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Real-Time Measurements of Photonic Microchips with
Femtometer-Scale Spectral Precision and Ultrahigh

Sensitivity

Mahdi Mozdoor Dashtabi,”* Mohammad Talebi Khoshmehr, Hamed Nikbakht,
Bruno Lopez Rodriguez, Naresh Sharma, Iman Esmaeil Zadeh, and B. Imran Akca*

Photonic integrated circuits (PICs) are enabling breakthroughs in several
areas, including quantum computing, neuromorphic processors, wearable
devices, and more. Nevertheless, existing PIC measurement methods lack the
spectral precision, speed, and sensitivity required for refining current
applications and exploring new frontiers such as point-of-care or wearable
biosensors. Here, the “sweeping optical frequency mixing method (SOHO)”
is presented, surpassing traditional PIC measurement methods with real-time
operation, 30 dB higher sensitivity, and over 100 times better spectral
resolution. Leveraging the frequency mixing process with a sweeping laser,
SOHO excels in simplicity, eliminating the need for advanced optical
components and additional calibration procedures. Its superior performance
is demonstrated on ultrahigh-quality factor (Q) fiber-loop resonators (Q =

46 x 10°), as well as microresonators, realized on a new optical waveguide
platform. An experimental spectral resolution of 19.1 femtometers is
demonstrated using an 85-meter-long unbalanced fiber Mach Zehnder
Interferometer, constrained by noise resulting from the extended fiber length,
while the theoretical resolution is calculated to be 6.2 femtometers, limited by
the linewidth of the reference laser. With its excellent performance metrics,
SOHO has the potential to become a vital measurement tool in photonics,
excelling in high-speed and high-resolution measurements of weak optical

1. Introduction

Photonic integration is revolutionizing
the field of optics in the same way that in-
tegrated circuits revolutionized the world
of electronics in the 1960s. Miniature
optical circuits known as photonic inte-
grated circuits (PIC) leverage the princi-
ples of photonics to integrate multiple op-
tical components on a single chip. PICs
are becoming increasingly common in
quantum computing, data centers, lidar
and autonomous vehicles, neuromorphic
processors, medical diagnostics, optical
sensing, and astronomy. In particular,
ultrahigh quality factor microresonators
(Q > 10° have been extensively em-
ployed in various emerging applications
including optical sensing,'™*! photonic
processors,>®  ultra-narrow linewidth
lasers,[78]  precision spectroscopy,*!
quantum optics,['*13] optical filters(1*1]
and nonlinear optics.’2!l Real-time
and precise optical measurements of

signals.
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these components are not only crucial

for optimizing their performance in

existing applications but also for unlock-

ing new possibilities in diverse fields.
Microresonator-based optical sensors(!?] are excellent examples
in this sense, which have been widely used in the detection of
various biological and chemical substances in which very small
changes in the surrounding medium cause the resonance wave-
length to shift, allowing high-resolution detection. The prospect
of transforming optical sensors into wearable devices!?? holds
the key to revolutionizing healthcare, diagnostics, and personal-
ized monitoring; however, achieving this requires advanced tech-
nologies that enhance the performance of the sensors to de-
tect minute changes in weak optical signals in real time. Ex-
isting measurement methods, such as optical spectrum analyz-
ers or tunable diodes, often lack the necessary sensitivity, speed,
and resolution in addition to being bulky. Alternatively, ultra-
narrow linewidth tunable lasers are utilized in these measure-
ments; however, they face challenges, including long-term (mil-
lisecond) frequency stability during the measurement duration
and, in some cases, requiring dithering for stabilization.[?324]
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Moreover, in addition to the high cost, their frequency is subject
to some degree of uncertainty and nonlinearity during a sweep.
To overcome these problems, different approaches have been
developed such as comparing the resonance width with side-
bands of a modulated laser,?°! or with a spectrum of an asymmet-
ric fiber Mach-Zehnder interferometer (MZI);!2%] nevertheless,
issues with stability and spectral resolution still persist. More-
over, in most of these studies, experimental findings were vali-
dated using lifetime measurement methods, particularly cavity
ring-down techniques.[?’] Other techniques, such as combining
a phase modulator with a vector network analyzer!?! or using lin-
ear frequency sweep techniques with servo control or an optical
phase-locked loop, 1%l have been explored. However, these meth-
ods often result in increased system complexity and require ad-
ditional components, such as high-speed phase and/or intensity
modulators, filters, and fiber amplifiers.

