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Abstract: We demonstrate an integrated photonic platform comprising a refractive index
(RI) sensor based on Photonic Molecule (PM) that effectively mitigates the influence of
environmental perturbations using a differential measurement scheme while providing high
quality-factor (Q) resonances. The RI sensor consists of a partially unclad microdisk res-
onator coupled to an external clad microring resonator fabricated on silicon-on-insulator
(SOI) platform. We report a RI sensitivity of 24 nm/RIU, achieving a limit of detection (LOD)
of 1.7 × 10−3 refractive index units (RIU) with improved stability for an operation range of
0.15 RIU in a compact footprint of 40 × 40 µm2, representing an important solution for
real-life applications in which measurement conditions are not easily controllable.

Index Terms: Optical sensing and sensors, Sensor, Integrated optics devices.

1. Introduction
In the past decades, there have been enormous advances in the research of silicon-on-insulator
(SOI)-based integrated optical microcavities fueled by the high scientific interest and technological
demands in several areas including optical communications and optical sensing [1]–[4]. These
optical microcavities, such as rings or disks, permit strong light confinement and their dimensions
can be adjusted for a given desired spectrum and application [2], [5]. When these microcavities
are fabricated on SOI platform, the tight light confinement within the microcavities allows them
to be ultra-compact and easy to integrate with other devices [2], [4]. Harnessing these advan-
tages, the cavities can compose very large scale integrated optoelectronic circuits, fabricated by
mature microfabrication technology based on complementary metal-oxide-semiconductor (CMOS)
[6]. In particular, these cavities also ensure high sensitivity to refractive index (RI) changes and
potential integration with microfluidic applications [3], [7]–[10], allowing the implementation of
gas, temperature and biological material sensing functionalities on a single chip, the so-called
lab-on-a-chip (LOC) [8], [11], [22], which promotes significant advances in fundamental areas such
as environmental monitoring and biomedicine [23]–[27].
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Several studies in the literature show the efficiency of SOI microcavities coupled to waveguides
to monitor dynamic molecular reactions, quantitative concentrations of solutions and to determine
chemical affinities for medical studies and clinical diagnosis [4], [8], [28]. These studies usually
show that a microcavity can be used as an optical sensor in homogeneous sensing approach
when the analytes, suspended in a fluid medium, are covering the microcavity top. In this situation,
the effective refractive index (nef ) of the cavity mode will change, resulting in a corresponding
deviation of the resonant wavelength, guaranteeing the sensing capacity [2], [7], [11]. However,
most optical devices exhibit some vulnerability to temperature variations and it is no different
with microcavities-based sensors. Environmental disturbances, especially temperature variations,
induce spurious changes in resonant wavelength and should be controlled or avoided to improve
the detection limit of these sensors. Several solutions to overcome temperature sensitivity have
been proposed using materials with negative thermo-optic coefficients as cavity claddings, external
temperature compensating devices, active control of device temperature and differential measure-
ments employing various cavities and microfluidic channels [12]-[21]. All of these solutions suffer
to satisfy the CMOS fabrication process rules as well as increase power consumption and require
a larger chip area. To overcome these limitations, we present in this work a CMOS-integrated
photonic platform comprising a compact RI sensor based on a Photonic Molecule (PM), capable
of decreasing the temperature-dependence of the sensor to 0.005 nm/°C by employing differential
measurement between the resonances of the PM’s cavities, without requiring greater fabrication
complexity and increasing the footprint area. This result corresponds to a temperature-induced
resonant wavelength shift of only 0.5 nm over an operating temperature range of 100°C, which
is approximately 16 times smaller than the resonant shift experienced by a single Si microring
resonator subjected to the same temperature shift.

2. Theory and Modeling
In general, when a single ring or disk resonator is used as a RI sensor, the limit of detection (LOD)
[7], which indicates the minimum detectable concentration changes in the sensor, is measured in
RIU and can be defined as:

LOD = λres

Q SRI
(1)

where λres is the resonant wavelength responsible for detection, Q is the quality factor and SRI is the
RI sensitivity, defined as [7], [29], [30]:

SRI = �λres

�nc
(2)

where �λres is the change in the resonant wavelength due to the change in the cladding RI over
the cavity (�nc ). In this class of sensors, a small LOD is desired so that small variations in nc can
be detected by a deviation in �λres. In fact, when the cladding RI (nc ) is changed, the nef of the
resonator also undergoes a change, so that for a small wavelength range, the change in nef (�nef )
is practically proportional to �nc:

�nef = K.�nc (3)

