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1 Introduction
Integrated photonics structures are advantageous for biological and chemical sensing as they can offer high sensitivity and tight integration. Numerous applications of such
structures as highly integrated biosensors have been
shown.1–5 When sensor structure is integrated into multichannel photonics circuits, a multichannel biosensor can be
established, allowing simultaneous detection of numerous
different biomolecules. In this paper we report design and
experimental evaluation of a Si3N4 / SiO2 planar integrated
photonic circuit that can be used as a backbone of the multichannel biochemical sensor.

optical sensor section 共4兲 that typically consists of an optical resonator 共microring or microdisk resonator,1–3 Fabry–
Pérot cavity,4 Mach–Zehnder interferometer,5 or photonics
crystals cavity6兲. After passing the sensor section light is
coupled out 共5兲.
Regardless of the type of sensor, the operation of the
system can be improved by improving the operation of
other components of the system. In this work we focus on
providing efficient and alignment-tolerant optical signal inand out-coupling as well as on low extra loss and equilibrated signal splitting. The sensors used in our work are
slot waveguide ring resonators, which have been described

2 Multichannel Single-Mode Optical Sensor Chip
The principles of the multichannel single-mode optical sensor chip are schematically shown in Fig. 1. The optical
signal 共1兲 is injected to the single-input waveguide 共2兲 and
then split to multiple output waveguides in the splitting
section 共3兲. Each output waveguide is equipped with the
Fig. 1 Schematic representation of optical multichannel sensor.
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Fig. 2 Micrographs of input device in the multichannel photonics circuit: SEM close-up on surface
gating coupler 共a兲, optical microscope image of the bent input waveguide with surface grating coupler
and an adiabatic taper 共b兲. NIR image or the light input spot on surface of grating coupler 共c兲.

elsewhere.7 However, for completeness we show some
early results obtained with microring resonators.
3 Material Choice and Waveguide Geometry
For the photonics chip we use silicon nitride, Si3N4, on
silicon dioxide. This gives index contrast of ⌬n ⬇ 0.5,
which offers a good tolerance to fabrication imperfections,
low fabrication cost, and a reasonable level of integration.8
Silicon waveguides with higher index contrast 共⌬n ⬇ 2兲
would allow higher integration density. However, the high
optical index contrast then makes the device highly sensitive to fabrication imperfections 共e.g., sidewall roughness兲.9
The experimental structures analyzed in this work were
fabricated in Si3N4 deposited by low-pressure chemical vapor deposition 共LPCVD兲 on a 3.3-m-thick, thermally
grown SiO2 layer on a silicon substrate. The device layout
was formed by patterning a hard mask by electron-beam
lithography of PMMA, followed by chromium evaporation
and lift-off. The pattern was then transferred to the Si3N4
layer by dry etching in He/ CF4 plasma. Finally, the devices
were covered by 530 nm of silicon dioxide top cladding by
tetraethyl orthosilicate LPCVD.
In the analyzed device shown in this work, we use Si3N4
strip waveguides with a height of 300 nm and a width of
900 nm. This allows single-mode propagation for transverse electric 共TE兲 and transverse magnetic 共TM兲 polarizations at a wavelength of 1.31 m.
4 Input Coupling
The light coupling to submicrometer waveguides has been
analyzed by numerous research groups. In general, two approaches to the light injection are analyzed: end-fire coupling via the photonics chip facet and surface coupling via
a grating. In the first group the most noticeable solutions
are 3-D10 and inverted taper11 coupling. In the second
group, one can distinguish 1-D12 and 2-D13 surface grating
couplers.
In the case of the analyzed multichannel optical sensor
chip discussed here, the use of a 1-D surface grating input
coupler was found to be the most convenient, as it provides
efficient and alignment-tolerant light coupling while keeping the device size and complexity of the coupling system
on a reasonable level. The coupled light is subsequently
transmitted through an adiabatic taper and a bend section as
shown in the scanning electron microscopy 共SEM兲 and optical microscope images of Fig. 2.
The design of this coupler has been described in detail in
Refs. 14 and 15. The main goals for the design are high
efficiency and large alignment tolerance. The grating couOptical Engineering