Addressing these limitations, we introduce a novel PIC mea-
surement method termed the “Sweeping Optical Frequency Mix-
ing Method (SOHO)”,3% which leverages the principles of op-
tical frequency mixing®!l by incorporating a sweeping laser, a
fixed-wavelength laser, and custom control software. Using this
approach, we measured the spectrum of an ~85 meter-long un-
balanced MZI and demonstrated 19.1 femtometer (fm) of spec-
tral resolution over 12 GHz bandwidth, with the added bene-
fit of real-time operation. Finally, through the characterization
of ultrahigh-quality factor (Q = 46 x 10°) optical resonators, we
verified the superior performance of SOHO both in resolution
and sensitivity (i.e., signal-to-noise ratio) compared to conven-
tional methods based on a tunable laser and a photodiode. Fi-
nally, we compared its performance with a standard method us-
ing a state-of-the-art tunable laser system and demonstrated su-
perior performance in precision, speed, and sensitivity. This new
method not only holds great promise for PIC characterization but
also for high-resolution spectral measurements of weak optical
signals,*?l including applications such aslong-range telecommu-
nications, wearable sensors, spectroscopy (e.g., Raman and Bril-
louin), and biomedical imaging.

2. Results

2.1. Operation Principle and Measurement Setup

SOHO is a measurement method based on the optical frequency
mixing process. As depicted in Figure 1a, this method involves
mixing the output of a sweeping laser (called “sample laser”), fol-
lowing the photonic device under test, with a reference laser on a
detector. The resulting difference in optical frequencies appears
as a distinct peak in the electric spectrum analyzer (ESA). This en-
ables us to map the optical frequency of the sample laser relative
to the reference laser into the radio frequency (RF) spectral do-
main, which can be accurately measured using electronics. The
working principle of SOHO is illustrated in Figure 1b, showcas-
ing the measurement of an optical resonator where the envelope
is superimposed on both the optical and RF signals. For the ref-
erence laser, we chose a nonscanning laser, i.e., fixed-wavelength
laser, since it can remain stable and predictable during measure-
ments compared to a scanning one. The frequency of the sample
laser is compared with the frequency of the reference laser in the
ESA, eliminating the need to determine the exact frequency of the
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sample laser. Moreover, the frequency deviations and noise of the
sample laser can be automatically identified on the RF spectrum.
This approach also allows for the utilization of a laser with a sta-
ble amplitude and random frequency fluctuations as the sample
laser as it ensures robust and accurate measurements even in
the presence of unpredictable frequency variations in the sample
laser.

The experimental setup of SOHO is shown in Figure 1a. The
sample laser (EMCORE TTX1995 micro-ITLA) is coupled to the
photonic microchip via a single-mode optical fiber after passing
through a polarization controller. The light coming out of the mi-
crochip is sent through a 90/10 splitter and 90% of the light is
sent to an amplified photodiode (Thorlabs, DETO8CFC/M). This
part of the setup is the commonly-used tunable laser-based char-
acterization setup (termed “standard method”) and we embedded
it into the SOHO setup to be able to make a direct comparison
between the two methods. The remaining 10% of the light is com-
bined with the reference laser (Thorlabs, WDM8-C-23A-20 nm)
through a 50/50 coupler and is sent into a high-speed balanced
detector (Thorlabs, BDX3BA). A polarization controller was em-
ployed after the reference laser. When the frequency difference
of the sample and the reference lasers are within the bandwidth
of the photodetector, a beat frequency equal to the difference be-
tween the frequencies of the two lasers is detected on the bal-
anced photodetector and measured with the electrical spectrum
analyzer (ESA, Signal Hound, BB60D). The output signal has an
intensity proportional to the product of the amplitudes of the two
lasers. SOHO allows for measuring a spectral window width that
is twice the electrical bandwidth without the need to scan the ref-
erence laser. Control of lasers, reading the ESA output, and data
processing are done using a custom code written in C#.

