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We propose and demonstrate a design rule for determining microparticle buffering and
dropping in microring-resonator-based add-drop devices at cavity resonances.
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Unfolding a design rule for microparticle buffering
and dropping in microring-resonator-based add-drop
devices

Jiawei Wang and Andrew W. Poon

We propose an intuitive and quantitative design rule to determine the microparticle transport
processes, including buffering and dropping, on microring-resonator-based add-drop devices at
cavity resonances in an integrated optofluidic chip. The design rule uses the splitting ratio, S,
of the optical-field intensity at the microring feedback-arc just after the output-coupling region
to that at the drop-waveguide as a figure-of-merit for particle transport to determine between
particle buffering (S > 1) and dropping (S < 1). The particle transport, however, becomes
probabilistic in the case that S is close to 1. The S factor thus provides a clearer physical
criterion for determining the particle transport processes compared to the cavity quality (Q)
factor. We experimentally investigate this design rule on four different devices with different
design parameters on a silicon nitride-on-silica substrate, and show that the particle transport
behaviours of 2.2um- and 0.8um-sized polystyrene particles are consistent with the S values
extracted from the transmission spectra. Our numerical simulations of the four devices suggest
that the S values extracted from the simulated transmission spectra are consistent with those
extracted from the simulated mode-field intensity distributions. We calculate the optical force
field using Maxwell stress tensor and an effective microdisk model to relate the S values to the
particle transport processes. We further experimentally demonstrate the viability of the design
rule by switching between deterministic particle buffering and probabilistic particle transport
processes by switching the polarization modes.

transport on single-waveguide-coupled microring resonators
using SU8 and silicon-on-insulator (SOI) platforms,

Applying optical surface waves of on-chip integrated optical
devices for micro/nano-sized particle and biological cell
manipulation has been gaining increasing interests in the
research field of optofluidics for lab-on-a-chip applications. In
comparison with the conventional free-space optical tweezers' ™
on-chip optical manipulation offers mass particle transport
using relatively low optical power.*® Over the past few years,
various research groups have studied on-chip optical
manipulation of micro- and nano-sized particles using optical
microresonators and nanoresonators, including travelling-wave

-1 . . 111 .
19 and microdisk'' resonators and standing-wave

microring
one-dimensional photonic crystal nanoresonators'>'® for their
key merits of high resonant cavity-field enhancement and the
possibility of wavelength-tunable particle manipulation near
sharp resonances. Specifically, Yang, et al.,” and Lin, et al.,?

demonstrated micron-sized polystyrene particle trapping and
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respectively.

Previously, our research group demonstrated micron-sized
polystyrene particle buffering and dropping on dual-waveguide-
coupled microring- and microdisk-resonator-based add-drop
devices using silicon nitride (SiN)-on-silica platform'® ' 7,
Our demonstrated microresonator-based add-drop devices
enable particle buffering inside the microresonator for multiple
round-trips upon a sharp optical resonance with a relatively
high quality (Q) factor, and particle routing to the drop-
waveguide (particle dropping) upon a relatively low-Q optical
resonance. We attributed the particle buffering to a sufficiently
large intensity build-up in the microresonator at high-Q
resonances, and the particle dropping to a relatively weak
intensity build-up in the microresonator at low-Q resonances.

However, it has not been entirely clear what the detailed
criterion is in terms of the Q factor for determining particle
buffering or dropping at an on-resonance state, or whether the
particle transport processes at resonances are
deterministic or probabilistic.

cavity

J. Name., 2013, 00, 1-3 | 1
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Fig. 1 (a) Schematic of microparticle transport processes on a microring-
resonator-based add-drop device on an optofluidic chip. A particle is trapped
and transported from the input-waveguide to the microring input-arc at an on-
resonance wavelength. (b) The relationship between particle transport
processes in the output-coupling region at on-resonance wavelengths and the S
factor. From up to down: (1) Deterministic particle buffering with S sufficiently
exceeding 1 (lteedack is sufficiently exceeding larop). (2) Probabilistic particle
transport processes with S comparable to 1 (lfeegback IS cOmparable to lgrop). (3)
Deterministic particle dropping with S sufficiently below 1 (leedback is sufficiently
below lgrop)-

In this paper, we address the above by proposing an
intuitive and quantitative design rule that determines particle
buffering and dropping in microring-resonator-based add-drop
devices at cavity resonances. Our experimental studies reveal
that we can realize deterministic particle buffering and
dropping by properly tailoring the splitting ratio, S, of the
optical-field intensity of the microring feedback-arc just after
the output-coupling region to that of the drop-waveguide. We
also realize switching between deterministic particle buffering
and probabilistic particle transport processes on a single add-
drop device based on tuning the S factor upon different
polarization modes.

