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Abstract: We experimentally demonstrate trapping a microdroplet by using
an optical tweezer and then activating it as a microresonator by bringing it
close to a tapered-fiber coupler. Our tweezers facilitated the tuning of the
coupling from the under-coupled to the critically-coupled regime while the
quality-factor [Q] is 12 million and the resonator’s size is at the 80 pm
scale.
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OCIS codes: (140.7010) Laser trapping; (140.4780) Optical resonators; (140.3945)
Microcavities.
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1. Introduction

Optical traps serve in the most sensitive biological-force measurements [1-3] as well as in
chemistry and physics research [4]. As optical tweezers can trap almost perfectly spherical
droplets while precisely controlling their position, it is natural to check if we can activate
tweezed droplets as optical microresonators. By doing so, one can benefit from modern
tweezing techniques such as dynamical holograms [5] that can simoultanesly manipulate
multiple particles [6-9]. Further, traps were shown to sculpt microdroplets into elliptical,
triangular and rectangular shapes [10] which can serve in deforming the resonator while light
is inside. Additionally pumps and valves [11] were shaped by trapping several adjacent
spheres. Such adjacent spheres [11] can serve as cascaded resonators that one can shape each
of them [10] as desired and then postion in the place where they are needed [11].
Interestingly, one of the first experiments in microcavities was done using an optically
trapped droplet resonator [12]. In this experiment, Ashkin was tuning the frequency of a laser
beam that was trapping a microdrop against gravity. An upward motion of the drop indicated
that the laser frequency was near resonance.

Our long-term vision includes optical circuits where a multi-minima optical trap shapes
and positions multiple optical components. Being practical and in order to start here with
proving this concept, we use an optical trap to position a droplet next to a tapered fiber; and
by this, activating the droplet as an optical resonator.

2. Experimental setup

As one can see in Fig. 1(a), our experimental setup consists of optical tweezers (green) that
drag a droplet of high index material (yellow) and controll its distance from a nearby tapered
fiber (gray). Our setup is different from the current state of the art in nanopositioning of
optical devices, which uses expensive and cumbersome positioners with an inch-scale
footprint. Such nanopositioners are non-scalable to control multiple microresonators. On the
contrary, optical tweezers were shown to control many devices with a single beam of light
that is controlled by a spatial light modulator (SLM).

In the past, droplets were used as optical resonators [12—16], including while optically
trapped [12]. Differently here, we optically trap our oil droplet in an aquatic environment next
to a tapered-fiber coupler [17-19]. As will be explained in what follows, the optical tweezers
enable controlling the distance between the resonator and the tapered fiber and therefore
allows tuning the optical coupling upon need.
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Fig. 1. Experimental setup (A) where light is coupled from a tapered fiber to
circumferentially circulate into a microdroplet resonator. (B) A micrograph of our experiment.
The dashed green circle represents the location of the optical tweezers that hold the droplet.
The focuses in the micrograph were optimized separately (for the taper and for the drop).

The optical whispering gallery mode resonators are made by blending together in an
ultrasonic bath for half an hour, paraffin oil (0.2 ml), distilled water (DI) (1 ml) and an
emulsifier (0.1 ml of “Tween 40”®). An aliquot form of the emulsion was mixed with DI
water and injected into a 125 um deep flow cell. This flow cell contains a single-mode
tapered fiber [17-19] which is placed in a water medium. The fiber's diameter at the waste is
small enough that the speed of light in the fiber is almost equal to the speed of light in the
resonator. For this reason the tapered fiber is phase matched with the resonator which enables
efficient coupling of light into the microdrop resonator. A laser source with an emission
wavelength of 532 nm is focused downward using a GRIN lens (N.A. = 0.46, f = 2 mm) and
captures a single droplet in the flow cell. Simultaniasly, a microscope is used to view the flow
cell from below (Fig. 1(b)). The effective trapping power ranges from 5 to 20 mW using a
typical working distance of 7 mm. The gradient force that the optical trap applies in the
horizontal direction (i.e. transverse to beam propagation) serves in dragging the drop to a
desired position. In this way, we trap a drop and move it towards the tapered fiber until
achieving evanescent coupling [17—-19] to the droplet [14, 15].