We proceeded to conduct a thorough characterization of
SOHO, deriving its linearity performance parameters. To check
the linearity of the signal amplitude as a function of input power,
avariable optical attenuator (VOA, shown in Figure 1a), was used
as the sample. Figure 1c depicts the ESA output (converted to
linear scale using Equation 4) relative to the input power mea-
sured after the sample with a photodiode and calibrated with
a power meter. As can be seen, it exhibits a good linear rela-
tionship (R?= 1) between input power and the measured sig-
nal. Although the short-term line width of the sweeping laser
is less than 100 kHz, the presence of frequency dither causes
its long-term (millisecond) linewidth to broaden to ~100 MHz
(Figure 1d), resulting in a flat-top spectral shape and limiting the
spectral resolution of the standard method to 0.8 pm. On the
other hand, the electronics part of the measurement system com-
prising the photodiode, transmission cables, and RF amplifier
of the ESA doesn’t have a flat RF response. Figure le illustrates
the system’s RF response, determined by substituting the sam-
ple with an optical attenuator during the measurement, which is
used to compensate for all measurements.

2.2. Spectral Measurements of Racetrack Resonators
The microcavity resonators (racetrack) were fabricated using a
hybrid waveguide platform that we recently developed(®*! (see

Figure 2a, fabrication details are given in the Experimental Sec-
tion). A comparison of the spectral measurement results of
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Figure 1. a) Schematic of the experimental setup of SOHO. The (sweeping) sample laser (optical frequency vg (t)) is coupled to the device under test
and its output is combined with the reference laser (optical frequency vg) via a 50:50 fiber coupler. The resulting interference beat-note is converted to
a radio frequency (RF) signal at fse = |vs (t) —vg| and measured with the electric spectrum analyzer (ESA). The standard method (i.e., tunable laser
with photodiode) is incorporated in this setup to make a direct comparison between the two methods. A variable optical attenuator (VOA) as a sample
is used for checking the linearity of the measured signal relative to the input power. The output power of the sample port is calibrated using a power
meter. An unbalanced fiber Mach—Zehnder interferometer (MZI) as a sample is used to show the resolution enhancement of SOHO. The response of
microresonator/fiber-ring resonators (MR/FR) was also measured using the same setup. The polarization controllers that are placed after sample and
reference lasers are not shown in this figure. b) Depicts the frequency mixing process in the frequency domain for both input optical and output RF tones.
The envelope on the optical and RF spectrum demonstrates the typical response of an optical resonator. c) The linearized beat signal on ESA relative
to the sample laser power. The red dashed line is the linear fit of the data. d) Long-term linewidth measurement of the sample laser. €) RF response of
the measurement system in dB scale, measured using VOA as the sample. Such a frequency response is used in all measurements for compensation.
f) The linewidth of the reference laser is measured with a frequency comb generated by a femtosecond laser at 2.2 MHz. The Lorentzian fit is given in red.

the fabricated racetrack resonators measured with the standard  in ref. [34]. By inserting R,y and Q,,, into Equation 4 in ref. [33]

method and SOHO is given in Figure 2e. The full-width-at-half-
maximum (FWHM) of the resonance peak centered at 1550 nm
was measured as 9.5 pm, which corresponds to an intrinsic qual-
ity factor of Q;,, = 2.7 X 10°. The effective radius of the racetrack
resonator was calculated as R,y = 166 um using the formula given
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the optical loss value in the racetrack resonator was calculated as
1.3 dB cm™?, which is mainly dominated by the absorption loss
of the SU8 layer. To measure the transmission spectrum of the
racetrack resonator using the SOHO setup, the reference laser
is tuned to a frequency that is 4 GHz lower than the racetrack