Principles

Fig. 1 schematically depicts the working principles of particle
transport on a microring resonator-based add-drop device. The
steady-state guided-field intensity distribution determines the
particle

transport process. At microring off-resonance

wavelengths, the intensity along the microring input-arc (Ijspy)

2 | J. Name., 2012, 00, 1-3
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is lower than that remained in the input-waveguide toward the
throughput-port (Iy,), and thus the particle remains guided in
the input-waveguide propagating toward the throughput-port.
This is known as “particle throughput.” At microring on-
resonance wavelengths, I, exceeds Iyy,. Thus, a particle that
is trapped and guided by the input-waveguide toward the
waveguide-microring input-coupling region is coupled to the
microring, and subsequently guided along the microring input-
arc, as shown in Fig. 1(a).

The particle guided on the microring has two possible
particle transport processes. The particle can be buffered on the
microring for round trips upon a relatively high-Q resonance
(until the particle randomly escapes or gets stuck on the
microring surfaces due to particle-surface interaction), or it can
be routed to the drop-port without completing round trips upon
a relatively low-Q resonance. The former is known as “particle
buffering.” The latter is referred to as “particle dropping.” The
problem is what physical criterion determines the particle
transport processes at cavity resonances.

Based on our previous work!'®, it is the steady-state
difference between the intensity in microring feedback-arc
(Ifoeqback) @nd the intensity coupled to the drop-waveguide
towards the drop-port (I4.p), both determined right after the
output-coupling region, that determines particle buffering or
dropping. Upon a relatively high-Q resonance, Igcdback > Larops
the particle is routed to the microring feedback-arc and buffered.
Upon a relatively low-Q resonance, I4,, either exceeds or is
comparable to Igeqpack, the particle is then either dropped or the
particle transport process becomes random.

Here, we define the intensity ratio, S = Ifcdback / ldrop» a5 @
figure-of-merit for particle transport on microring-resonator-
based add-drop devices at cavity resonances.
S > 1
buffering, while S < 1 suggests deterministic particle dropping.

Following the
above discussion, suggests deterministic particle
In the case that S = 1, the particle transport process is random.
Fig. 1(b) schematically depicts the proposed criterion.

According to transfer-matrix modelling'®, and assuming
lossless identical coupling between the microring and the two
bus waveguides in an add-drop device configuration, we
express S as follows:
Ifeedback _ 1- |K32|2

Idrop B lrc2 |2 (1)

where «, is the complex field-amplitude output-coupling
coefficient. According to eqn (1), we can tailor S by varying x>
through designing the waveguide-to-microring interaction
length (L.), the coupling gap spacing, the effective refractive
index (n.y) and the waveguide dimensions of the bus
waveguides and the microring. In the following, we
experimentally investigate the validity of the proposed criterion
or design rule by studying particle buffering and dropping on
various fabricated devices upon different extracted S values.
We show that the S value provides a more transparent guideline
to determine particle transport processes at cavity resonances
than the Q factor does.

S=

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (a) Schematic cross-sectional view of the optofluidic chip with a trapped
microparticle. (b) Top-view SEM image of the fabricated microring-resonator-
based add-drop device. Ding: arc diameter, L.: interaction length. (c) Zoom-in-
view SEM image of the coupling gap. (d) Top-view optical micrograph of the
fabricated optofluidic chip with air-cladding.

Testing the proposed design rule

A. Device design and fabrication

In order to test the proposed design rule, we design and
fabricate the add-drop devices on a SiN-on-silica substrate
integrated with microfluidic channels. Fig. 2(a) schematically
shows the cross-sectional view of the optofluidic chip. The SiN
device layer of 0.63um-thick is prepared by low-pressure
chemical vapour deposition (LPCVD) on a 2um-thick SiO,
under-cladding layer on a 4” silicon wafer. We transfer the
device pattern onto the substrate using i-line (365 nm)
photolithography and reactive ion etching. We form the
microfluidic channel encompassing the microring devices using
a 6um-height silica layer patterned on top of the SiN layer by i-
line photolithography and wet etching. The fluidic channel is
covered by a cover-glass.

We design the racetrack microrings with two different arc
diameters (D, = 30, 50 um) and three different interaction
lengths (L, = 10, 15, 30 um). The designed waveguide width
and height are 500 nm and 630 nm, respectively. The
fabricated coupling gap spacing is ~370 nm. Figs. 2(b) and (c)
show the scanning electron microscope (SEM) top-view image
of one fabricated add-drop device and a zoom-in view of its
coupling gap. Fig. 2(d) shows the top-view optical micrograph
of the fabricated optofluidic chip.