pler was thus designed with a width as large 30 m. The
coupler exhibits an efficiency exceeding 60%, with −3 dB
angular and alignment tolerances as large as 4 deg and
50 nm, respectively.
5 Output Coupling
The use of a single surface grating coupler is very convenient for the optical input coupling. However for the multiple output couplings it is difficult to use this type of device as they occupy a significant chip area. Moreover, in
this case, in- and out-coupling would appear in the almost
vertical direction 共8 – 10 deg to the normal兲. This would
make it difficult to manage the work space, as the input is
usually separated from the outputs by a distance no longer
than 1 cm. Further, in the case of biosensors the top surface
of the photonics chip is needed for fluidic tubing or as a
sample-pipetting area. These problems can be solved by
out-coupling the optical signal horizontally via the endfacet of the photonic chip.
In our work, we have used inverted taper11 output couplers as they provide efficient coupling with lower divergence and less output facet roughness influence than the
conventional taper.
6 Optical Signal Splitting Strategy Choice
Optical signal splitters are one of the key components of
integrated photonics. When splitters are used in cascade,
they constitute an optical distribution circuit. Such networks are applied where the optical signal from one input

Fig. 3 2-D FDTD simulation of the electromagnetic field in the optical star splitter.
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Fig. 6 Topologies of photonic integrated circuits for 1 to 8 optical
signal splitting: 共a兲 star splitter and 1 → 2 MMI, 共b兲 1 → 4 MMI+ 1
→ 2 MMI, and 共c兲 1 → 8 MMI.
Fig. 4 FDTD 2-D simulation of the electromagnetic field in MMI
splitters: 共a兲 1 → 2 MMI, 共b兲 2 → 4 MMI, and 共c兲 1 → 8 MMI.

port is delivered to several outputs 共e.g., in optical clock
signal distribution or optical telecommunications兲. Several
such distribution networks using the silicon-on-insulator
platform have been reported.16–18 In our considerations we
set the channel number to eight. We analyzed four different
optical distribution circuits on Si3N4, namely, three rows of
1 → 2 star splitters, three rows of 1 → 2 multimode interference splitters 共MMI兲, 1 → 4 MMI followed by a 1 → 2 MMI
row, and finally, a single 1 → 8 MMI.
6.1 Signal Splitter Simulations
The star splitter was originally developed for silicon-oninsulator devices.19 It is based on a free diffraction of light
in an enlarged Si3N4 region 共Fig. 3兲. According to the
wavefront profile and the waveguide width, two output
waveguides are placed to give a 1–2 splitter. With the considered waveguide geometry, such splitters are rather compact 共12 m long and 6 m wide兲. Theoretical excess loss

Fig. 5 Micrographs of fabricated optical signal splitters: 共a兲 1 → 2
star splitter, 共b兲 1 → 2 MMI, 共c兲 1 → 4 MMI, and 共d兲 1 → 8 MMI.
Optical Engineering

in each branch, as estimated using 2-D finite difference
time domain calculations 共2-D FDTD兲,20,21 is less than
0.4 dB for TE polarization at 1.31 m.
MMI splitters, in 1 to 2, 1 to 4, and 1 to 8 configurations,
can also be used to distribute light to eight output points.
The MMI is based on the self-imaging principle arising
from multimode interference.22 The light is launched into a
multimode waveguide, and each mode propagates along the
guide with its own characteristic phase velocity. At some
waveguide positions, the accumulated phase differences between various excited modes are close to a multiple of 2.
Through interference, images of the input light distribution
are then formed. The output waveguides are adjusted in
order to obtain the best coupling. Figure 4 presents simulations of the electromagnetic field in MMI splitters,
obtained using the FimmProp simulation software.23 The
length⫻ width of 1 → 2, 1 → 4, and 1 → 8 MMI splitters are

Fig. 7 NIR images of the output facet of the photonic integrated
circuit with 共a兲 1 → 2 star splitters, 共b兲 1 → 2 MMIs, 共c兲 1 → 4 MMI
+ 1 → 2 MMI, and 共d兲 1 → 8 MMI.
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Fig. 8 Signal intensity comparison at the output of optical distribution circuit using: 共a兲 1 → 2 star
splitters, 共b兲 1 → 2 MMI, 共c兲 1 → 4 MMI+ 1 → 2 MMI, and 共d兲 1 → 8 MMI.

