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Traditional silicon waveguides are defined by waveguide trenches on either side of the high-index silicon core that
leads to fluid leakage orifices for over-layed microfluidic channels. Closing the orifices needs additional fabrication
steps whichmay include oxide deposition and planarization.We experimentally demonstrated a new type of micro-
fluidic channel design with ultralow-loss waveguide crossings (0.00248 dB per crossings). The waveguide crossings
and all other on-chip passive-waveguide components are fabricated in one step with no additional planarization
steps which eliminates any orifices and leads to leak-free fluid flow. Such designs are applicable in all optical-
waveguide-based sensing applications where the analyte must be flowed over the sensor. The new channel design
was demonstrated in a L55 photonic crystal sensor operating between 1540 and 1580 nm. © 2015 Optical Society
of America
OCIS codes: (280.0280) Remote sensing and sensors; (050.5298) Photonic crystals.
http://dx.doi.org/10.1364/OL.40.001563

Microfluidic channel systems have shown unique
advantages in performing analytical functions such as
controlled transportation, immobilization, and manipula-
tion of biological molecules and have become an essen-
tial part of modern nanotechnology research [1]. On the
other hand, chip-integrated photonic sensors, utilizing
microring resonators [2], 2D photonic crystal [3], wire
waveguides [4], etc., have enabled label-free and high-
sensitivity sensing with ultra-compact size and low
cost. By integrating microfluidics with photonic sensors,
one may gain more benefits like reduced sample con-
sumption, shorter analysis time, higher sensitivity,
and portability, etc. More importantly, microfluidic chan-
nel system is a necessary technique for achieving inte-
grated biosensors [5]. Our previous work has already
demonstrated high-sensitivity photonic-crystal chemical
sensors [6], enhanced-sensitivity photonic-crystal biosen-
sors [7], and plasmonic-active surface-enhanced Raman
spectroscopy systems [8]. While sensing characteristics
can in general be demonstrated by dispensing analytes
of interest via pipettes, when binding kinetics need to
be measured for instance in the case of biosensors for
drug discovery applications, a continuous flow of analyte
must be reliably achieved.
A conventional optical waveguide is characterized by

cross-section such as J-J0 shown in Fig. 1(a). Optical
waveguides are in general layed out such that the fluids
flow orthogonal to the direction of optical wave propa-
gation. Thus, as noted in the right image in Fig. 1(b), an
air gap would exist between the PDMS layer (PDMS

being the material of choice for microfluidic channels)
and the bottom silicon dioxide cladding in a silicon-on-
insulator (SOI) substrate. One typical solution to close
the avenue for fluid leakage in silicon-chip-integrated
waveguide sensor is introducing additional fabrication
steps including but not limited to oxide deposition fol-
lowed by planarization and selective oxide removal prior
to microfluidic channel bonding [9]. In the case of
photonic-crystal sensors, such post-processing would
necessitate removal of the oxide from the etched
photonic-crystal patterns, which would result in addi-
tional etching of the bottom oxide cladding unless the
process is very strictly controlled. A poor tolerance on
the oxide removal processing would lead to uncertain
resonance wavelengths in photonic-crystal biosensors.

Fig. 1. (a) SEM image of a typical waveguide crossing.
Conventional waveguides are characterized by cross-sections
J-J0 and waveguide crossings are labeled by J1-J10. (b) Cross-
sectional view of the PDMS microfluidic channel when inte-
grated with optical waveguides in silicon in a SOI substrate.
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Recently, photonic-crystal devices have been fabricated
using photolithography [10]. However, additional fabrica-
tion steps associated with oxide deposition, planariza-
tion, and removal need additional photo masks, which
translate to higher manufacturing cost.
In this Letter, we demonstrate an approach using ultra-

low-loss silicon waveguide crossings to build a closed mi-
crofluidic channel with leak-free integrated fluidics
operation. The microfluidic channel is designed so that
channel walls go over the section J1-J10 in Fig. 1(a) which
effectively closes the gaps that would otherwise exist in
the channel along J-J0, in the absence of waveguide cross-
ings. This novel approach is fabrication friendly, since
the primary ridge waveguides, photonic crystals, and
crossing waveguides are fabricated in the same step with
a single photomask, and also offers a smooth interface
excluding additional planarization process for microflui-
dic channel bonding.
A cascaded MMIs structure, whose top-view schematic