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

85UB01 7 SUOLULLOD 8AIIER1D 3ol |dde au Aq peusenob ale Sapiie O '8sn JO S9N 10} Afeiq18UIIUO AB]1 UO (SUOTPUOD-pUR-SULIBY WD AB 1M ARIq 1l JUO//SdNL) SUOTIPUOD PUe SWie 1 8y} 88S *[7202/70/9T] uo AriqiTauliuo A8|im ‘ed AIseAluN [ealuyos L Aq 96€T0EZ0Z 10d1/200T OT/I0p/W00 A8 1M A iUl JUO//:SANY Wo1j pepeo|umod ‘0 ‘6688E98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

d e
20 ym

www.lpr-journal.org

=

y (Mm)

(=N " o

-3 0 3
X (Um)
= —— Standard
S 1.0 —— SOHO
O
C
o)
» 0.51
2}
e
2
® 0.0— . ;
= 1.5 3.0 4.5 6.0

Frequency (GHz)

Figure 2. a) Schematic of the hybrid waveguide structure. b) Mode profile of the fabricated waveguide. c) The scanning electron microscope image
of the waveguide cross-section. d) Optical microscope image of the fabricated racetrack resonator. e) The transmission spectrum of the racetrack
resonators obtained by using the standard method (red) and SOHO (black). The performance of SOHO is comparable with the standard method for

the microresonators with a Q < 10°.

resonance frequency. The optical frequency of the sample laser
is scanned between that of the reference laser and 6 GHz (ESA
bandwidth) away from it to measure the transmission spectrum
of the sample. Despite having a 5 GHz bandwidth, the balanced
detector has sufficient responsivity to be used for 6 GHz mea-
surements. To capture data while the sample laser is scanning,
the ESA center frequency is put on the beat frequency and is
moved with it during the scan, and data is saved with maximum
holding. The span frequency of the ESA is set at 150 MHz, so the
full width of the beat signal is always seen on the ESA measure-
ment window.

2.3. Spectral Measurements of Fiber Ring Resonators and Mach
Zehnder Interferometers

To characterize the SOHO setup, we fabricated fiber ring res-
onators with different Q values (Q = 3 x 10° and Q = 46 x 10°%)
and an unbalanced MZI structure with a fiber length difference
of Al = ~85 m, corresponding to a free spectral range (FSR)
of 2.4 MHz in frequency or 19.1 fm in wavelength. The fiber
ring resonators were fabricated by splicing one input of a 90/10
2 x 2 coupler with one of its outputs. The spectrum of a fiber
ring resonator with a resonance FWHM of around 80 MHz
(corresponding to a Q = 3 x 10°), a little less than the laser’s
long-term linewidth, was measured by the standard method and
SOHO (Figure 3a). Since SOHO provides higher resolution and
dynamic range, it shows a sharper and deeper resonance dip
while it washes out with the low resolution of the standard
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method, hence our new method is proven to be a more accu-
rate spectral measurement method compared to the standard
method.

To further demonstrate the resolution enhancement, the trans-
mission spectrum of a fiber ring resonator with a Q = 46 x 10°
was measured using SOHO and with the standard method where
the sample laser was substituted with a state-of-the-art tunable
laser system (EXFO, T500S-CLU+CTP10) and alterations were
made to the detectors and compensation algorithms. To remove
the polarization difference between the two setups and make
measurements comparable, the device under test was placed
between two polarizers in tandem with polarization controllers
(not shown in Figure 1). The measurement results, presented in
Figure 3b, reveal significant differences. The FWHM of the res-
onance peak was measured as 4.2 MHz using SOHO, whereas it
becomes 9 MHz when the EXFO system is used. Additionally,
capturing the spectrum depicted in Figure 3b takes ~1 s with
the EXFO system, while SOHO operates in real-time (See Video
S1, Supporting Information frame rate = 30 frames s™'). These
findings not only underscore the superior performance of our
new method in terms of resolution, speed, and precision but also
highlight its advantage over a cutting-edge tunable laser system.

