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The dissipative sensing based on a self-interference microring resonator composed of a microring resonator
and a U-shaped feedback waveguide is demonstrated experimentally. Instead of a frequency shift induced by
the phase shift of the waveguide or the microcavity, the dissipative sensing converts the phase shift to the effective
external coupling rate, which leads to the change of linewidth of the optical resonance and the extinction ratio
in the transmission spectrum. In our experiment, the power dissipated from a microheater on the feedback
waveguide is detected by the dissipative sensing mechanism, and the sensitivity of our device can achieve

0.22 dB/mW. This dissipative sensing mechanism provides another promising candidate for microcavity sensing

applications.  © 2018 Chinese Laser Press

OCIS codes: (130.3120) Integrated optics devices; (230.5750) Resonators; (280.4788) Optical sensing and sensors.

https://doi.org/10.1364/PRJ.6.000681

1. INTRODUCTION

Optical sensing is one of the most important pillars of modern
information technology. Various platforms have been utilized to
perform optical sensing, such as Fabry—Perot cavities [1], optical
fibers/waveguides [2,3], surface plasmonic nano-structures [4,5],
and whispering gallery mode (WGM) resonators [6—22]. Thanks
to the high optical quality factor (Q-factor) and the small mode
volume, WGM resonators show excellent sensing performance
with high sensitivity and low limit of detection among these plat-
forms. In recent years, the WGM resonators have been used for
many types of sensing, such as temperature [6,7], force detection
[15-18], magnetometry [19], chemical sensing [20-22], and
biosensing [5,23-25].

The mechanism behind WGM sensors can be generally clas-
sified into two categories: dispersive sensing and dissipative
sensing. The principle of dispersive sensing is to obtain the
variation of target parameter by detecting the resonance wave-
length shift [6], whose detection limitation is mainly attributed
to the frequency instability of the laser. Alternatively, the modal
splitting in the traveling wave WGM microresonator can be used
for a specific sensing purpose [8,9], which can be free from the
fluctuation of the laser frequency. The dissipative sensing can be
realized by monitoring the change of the linewidth, where the
existence of the lossy analyte can induce mode broadening [10].
In the past few years, a lot of efforts have been devoted to
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improve the sensitivity and reduce the limit of detection of mi-
croresonator sensors. However, to date, most WGM sensors
based on dispersive sensing are limited by laser frequency noise,
while the dissipative sensing works only for WGM sensors
coupled with lossy analytes with near-field interaction [10],
which can contaminate the resonators and limit the cycle times.

In this paper, we experimentally demonstrate a self-interference
microring resonator (SIMRR) on a chip and verify the general
approach for the dissipative sensing mechanism without the limi-
tation of near-field interaction [26]. The SIMRR consists of a mi-
croring resonator and a U-shaped feedback waveguide, which
is an interference arm coupling the microring resonator twice.
Similar structures have been studied in sensing applications
[27-29], where the role of the feedback waveguide is just to ex-
pand the quasi-free spectral range, but the underlying dissipative
sensing mechanism has not been revealed yet. Here, the spectrum
linewidth and the extinction ratio can be tuned by changing the
phase of the feedback waveguide; hence, the dispersive interaction
gives rise to the dissipative detection. Therefore, almost all types of
sensing experiments based on the dispersive sensing mechanism
can be transferred and performed on our dissipative sensing
mechanism systems as well. In addition, this dissipative sensing
holds the advantage of achieving better sensing performance than
dispersive sensing, because of being immune to laser frequency

noises [30]. And as a result of taking the feedback waveguide as
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the sensing part, the degeneration of the high-Q microresonator
can be avoided during this dissipative detection, which is not
affected by the contamination of the waveguide [26,30] and
quite different from the dissipative sensing used in the previous
sensors [5,8-11,20,21,31]. Therefore, our sensing device based
on the dissipative sensing mechanism is robust and can be used
many times.