The parameter K is a constant and it depends on the material and waveguide cross-section [2],
[7]. In addition, in this type of sensors, the resonance condition of the microcavity imposes that
m λres = nef L, where L = 2πR is the perimeter of the resonator, R is the resonator radius and m
(positive integer) is the azimuthal resonant order. Thus, any variation in �nef can be related to a
deviation in �λres, giving by:

�nef

nef
= �λres

λres
(4)
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Fig. 1. Comparison between the transmission spectrum of (a) a single microring resonator and (b) a
PM based on two coupled resonators, an external ring and an inner disk, for both non-degenerate
(left side) and degenerate (right side) conditions. The transmission spectra are shown as a function
of the detuning with respect to the embedded disk resonances [33], [34]. The colored resonances are
associated with each one of the cavities in the inserted schemes.

and any variation in �nc can also be detected by a variation in �λres, as suggested by:

�nc = nef

K
�λres

λres
(5)

However, the measurement range of these sensors is dependent of the wavelength shift �λres,
which is limited by the free spectral range (FSR) of the resonator:

�λres < F SR =
(

λres
2

ng L

)
(6)

where ng is the group index (ng = nef − λ
∂nef
∂λ

). Therefore, the measurement range of nc is then given
by [30]:

�nc <
λres

KL
(

ng

nef

) (7)

Eq. 7 shows that these sensors based on resonators can only maximize �nc reducing the
resonator length L, which in turns increases its FSR. In contrast, it was shown in Eq. 1 that to
minimize the LOD, high-Q and high-SRI should occur. It is well known that high-Q can be achieved
in resonators with long L, since they have low bend losses, and long FSR can only be achieved
with reduced L. Therefore, as high-Q, reduced L and long FSR cannot be obtained simultaneously
in the conventional sensors based on a single resonator, one solution is to employ PM to overcome
this drawback [31].

In the literature, it has been shown that when multiple resonators are coupled internally to a
microring, it is possible to build compact PMs [31]–[34]. The complexity of the PM’s transmission
spectrum will depend on the number of coupled resonators and how they couple to each other. The
well-known transmission spectrum of a single microring resonator in an add-drop filter configuration
(Fig. 1(a)) presents resonances separated by the FSR, which is inversely proportional to L, and
is characterized by the linewidth (FWHM) and the extinction ratio (ER). When a second distinct
resonator, such as a disk, is internally coupled to the microring (Fig. 1(b)), the two resonators may
have different resonant wavelengths (non-degenerate condition) or they can be both resonant at
the same wavelength (degenerate condition), showing that this particular PM guarantees spectral
engineering without increasing the chip area. In the non-degenerate condition, the resonances
of the outer microring remain unaffected and a new resonance, associated with the embedded
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Fig. 2. (a) Schematic view of the sensor based on PM. (b) Desired spectrum for this sensor. The red
curve shows a deviation of the disk resonance caused by a change in the cladding refractive index.
(c) Optical micrograph of the fabricated sensor and (d) Scanning electron micrograph of the sensing
window [33].

disk, appears. However, when the two resonators are degenerated, their mutual coupling induces
mode-splitting proportional to the coupling strength between resonators.

Fig. 1(b) shows that in the non-degenerate condition, the notch resonance (red) associated with
the embedded disk has a Q higher than the Q associated with the ring resonances. This occurs
due to the reduction in the coupling losses between the inner disk and the straight waveguide
because the waveguide-disk coupling is always intermediated by the external ring resonances.
This way, the non-degenerate approach permits the use of the disk resonance (called detection
resonance, λdet ect ion) for accurate detection, and its wavelength shifts (�λbefore and �λaf t er ) may be
measured in relation to the ring resonances (called reference resonances, λRef1 and λRef2). These
reference resonances should always be present and they need to be fixed and free of deviations
caused by the nc changes, allowing a differential measurement between the detection and reference
resonances:

�λres = �λaf t er − �λbefore =
(
λaf t er

det ect ion − λaf t er
Ref

)
−
(
λbefore

det ect ion − λbefore
Ref

)
(8)

To satisfy this condition, a sensing window must be opened only on the top of the disk (Fig. 2(a)),
ensuring that only λdet ect ion suffers from the nc variation. The advantage of computing �λres in
this differential method is that it will always be present in the spectra (Fig. 2(b)), even under
conditions where there are temperature fluctuations. In fact, high-Q RI sensors are highly sensitive
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to fluctuations induced by the environment, such as temperature variations, which compromise
their reliability and stability in real-life applications. One solution to overcome this limitation and
improve the sensor sensitivity is employing RI sensors based on PMs combined with differential
measurements among λdet ect ion and the reference resonances (λRef1 or λRef2).