B. Optical transmission characterization

We first characterize the optical transmission characteristics of
the microring devices covered by deionized (DI) water cladding
without particles. We end-fire ~100mW transverse-magnetic
(TM)-polarized (E-field L chip) wavelength-tunable laser light
at 1.55 pm into a ~4um-wide tapered waveguide using a
polarization-maintaining singlemode lensed fiber with a spot
diameterof~2.5 um. The laser light is amplified by an erbium-
doped fiber amplifier (EDFA).

Figs. 3(a)-(d) show the measured throughput- and drop-
transmission spectra around a resonance of devices A, B, C and
D of different D,;,, and L. values. The four devices under test
are on four separate chips diced from the same wafer. The

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 (a)-(d) Measured and fitted throughput- and drop-transmission spectra of
(a) A, (b) B, (c) C and (d) D. Blue circles: data. Red lines: fitting according to
transfer-matrix modelling.

Table 1 Device design parameters of A - D and their corresponding
resonance wavelengths, measured Q factor values, fitted «, and S values.

A B C D

Diing (m) 30 50 50 50

L, (um) 15 10 15 30
Resonance 1560.9 15639 1562.5 1561.1

Wavelength (nm)

Q factor 1248 780 3038 662

i 0.53 0.74 0.44 0.91

S factor 2.6 0.8 4.1 0.2

transmission intensities are normalized to the output intensity
from the lensed fiber. The measured transmission spectra
reveal for each device a total insertion loss of ~12 - 13 dB at an
off-resonance wavelength. We attribute ~7dB loss partly to the
mode-area mismatch between the lensed fiber and the tapered
waveguide, and partly to the waveguide end-face reflection.
We attribute ~5 — 6dB loss to a relatively large waveguide
propagation loss along a waveguide length of ~6 mm (a
waveguide propagation loss of ~1 dB/mm). We thus estimate
the guided power as ~10 — 11.2 mW at the input-waveguide by
the microring, which is ~3 mm away from the input-waveguide
end-face.

The transmission spectra reveal a resonance Q factor of
1248 for A, 780 for B, 3038 for C and 662 for D. In order to
extract the S factor using eqn (1), we fit both the throughput-
and drop-transmission spectra using transfer-matrix modelling'®.
We extract the S factor of 2.6 for A, 0.8 for B, 4.1 for C and 0.2
for D. Table 1 summarizes the device design parameters and
their corresponding resonance wavelengths, Q factor, fitted i,
and S factor values.

C. Particle trapping experiments

J. Name., 2012, 00, 1-3 | 3
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Fig. 4 (a)-(e) Composite bright-field images of a single optically manipulated
2.2um microparticle upon the TM polarization. The time axes indicate the
duration of the particle manipulation. (a) Deterministic particle buffering on C.
(b) Deterministic particle buffering on A. (c), (d) Probabilistic particle buffering
and dropping on B. (e) Deterministic particle dropping on D. Green dots:
starting and ending positions for determining the buffering round-trip time or
the time for dropping the particle.

For particle trapping experiments, we inject a diluted colloidal
solution of 2.2um or 0.84pum polystyrene particles (Spherotech,
+2.5% size distribution, concentration of ~2x10% particles/ml)
into the microfluidic channel. We choose the particle
concentration in order to observe on average one particle per
minute randomly diffused into the device area, as viewed by the
top-view microscope. The fluidic medium remains essentially
static shortly after filling up the microfluidic channel and
during the entire duration of the experiment. Each experiment
lasts ~20 min until the water evaporation results in a partially
unfilled and unstable microfluidic channel.

For the particle trapping experiments with the estimated
guided power reduced to below 8 mW, we fail to observe
steady particle trapping and transport. With the estimated
guided power exceeds 28 mW, however, most of the particles
end up sticking at the waveguide surfaces and lined up along
the input- waveguide. We therefore fix the estimated guided

4| J. Name., 2012, 00, 1-3

resonance wavelengths. All particles are routed from the input-waveguide. The
“0” bin: particle escaping without completing one round trip. The “D” bin:
particle dropping.

power around 10 -
experiments.

We monitor the particle transport events using a top-view
imaging system with a long-working-distance microscope
composite single-particle transport trajectories of 2.2um
particles on A, B, C and D at their corresponding resonance
wavelengths. All particles studied are routed from the input-
waveguide. The particles are typically guided on the top
surface of the waveguide, as expected from the TM mode-field
profile that exhibits a larger field-amplitude along the
waveguide top surface than along the waveguide sidewalls.

For C and A with the extracted S values > 1, we observe
particle buffering (Figs. 4(a) and (b)). The particle round-trip
time on C is ~24 s (from time t = 6 s to t = 30 s), and that on A
is ~25 s (from t = 9 s to t = 34 s). We note that C has a longer
microring round-trip length than A (see Table 1), and thus the
buffered particle travels faster on C.