The spectral measurements of the MZI device were performed
by using both the SOHO setup and the standard method. SOHO
clearly resolved the interference fringes, as depicted in Figure 3c,
while the standard method yielded a noise-like response (not
shown in Figure 3c). The linewidth broadening of the sample
laser as demonstrated in Figure 1d was the reason for the stan-
dard method’s failure to resolve the interference fringes.

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Transmission spectrum of the fiber ring resonators with a) Q = 3 x 10% and b) Q = 46 x 10°. In (a), the measurements were done with
SOHO (black) and the standard method (red) using the same sweeping laser in both cases. In (b) the results of SOHO (red) are compared with the
standard method using a state-of-the-art tunable laser system from EXFO (red). SOHO measures the spectrum with higher precision and accuracy. c)
Transmission spectrum of the fiber-based unbalanced Mach Zehnder Interferometer (MZI) with Al = 85 m, corresponding to an FSR = 19.1 fm. Extra
noises on MZ| data stem from capturing vibrations and acoustic noises by long fiber length during the measurement.

3. Real-Time Operation of SOHO

We further advanced the SOHO approach to be able to do
real-time spectral measurements. Toward this goal, we dithered
the output wavelength of the sample laser by triangular and
sinusoidal signals using a function generator. In this con-
figuration, the amplitude of the applied signal dictates the
ultimate linewidth, while its frequency determines the dither-
ing frequency. As the dwell time of the laser wavelength is
higher near the minimum and maximum of the sinusoidal
modulation signal, the spectrum has an M shape, whereas it
becomes flatter for a triangular modulation signal as shown
in Figure 4a; however, it does not become completely flat. To
correct this problem and also to normalize the data by the RF
response of the system (Figure 1le), the measured spectrum
of the photonic microchip is divided by a reference spectrum
acquired by replacing the microchip with a VOA. Correcting
nonlinear wavelength changes over time is challenging with
the standard technique, especially for tunable diodes with me-
chanical sweeping mechanisms, as nonlinearity occurs during
motor acceleration at the start and end of the sweeping range,
complicating precise correction. Furthermore, the standard
method exhibits nonlinearity at higher modulation frequencies,
necessitating correction, while SOHO inherently corrects this
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issue, proving to be a significantly superior choice for real-time
measurements.

In the experiments, sinusoidal and triangular waves with
200 kHz frequency and 50% symmetry were used. Real-time
spectral measurement speed is highly dependent on the mea-
surement’s frequency span and with 6 GHz bandwidth (=48 pm)
it is performed at a frame rate of ~4.15 frames s (see Video S2,
Supporting Information), which is limited by the capture rate of
the ESA.

To showcase the real-time spectral measurement capabilities,
we monitored the racetrack resonator’s resonance shift as its tem-
perature gradually increased by illuminating it from above with a
150 Watts lamp. Figure 4b presents the measurement setup and
Figure 4c demonstrates eight snapshot images extracted from
the real-time spectral measurement video, covering a 4-s inter-
val while the microchip was being illuminated. These images vi-
sually demonstrate that as the microchip’s temperature rises, its
resonance consistently shifts toward lower beat frequencies, in-
dicating a transition to shorter wavelengths.

4, Discussion

Since the SOHO approach relies on down-converted frequency
detection on ESA, the precision and stability of the sample laser

© 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. a) Comparison of measured spectral shapes of the laser for the sinusoidal (black) and triangular (green) dithering signals. Here both of
the plots are normalized to the radio frequency response of the system (Figure 1e), which is the maximum holding of the electric spectrum analyzer
measurement data when the laser wavelength is swept slowly (10 mHz). b) The measurement setup is used for the real-time measurements. c) Snapshot
images of the real-time video of the racetrack resonance shift during 4 s of lamp illumination. The video is provided in Video S2 (Supporting Information).