3. Experimental results

We experimently monitor the optical transmission through the resonator by measuring the
output power of our system (Fig. 1(a)). As expected, scanning our laser wavelength through
resonance reveals a Lorenzian dip in the resonator's transmission (Fig. 2). The linewidth of
such resonances is inversely proportional to the resonator's optical quality factor (Q). Using
this inverse relation between quality factor and linewidth we get an optical quality-factor of
12 million for our resonator. To ensure the validity of this result we eliminate linewidth
broadening such as thermal broadening [20], by operating at the undercoupled regime and at
low input-power levels. Another indication for the optical excitation of the resonances is
revealed via residual scattering from imperfections near the cavity mode. While the laser is at
the resonance wavelength, these scatterings in the suface of the oil drop are seen shining as
shown in Fig. 2(c). We repeated this experiment several times using droplets between 70 to
120 microns in diameter, all resulting in similar resonances with similar quality factors.
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Fig. 2. Experimental results: The optical quality factor, Q, is experimentally measured by
(a) trapping a microsphere and bringing it near the evanescent field of the tapered fiber. When
in the undercoupled regime, a Lorenzian drop in transmission is monitored with a linwidth that
reveals a 12-million Q. While at resonance, the mode is seen via residual scatterings (c) that
are not seen while off resonance (b).
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Fig. 3. Experimental results: resonances spectrum with several modes. To check that these
modes are repeatable, we scan while increasing wavelength (red) and then while decreasing
wavelength (blue) and verify that resonances indeed stay. The green arrows indicates the free
spectral range.

We will now present a broader wavelength-scan experiment that reveals several
resonances. In Fig. 3, we can see a 4 nm wavelength scan that reveals, as expected with such a
spherical resonator, approximitly 16 optical resonances. To confirm that these resonances are
repeatable, we perform the scan twice. First, we scan to the longer wavelengths (Fig. 3 in red)
and then to the shorter ones (Fig. 3 in blue). As expected, these two scans (Fig. 3 blue and
red) produce an overlaping resonance spectra. A dense spectrum, as demonstrated in Fig. 3,
can serve in the future for phase matching, as required for a variety of nonlinear effects
including four waves mixing [21], third-harmonic generation [22], as well as backward [23,
24] and forward [25, 26] Brillioun scattering. An interesting detail of the spectra shown in
Fig. 3 is that many of the peaks have a “sibling” located 1.43 nm away (green arrows).
Accordingly in this regard, each of the cavity modes is expected to have an adjacent mode for
which the number of optical waves along circumference is different by 1. The distance
between these adjacent modes is generally referred to as the free spectral range,

2
FSR = /1—, @)
27R -,

where A is the vacuum wavelength, R is the resonator radius and n. is the effective refractive
index of the mode [27]. The radius measured by the microscope is: 43 = 1 um. Using Eq. (1)



with the measured radius and free spectral range (Fig. 3.), we obtain that our resonator has an
effective refractive index of 1.47 +—0.01.

We will now control the distance between the tapered-fiber and the resonator. We do so
by changing the coupling distance between the fiber waveguide and the resonator. We start
this experiment when the resonator is relativly far from the taper so that only 12% of the laser
light is coupled into the resonator, as evident from the fact that transmission at resonance
drops to 88% (Fig. 4(a)). This regime is generally reffered to as the undercoupled regime [28].
We now move the resonator (by moving the optical tweezers) about 250 nm closer to the
taper. As the resonator approaches the taper, the coupling increases untill 93% of the light
enters the resonator (Fig. 4(b)). Such a high absorption in the resonator indicates that the
system is operating near the critically coupled regime [19, 28]. While at critical coupling,
coupler loss is equal to the resonator loss, and most of the input power can be coupled into the
resonator [28]. In this case, transmission may decrease to almost zero [19]. As we
demonstrated (Fig. 4(a)-4(b)) in our experiment, the tweezers, enables controll of the optical
coupling from the under-coupled to the critically coupled regime. Controlling the coupling, as
we perform here, was experimentally demonstrated in the past to be usefull in reducing lasing
threshold for Raman [29] and Brillouin [30] microlasers as well as for enabling selection
between laser processes and parametric oscillations [29]. Additionally and as mentioned
above, being able to tune coupling to the undercoupled regime implies a narrow resonance
line that is less affected by thermal broadening [20] and therefore usefull for sensing
applications [31].

Interestingly, beyond a certain point the optical trap cannot push the drop any closer to the
taper. This is because interfacial tension between the taper and water is large when compared
to taper and oil. A small gap between the taper and the resonator is therefore always kept. If
interfacial tension was not as is, then our experiment could end by a catastrophic collapse of
the droplet towards coating the taper. Hence, repulsion between drop and taper is benefiting
the durability of our resonator.
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Fig. 4. Experimental results, tunable coupling from the undercoupled regime (a) to the
critically coupled regime (b). During this measurement, the resonator is first trapped relatively
far from the taper (a) and then brought closer to it (b).

4.Conclusions

In conclusion, we prove the concept of using an optical trap for activating oil droplets as
fiber-coupled microresonators. We believe that our technique will soon extend to several
coupled resonators and then to an optical circuit where the shape and position of many optical
devices will be controlled with light. Our technique might enable adds-on when compared to
lithography of optical circuits. This is because the tweezers can move the optical devices
while they are optically active (as we demonstrate in Fig. 4). Then, when such an optical
inspection will reveal that the optical circuit is properly functioning, curing techniques will be
used to turn the liquid circuit into a durable solid one.



Though many challenges are still on our way, optical traps can wave major technology
stoppers in manipulating and changing the shape of multiple optical devices while precisely
controling their position.
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