For B with the extracted S value close to 1, we observe either
particle buffering or dropping (Figs. 4(c) and (d)). The particle
round-trip time is ~48 s (from t = 4 s to t = 52 s). The time for

11.2 mW for the particle trapping

This journal is © The Royal Society of Chemistry 2012
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the dropped particle to route from the input-waveguide to the
drop-waveguide is ~34 s (fromt~ 11 sto t = 45 s).

For D with the extracted S value < 1, we observe particle
dropping (Figs. 4(e)). The time for the particle to route from
the input-waveguide to the drop-waveguide is ~48 s (from t = 9
stot=57s).

We confirm that the microring resonance is not significantly
perturbed in the presence of one to two trapped particles. In
order to monitor the perturbation to the microring resonances
while trapping particles, we use an EDFA seeded by a laser
light at a fixed wavelength as a low-coherence light source and
measure the transmission spectra using an optical spectrum
analyser (OSA).

Fig. 5 shows the measured drop-port transmission spectra of
Upon
trapping two particles, we observe the resonance wavelength

C upon zero, one and two trapped 2.2um particles.

redshifts by ~0.05 nm, which is within the resonance linewidth,
and the peak intensity drops by ~1 dB. Thus, the microring
resonance is not significantly perturbed upon trapping single
particles.

For each device, we repeat the 2.2um particle trapping
experiments for a total of ~300 min (~15 runs). Although in
general we observe one particle event per minute, most of the
particles pass through the device from random directions
slightly above the device without interacting with the surface
field. On average only approximately 10% of the observed
single-particle events result in particle trapping and guiding by
the input-coupled waveguide.

In between runs, we rinse the chip by injecting DI water to
remove any particles attached to the device. Once the rinse
fails to remove an attached particle, we employ ultrasonic
cleaning in acetone for ~5 min, followed by isopropyl alcohol
(IPA), rinsed with DI water and dried with a nitrogen flow.
However, the chip performance tends to degrade after a couple
rounds of ultrasonic cleaning (which tends to cause erosion to
the chip).
experimental runs and thus the statistics of single-particle

This practically limits the chip lifetime to ~15

events accumulated for each device.

Figs. 6(a)-(d) summarize our accumulated statistics of 2.2um
particle transport processes on the four different devices. For A,
we study a total number of 35 single-particle events, with 30
particles buffered for one or multiple round trips, O particles
dropped and 5 particles randomly escaped without completing
one round trip (Fig. 6(a)). The average number of buffering
round trips is 1.7. The buffered particles typically end up being
attached on the microring sidewalls while the laser light is on,
and detached upon switching off the laser light. Some buffered
particles randomly escape from the microring into the fluidic
medium.

For B, we study a total number of 42 single-particle events,
with 19 particles buffered for one or multiple round trips, 16
particles dropped and 7 particles randomly escaped without
completing one round trip (Fig. 6(b)). The average number of
buffering round trips is 0.8. For C, we study a total number of
37 single-particle events, with 32 particles buffered for one or
multiple round trips, O particles dropped and 5 particles

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 (a)-(d) Summary of 0.84um particle transport processes on A - D at on-
resonance wavelengths. All particles are routed from the input-waveguide. The
“0” bin: particle escaping without completing one round trip. The “D” bin:
particle dropping.

randomly escaped without completing one round trip (Fig.
6(c)). The average number of buffering round trips is 1.3. We
note that the average number of buffering round trips for C is
smaller than that for A. We attribute this to the longer round-
trip length for C (see Table 1).

For D, we study a total number of 39 single-particle events,
with O particles buffered, 30 particles dropped and 9 particles
randomly escaped without completing one round trip (Fig. 6(d)).

After the 2.2um particle trapping experiments, we further test
the proposed design rule using 0.84pm particles on the same
four devices. The total experimental time for each device is
shortened to ~100 min till the device becomes obviously
degraded.

Figs. 7(a)-(d) summarize our accumulated statistics of
particle transport processes of 0.84um particles on A - D. For
all devices, we observe much more random particle escape
events compared with 2.2um particles. We attribute this to the
reduced optical gradient force due to the reduced particle size.

For A, we observe a total number of 15 single-particle events,
with 6 particles buffered for one or multiple round-trips, 0
particles dropped and 9 particles randomly escaped without
completing one round trip (Fig. 7(a)). The average number of
buffering round-trips is 0.7.

For B, we observe a total number of 23 single-particle events,
with 2 particles buffered for one round trip, 6 particles dropped
and 15 particles randomly escaped without completing one
round-trip (Fig. 7(b)). The average number of buffering round-
trips is 0.1.