2. THEORETICAL ANALYSIS

As shown in Fig. 1(a), the SIMRR consists of a microring res-
onator and an interference sensing arm. The coupling mecha-
nism between the microring and the waveguide is modeled by
means of a beam splitter (BS) matrix, in which 7 and # represent
the amplitude reflectivity and transmittance of the directional
coupler (#* + #2 = 1). Compared to the traditional waveguide
loaded microring resonator, the microring of SIMRR has
coupled for twice with the waveguide, and thus the sensing
arm induces a phase difference between the two coupling re-
gions. As for single coupling, the external loss x., and r are
related as e =™ = r, where 7, = 27R/v, is the round-trip
time, with v, being the group velocity and R the radius of
the microring. Due to the propagation loss in the wave-
guide/microring, the intrinsic loss of the microring is k;, =
27wRa /7, with propagation attenuation constant a.

For the waveguide to microring coupling with two coupling
regions [Fig. 1(a)], we have the overall coupling matrix as
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Fig. 1. (a) Schematic of the self-interference microring resonator.

(b) Simulated transmission at resonance frequency with different ratios

K = ke /K, varying with the phase difference, which is induced by

the feedback waveguide.

Here, A¢ is the phase difference induced by the sensing arm.
A¢ can be changed according to the optical path difference
between the microring and the sensing arm, i.e.

Ap =g - m) + (L~ Lom), @

where 7y and 7y represent the refractive index of the microring
and sensing arm, respectively. Ly and L are the lengths of the
half microring and sensing arm, respectively. If 7y is fixed, A¢
changes according to 7y, then

A = 2/1—” (m Ly - Lpng). ()
Therefore, the effective transmittance becomes
o = pr 4 By, (4)
and
k< £ cos? A—¢ (5)
T 2

The transmission of the SIMRR can be derived as [32]
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where K = k. /ki, is the coupling parameter.

As shown in Eq. (7), the change of 7" mainly depends on K’
and Ag; in order to get better performance of sensing sensitiv-
ity, we discuss these two parameters systematically. As proposed
in Ref. [26], the sensitivity of SIMRR reaches its maximum
value at #> = 0.45, and the sensitivity increases gradually with
the increase of #* in the weak coupling region. In our experi-
ment, because the gap between the high-quality microring and
the waveguide is limited by the semiconductor process, and the
coupling strength of this kind of single point coupling is rel-
atively weak, the SIMRR will predictably work in the weak
coupling region, and thus the transmission coefficient # is
far less than reflection coefficient 7. Here, we supposed 7 is
close to 1.

To get the straightforward insight of the regular of 7°
changes according to K, we numerically calculate Eq. (7).
Figure 1(b) shows the calculated extinction ratio versus A¢
for different values of K. The transmittance changes rapidly
when A¢ is near 7, and with the increase of X, the slope of
the spectra increases significantly.

3. DEVICE FABRICATION AND EXPERIMENTAL
SETUP

In our experiments, the SIMRR was fabricated with low-pres-
sure chemical vapor deposition (LPCVD) silicon nitride
(Si3Ny) waveguides embedded in silicon dioxide (SiO,).
The wafer was made up of 500 pm silicon, 3 pm wet oxidation
SiO,, and 350 nm SizNy4. The waveguides and microring
resonators were patterned using e-beam lithography with
hydrogen-silsesquioxane (HSQ) resist (FOx-16). Then, the
SizNy4 film was etched with a CHF;/O,-based gas in an
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Fig. 2. Schematic of the experiment setup of the self-interference
microring sensor. The laser is coupled into and out of the microring
using fiber lens. FPC, fiber polarization controller; DSO, digital
oscilloscope. Inset shows an optical microscopy picture of the device.

inductively coupled plasma (ICP) etcher. After removing the
resist with buffered oxide etch (BOE), an upper cladding of
3 pm silicon dioxide was then deposited to protect the sample.
Finally, a microheater was formed by depositing a layer of
300 nm Au and 10 nm Ti using e-beam evaporation on the
upper cladding right above the U-shaped feedback waveguide,
as shown in Fig. 2. The radius of the microring was 100 pm,
and the length of the feedback waveguide was 250 pm.
The cross section of the microring and waveguide was
2 pm x 350 nm. The gap between the microring and the wave-
guide was designed for several sizes to vary the coupling
strength of microring resonators. The waveguide loss coeffi-
cient a was ~0.67 dB/cm.

