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ABSTRACT We demonstrate optically trapping of microparticles on silicon microring resonators. Once trapped on a microring, a

particle can be confined in an optical potential with a depth of 25 kBT over the entire microring’s circumference. The particles are

propelled around the microring at hundreds of micrometers per second, producing periodic revolutions at a few hertz. We anticipate

that the increased force and highly accurate positioning obtainable with this system will lead to various nanomanipulation applications.
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O
ptical trapping enables noncontact manipulation of

micro and nanoparticles with extremely high preci-

sion.1 Traditionally, optical forces have been ex-

erted on particles in solution using laser beams focused by

high numerical apertures (NA) lenses.2 In addition to local-

izing a particle to a single spot, high NA lenses can project

other patterns such as lines,3 rings,4,5 or periodic interfer-

ence patterns6,7 to exert optical forces on beads over larger

areas. A major limitation of this technique however, is that

when a laser beam is spread over a larger area, the optical

force is reduced in proportion to the decreased intensity.

Alternatively, the evanescent fields around planar pho-

tonic devices enable strong optical gradient and scattering

forces to be exerted on particles in the near field produced

by integrated photonic structures.8,9 Planar waveguides10,11

are capable of localizing particles near their surface and

propelling them in the propagation direction of the guided

wave. Integrated photonic resonators, based on photonic

crystals,12,13 surface plasmon structures,14,15 and silica mi-

crospheres,16 have also been used to exert optical forces on

particles in suspension. Compared to a waveguide trapping

configuration, resonant cavity trapping presents two primary

advantages: (1) the high field confinement in a cavity leads

to strong optical force enhancement, and (2) cavity pertur-

bation induced by the trapped object could serve as a highly

sensitive probe for analyzing the physical properties (size,

refractive index, absorption) of the objects.17,18 Unlike free

space optical trapping geometries, optical waves propagating

through waveguide devices stay highly confined over larger

distances, and consequently are capable of delivering larger

optical forces over larger areas. Trapping on planar ring

resonators has also been reported recently,19 however,

careful analysis of the force enhancement, trapping stiffness,

and potential depth has not been addressed yet.

Here, we demonstrate an on-chip optical trapping system

using planar microring resonators with radii of 5 and 10 µm.

Figure 1a shows the schematic diagram of our planar mi-

croring cavity trapping system. We observe trapping of 1.1

µm diameter polystyrene particles that revolve around the

microring at a few hertz and are stable for several minutes.

Depending on the particle concentration and flow condi-

tions, single or multiple particles can be simultaneously

trapped. Supporting Information Movie 1 shows three par-

ticles being delivered along the bus waveguide to a 5 µm

microring, where they are then trapped at a power of 5 mW.

A trapped particle moves around the microring with ap-

proximately constant velocity that is dependent on the

power coupled into the bus waveguide and the finesse of the

microring resonator. In this Letter, we experimentally mea-
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FIGURE 1. Microring trapping system. (a) Schematic diagram of
planar microring cavity trapping system; (b) cross section of the
instantaneous field distribution (Hx: x-component of magnetic field)
of the whispering-gallery mode of the microring by 3D-FDTD
simulation with a 1 W input power in the waveguide. The outer edge
of the microring is at x ≈ 5 µm.
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sure the particle velocity as a function of coupling power and

compare to numerical simulations. In addition, we measure

the shape and depth of the two-dimensional optical potential

over the ring by tracking a particle’s position over several

revolutions with a high speed camera.

Microrings with radii of 5 and 10 µm and widths of 500

nm are fabricated on an SOI wafer with a 220 nm top Si layer

using electron beam lithography and reactive ion etching.

Light is coupled into and out of the resonator from a bus

waveguide with the same width and a ring-bus gap of 150

nm. The output of a tunable laser (HP8168, near λ ) 1550

nm) is amplified by a high power C-band erbium-doped fiber

amplifier (EDFA) and launched into the waveguide to excite

TM modes. A typical field distribution (Hx: x-component of

magnetic field) on a x-z plane cross section is shown in

Figure 1b. A lens-tipped fiber with a focal spot size of 3 µm

is used to couple light into the waveguide and results in a

coupling loss of approximately 10 dB. A PDMS microfluidic

channel with a height of 50 µm and a width of 200 µm is

bonded on top of the resonator structure. Fluorescent

polystyrene particles with diameters of 500 nm are injected

into the channel during the trapping tests. A green laser (λ

) 532 nm, P ) 0.75 mW) is used to excite the fluorescent

emission, which is imaged by a microscope objective onto

a CCD camera.