To proof this idea, we present here the design, fabrication and characterization of this RI sensor.
The sensing window is open on the top of the disk, exposing 75% of its upper surface, allowing the
disk resonance to undergo deviations (Fig. 2(b)) associated with changes in nc. These deviations
can be caused, for instance, by the fluid (air, gas or liquid) that has been applied on the sensing
window and may be measured with respect to the ring resonances (λRef1 or λRef2). As discussed
before, this combination between the PM and the differential measurement is responsible to
improve the sensor stability and reliability, allowing compact footprint area, high-Q resonances
and adequate spectral measurement range.

The proposed RI sensor was fabricated by using a SOI platform at IMEC-EUROPRACTICE.
The ring and disk radii are 20 µm and 5 µm, respectively. The gaps between waveguide-ring and
ring-disk are 200 nm. The effectively single-mode (TE) waveguides consist of a silicon core with
220 nm x 450 nm cross-section on a 2-µm-thick layer of thermally grown SiO2, covered with a 1-μm
thick-deposited SiO2 layer. All dimensions used are standard on silicon photonic platforms and they
have not been optimized to seek records in sensitivity or LOD. The sensing window was defined by
photolithography and etching process (Fig. 2(c) and Fig. 2(d)). The chips containing the sensors
were cleaved in areas where there were inverse nanotapers for efficient coupling to optical fibers.
The polishing technique with focused ion beam (FIB) milling was employed to obtain high-quality
mirrors with excellent coupling condition [35]–[37].

3. Simulations
The spectral features of the sensor were carried out using 2-dimensional finite-difference time-
domain (2D-FDTD) algorithm of the FullWAVE package. The 3D structures of the sensor were
reduced to 2D structures by employing the effective index method [30] and numerical simulations
with the 3D beam propagation method (BPM), included in the BeamPROP package. This is
required in order to reduce the simulation time and allocated computer memory. Fig. 3(a) shows
the spectral response calculated in the through port of the sensor for four distinct exposed areas
of the disk (75%, 63%, 50% and 37%) and five different values of nc in the sensing window. The
schemes of each simulated sensor are inserted in the spectral response of Fig. 3(a), showing the
percentage of the disk exposed area due to the presence of the sensing window (blue square). The
black regions of these schemes represent the waveguides, ring and part of the disk, all covered by
SiO2 cladding, ensuring that the reference resonances are always fixed when nc is changed in the
sensing window.

The spectral responses show that the microring resonances are always fixed in the same
wavelengths (λRef1 = 1606.23 nm and λRef2 = 1612.51 nm), regardless of the nc used over
the sensing window. Also, for all four cases of the exposed area of the disk, λdet ect ion suffers a
redshift when nc is increased. These deviations among the detection resonances and λRef1 can
be computed as �λ = |λdet ect ion − λRef1| . Fig. 3(b) shows the shift in the position of the detection
resonance caused by the change in nc, for different exposed areas of the disk, in percentage (a%).
The linear fitting equations for each case are also shown and it can be seen that the slope of the
curves, which corresponds to the sensor RI sensitivity (see Eq. 2), increases when the exposed
area of the disk grows up. This can be clearly seen in Fig. 3(c), where the RI Sensitivity (SRI )
against the exposed area of the disk is presented. The linear fitting shows that the SRI of the
sensor increases by 0.222 nm / RIU when the percentage of the exposed area of the disk is
increased by 1. This behavior of the SRI with the variation of the exposed area is expected since the
increase of the exposed area to the change in nc favors a greater interaction of the disk propagating
mode with the material in the sensing window, enhancing the SRI .

We have also performed simulations to estimate a reliable operation range for this sensor where
the coupling of the ring reference modes with the disk detection mode is not strong enough and can
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Fig. 3. (a) Spectral features of the sensor for four distinct disk exposed areas. In each condition, the
clad refractive index is increased from 1.3359 (purple curve) to 1.4198 (orange curve). Inset: schematic
view of the sensor highlighting the percentage value for the disk-exposed area. The sensing window is
represented by the blue square, where distinct values of nc are considered. (b) Resonant wavelength of
the detection disk (λdet ect ion ) against the cladding refractive index (nc ) in the sensing window. (c) Sensor
sensitivity against the disk exposed area (a%). The dashed lines in (b) and (c) correspond to the linear
fittings, including the fitted equations.