The experimental setup for SIMRR-based dissipative sens-
ing is illustrated in Fig. 2. A tunable continuous-wave (CW)
laser with a typical linewidth of ~100 kHz and a wavelength
tuning range from 1550 to 1630 nm was used to couple the
light in and out of the SIMRR through tapered lens fibers.
A polarization controller was used to control the polarization
in the waveguide to excite relevant WGMs. The coupling loss
of lens fibers is measured to be ~3 dB at each facet. To dem-
onstrate the dissipative sensing mechanism, the microheater
above the feedback waveguide connected to a current source
was used to change the temperature of the waveguide, which
induced the phase shift in the waveguide due to the thermo-
optics effect. Because the temperature of the buried waveguide
is hard to measure and the resistance of the microheater changes
with the variation of the temperature, we take the applied elec-
trical power as the target parameter. When the change in the
microheater resistance is negligible, current or voltage applied
on the microheater might be regarded as the target parameter.

4. EXPERIMENTAL RESULTS

As analyzed above, the K, i.c., k., is critical for the dissipative
sensing, so we made devices with directional couplers of different
geometry parameters, i.e., the gap ¢ = 100 nm or 200 nm be-
tween the microring and bus waveguide. Figure 3(a) shows the
experimentally measured transmission spectra of the fundamental
transverse electric (TE) modes family in the SIMRR with ¢ =
200 nm. The oscillating background in the spectrum is derived
from the Fabry—Perot interference of the light in the bus
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Fig. 3. (a), (b) Transmission spectra of the SIMRR system at two
different applied electrical powers of the microheater: P = 0 (black
lines), P = 0.063 W (red lines). The green area highlights the change
of transmission spectrum analyzed below. The insets show the ex-
panded transmission spectra of the green area.

waveguide, due to the two smooth coupling facets of the wave-
guide. The extinction ratio and the linewidth of different optical
modes show significant differences, which are caused by different
Agp for optical modes at different wavelengths. When applying an
electrical power P = 0.063 W, the resonance wavelength slightly
shifts towards longer wavelength; however, the extinction ratio
changes evidently, as shown in Fig. 3(b). Our focus is mainly on
the variation of the extinction ratio in the transmission spectrum,
especially in the green region. Of course, the resonance wave-
length shift can also be observed with expanded transmission area.

Increasing the applied electrical power slowly, the transmis-
sion of one resonance in the green region was recorded and is
shown in Fig. 4(a), which indicates the resonance wavelength
has a red shift, and the extinction ratio and the linewidth vary
periodically. It is observed that the extinction ratio is small
and the linewidth is relatively large without heating (P = 0),
which corresponds to the over-coupling condition. When the
electrical power is increased, the extinction ratio increases and
the linewidth decreases at the same time. Critical coupling
is achieved at electrical power P around 0.106 W. The extinc-
tion ratio is about 15 dB and the loaded Q-factor is about
1.02 x 10° at this time. Then the extinction ratio sharply re-
duces to zero as the electrical power is continuously increased.
Meanwhile, the linewidth still decreases at this step, achieving
the under-coupling regime. Eventually, as the resonance mode
disappears, the linewidth decreases to a minimum value, cor-
responding to the highest Q-factor. As the electrical power is
increased continuously, the variation of the extinction ratio
exhibits a mirror symmetry with the previous change, which
is in great agreement with our theoretical prediction. For other
optical modes, similar behavior has also been observed. The
transmission spectra and the relationship between the extinc-
tion ratio and the effective refractive index of SIMRR with
¢ = 100 nm are presented in Fig. 4(b). Because of the stronger
interaction between the microring and the feedback waveguide,
the extinction ratio and the linewidth of an SIMRR with
100 nm gap vary more obviously than that of a 200 nm
gap SIMRR. An extinction ratio of about 18 dB and an intrin-
sic Q-factor of 2.5 x 10° can be achieved in this device.
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To investigate the respective relationship between the phase
shift and the extinction ratio as well as the linewidth more clearly,
scatter plots can be seen in Figs. 4(c) and 4(d), where the x axis is
the applied electrical power, and the y axis is the effective external
loss rate k& for Fig. 4(c) and the normalized transmission for
Fig. 4(d), respectively. Since the phase difference A¢ is induced
by the feedback waveguide, which changes almost linearly with
the applied power, the x axis can be equivalent to the phase dif-
ference A¢. As shown in Fig. 4(c), with the increase of applied
power, three coupling cases—over-coupling, critical coupling,
and under-coupling regimes—are experienced successively.
The experimental points are fitted well with Eq. (5), showing
a cosine envelope. For the extinction ratio shown in Fig. 4(d),
the result is fitted by Eq. (7), and the theoretical curve fits well,
especially in the large slope region, as we will discuss below.