For C, we observe a total number of 23 single-particle events,
with 12 particles buffered for one or multiple round trips, 0
particles dropped and 11 particles randomly escaped without
completing one round-trip (Fig. 7(c)). The average number of
buffering round-trips is 0.6.

J. Name., 2012, 00, 1-3 | 5
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Fig. 8 (a)-(d) Simulated throughput- and drop-transmission spectra of (a) C, (b) A,
(c) B and (d) D. Blue squares: simulated data; Red curves: fitting according to
transfer-matrix modelling. (e)-(h) Corresponding mode-field intensity
distributions at on-resonance wavelengths and zoom-in views on the output-side
of the output-coupling regions for (e) C, (f) A, (g) B and (h) D. (i)-(I) Mode-field
intensity profiles in the y direction at the output-end of the output-coupling
regions along the dashed lines (i)—(l) in (e)-(h) for (i) C, (j) A, (k) B and (I) D.

For D, we study a total number of 18 single-particle events,
with 0 particles buffered, 2 particles dropped and 16 particles
randomly escaped without completing one round-trip (Fig.
7(d)).

Our experimental results on both 2.2um and 0.84um particle
trapping are consistent with the proposed design rule. Only the
average numbers of buffering round trips reduce with particle
size. Our accumulated statistics therefore support the proposed
design rule, revealing that S > 1 (A and C) gives deterministic
particle buffering, S < 1 (D) gives deterministic particle
dropping, while S = 1 (B) gives probabilistic particle transport.
Given the same statistics, it is however difficult to see a clear
physical criterion in terms of the Q factor.

6 | J. Name., 2012, 00, 1-3

Table 2 Device design parameters of devices A - D and their corresponding
resonance wavelengths, Q factor values, fitted x, and S values from
simulated spectra and extracted S values from mode-field profiles.

A B C D
Diing (m) 30 50 50 50
L, (um) 15 10 15 30
Resonance 1565.0 1562.6 15639 1558.0
Wavelength (nm)
Q factor 1264 872 2895 717
K 0.52 0.73 0.45 0.88
S factor (fitting) 2.7 0.9 3.9 0.3
S factor (profile) 2.4 0.8 4.1 0.2

Visualising the S factor from simulations

In order to visualize the S factor and correlate the extracted S
factor values from transmission spectra to the corresponding
mode-field intensity distributions, we numerically simulate the
four devices following their design parameters using finite-
element method (FEM) (COMSOL RF module). Limited by
our computation power, we adopt only two-dimensional (2D)
modelling. In order to account for the vertical dimension, we
set the effective refractive index contrast between the SiN and
the surrounding medium (water upper-cladding and silica
lower-cladding) as 1.81:1.39, according to beam-propagation
method. We assume the waveguide mode is in the TM
polarization.

Figs. 8(a)-(d) show the simulated normalized throughput
and drop-port transmission spectra (in squares) for the four
devices. We normalize the simulated transmission spectra to a
waveguide input power of 1 W. We fit both the throughput-
and drop-transmission spectra according to the transfer-matrix
modelling'®. The extracted S factor values from the fitted
spectra for C, A, B and D are 3.9, 2.7, 0.9 and 0.3, respectively.
The S factor values are consistent with those extracted from the
experiments (see Fig. 3).

Figs. 8(e)-(h) show the simulated mode-field intensity
distributions at the corresponding resonance wavelengths of the
four devices. Insets show the zoom-in views of the mode-field
intensity profiles on the output-side of the output-coupling
regions. We define the output-coupling region as where the
coupling gap spacing between the microring and the drop-
waveguide is narrower than half the wavelength (~0.78 pum).
We define the origin of the x-y coordinates in the middle of the
coupling gap at the center of the output-coupling region. The
dashed lines (i)-(1) in the transverse Yy direction indicate the
positions where the coupling gap spacing is 0.78 um. Figs.
8(i)-(1) show the mode-field intensity profiles along the dashed
lines. We extract the I, and the Igcqpack as the peak intensities
within the drop-waveguide (W) and microring (R) regions,
respectively. The extracted S factor values from the mode-field
intensity distributions for C, A, B and D are 4.1, 2.4, 0.8 and
0.2, respectively. These S factor values are consistent with
those extracted from the simulated transmission spectra (Figs.
8(a)-(d)). Table 2 summarizes for the four simulated devices

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 (a) Schematic of the 3D model for optical force field calculations, with the 3D-FEM-simulated mode-field-amplitude profile of the waveguide coupler.
Inset (i): Cross-sectional-view schematic of the 3D model in the y-z plane. (b) Schematic of the effective microdisk model, with the 2D-FEM-simulated mode-
field-amplitude profile of the waveguide coupler. Inset (ii): Cross-sectional-view schematic of the effective microdisk model in the y-z plane. (c) Calculated
input-normalized profiles at x = -2 um for the evanescent field amplitude profile at 30nm above the waveguide top surface in the 3D model and the waveguide
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the corresponding resonance wavelengths, Q factor, fitted «,, S
factor values extracted by spectra fitting and S factor values
extracted from the simulated model-field distributions.

