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In this paper, we demonstrated the design and experimental
results of the near-infrared lab-on-a-chip optical biosen-
sor platform that monolithically integrates the MRR and
the on-chip spectrometer on the silicon-on-insulator (SOI)
wafer, which can eliminate the external optical spectrum
analyzer for scanning the wavelength spectrum. The sym-
metric add-drop MRR biosensor is designed to have a free
spectral range (FSR) of ~19nm and a bulk sensitivity of
~73 nm/RIU; then the drop-port output resonance peaks
are reconstructed from the integrated spatial-heterodyne
Fourier transform spectrometer (SHFTS) with the spectral
resolution of ~3.1 nm and the bandwidth of ~50 nm, which
results in the limit of detection of 0.042 RIU. © 2023 Optica
Publishing Group

https://doi.org/10.1364/0L.492172

As the needs of the accurate and fast point-of-care portable bio-
detection systems are growing rapidly for the clinical and health-
monitoring applications, various micro- and nanoscale optical
biosensors have intrigued a significant attention as compact,
highly selective, and sensitive real-time biosensor platforms [1].
Among them, micro-ring-resonator (MRR)-based optical sen-
sors have been demonstrated in numerous applications due to
their advantages of high sensitivity and small footprint compared
to other photonic biosensor platforms [1—4]. Several researches
have presented highly sensitive MRR biosensing applications in
a near-infrared wavelength with advanced structures including
sub-wavelength grating-based waveguides [5,6] and cascaded
resonators utilizing Vernier effects [7-9] to maximize the sens-
ing sensitivity, but utilizing external optical spectrum analyzer
(OSA) was inevitable to read the spectrum and detect a reso-
nance wavelength shift (AA) in any case, which makes the overall
system bulky and expensive eventually. To miniaturize the whole
system into a chip for the actual lab-on-a-chip biosensor, the inte-
gration of MRR and on-chip spectrometer that benefits from the
photonic integrated circuits is highly demanded; by monolithi-
cally integrating the MRR with the on-chip spectrometer, it is
able to remove the fiber coupling alignment or any other moving
components between the resonator and the spectrometer, which
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makes the device safe from the environmental perturbations, in
turn providing more reliable, robust, and low-cost advantages.

Several on-chip spectrometers have been demonstrated
including the dispersive optics-based spectrometers [10-14],
Fourier transform spectrometers (FTS) [15-23], and active tun-
ing (electro/thermo-optic)-based spectrometers [24—26]; for the
point-of-care (PoC) portable biosensing applications, which can
read the spectrum in real time, a high-speed on-chip spectrom-
eter based on the PICs is necessary, which makes the FTS an
attractive solution that measures the spectrum with the interfer-
ence of light instead of dispersion in a single capture, offering
the advantages of a larger SNR and a faster data collection speed.
Among the on-chip FTS schemes, the spatial-heterodyne-FTS
(SHFTS) consists of an array of unbalanced Mach—Zehnder
interferometers (MZIs) with linearly increasing optical path dif-
ferences (OPDs), and the input spectrum can be reconstructed
by Fourier transforming the output power interferogram meas-
ured from the MZI output arrays in a single capture without any
active modulator or moving components [17].

The silicon-on-insulator (SOI) with the buried SiO, cladding
is the most matured and attractive material platforms for the
photonic biosensors because of the possibilities of scalable-
mass production and compatibilities with a covalently attached
functionalization layer coating [27]. In this work, we designed
the MRR biosensors integrated with the on-chip SHFTS device
using the CMOS compatible SOI wafer and experimentally
demonstrated the resonance shift retrieval results from the
fabricated SHFTS-MRR device in C-band.