Since the extinction ratio variation is not linearly propor-
tional to the change of phase difference within the entire
period, the section with a good linear response and a large slope
is usually chosen as the dissipative sensing operation range for
high sensing sensitivity. As indicated in Fig. 4(d), two sections
meet the requirement in the whole period. One is from the left
critical coupling position to the zero extinction position, and
the other is from the zero extinction position to the right
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Fig. 4. (a), (b) Measured transmission spectra of different gaps with
varying voltages applied to the microheater above the feedback wave-
guide: (a) gap ~200 nm, (b) gap ~100 nm. (c), (d) Effective external
coupling rate and extinction ratio varying with applied power.

coupling position. Hence, we select the part of the curve be-
tween the zero extinction position and critical coupling posi-
tion as the sensing operation range.

According to Fig. 4(d), we can estimate that the sensitivity of
our device is approximately 0.22 dB/mW (¢ = 100 nm) and
0.16 dB/mW (g = 200 nm), respectively. For our devices,
Ko/27 is about 0.5 GHz, corresponding to an intrinsic Q-factor
of about 4 x 10°. The optimal sensitivity is estimated to be
0.38 dB/mW with k., /27 = 10 GHz, and the corresponding
limit of detection (LOD) is estimated as 1.45 pW/+/Hz.
Therefore, the gap smaller than 100 nm is critical to reach this
optimal sensitivity. If the intrinsic Q-factor of our device can
reach as high as 3.6 x 107 [33], the optimal sensitivity of
3.7 dB/mW and LOD of 0.15 pW/+/Hz can be achieved.

Generally, the SIMRR based on a dissipative sensing mecha-
nism can be used as detectors in a variety of sensing fields. First
of all, considering the phase shift caused by the change of the
effective refractive index of the feedback waveguide via the
thermo-optic effect, temperature sensing is well suited to
our dissipative sensing device. Second, since the planar wave-
guides have evanescent waves extending into the ambient envi-
ronments, by bonding a microfluid channel on top of the
feedback waveguide, analytes can interact with the waveguide
evanescent field. Chemical sensing as in distinguishing the con-
centration or the composition of the solution can be performed
on our device. In addition, nanoparticles, molecules, and vi-
ruses can be attached on the surface of the feedback waveguide,
which also can change phase shift of the waveguide, and even-
tually induce the variation of the linewidth and the extinc-
tion ratio.

5. CONCLUSIONS

In conclusion, a silicon-nitride-chip-based SIMRR has been
fabricated and applied to realize dissipative sensing. The phase
shift of the sensing arm is detected through the variation of the
extinction ratio of the optical mode. The mechanism of the
dissipative sensing is verified in our experiment, by measuring
the heating power in a microheater fabricated on the top of the
sensing arm. The demonstrated sensitivity of our device is as
high as ~0.22 dB/mW. Our work proves the following advan-
tages of SIMRR-based dissipative sensing: (i) The dispersive
interaction in the sensing arm can be monitored by the dissi-
pative detection, and almost all types of sensing experiments
based on the dispersive sensing mechanism can be performed
on our dissipative sensing system, such as temperature sensing,
chemical sensing, and biosensing. (ii) The degeneration
of the high-Q microring can be avoided during this dissipative
detection. Therefore, the devices can be reused many times,
which is quite different from previous dissipative sensors.
(iii) Furthermore, with the advantage of being free from the
laser frequency noise, the dissipative sensing is expected to
be intrinsically superior to the dispersive sensing in actual
experiment systems [30]. Our SIMRR devices should thus
provide a powerful platform for the dissipative sensing and have
great potential for widespread sensing applications.
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