The transmission spectra of microrings with radii of 5 and

10 µm are shown in Figure 2. Field intensity enhancement

factor G in microring cavities can be expressed as G )

F/2π*(1 - T), where F is the finesse, and T is the transmis-

sion coefficient at the resonance frequency20 Finesse is

calculated by F ) FSR/∆λ, where FSR is the free spectral

range, and ∆λ is the full width of the half-maximum of the

resonance peak. The measured values for Q and FSR for both

microrings are also shown in the inset of Figure 2c,d. A field

intensity enhancement of 1.76 for the 10 µm microring is

achieved, compared to a 1.50 intensity enhancement for the

5 µm microring. The field enhancement leads to larger

opticalforceswiththemicroringsthanwithstraightwaveguides.

In Figure 3, the measured and simulated power depen-

dence of the optical force along the light propagation direc-

tion is shown for a straight waveguide and the 5 µm radius

microring resonator. The measured longitudinal force in the

Figure 3 is calculated by the Stokes’ drag formula, F ) 6πrηv

where r is the particle radius and v is the measured particle

velocity. We assume no significant temperature change

during the measurement, and the room temperature dy-

namic viscosity of water (η ) 8.9 × 10-4 Pa·s) is used in

the calculation. The simulated force is calculated using a

Maxwell stress tensor formalism based on 3D-FDTD simula-

tion. The Debye length of our particle solution is 21 ( 9 nm.

In ref 15, the authors found that the gap in their near-field

optical trapping experiments was slightly larger than the

Debye length. While we do not know the precise gap

between the particle and the waveguide surface, for the

calculation we assume a gap of 30 nm. Both measured

curves show a linear increase of optical force as a function

of guided power and are close to the values predicted by

simulations. Possible sources of error include temperature

variations, transient flow velocities, and increased drag due

to proximity of the silicon-water interface. The minimum

required guided power for stable trapping on the waveguide

is 4.7 mW, which is comparable to other reported results of

trapping on waveguides.5,6 However, particles can be trapped

and propelled along the microring resonator with a guided

power as low as 0.67 mW. At the same guided power level,

the measured velocity of particles on a microring is 5-8

times larger than that on a waveguide.

Because of the resonant response of the microring, the

optical force also depends on the incident wavelength.

Figure 3b shows the average velocity as a function of

excitation wavelength of eight trapped beads that are simul-

taneously circulating the 5 µm microring. In this measure-

ment, a guided power of 3 mW in the bus waveguide is used.

The number of trapped particles is fixed (8 particles) through

the use of a flow with a relatively low particle concentration

during the measurement. For reference, the spectrum of an

unloaded ring is also plotted (black squares). The velocity of

the eight particles strongly peaks at a wavelength that is red

shifted by 1 nm compared to the unloaded microring. This

red shift of resonance is due to optical perturbation resulting

from the trapped polystyrene beads.

In addition to a large longitudinal force along the circum-

ference of the ring, the particle also experiences a large

transverse force across the radial direction. This force keeps

the particle stably trapped, enabling the particle to circulate

FIGURE 2. SEM images and transmission spectra of microring
resonators. (a,b) SEM image of microring with radii of (a) 5 µm and
(b) 10 µm. (c,d) Transmission spectra of rings with radii of (c) 5 and
(d) 10 µm, respectively. Black squares are measured output powers.
Lines are the Lorentzian fits to the measured data. The quality factor
(Q) of the 10 µm microring is 1515, which is larger than that of the
5 µm microring (Q ) 860) due to a smaller bending loss. Free spectral
range (FSR) and the full width of the half-maximum of the resonance
peak (∆λ) are also shown in (c,d).
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for several minutes, limited only by the flow conditions in

the microfluidic channel. Supporting Information Movie 2

shows two particles are trapped on the 10 µm ring. Figure 4

shows the x and y positions of a particle trapped on the 5

and 10 µm microring resonators. This is measured by

calculating the centroid of the trapped particle from a video

taken at 200 frames per second. The powers coupled into

the bus waveguide are 9 and 4.5 mW for 5 and 10 µm rings,

respectively. As can be seen in Figure 4, the trajectories of

the bead are periodic with frequencies of 3.4 and 2.5 Hz for

the 5 and 10 µm microring, respectively, corresponding to

velocities of 110 ( 10 and 160 ( 5 µm/s. Bend loss reduces

the field enhancement in the microring at regions further

away from the bus waveguide, resulting in a slower bead

velocity in these regions.