are inconsequential, as they will be referenced against the fre-
quency of a stable laser. Furthermore, for the same reason, the
linewidth of the sample laser does not have any effect on the
frequency resolution of the measurement. Since the electron-
ics part of the setup provides a frequency resolution signifi-
cantly better than the optical one, the frequency resolution of
SOHO is primarily defined by the linewidth and frequency jit-
ter of the reference laser during the integration time of the ESA.
In the current configuration of the experimental setup given in
Figure 1la, we deliberately used a tunable laser as the sample
laser to be able to have a fair comparison between SOHO and
the standard method; however, a tunable laser is not compul-
sory for SOHO to deliver the same performance. Even employ-
ing a laser with a wider linewidth is more preferential as such a
laser can allow for a faster full scan of the measuring frequency
window.

Another advantage that stems from the innate amplification
property of optical frequency mixing is that it can measure very
weak signals with a good signal-to-noise ratio. This is important
in particular for PIC devices with low fiber-chip coupling effi-
ciency. Additionally, measurements of nonlinear high-Q micro-
cavity resonators can benefit from this approach dramatically as
a few microwatts of optical power can excite unwanted thermal
and nonlinear effects.!353]

SOHO provides a substantial speed enhancement compared to
the EXFO system; however, the extent of this improvement varies
depending on the situation and is not constant. Specifically, for
ultrahigh Q-factor ring resonators, SOHO enables data capture
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at up to 90 frames s™!, whereas the EXFO system achieves only

1 frame s7!, resulting in a 90-fold speed enhancement. More-
over, the standard method necessitates extended integration time
for weak signals as well as laser dither correction, leading to a
decrease in data capture rate. Consequently, the speed enhance-
ment offered by SOHO becomes more significant.

SOHO has potential particularly in optical sensing applica-
tions. For accurate measurement and continuous monitoring
of resonance shifts in on-chip resonators, it is advantageous to
employ a wide linewidth laser as a sample laser, aligning its
wavelength with the resonator’s resonance. This configuration
makes it possible to view the resonance spectrum without scan-
ning the laser frequency and thereby it substantially enhances
the measurement speed, limited only by the maximum scan rate
of the ESA. Hence, with this method, we can employ a nonscan-
ning, stable laser as a reference along with a cost-effective, free-
running sweeping laser that doesn’t necessitate frequency sta-
bilization, providing a practical advantage for wearable devices.
Furthermore, the innate amplification and high sensitivity of our
method relaxes the stringent requirements for input and output
coupling, enabling the development of disposable optical biosen-
sors. Figure 5a shows the measurement configuration that was
used to characterize a photonic microchip comprised of several
racetrack resonators. Despite a significant gap of #1 mm between
the photonic microchip and the input/output fibers, we were able
to measure the spectrum with ~20 dB signal-to-noise ratio, thus
validating the relaxed coupling requirements facilitated by our
method (Figure 5b). The distance between adjacent waveguides
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Figure 5. a) The measurement configuration that was used to test the relaxed coupling requirements of SOHO. b) The spectrum of the racetrack
resonator measured with the configuration given in (a). Here the signal is ~20 dB higher than the noise floor.

is 250 pm while the beam radius of the fiber mode on the chip
facet for this distance is less than 150 pm, therefore the crosstalk
between adjacent waveguides is low. Considering that alignment
issues represent a significant bottleneck in the advancement and
widespread adoption of disposable optical sensors, our approach
offers a distinct solution to address this challenge.

The theoretical spectral resolution of SOHO is determined as
6.2 fm by dividing the linewidth of the reference laser (2.2 MHz)

by 21/2. Here, we applied the Sparrow criterion and assumed
that the frequency of the reference laser is stable and its spectrum
has a Lorentzian line shape. We experimentally demonstrated
19.1 fm, using the unbalanced fiber MZI. However, the long fiber
arm’s susceptibility to mechanical vibrations and thermal fluctu-
ations hindered the demonstration of the theoretical spectral res-
olution. Such additional noise leads to very fast changes in the
spectrum and distorts the real spectral shape.

