those observed for the TM-modes seeing the extraordinary index ne [7]. 

Upon melting and transition into the isotropic phase, droplet birefringence resulting from the long-range order of LC 

molecules vanishes and the droplet observed through crossed polarizer and analyzer becomes practically invisible 

(Fig. 1(b)). At the same time, TM-polarized modes with n = 2 disappear and the intensities and Q-factors of TE-

polarized modes with radial order n = 1 become comparable to those of the corresponding TM-modes because both 

TE- and TM-mode families now see the same average refractive index nLC of the isotropic phase. 

The complete tuning cycle that consists of a temperature increase (frames 1-3400) followed by a temperature 

decrease (frames 3400-5000) is shown in Fig. 1(c). This figure illustrates good reversibility of temperature-induced 

spectral tuning; when the temperature is lowered, the droplet transitions back to the radial LC phase and the 

character of its WGM spectra returns to that shown in Fig. 1(a). 

4.  Tuning of emission spectra of LC droplets by external electric field 

Due to the anisotropy of polarizability of liquid crystal molecules, external electric field can be used to change the 

molecular alignment in the LC phase, thus changing its optical response. In particular, when exposed to an external 

electric field, LC molecules rotate so that their long axis tends to orient parallel to the applied field. This mechanism 

can be used for efficient tuning of spectral profile of microscopic cavities based on LC droplets [7]. 

Fig. 2 summarizes the spectral response of an optically trapped radial LC droplet of diameter approximately 17 

m exposed to external AC electric field of frequency 1 MHz generated by applying AC voltage varying between 0 

and 330 Vpp across the sample chamber. Schematics in Fig. 2(a) illustrates the changes in the orientation of LC 

molecules within the droplet at zero (top) and maximal (bottom) electric field; radial double-headed arrows indicate 

the direction of the electric field of TM-polarized WGMs. With increasing external electric field, LC molecules 

gradually turn away from the purely radial orientation and align with the applied external field. Consequently, the 

extraordinary refractive index ne of LC molecules (given by the polarizability of LC molecules along their long axis) 

originally seen by the TM-modes starts decreasing towards the ordinary refractive index no (given by the 

polarizability of LC molecules along their short axis). This decrease in the effective refractive index of the droplet 

translates into shortening of the effective optical path length and, thus, shifting of the WGMs to the blue end of the 

spectrum. The whole process is fully reversible; when the external field drops to zero again, WGMs shift back to 

their original positions. For the particular droplet shown, spectral tuning range = 1.3 nm.  
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Fig. 2. Tuning of WGM spectra of LC droplets by AC electric field. (a) Schematics of orientation of LC molecules inside a radial LC droplet 

without (top) and (with) applied external electric field. (b) Complete tuning cycle induced by electric field increase and decrease. 

 

5.  Conclusions  

We have studied tunable optofluidic microcavities formed by dye-doped emulsion droplets of liquid crystals 

suspended in an aqueous host liquid and confined in optical tweezers. By changing the temperature of the emulsion 

or applying external electric field to the droplets, we have shown that the WGM spectra of the droplet-based 

resonators can be largely and almost reversibly tuned in both directions. Residual irreversibility observed in the 

spectral tuning patterns due to gradual dissolution of the droplet in the host liquid can be potentially reduced or even 

eliminated by optimizing the composition of the host liquid supporting the droplets (in particular, the type and/or 

concentration of the used surfactant). The presented results indicate feasibility of this approach for creating 

miniature largely tunable sources of coherent light for on-chip integration. In addition, spectroscopic measurements 

with LC droplets subject to external stimuli (e.g. orienting external electric field or controlled changes of the 

ambient temperature that eventually induce phase transitions in the droplets) can elucidate the physical processes 

taking place in the droplets, thus contributing to the fundamental research in the field of liquid crystal physics.   
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