21.5⫻ 5.6 m, 21⫻ 8 m, and 64⫻ 20 m, respectively.
The simulations show that the excess loss introduced by
MMI splitters is equal to 0.4, 0.6, and 0.7 dB for 1 → 2,
1 → 4, and 1 → 8 MMI splitters, respectively.
6.2 Distribution Circuit Topology
Four different optical distribution circuits using the designed optical splitters were fabricated and evaluated experimentally. The analyzed circuits had the same general
scheme with an input surface grating coupler and eight parallel output waveguides. When microring resonators are
side coupled to the output waveguides, the circuits can be
seen as functional prototypes of a multichannel sensor. Optical top-view images of the fabricated splitters are shown
in Fig. 5.
Depending on the type of splitter used, the circuits were
composed of one, two, or three optical splitter rows. The
topologies of the analyzed optical distributions are shown
schematically in Fig. 6. In the topologies presented,
waveguides of different bending radius were used. In the
case of topology shown in Fig. 6共a兲, the bending radii range
from 170 to 210 m. In the case of topologies shown in
Fig. 6共b兲 and Fig. 6共c兲, radii from 100 to 290 m are used.
Optical Engineering

The sharpest waveguide bends are located at the extreme
left and right outputs 共nos. 0 and 7兲 of the 1 → 4 MMI +1
→ 2 MMI and 1 → 8 MMI splitters.
6.3 Distribution Circuit Experimental
Characterization
The fabricated test structures were evaluated experimentally by means of an optical setup containing a tunable laser
source and a near infrared 共NIR兲 camera. The optical signal
was injected into the Si3N4 and collected at the output,
either with the NIR camera or a photodiode detector array,
to determine signal losses and distribution uniformity. NIR
images of the output faces are shown in Fig. 7. As can be
seen, most outputs are well-defined, but some extra light
points are observed. These correspond to parasitic light
leaking from the beam splitters.
Intensity profile linescans of the output facets of the test
structures are shown in Fig. 8. The additional peaks appearing between those corresponding to the waveguide outputs
can be seen more clearly in these graphs, especially for the
star splitter circuit. The scattering at the star splitters appears to be due mainly to fabrication imperfections in the
region where the two output waveguides are connected to
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Table 1 Transmission loss and variance for different splitting
strategies.
Distribution
structure

Optical signal
attenuation 共dB兲

Standard
deviation 共dB兲

1 → 2 star splitters

36.28

2.05

1 → 2 MMIs

34.19

2.48

1 → 2 MMIs,
1 → 4 MMIs

29.90

1.26

1 → 8 MMI

28.48

0.51
Fig. 10 Schematic representation of the experimental setup for simultaneous spectra acquisition.

the slab section. The most probable reason for the light
scatter is that the silicon oxide cladding deposition may
have left a void between the output waveguides of the splitter. It is also possible that random lithography errors 共due to
lift-off problems兲 or particle contamination appear, leading
to random misbalance in the splitting ratio. Indeed, the
proper fabrication of this region requires nanometer precision.
The devices with MMI splitters have significantly reduced this problem, and there are no significant parasitic
peaks at the output of these devices. This feature is especially important for the design of photonic sensors with
automated coupling, as is demonstrated below. It can also
be seen that generally the MMI splitters offer better splitting uniformity.

Fig. 9 Micrographs of 1 → 8 MMI splitter with output waveguides
with side-coupled ring resonators 共a兲 and of coupling section between microring resonator and the bus waveguide 共b兲. Example of
the wavelength spectrum of microring resonator incorporated in the
optical distribution circuit 共c兲.
Optical Engineering