In conclusion, SOHO offers the advantage of high sensitivity,
speed, and precision in PIC measurements, making it a valuable
tool for researchers and engineers working on the development,
testing, and optimization of photonic devices and integrated cir-
cuits.

Its excellent performance metrics hold significant promise for
advancing current applications and unlocking new possibilities,
including next-generation wearable devices, disposable point-of-
care sensors, and many more.

5. Experimental Section

Optical Frequency Mixing Process: Optical frequency mixing in-
volves two optical signals, whereas the mixing product is an electrical sig-
nal. If the device under test is put after the sample laser, by sweeping the
frequency of the sample laser, its optical transmittance spectrum, T(v),
can be extracted from the measured RF spectrum, Py, (f). In this configu-
ration the optical intensity after the interference of two lasers is:

1) o Ig + Is + 24/IgIsT (V) m

where, I and I5 are the intensity of reference and sample lasers, respec-
tively, and T(v) is the transmittance of the sample as a function of optical
frequency, v. The detected signal on the photodiode (proportional to the
AC part of the intensity) is:

V() = ay/IglsT(vg £f) 2
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where « is a relative coefficient representing the optical to electrical conver-
sion responsivity of the setup and f is the electrical frequency derived from
the optical down-conversion of the beat frequency between the lasers, i.e.,
f =|vs — vgl . The ESA measures electrical power spectral density as a
function of f and demonstrates it in the dBm scale. The following formu-
las represent it in linear scale:

V() PlglsT(vg +f)

Pinlf) = — > 3)
P\og(f)
10710

Pin(f) = e 4

where Z is the input impedance of the ESA and varies based on the mea-
surement conditions; i.e., vg > vg Or vg < Vg, either the positive or nega-
tive sign is applied. By combining these two equations, T(v) is obtained
as:

Z Plog(f)
10

T 10%a2igls

) ®)

Microcavity Resonator Design and Fabrication: A 100-nm thick amor-
phous silicon carbide (a-SiC) layer was deposited on an 8-um-thick ther-
mally oxidized silicon wafer using the inductively coupled plasma chemi-
cal vapor deposition method with an optimized recipe.?”! The schematic
of the hybrid waveguide structure is given in Figure 2a. The propagation
loss of the a-SiC racetrack resonator based on this recipe was reported as
0.73 dB cm~'. The material absorption of the SU8 layer was measured as
~3 dBcm™ at 1550 nm wavelength. The refractive index of the thermal ox-
ide, polymer layer, and a-SiC layer were 1.45, 1.58, and 2.57 at A= 1550 nm,
respectively. The width was chosen as w = 1.5 um to guide only the fun-
damental mode. The thickness of the SU8 layer was 850 nm and an air
cladding was used to reduce the loss induced by the SU8 layer. The thick-
ness values of waveguide layers were calculated by using the waveguide de-
sign approach that we introduced in ref. [33] The devices were fabricated
using e-beam writing. No conductive polymers were used to define the
structures in contrast to common practice and the SU8 layer was directly
exposed, which reduced the fabrication steps and eliminated the contam-
ination of residuals of conductive polymer. To do so, the exposure dose
of the e-beam writing (3 uC cm~2) was reduced and increased the writing
speed (200 mm s~ as well as the resolution (10 nm). This step was fol-
lowed by developing exposed samples with 1-methoxy-2-propanol acetate.
The fabricated devices were postbaked at 170 °C for an hour using a hot
plate to decrease the scattering losses. The measured width of the fabri-
cated waveguides was 1.50 + 0.05 um. Fabricated devices were cleaved but
facets were not polished. The mode profile of the fabricated waveguide is
given in Figure 2b. The optical microscope image of the fabricated race-
track resonators as well as the scanning electron microscope (SEM) image
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of the waveguide cross-section are given in Figure 2d,c, respectively. The
radius of the racetrack resonator was R = 150 um and the length of the
couplers was 50 um.
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