Numerical simulation of optical force fields

In order to better explain the particle transport processes on a
add-drop device at cavity
resonances, we numerically calculate the optical force field

microring-resonator-based

magnitude, F, exerted on a microparticle by the evanescent
field of the waveguide mode using the Maxwell stress tensor as

follows® °:

F(r) = f T -ndS 2
_ s

where T is the Maxwell stress tensor and n is the unit normal
vector pointing outward from the microparticle surface, S, and
r is the position vector of the microparticle. We define r
relative to an origin of the coordinate axes positioned at the
center of the output-coupling region, with the z = 0 plane at the
interface between the waveguide core and the under-cladding.
We only analyze the optical gradient force component exerted
on the microsphere in the y direction, F,y, which determines the
particle transport processes between the microring and the
drop-waveguide.

For a homogeneous, non-elastic, dielectric microsphere with
a refractive index n, immersed in a surrounding isotropic
medium of a refractive index n;, we can simplify eqn (2) to
calculate F,, as follow:

1
Fgy(r) = %o % |E|>(n3 —n#)n, - ndS 3
5

where gy is the free-space permittivity and E is the complex
optical field amplitude of the evanescent field of the waveguide

This journal is © The Royal Society of Chemistry 2012

mode, Ny is the unit vector in the y direction. In our
calculations, we adopt n, = 1.55 for polystyrene and n; = 1.33
for water.

Fig. 9(a) shows in perspective view the schematic for
calculating the optical force field exerted on a microsphere by a
waveguide directional coupler. Inset (i) shows in the y-z plane
the vector relationship and the surface integral involved in the
model. We assume a microsphere with a radius of a is located
at a distance of 30 nm above the top surface of a waveguide
directional coupler (assuming a Debye length of 30 nm?®). The
coupler follows our device design parameters in order to
numerically model a section of the output-coupling region
using three-dimensional (3D) FEM. We calculate the TM-
polarized E-field distribution of the coupler in the presence of
the microsphere. This enables us to calculate from eqn (3) the
F,, exerted on the microsphere by the evanescent field of the
coupler.

However, limited by our computation power, it is not
study in 3D the
microparticle transport processes on relatively large-sized

practical to numerically simulations
microring add-drop devices. Instead, we approximate the 3D
calculation by using an effective microdisk model.

Fig. 9(b) shows in perspective view the schematic of the
microdisk model. Inset (i) shows in the y-z plane the vector
relationship and the surface integral involved in the model. The
microparticle is modeled as a homogeneous, non-elastic,
dielectric microdisk of refractive index n, with a radius of a and
a thickness of d. The microdisk plane is in the y-z plane
Such a microdisk
The

effective integration surface, S, is then given by the microdisk

perpendicular to the waveguide direction.
models a thin circular disk centered at the microsphere.

edge surface, with n in the y-z plane. We assume the

J. Name., 2012, 00, 1-3 | 7
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Fig. 10 (a)-(d) Simulated mode-field-amplitude distributions on the output-side of the output-coupling regions of (a) C, (b) A, (c) B and (d) D. (e)-(h) Mode-field

amplitude profiles in the y direction along the dashed-lines (e) — (h) in (a) — (d)
2.2um microparticle on the output-side of the output-coupling regions of (i) C, (j

of (e) C, (f) A, (g) B and (h) D. (i)-(l) Fg distributions exerted on the modeled
) A, (k) B and (I) D. (m)-(p): Fg profiles on the modeled 2.2um microparticle in

the y direction along the dashed-lines (m) — (p) in (i) — (I) of (m) C, (n) A, (0) B and (p) D. (q)-(t) Fg, distributions exerted on the modeled 0.84pum microparticle
on the output-side of the output-coupling regions of (q) C, (r) A, (s) B and (t) D. (u)-(x): Fg, profiles on the modeled 0.84um microparticle in the y direction along

the dashed-lines (u) — (x) in (q) — (t) of (u) C, (v) A, (w) B and (x) D. White rectangl

microdisk-induced perturbation to the waveguide mode-field
distribution is negligible. We then calculate the TM-polarized
E-field distribution of the coupler in the absence of the
microdisk using waveguide evanescent field amplitude. We
then calculate Fy, exerted on the microdisk by the waveguide
mode field using eqn (3) by integrating the lateral optical force
density across an only 2D FEM. Such a calculation, however,
does not yield the effective projected microdisk edge surface,
S’, on the x-y plane.