The optical attenuation values measured with the photodiode detector are presented in Table 1. The measured overall attenuation values are relatively high. They correspond,
however, to the total difference between the input and the
output signal. Based on our knowledge of the components
used, we can estimate some contributions to the loss: 共i兲
propagation loss 13.6 dB/ cm⫻ 9 mm= 12.24 dB; 共ii兲 insertion loss 共including the loss of the surface grating兲 4.6 dB;
and 共iii兲 signal splitting 9 dB. With optimized fabrication,
input and output coupling losses as well as waveguide
propagation losses are expected to decrease. Nevertheless,
one can clearly observe that in the case of MMI splitters the
overall loss is significantly smaller and the splitting is more
uniform. The absence of parasitic light coupling from the
splitters makes this coupling strategy the preferable one for
photonic sensors. Furthermore, the one-stage 1 to 8 splitting with 1 → 8 MMI gives the lowest losses.
These experimental values can be compared to the prediction that can be made based on the known waveguide
loss and the simulated performance of the splitters. This
gives a predicted attenuation of about 27 dB for all the
configurations. By analyzing the experimental values one
can then come to the conclusion that the best and most
predictable result is obtained with the one-stage splitter
scheme instead of a multisplitter solution. Furthermore, one
observes that there is no significant influence of the bend-

Fig. 11 Experimental results of simultaneous acquisition of transmission spectrum of eight channels of photonics integrated chip test
structure.
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Fig. 12 2-D plot of the alignment tolerance for optical output coupling in multichannel photonics
system.

ing radii on the device performance 共intensity of collected
signal at the nos. 0 and 7 outputs of the devices with
1 → 4 MMI and 1 → 8 MMI is not significantly worse than
the one of nos. 3 and 4 outputs兲. Thus, one may say that for
a given waveguide geometry, bending losses for the bent
radius larger than 100 m can be neglected.
7 Optical Resonators
Even though we really only discuss the light distribution
scheme in this paper, we also include some information on
the sensors to be able to demonstrate proper operation of
Optical Engineering

the system. Each waveguide branch of the analyzed circuit
was equipped with a side-coupled microring resonator. The
design of these resonators has been described with detail in
Ref. 24. In Fig. 9, we show an optical image of the fabricated distribution circuit, an SEM image of a microring
resonator, and an example of the wavelength transmission
spectrum of the resonator. The resonators were designed
with different radii ranging from 80 to 120 m, and coupling gaps between the microring and the bus waveguide
ranging from 500 to 700 nm. The typical values of the
quality factor varied between 20,000 and 60,000, and the
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throughput attenuation at resonance varied from
10 to 25 dB. The best results were obtained for the microring resonator with a radius of 90 m and a gap of 700 nm
with a quality factor of 77,000 共intrinsic quality of 133,000兲
and throughput attenuation of 15.9 dB. These results provided the suitability of the technology for fabricating highquality and possibly highly sensitive resonators.
8

Multichannel Transmission Spectrum
Acquisition
To verify the operation of the multichannel photonic structure, simultaneous acquisition of wavelength spectra at
eight channels was made. In order to perform such measurements an experimental setup using free space input and
output optical coupling, a tunable laser source, and a 1-D
InGaAs photodiode detector array was constructed. The
setup configuration is shown in Fig. 10.
The experimental setup was designed to be a prototype
of a simple optical platform for interrogating multichannel
sensors. In order to simplify the system, the optical input
path was as simple as a pair of 1-in.-diam, 100-mm working distance glass lenses and a 1-in. flat aluminum mirror.
The optical platform exploited a tunable laser source working in O band 共1260– 1360 nm兲 as the photonic structures
were optimized for operation at 1310 nm wavelength. The
optical output path was composed of an achromatic pair
objective that converted the output pitch of the photonic
chip 共1000 m兲 to the pitch of the detector 共400 m兲. The
exploited detector was a 1-D array of InGaAs photodiodes
with a single-pixel area as large as 130 m 共width兲
⫻ 300 m 共height兲. The pixel pitch of the detector was
200 m, and as the number of the detector pixels was twice
the number of the photonics chip channels, we decided to
use each second pixel of the detector and therefore to use
the effective pitch of 400 m. Although the optical detector
sensitivity was optimized for operating wavelength of
1700 nm, it was suitable also for the 1310 nm wavelength.
Using this setup the multichannel operation of the photonics circuits was evaluated experimentally. Examples of
transmission spectra obtained are shown in Fig. 11. Transmission spectra were acquired at all channels of the photonic circuit. For each output signal the resonant wavelength
can be easily resolved. It is noticeable that for the extreme
left and right channels, nos. 0 and 7, the optical signal level
is significantly lower. This was due to an aberration problem in the optical system that was used to adapt the output
waveguide pitch of the photonic circuit 共1 mm兲 to the pitch
of the detector array 共400 m兲. It did not limit the possibility of reading out the resonant wavelength of these channels. Furthermore, in the case of multichannel photonic
sensors the use of reference channels is strongly needed in
order to increase measurement sensitivity and relax temperature stabilization constraints,25 and the external channels can serve as a reference for normalizing the wavelength response of the other 共measurement兲 channels.
8.1 Alignment Tolerance of Optical Multichannel
System
After demonstrating the possibility of multichannel spectra
acquisition, the optical alignment tolerance of the whole
system 共optical platform and photonic chip兲 was evaluated
Optical Engineering