By observing the particle position through several revolu-

tions, the trapping potential can be mapped out. Figure 5

shows plots of two-dimensional histograms of particle posi-

tion for the 5 and 10 µm microring for the same illumination

power as shown in Figure 4. The histograms comprise 15 s

of data, corresponding to approximately 51 and 38 revolu-

tions, respectively. The bus waveguide runs along the top

of the ring, where the guided mode propagates from right

to left. Using the equipartition theorem, the radial trap

stiffness can be calculated from the measured thermal

motion shown in the histograms.21 The radial trap stiffness

is found by calculating the standard deviation σ of the

difference between the particle position and the center of

microring through out the entire circumference of the mi-

croring. The measured σ are 82 and 50 nm for the 5 and

the 10 µm microring, respectively. From these particle

distributions, the radial trap stiffnesses are found to be 0.62

pN/µm for the 5 µm ring and 1.66 pN/µm for the 10 µm ring.

As can also be seen in Figure 5a,b, the 10 µm microring

localizes the particle more stiffly than the 5 µm microring.

FIGURE 3. Longitudinal optical force. (a) Measured velocity (right axis) and optical force (left axis) on circling particles plotted as a function
of input power for straight waveguide and microring (r ) 5 µm) trapping. The squares and circles correspond to measured data on resonators,
and straight waveguides, respectively, and lines with open symbols correspond to simulation results. (b) Transmission spectrum of the microring
resonator near a TM resonance mode, and the circling velocity of polystyrene beads, as a function of wavelength. The blue triangles are
experimentally measured data and the red trace is a Lorentzian fit.

FIGURE 4. Tracked positions of a single particle trapped on the
microring. (a) Particle trapped on a 5 µm microring. (b) Particle
trapped in a 10 µm microring.

FIGURE 5. Two dimensional histograms of trapped particle positions.
(a,b) Two-dimensional histograms of a trapped particle over the (a)
5 and (b) 10 µm microring. (c,d) One-dimensional histograms along
the radius axis for the (c) 5 µm and (d) 10 µm microring. Light is
coupled to the ring from a bus waveguide above the ring, where the
guided mode travels from right to left. Data is plotted as a function
of r, the radial direction.
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In addition to the slightly larger finesse and field enhance-

ment, the increase in relative force of the 10 µm microring

is likely also due to better coupling efficiency in this device.

Both rings, however, stiffly confine the trapped particle over

their entire circumferences, which have lengths of 31 and

62 µm. From simulations, we find that the maximum force

exerted on a trapped particle on a microring occurs when

the bead is approximately w/2 away from the trap center,

where w is the width the waveguide. At w/2 from the trap

center, the product of trap stiffness with extension k × w/2

is 0.16 pN for the 5 µm microring at a power of 9 mW,

corresponding to a potential depth of 9.3 kBT. Similarly, a

potential depth of 25 kBT is achieved for the 10 µm microring

at a power of 4.5 mW. Here, the potential depth is calculated

by U ) k × (w/2)2, assuming a Gaussian potential well. This

expression gives the potential depth of a Gaussian potential

well, where k is the trap stiffness at the center and w/2 is

the position at which the gradient maximum force occurs.

This is a reasonable assumption as the potential associated

with gradient force and the intensity are proportional in the

dipolar limit. The 3D FDTD simulations confirm that the

intensity on the top of the ring follows a Gaussian distribution.

In summary, we have experimentally demonstrated opti-

cal trapping of dielectric particles on Si microring resonators.

The particles are stably propelled around the ring circumfer-

ence with velocities as high as 180 µm/s for several minutes.

We measure a 5-8 times enhancement of the optical force

for a microring of radius of 5 µm, compared to a straight

waveguide. In addition, the power required for stable trap-

ping is reduced to be as low as 0.67 mW. A 25 kBT potential

depth is measured from a particle position histogram for the

10 µm microring. We expect to realize all-optical on-chip

manipulation (routing, delivery, and storage) of nanopar-

ticles and biomolecules using this resonator platform.
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