The basic device configuration and working principle are
demonstrated in Fig. 1. The MRR is a biosensing device which
configures the resonance peaks from the drop-port output, and
the evanescent field is altered when the molecular binding takes
place between the immobilized bioreceptors and target analytes
in the sample which changes the resonance condition leading
to a resonance wavelength shift (AA). The drop port of MRR is
directly connected to the SHFTS that is composed of an array
of unbalanced MZIs with linearly increasing optical path delays
(AL;). The phase change from each MZI is converted into an
intensity change based on interferometric schemes, constitut-
ing the interferogram of the output powers. Output powers from
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Fig. 1. Schematic illustration of the operation principle of the
on-chip spectrometer integrated optical biosensor platform.

each MZI can be measured by the integrated photodetector (PD)
array [28], and the input spectrum from the MRR drop port is
reconstructed through the discrete Fourier transform equation
(DFT) using the computation program, such as MATLAB. The
center operation wavelength is 1550 nm, and the layer thick-
nesses of the SOI wafer and the strip waveguide are designed for
guiding the fundamental transverse-electric (TE) mode based
on previous researches [5,6,29]; the width and thickness of the
silicon strip waveguide are 500 and 220 nm, respectively [5,6];
and the thickness of the SiO2 bottom cladding is ~3 pum, which
is optimized for the grating coupler design for the fundamental
TE mode based on the previous focusing sub-wavelength grating
coupler (SWGC) structures [29].

Generally, the bulk-sensing sensitivity (S) of the MRR
biosensor is defined as [3]

g A )

- ki
Anclacl

where AA is the resonance wavelength shift and An,q is the
change of the cladding refractive index. Also, the limit of detec-
tion (LOD) of the sensor depends on the minimum resolvable
wavelength shift that is determined by the measurement setup
[3]:

Al
LOD = =2 ()

Here, AAd,,;, is the minimum detectable resonance wavelength
shift, which is the optical spectrum analyzer’s measurement
resolution (64). To maximize the sensing sensitivity, vari-
ous waveguide structures and polarization effects have been
studied, including the strip waveguide, slot waveguide [30],
and sub-wavelength grating waveguide [5,6] with TE or TM
(transverse-magnetic) mode. Essentially, the more interaction
between the light and claddings (analytes), the higher the sens-
ing sensitivity, but the optical losses are increasing at the same
time, which hinder to achieve high-quality resonance peaks [3].
Hence, a good compromise between the MRR sensing sensitiv-
ity and the optical loss of the structure has to be considered
[31]. However, regardless of the MRR sensitivity-improving
strategies, this work focuses on the integration of MRR biosen-
sor devices and SHFTS for the monolithic integration of the
sensor and the spectrometer for the sensing-reading system
integration, and we designed the basic symmetric add-drop ring-
resonator device based on the strip waveguide with fundamental
TE polarization.
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Fig. 2. (a) MRR biosensor design. (b) Electric-field simulation
at a resonance peak. (c) Transmission spectrum from the through
port and drop port; black line, through port; red line, drop port. (d)
Resonance wavelength shift based on the refractive index change of
the top cladding.

The design parameters include the gap distance (d) between
the bus waveguide and ring waveguide to ensure the critical
coupling based on the couple mode theory [32], and the diameter
of the ring resonator (D) is designed to get the large enough
FSR to make it compatible with the SHFTS spectral bandwidth
coverage. The FSR, which is the wavelength range between two
resonances, can be calculated as follows [2]:

/12
FSR = v ©)
where n, is the group index of the waveguide and the L is
the round-trip length of the ring waveguide. Another important
optical characteristic of the MRR is the quality factor (Q), which
is a measure of the sharpness of the resonance peak that is
defined as follows [2]:

/ll’ES
FWHM’ )

where A is the resonance wavelengths and FWHM is the full
width at half maximum of the resonance spectrum.