is shown in Fig. 2(a), is utilized to build ultra-low-loss

waveguide crossings on a SOI substrate (3-μm-thick
buried oxide layer and 250-nm-thick top silicon layer)
since it enables guiding of low-loss Bloch waves by
periodic self-focusing sections offered by MMIs [11].
Commercially available software FIMMWAVE (devel-
oped by Photon Design Ltd.) is used for simulation, and
a side view schematic of the simulated structure is shown
Fig. 2(b). Here the W si is chosen to be 0.6 μm to build a
single-mode waveguide, and Wmmi is chosen as 1.2 μm to
support only three quasi-TE modes (zeroth, first, and
second). As the symmetry of this structure, the odd
first-order mode has not been excited. Hence the self-
focusing condition can be perfectly fulfilled by tuning
Lin and Ls to eliminate the phase error between zeroth
and second mode. Linear tapers (Lt � 1 μm) are added
to avoid sharp transition and at the same time to reduce
the portion of the power in second-order mode in the
MMI region that could improve the power transition [12].
Effective medium theory is utilized to calculate the clad-
ding index (nc) around the crossing region which pro-
vides a minimal modal phase noise, thus lowering the
propagation loss at the crossing region. Theoretically,
one can drive the phase error of the mth mode Δφm
at the N-folding imaging length as

Δφm ≈
P
4
λ20�m� 1�4π
2Nn2
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2
e0

�
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f − n2
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where P is the number of self-imaging periods, λ0 is the
optical wavelength, We0 is the effective width of the MMI
for the zeroth mode, nf is the effective refractive index of
the fundamental mode of infinite slab waveguides with
the same thickness as the MMI, and nc is the lateral clad-
ding index [11]. Specifically speaking, the increasing of
nc will reduce the TM component of quasi-TE mode both
in single-mode ridge waveguide and MMI region. Thus
the power transition between the two waveguides will
be improved at the input and output. Figure 2(c) shows
a scan of the cladding index (nc), which indicates that
nc ∼ 2.5 is sufficient to provide the lowest loss result.
The propagation field profile of 20 waveguide crossings
with the optimized parameters: nc ∼ 2.5, Lin � 2.16 μm,
Ls � 1.58 μm is shown in Fig. 2(d), and the propagation
loss is 0.0241 dB per crossing. The measured experimen-
tal loss is 0.0248 dB per crossing. SEM images of fabri-
cated waveguide crossings are shown in Figs. 2(e)–2(g).
Those tooth-like subwavelength nanostructures are used
to make an artificial material with desired lateral clad-
ding index nc ∼ 2.5 [13].

In order to demonstrate the effectiveness of the wave-
guide crossings in preventing the leaking problem as well
as its compatibility with photonic sensors, we integrate
waveguide crossings with our matured L55 photonic
crystal microcavity sensor [14]. The 3D schematic of
the integrated device, which the PMDS-based microflui-
dic channel has already been bonded onto the sensor
chip, is shown in Fig. 3(a) and an exploded view 3D sche-
matic illustrating components of the integrated device is
shown in Fig. 3(b). The photonic crystal microcavity sen-
sor sits in the center integrated with the primary ridge
waveguide. Waveguide crossings are located on both
sides of the photonic crystal sensor where the PDMS wall

Fig. 2. (a) Top-view schematic of cascaded MMI-based wave-
guide crossings. (b) Side view schematic of simulated structure.
(c) Simulated propagation loss versus lateral cladding index for
the structure in (a). (d) FIMMWAVE simulation result of 20
waveguide crossings with optimized parameters. (e)–(g) SEM
images of fabricated waveguides crossings.
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of the microfluidic channel is placed. Subwavelength
gratings [15] are used to couple light in and out between
silicon waveguide and optical fibers.
All structures, including primary ridge waveguides,