be neglected. Fig. 4(a) shows the detection resonance wavelength (λdet ect ion) and both reference
resonance wavelengths (λRef1 and λRef2) for a range of variation in the refractive index of the sensing
window (�nc ). The inset figures show the spectral region for the cases I, II and III, where there is
significant coupling between the detection and reference resonant modes, potentially compromis-
ing the sensor’s performance. However, it can be observed that the coupling between these modes
is not strong enough and can be neglected in a �nc of approximately 0.15 RIU (light green region),
which means that the sensor is operating in the non-degenerate condition in this particular region.
Furthermore, this reliable �nc is greater than what it is expected experimentally because these
sensors are projected to detect minimal refractive index changes less than 0.01 RIU in real life
applications. Fig. 4(b) shows the sensor differential response (�λ = |λdet ect ion − λRef1|) against the
�nc. The linear fitting shows that an RI sensitivity of (25.98 ± 2.13) nm/RIU is expected for this
sensor in a reliable operation range of approximately 0.15 RIU (light green region). This simulation
result is in agreement with the experimental value obtained in [7] for a single disk resonator. These
results were obtained considering that 75% of the detection disk area is exposed, exactly like the
sensor shown experimentally in the next section.

4. Experimental Results and Discussion
The experimental characterization of the fabricated sensor was performed as follows. A tunable
laser (1465 nm to 1640 nm) was used as light source and the coupling of light into the waveguide
was realized with GRIN rod lensed optical fibers. The transmitted light was collected using similar
lenses and sent to an InGaAs power meter. The temperature was stabilized at 25°C and the input
polarization was controlled to allow efficient coupling to the quasi-TE mode of the silicon waveguide.
Fig. 5(a) shows the experimental transmission spectra of the sensor obtained for five aqueous EG
solutions with different volume concentrations. In each case, the transmission spectrum of the
sensor was measured after a droplet of approximately 0.5 µl of the prepared solution was applied
on the sensor surface. The same experiment was repeated five times for each solution to secure
the reliability of the developed sensor. The refractive indices of the aqueous EG solutions were

Vol. 12, No. 5, October 2020 6802910



IEEE Photonics Journal Integrated Photonic Platform for Robust Differential RI Sensor

Fig. 4. (a) Detection resonance wavelength (λdet ect ion ) and both reference resonances wavelength
(λRef1 and λRef2) plotted for a range of cladding refractive index. The inserted figures show the
transmission spectrum close to λRef1 for the cases I, II, and III. The light green region corre-
sponds to the reliable operation spectral range of the sensor. (b) Differential sensor response
(�λ = |λdet ect ion − λRef1|) against the variation in nc . The green dotted curve corresponds to the linear
fitting of the reliable operation range.

Fig. 5. (a) Fitted experimental spectra of the sensor for five aqueous EG solutions with distinct concen-
tration. The inset figures are the infrared microscopy images of the scattered light in the resonances
λRef1 and λdet ect ion, respectively. Also shown in the inset is the microcopy image of the fabricated sensor.
(b) Detection resonance as a function of nc in the sensing window. (c) Detection resonance (λdet ect ion )
and both reference resonances (λRef1 and λRef2) plotted against nc extrapolated for other values. The
dashed line in (b) and (c) correspond to the linear fittings with parameters shown.

obtained from [38] and the experimental spectrum for each case was fitted by the equation

T = −A0ei�0
(−A1ei�1 + t1

)+ t0
(
1 − A1ei�1 t1

)
1 − A1ei�1 t1 − A0ei�0

(−A1ei�1 + t1
) (9)

where T is the normalized transmission, and Ai and ti represent, respectively, the loss and trans-
mission coefficients for the external (indexed as 0) and internal (indexed as 1) cavities. The �i ’s
were obtained from the relation

�i = 2π

λ
ngiLi (10)
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where ngi and Li are, respectively, the group index and perimeter of cavity i. Equation 9 was obtained
by the transfer matrix method (TMM).

The experimental spectral responses of the sensor (Fig. 5(a)) show that the reference resonance
remained approximately fixed (λRef1 � 1626.5 nm) during the experiments. The inset figures
show the corresponding infrared microscopy images of the scattered light in the resonances λRef1

(�1626.5 nm) and λdet ect ion (�1628 nm). The microscopy image of the fabricated sensor is also
presented to facilitate the identification of the resonant cavity at the pumped wavelength. These
images demonstrate that when the laser is pumping in each resonant wavelength, the spatial
distribution of the optical mode will be concentrated in the cavity associated with the resonance,
as expected for a PM operating in the non-degenerated condition. During the sensor operation,
the detection resonance suffered a redshift when the concentration of EG in water was increased.
This redshift was caused by the increase of nc in the sensing window from 5% (nc = 1.3217)
to 25% (nc = 1.3431) and it is shown in detail in Fig. 5(b). The slope of the linear fitting shows an
experimental sensitivity of SRI = (23.9 ± 2.8) nm/RIU, giving a limit of detection LOD ∼ 1.7 × 10−3

RIU, considering Q ∼ 40,000. This result is in excellent agreement with our theoretical prediction
for the RI sensitivity and is very close to the SRI = 27.1 nm/RIU presented in reference [7] to a
single disk sensor (R = 5 µm). However, our PM-based sensor has only 75% of the disk area
susceptible to a change of nc and it permits the presence of reference resonances requiring a
reduced footprint (40 x 40 µm2). Furthermore, the results show that there is no significant coupling
between the detection and reference resonances because no resonant splitting can be observed
in the detection resonances.