8 | J. Name., 2012, 00, 1-3

es: the microparticle.

S’ has a length of 1 < 2R in the y direction and a width of d in
the X direction. We choose | and d by matching the calculated
Fg, values from the effective microdisk model with those
obtained from the 3D model.

We first evaluate the simulated electric-field amplitude
profiles of the waveguide coupler in the y direction (normalized
to the waveguide input-power of 1 W) using the 3D FEM in the
presence of the microsphere and the 2D FEM in the absence of
the microdisk. Fig. 9(c) shows the calculated electric-field

This journal is © The Royal Society of Chemistry 2012
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amplitude profiles at x = -2 um for the evanescent field at 30nm
above the waveguide top surface in the 3D model and for the
Both the calculated
two Gaussian-like field

waveguide mode field in the 2D model.
field amplitude profiles reveal
distributions, with nearly equal peak amplitudes in the input-
waveguide (W1) and output-waveguide (W2) regions.

We compare the resulting F,, values exerted on 2.2pum and
0.84um particles at x = -2 um by the waveguide coupler using
the 3D model and the effective microdisk model. We assume a
lateral displacement step of 0.1 um in the microsphere model
and of 0.01 pum in the effective microdisk model. By matching
the calculated Fgy values from the effective microdisk model
with those of the 3D model, we find a good agreement by
adopting d = 0.1 pum, with 1 = 1.56 um to model a 2.2um
microsphere and 1 = 0.84 um to model a 0.84pum microsphere,
as shown in Figs. 9(d)-(e).

Hence, in the following analysis of the particle add-drop
device configurations, we adopt the effective microdisk model
with the d and 1 values above. We assume the calculated mode-
field distributions in Figs. 8(e)-(h).

Figs. 10(a)-(d) show the calculated mode-field distributions
on the output-side of the output-coupling regions of C, A, B
and D. Figs. 10(e)-(h) show the mode-field amplitude profiles
in the y direction at the same x positions where the S factors are
extracted in Figs. 8(e)-(h). The calculated profiles reveal two
Gaussian-like field distributions, with peak amplitudes near the
waveguide axis in the microring (R) and drop-waveguide (W)
regions.

Figs. 10(i)-(1) show the resulting F,, distributions exerted on
the modeled 2.2um microparticle on C, A, B and D. Figs.
10(m)-(p) show the F,, profiles in the y direction, given by the
mode-field amplitude profiles shown 10(e)-(h),
respectively.

Within the microring and drop-waveguide regions, a negative

in Figs.

slope in F,, over the y position, with F,, crossing zero, suggests
a restoring force to trap the particle along the waveguide axis of
both the microring feedback-arc and the drop-waveguide.
Whereas, in the coupling gap region, a positive slope in Fy,
over the y position indicates different particle transport
processes depending on the sign of Fy,.

For S > 1 in C and A, the microring region exhibits a larger
restoring force (a steeper slope in F,y) than the drop-waveguide
region. While, the coupling gap region exhibiting a negative
Fgy suggests an increasing force pulling the particle toward the
microring (Figs. 10(m) and (n)). Thus, C and A enable
deterministic particle buffering.

For S <1 in D, the drop-waveguide region exhibits a larger
restoring force than the microring region. While, the coupling
gap region exhibiting a positive F,, suggests an increasing force
pulling the particle toward the drop-waveguide (Fig. 10(p)).
Thus, D enables deterministic particle dropping.

For S = 1 in B, the microring and drop-waveguide regions
exhibit comparable restoring force. While, the coupling gap
region exhibiting a F,y, crossing zero suggests an increasing
force pulling the particle either toward the microring or the

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 (a), (e) Measured and fitted throughput- and drop-transmission spectra of
(a) C and (e) B upon the TE polarization. Blue circles: data; Red curves: fitting
according to transfer-matrix modelling. (b)-(c) Composite bright-field images of
a single optically manipulated 2.2um microparticle on C. (b) Probabilistic particle
buffering. (c) Probabilistic particle dropping. (f)-(g) Composite bright-field
images of a single optically manipulated 2.2um microparticle on B. (f) Particle
buffering.  (g) Particle dropping. The time axes indicate the duration of the
optical manipulation. Green dots: starting and ending positions of the particle
for determining buffering round-trip time or the time for dropping the particle.
(d), (h) Summary of particle transport processes on C and B in the TE mode at on-
resonance wavelengths. All particles are routed from the input-waveguide. The
“0” bin: particle escaping without completing one round trip. The “D” bin:
particle dropping.

drop-waveguide (Fig. 10(0)). Thus, B exhibits probabilistic
particle transport processes.