photonic crystal waveguides and microcavity, waveguide
crossings, and subwavelength grating couplers, are pat-
terned in one E-beam lithography step. The pattern was
then transferred to silicon layer through reactive-ion-etch
(RIE). The microfluidic channel was fabricated using
polydimethylsiloxane (PDMS) following standard soft
lithography technique [16]. Briefly, a 50-μm-thick SU-8
photoresist was spin-coated on a silicon wafer. The mi-
crofluidic channel pattern was transferred to the photo-
resist layer using photolithography through a Mylar
mask. After development, a SU-8 layer is used to mold
PDMS. PDMS was poured on to a polished Si wafer
and polymerized in an oven at 70°C for 2 h. Later, two
holes were punctured at each end of the microfluidic
channel as inlet and outlet ports for tubes connection.
The microfluidic channel fabricated is 1 mm wide and
15 mm long. The PDMS layer with fabricated microfluidic
channel aligned with the sensor chip is shown in
Fig. 4(a). Here we use pressure-bonding technique in-
spired by Quan et al. [17]. For biosensing, PDMS is
accepted universally as a biocompatible microfluidic
channel material. However, PDMS cannot serve as a
channel material for organic solvents. Furthermore,
new materials are being designed as an alternative to
PDMS to achieve better wetting characteristics of chan-
nel walls. The use of pressure bonding allows any suit-
able choice of microfluidic channel material other than
PDMS, without the need for new process development.
The PDMS layer with microfluidic channel was aligned to
the silicon chip and then clamped together by two pieces
of laser-cut acrylic glass. The sensor chip integrated with
microfluidic channel and clamps were placed on an op-
tical stage for fiber to grating coupler alignment and
transmission spectrummeasurement. The setup is shown
in Fig. 4(b). Solution was introduced into the channel by

a syringe pump (Harvard Apparatus). Light from a LED
source (DenseLight Semiconductors) was coupled into
the sensor waveguide through a grating coupler to stimu-
late quasi-TE mode. On the output port, light was coupled
out into an optical spectrum analyzer to obtain the trans-
mission spectrum.

Different numbers of waveguide crossings 1, 5, 10, and
30 on both sides are fabricated to test the necessary bond-
ing pressure for a leak-free system. Using Euler–Bernoulli
beam theory, the relationship between the deflection of
the beam and bonding pressure between PDMS and
silicon waveguide crossings can be obtained as

w�x� � PS
6EI

�3Lx2 − x3�; (2)

wherew�x� is the deflection, P is the bonding pressure, S
is the area between acrylic beam and PDMS layer,E is the
elastic modulus, and I is the second moment of area. The
coordinate system is shown in Fig. 4(c), and bonding
pressure calculated from deflection is shown in Fig. 4(d).

The maximum stress in a beam at a given bonding pres-
sure can be calculated with

σmax � I
h

ZZZ
Pxdxds: (3)

The break strength of acrylic (ISO 527-2) is approxi-
mately 48.95–77.22 MPa. Thus the limits of bonding pres-
sure are about 2.04–3.22 MPa, which is calculated with

Fig. 3. (a) 3D schematic of the integrated device. (b) Exploded
view 3D schematic of the integrated device.

Fig. 4. (a) Picture of a device with PDMSmicrofluidic channel.
(b) Picture of the measurement setup. (c) Coordinate system
for break stress calculation (d) Bonding pressure between
PDMS layer and silicon waveguide crossings. Dashed lines
indicate the upper and lower limits of break stress in acrylic
clamps.
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(3) and plotted as the two dashed lines in Fig. 4(d).
Mechanical failures in the acrylic clamps are observed
for devices with 1 and 5 waveguide crossings. To avoid
the mechanical failure of acrylic clamps, 10 waveguide
crossings with calculated 1.84-MPa bonding pressure is
selected for the experiments.
Considering that PDMS absorbance is about 3 dB/cm

in the wavelength range 1540–1580 nm [18], the devices
first were tested in DI-water without and with PDMS
layer to show the effect caused by PDMS absorption.
Transmission spectra were shown in Fig. 5(a) and strong
resonance peaks are observed. The propagation loss
caused by the PDMS layer could be neglected as the pla-
nar favored energy distribution of quasi-TE mode. The
same device was next tested in glycerol to validate oper-
ation as a chemical sensor. Experiment results are shown
in Fig. 5(b). The shift of the transmission spectrum is
7.1 nm corresponding to the refractive index change [19].
In conclusion, we integrated waveguide crossings into

the chip-based waveguide sensor that enables leak-free
operation of microfluidic channels. This process is

compatible with existing SOI micro-fabrication technique
and requires no additional fabrication step. Also this
scheme is suitable for various sensing application that
uses optical waveguides and need microfluidic channel
to deliver the media to be tested.
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Fig. 5. (a) Spectra of L55 photonic crystal microcavity sensor
with 10 waveguide crossings on both sides with and without
PDMS microfluidic channel. (b) Spectra of L55 photonic crystal
microcavity sensor tested in DI water and glycerol.
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