Fig. 13 Optical signal power collected by eight channels of the detector as a function of the detector shift.

experimentally. The tolerance evaluation was conducted in
two steps: evaluation of the output coupling tolerance and
evaluation of the whole system tolerance. The input coupling tolerance is just the tolerance of the surface grating
coupler that has been reported previously.14,15
In order to determine the output coupling tolerance of
the system, the detector array was placed on 3-D translation
stage while the input coupling was fixed using a manual
setting. A 3-D scan of the output detector position was subsequently performed. The results obtained are plotted in
Fig. 12 as the sum of optical power collected by the eight
measurement channels of the detector versus the detector
position.
The two 2-D 共x, z-axis兲 plots are perhaps easier to interpret. In Fig. 12共a兲 the collected output power scan at the
focal plane of the optical axis is shown. The scan along the
vertical axis 共z兲 is a visualization of the pixel height of the
detector. Indeed, the signal strongly decreases as the edge
of the detector reaches the spot limits. A periodic, sawlike
shape along the detector axis 共x兲 demonstrates the transition
of the light coupling from active 共measurement兲 to passive
共unused兲 pixels. The sharper the sawlike shape, the better
the alignment in the x- and z-axes. When the detector is
translated by 1000 m along the optical axis 共y兲, the sawlike shape becomes smoother as a consequence of the defocusing of the image 关Fig. 12共b兲兴. It is noticeable that also
with such large misalignment, a significant fraction of the
signal is still coupled to the detector pixels. The relation
between the output alignment and the pixel size of the detector is shown in Fig. 13, showing the power collected by
each detector channel as a function of the position of the
detector in the x axis.
The figure confirms that the central position 共x = 0兲 corresponds to the best alignment because all channels receive
an optical signal. When the detector is shifted by −200 or
by +200 m, the light is coupled to nonactive detector
channels. With further shift of the detector, less and less
pixels collect light from the waveguides. One sees clearly
that the alignment tolerance of the output coupling is almost as large as the size of the detector pixel and does not
have a significant impact of the overall tolerance of the
optical system that was characterized subsequently.
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Fig. 14 Alignment tolerance of the multichannel optical system.

In order to characterize the overall alignment tolerance
of the system, the 3-D motorized translation stage was
placed under the photonic chip holder, enabling a 3-D scan
of the photonic chip position. The results obtained are displayed in Fig. 14 as the sum of the optical signal intensity
collected by eight measurement channels of the detector
array versus the optical chip position. Figure 14 shows the
2-D 共x- and y-axes兲 dependence of the collected optical
signal on the photonics chip position. The obtained response is similar to the known alignment tolerance curve of
the surface grating couplers. It is significant that the collected signal decreases by −3 dB when the displacement
from the central 共optimal兲 position is larger than 10 m.
With such relaxed alignment tolerance it might be possible
to provide optical input and output coupling to the sensor
chips without employment of any active alignment devices
if package fabrication precision is at least as good as
10 m.

9 Conclusions
We have reported design, fabrication, and characterization
of a multichannel photonic circuit in the Si3N4 / SiO2 material platform. When equipped with appropriate optical resonators, the proposed circuit can be used as the backbone of
future multichannel sensors. The use of different optical
subcomponents, such as optical surface grating couplers for
input coupling and inverted tapers for output coupling, was
discussed. Four optical distribution circuits were analyzed,
and the configuration with a unique 1 → 8 MMI splitter was
chosen as the most profitable for the multichannel sensor
circuit design. Finally, the feasibility of the analyzed circuits for multichannel measurement and its large optical
alignment tolerance were demonstrated.
Optical Engineering
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