The schematic illustration of the symmetric add-drop MRR
device is shown in Fig. 2(a), and the device parameters are
optimized by the three-dimensional (3D) finite-difference time-
domain (FDTD) simulation, as d =70nm and D =10 um. For
the MRR performance characterization, the transmission spec-
trum of the fabricated MRR device was measured using the
OSA directly first, and the experimental measurement results
with different d values were shown in Fig. S2 in Supplement 1.
The top view of the E-field simulation result at the resonance
peak is shown in Fig. 2(b), showing that the incident field at the
resonance wavelength is transmitted to the drop port. The trans-
mission spectrum of the drop and through ports is monitored
by the 3D FDTD simulation [Fig. 2(c)], and the optical char-
acteristics are measured as FSR =19 nm, and Q =4000 from
an optimized structure. Then, the refractive index of the top
cladding is changed (An,,4) and the resonance wavelength shift
(A1) is measured to calculate the bulk-sensing sensitivity of
the biosensor that is presented in Fig. 2(d). The bulk-sensing
sensitivity is calculated as S =72.96 nm/RIU.

Q:
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Fig. 3. Overall layout of the MRR-SHFTS integrated biosensor
device.

The theory and principle of the standard SHFTS have been
demonstrated by Florjariczyk et al. [17] and described in Supple-
ment 1. For the biosensing application integrated with MRR, the
spectrometer should be able to read and distinguish the separated
resonance peaks by the FSR completely.

Accordingly, the silicon SHFTS is designed to reconstruct the
resonance peaks from the optimized MRR shown in Fig. 2, in
turn to have at least ~40 nm of bandwidth to retrieve at least two
resonance peaks without aliasing errors, and the resolution is
designed to be smaller than ~5 nm to make sure to resolve each
peak separated by FSR clearly. Based on the SHFT'S design prin-
ciple, the silicon SHFTS is designed to have 32 MZIs (N =32)
with the maximum path length delay (AL) of 155 um, which
gives us the spectral bandwidth of 50 nm and the resolution
of 3.1 nm, respectively. Subsequently, the LOD of the MRR-
SHFTS integrated sensor is calculated as LOD =0.042 RIU
by Eq. (2), which is the minimum detectable refractive index
change of the top cladding (An..q). At this point, compared to
the conventional OSA which typically provides the wavelength
resolution of +0.02 nm, the resolution of the SHFTS has to be
improved to enhance the LOD of the biosensor; however the
resolution of the standard SHFTS is highly limited by the num-
ber of MZIs (N) [21]; in order to achieve an ~30 pm resolution
while maintaining the bandwidth of 50 nm, approximately 3200
MZIs are required, which make the size of the device signifi-
cant. Instead of having an outrageous number of MZIs, several
studies have proposed utilizing the active photonic components
introducing the thermal/electrical optical phase delay [21-25].

Our prototype device focuses on the proof of concept of the
sensor—spectrometer integration, and we used the SWGC [27]
for coupling the input light source and collecting the powers
from the MZI outputs, and the final device layout is presented
in Fig. 3, which shows the fully integrated MRR biosensors
and the SHFTS device. Based on the optimized designs, we
have fabricated the devices. The detailed fabrication process is
described in Supplement 1, and the optical microscope images of
the fabricated MRR-SHFTS device including the overall layout
and the SEM images of SWGC and MRR are shown in Fig. S1
in Supplement 1.

For testing, the transmission spectrum of the fabricated MRR
device was measured using the OSA directly. Figure 4(a) shows
the measurement setup. The NIR broadband light source (ASE-
FL7001P) emits the light with a wavelength from 1.52 to 1.64 um
and coupled to the input SWGC through the single-mode fiber
(SMF). Then, the MRR output spectrum is collected from the
output through- and drop-port SWGCs through another SMF
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Fig. 4. MRR measurement results. (a) Measurement setup pic-
ture; water droplet is placed on top of the MRR. (b) OSA
measurement results from the through and drop ports with air
cladding. (c) OSA measurement results from the drop port with
air and water cladding.

and measured by the OSA. Figure 4(b) shows the MRR output
spectrum measurement results, including the through and drop
ports; the envelope shape of the through-port signal is deter-
mined by the SWGC coupling. As a result, we measured the
FSR =19 nm and Q = 4000 from the experimental results.

Next, we tested the resonance wavelength shift due to refrac-
tive index changes from the air and water cladding on top of the
MRR device experimentally. Figure 4(c) shows the measured
spectrum from the drop port with air and water cladding with
A2 = 16nm.