Likewise, Figs. 10(q)-(t) show the resulting F,, distributions
exerted on the modeled 0.84um microparticle on C, A, B and D.
Figs. 10(u)-(x) show the F,, profiles in the y direction, given by
the mode-field amplitude profiles shown in Figs. 10(e)-(h),
respectively.
generally smaller than that exerted on the 2.2um particle. The

The F,, exerted on the 0.84um particle is

F,, distributions for the two particle sizes are otherwise largely
similar and show the same dependence on the S factor.

Tuning the S factor

J. Name., 2012, 00, 1-3 | 9
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Based on our recent work?!, we further test the proposed design
rule on C and B using 2.2um particles by tuning the S factor
upon different polarization modes.

Fig. 11(a) shows the measured and fitted throughput- and
drop-port transmission spectra from C (with DI water cladding)
upon the transverse-clectric (TE) polarization (E-field // chip).
Given the ~13dB insertion loss at off-resonance wavelengths
and a launched optical power of ~100 mW, the estimated
guided power at the input-waveguide by the microring is ~10.0
mW. The measured Q factor is ~658 at a resonance wavelength
of ~1562.5 nm (accidentally degenerate with the TM-mode
resonance). The extracted S factor is ~0.7, which is a
significant tuning from ~4.1 in the TM mode. According to the
proposed design rule, we expect C in the TE mode to exhibit
probabilistic particle transport processes.

11(b)-(c) the
trajectories of single 2.2um particle buffering and dropping on

Figs. show representative  composite
C upon the TE polarization. The particle round-trip time is
~195 s (from t = 30 s to t = 225 s). The time for the particle to
route from the input-waveguide to the drop-waveguide is ~59 s
(from t = 15 s to t = 74 s). We observe a total of 11 single-
particle events for a total of ~100 min, with 1 particle buffered
for one round trip, 7 particles dropped and 3 particles escaped
without completing one round trip (Fig. 11(d)). We note that
the particles are always guided along the waveguide sidewalls.
This agrees with the TE mode-field profile, with a larger field-
amplitude along the waveguide sidewalls than along the
waveguide top surface.

For B, the measured Q is ~1062 at a resonance wavelength of
~1561.6 nm in the TE mode. The extracted S factor is ~1.2,
which does not vary a lot from ~0.8 in the TM mode. We
therefore expect B in the TE mode to again exhibit probabilistic
particle transport processes. Polarization mode tuning in this
case is not effective in tuning the S factor.

Figs. 11(f)-(g) show the representative composite trajectories
of single 2.2um particle buffering and dropping on B upon the
TE polarization. The particle round-trip time is ~66 s (from t
~ 6 stot~72s). The time for the particle to route from the
input-waveguide to the drop-waveguide is ~39 s (fromt =~ 12 s
tot = 51 s). We observe a total of 14 single-particle events for
a total of ~100 min, with 4 particles buffered for one round trip,
6 particles dropped and 4 particles escaped without completing
one round trip (Fig. 11(h)).

We remark that in order to attain an effective tuning of S
factor through switching polarization modes, it should be
critical to carefully design a large difference of S factors
between the TE and TM modes.

Conclusions

In summary, we proposed and experimentally examined a
design rule for deterministic particle buffering and dropping on
add-drop
We defined the splitting ratio, S, of the optical-

microring-resonator-based devices at cavity
resonances.
field intensity at the microring feedback-arc just after the

output-coupling region to that at the drop-waveguide as a

10 | J. Name., 2012, 00, 1-3

figure-of-merit we term the S factor. Our experimental results
of four different devices fabricated on SiN-on-silica substrates
using two different sized microparticles show good consistency
with the proposed design rule, namely that S > 1 gives
deterministic particle buffering, S < 1 gives deterministic
particle dropping and S =
processes probabilistic. Our numerical modelling suggested

1 leaves the particle transport

that the extracted S factors from transmission spectra are
consistent with those extracted from mode-field intensity
distributions. We calculated the transverse optical gradient
force field distribution in order to explain the deterministic and
probabilistic transport processes upon different S factor values.
We further realized switching between deterministic particle
buffering and probabilistic particle transport processes by
tuning the S factor through switching polarization modes. We
therefore demonstrated that the S factor provides a clearer
physical criterion for determining the particle transport
processes compared to the cavity quality (Q) factor.

The SiN microring-resonator-based particle add-drop device
can serve as an important building block to route and buffer
(bio-) particles on a silicon optofluidic chip*>. We envision
such a microring-based optofluidic circuit to enable various
value-added functionalities for lab-on-chip applications, such as
drug synthesis and delivery” and trapping with real-time
biosensing.*
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