To estimate a reliable operation range for the application of the PM-based sensor, we used the
fitted parameters of the experimental data to extrapolate the sensor spectral response for other
values of nc in the sensing window. Fig. 5(c) shows the detection resonance (λdet ect ion) and both
reference resonances (λRef1 and λRef2) against the extrapolated values of nc. It can be observed
that the detection resonance is practically linear between nc ≈ 1.31 and nc ≈ 1.46 (light green
region), which corresponds to a change of approximately 0.15 RIU in the clad refractive index.
Since an increase of 20% in the concentration of the EG solution corresponds to an increase of
approximately 0.02 in the refractive index of this solution (see Fig. 5a), this reliable operating range
of approximately 0.15 RIU is more than sufficient to guarantee the applicability of this sensor for
aqueous solutions of higher concentrations.

The sensor differential response to temperature variations was evaluated by employing a tem-
perature controller setup composed of a temperature controller (ILX-Lightwave–LDT-5525–Laser
Diode Temperature Controller) and a Peltier (CP1.0-63-08L from Melcor). Fig. 6(a) shows the
experimental transmission spectra obtained for four different temperatures with no solution applied
to the sensing window. As expected, both the reference and detection resonances suffered a
redshift when the temperature was increased. Furthermore, Fig. 6(b) shows that the resonance
spectral shifts for the reference ring (blue) and detection disk (red) present very close sensitivities
to temperature variations, (0.081 ± 0.001) nm/°C and (0.086 ± 0.003) nm/°C, respectively. Their
sensitivities to temperature variations are not identical because 75% of the detection disk is
exposed to the laboratory air and the SiO2 cladding covers the other part, while the reference cavity
is totally covered by the SiO2 cladding. Now, considering the spectral shift of the sensor response
(black), which is obtained by the differential measurement between the disk and ring resonances
(See eq. 8), the sensitivity to temperature variation is reduced to (0.005 ± 0.002) nm/°C. This result
shows that this PM-based sensor is about 16 times less sensitive to temperature variations than
the reference resonances. In addition, it is less sensitive to temperature variations than previously
published works employing single cavity sensor devices [12, 20].

Although the results obtained in this work with the different measurements are relevant, it is
predictable that this sensor can potentially minimize the variation in its response with temperature
fluctuations. This solution consists of reducing the exposed surface area of the detection cavity,
allowing the detection and reference resonances to have even closer sensitivities to temperature
variation. In this condition, the method of differential measurement presented in this work should be
even more efficient. However, as shown in the sensing window simulations, there is a compromise
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Fig. 6. (a) Experimental spectra of the sensor measured for four different temperatures. (b) Spectral
shifts for the reference ring (blue) and detection disk (red) resonances as function of chip temperature.
The black points represent the sensor differential response (�λres ) against chip temperature. The
dashed lines are linear fittings and its related slopes are also shown.

between the size of the window and the sensitivity of the sensor. Reducing the exposed area of
the disk will certainly cause a reduction in the sensitivity of the sensor. For this reason, in future
work, new strategies should be presented to overcome this difficulty, reducing the window while
maintaining both the sensitivity and compactness of the sensor.

5. Conclusion
We have demonstrated the design, fabrication and characterization of a sensor based on a PM
that is composed of a microdisk internally coupled to a microring in a well-known add-drop filter
configuration. In this sensor, only the inner microdisk is sensitive to changes in the top cladding
refractive index and its resonance, non-degenerate with the microring resonances, has a high-Q
(∼40,000). One of these non-degenerate resonances was employed in the detection of different
aqueous EG solutions by measuring its deviation from the reference resonances of the microring.
An experimental RI sensitivity of (23.9 ± 2.8) nm/RIU was achieved with a LOD of approximately
1.7 × 10−3 RIU for a reliable operation range of 0.15 RIU in a compact footprint (40 µm × 40 µm).
In addition, it was shown that the sensor response to temperature variations is about 16 times lower
than the individual responses of the reference ring and the detection disk.
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