Then, the fabricated SHFTS device was tested with the tun-
able laser source to calibrate the FTS constants and validate
the spectrum reconstruction performance. The tunable laser
source (CoBrite DX4 from ID Photonics GmbH) provides the
monochromatic signal with the tunable wavelength ranging from
1530 to 1567 nm, with the output power of ~250 uW measured
from the SMF. We measured the output powers from each MZI
with the wavelengths of 1550, 1555 and 1560 nm, respectively,
which are shown in Fig. S3 in Supplement 1.

Based on the measured interferograms, we reconstructed the
optical spectrum of each monochromatic signal by the MAT-
LAB code based on the DFT equation, and the results are shown
in Fig. 5. To validate the spectrum retrieval accuracy, the FTS
retrieved results (black dashes) were compared with the direct
OSA measurement results (red lines).

The wavelength positions of the FTS reconstructed spectra
are well matched with the direct OSA measurement results, but
the resolution of SHFTS is limited to ~3.1 nm, which resultin a
broader shape in reconstructed spectrum, and the discrepancies
and ripples from the reconstructed spectrum are mainly due to
the optical phase errors induced from the etching surface and
the sidewall roughness.
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Fig. 5. Reconstructed spectrum of the tunable laser source at

1550, 1555, and 1560 nm; red line, OSA measurements; black dash:

FTS reconstructed.
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Fig. 6. MRR-SHFTS measurement result. (a) An OSA measured
spectrum of the MRR drop port. (b) An FTS reconstructed spectrum.
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Finally, by integrating the MRR biosensor and SHFTS, we
reconstructed the drop-port output signals of the MRR by
SHFTS and read the resonance wavelength shift with different
claddings. The resonance peaks from the MRR drop ports shown
in Fig. 4(c) are the polychromatic input signals of SHFTS, which
can be considered as a superposition of monochromatic con-
stituents, creating a corresponding spatial interferogram pattern
formed by a superposition of the respective periodic P{"* fringes
from the monochromatic input. The measured output powers
with water and air cladding are shown in Fig. S4 in Supplement
1. Then, following the same DFT equation, the spectrum from
the MRR with different claddings are reconstructed and com-
pared with the direct MRR spectrum measurement results by
OSA as shown in Fig. 6.

Figure 6(a) shows the MRR drop-port spectrum measure-
ment results by OSA with different claddings, and Fig. 6(b)
shows the SHFTS-MRR reconstructed spectrum. As the FTS
reconstructed spectrum shows well-matching results with the
direct OSA measurement results, we were able to validate that
the MRR-SHFTS integrated device can successfully substitute
the external OSA for the lab-on-a-chip biosensor applications.
However, the resolution of the current SHFTS configuration is
limited to ~3 nm, which limits the LOD = 0.042 RIU. To enhance
the limit of detection, both the sensing sensitivity of the MRR
[5-9] and the resolution of the SHFTS [21-25] can be improved,
and we expect to improve the LOD by applying SWG-MRR sen-
sors that we previously reported with S =545 nm/RIU [5] that
gives LOD =0.0057 RIU.

In conclusion, we experimentally demonstrated the integra-
tion of the MRR biosensor and the on-chip SHFTS device
for the lab-on-a-chip biosensor platform. The symmetric add-
drop MRR is designed to have FSR=19nm, Q =4000, and
S =72.9nm/RIU, and the SHFTS is designed to have the reso-
Iution and bandwidth coverage of ~3 and ~50 nm, respectively.
The resonance peaks from the MRR drop port are reconstructed
from the SHFTS, and the resonance wavelength shift due to
the refractive index change is retrieved from the reconstructed
spectrum with the limit of detection of 0.042 RIU. Our proof-
of-concept experiment demonstrates the on-chip biosensing
platform without using the external OSA to read the wavelength
data and paves the way for a monolithically integrated lab-on-
a-chip optical biosensor with the light source/sensor/detector
integration.
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