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Abstract - This study presents a breakthrough in refractive
index sensing by combining a silicon nitride 1D photonic crystal
cavity in a hybrid external cavity laser with the optical heterodyne
technique. Achieving ~10~7 RIU detection limit, which represents
400x improvement in detection capability over existing high-
sensitivity devices.

Keywords - Photonic Crystal Cavity (PhC), hybrid laser,
heterodyne, detection limit (DL).

I. INTRODUCTION

In recent years, numerous optical sensors have been developed
to detect various analytes in real-time with high sensitivity and
compact design. Optical sensors for chemical or biological
molecules are generally categorized into two detection modes:
label-free and label-based. Label-based sensors require
additional tagging molecules, such as fluorophores and others,
which sometimes have undesirable side effects. In contrast,
label-free sensors rely on detecting the intrinsic physical
properties of analytes, such as refractive index (RI), which
means their performance is influenced by sample concentration
rather than volume, allowing for detection down to the parts-
per-billion (ppb) level and potentially down to femtolitre
sample volumes [1]. Such detection limits are crucial for
monitoring extremely low concentrations of harmful
substances, like viral pathogens in water sources. Given the
advantages these sensors offer in biomedical research,
healthcare, and environmental monitoring, many photonic
devices have been explored as label-free optical sensors, with
micro-ring resonators (MMRSs) and photonic crystal (PhC)
cavities being among the most commonly studied.

Silicon photonic sensors are particularly advantageous for
refractive index sensing due to their sensitivity to shifts in
resonant wavelength caused by changes in the refractive index
of the cladding material, whether through bulk variations or the
binding of target analytes. In drinking water distribution
systems, for example, Mach-Zehnder interferometers are used
for Rl measurements to assess water quality. Since any
dissolved substance alters the water's refractive index, this
method can monitor all chemical changes without the need for
specific targeting, unlike sensors that identify only specific
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Figure 1 - Schematic of the Photonic Crystal Hybrid external
cavity laser using RI sensing of gas mixtures.

contaminants. Therefore, RI sensing enables continuous
monitoring and provides early alerts regarding potential issues
within the distribution network [2]. The performance of RI
sensors is determined by their detection limit (DL), which
indicates the smallest detectable change in RI. The DL is
influenced by both the sensor’s sensitivity to RI changes and its
resolution, which depends on the resonator Q-factor and the
precision with which wavelength shifts can be measured.
Typical silicon MRRs achieve detection limits around 1x107°
RIU, corresponding to concentrations in the parts-per-million
(ppm) range. However, parts-per-billion sensitivity is often
required to detect trace contaminants. While considerable
efforts have focused on improving detection limits by
optimizing the resonator Q-factor and mode overlap, less
attention has been given to advancing sensor readout
techniques.

By integrating photonic crystal resonant mirrors with I11-V gain
chips, we recently developed a novel type of hybrid external
cavity laser [3]. We demonstrated the use of this device as an
RI sensor by measuring shifts in the lasing wavelength when
exposed to different surrounding materials, offering new
insights into RI sensor sensitivity to create a Hybrid Laser RI
sensor (HLS). In the present work, we use an optical heterodyne
technique to measure lasing wavelength shifts in the HLS,
directly linked to refractive index changes, achieving an



improvement of approximately 400x in the intrinsic detection
limit (iDL) [4] compared to existing high-sensitivity devices.

Il. SENSING PRINCIPLE

The heterodyne technique involves mixing two laser beams with
slightly different frequencies, with one acting as a reference
called the local oscillator (LO) and the other as the signal of
interest (HLS, in this case). The superposition and interference
of the laser frequencies generate a beat frequency that falls
within the RF bandwidth of the photodetector in use. In our
setup, the LO is fixed by a reference tunable laser, while the
signal of interest is the HLS lasing frequency. By monitoring the
beat frequency, we can detect shifts in the HLS frequency
caused by RI changes in the sensor’s surrounding environment.
These RI variations shift the resonance frequency of the PhC
cavity, altering the HLS lasing frequency and, consequently, the
beat frequency. Since heterodyne measurement can detect laser
wavelength changes comparable to the laser’s linewidth (1.6
MH?z), it is orders of magnitude more precise than spectrometers
and passive-based configurations.

I11. EXAMPLE RESULTS

To precisely vary the cladding refractive index of the HLS, we
used a mass flow controller (MFC-SEC-4400) to mix N2 and
CO: gases, with Rls ranging from 1.00029442 (100% N:) to
1.00043822 (100% COz). The HLS was placed inside a flow
chamber to regulate the gas flow, and an in-line commercial CO:
sensor (SprintIR®-W 100% CO:) measured concentration
values. Temperature sensors were incorporated to control and
characterize the cooling effect of the gases, which minimally
affects sensor response. Figure 2 shows an example result where
pulses of 100% CO: are introduced. As CO: concentration
increases, red shifts in the beat signal are observed. These results
are promising, demonstrating that the HLS in a heterodyne
configuration enhances detection of small RI changes by over
an order of magnitude compared to the standalone HLS. With a
measurement sensitivity of 10006 GHz/RI (R? = 0.9943), we
estimate a detection limit of ~1.59 x 1077 RIU—significantly
surpassing the high-sensitivity sensor with a DL of 6.86 x 107
RIU reported in [5] and offering 10000 times greater resolution
than passive PhC cavity measurements alone.

IV. SUMMARY

We have introduced a novel approach to RI sensing based on
the optical heterodyne method and RI-sensitive hybrid lasers,
achieving over an order of magnitude improvement in detection
limit compared to traditional passive optical resonators. One
key factor determining detection limits is the quality factor of
resonators. Higher Q-factors typically enhance sensor
sensitivity; however, there is a trade-off: the sensor mode must
interact with the sample, increasing losses and potentially
reducing the Q-factor. Our sensor partially overcomes this
trade-off by introducing gain—where the sensitivity is
determined by the PhC resonator, and the linewidth is governed
by the overall laser cavity. This configuration allows our laser-
based RI sensor to perform highly sensitive measurements even
in lossy environments. Future work will focus on integrating
the lasers onto a single chip using techniques such as transfer

printing [6]. Further enhancements in laser linewidth [7] and
measurement stability [8] are anticipated to dramatically
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Figure 2 - Example measurement of the beat frequency. Pulse of
CO:2 are introduced to the gas chamber enclosing HLS.

improve detection limits, with the potential for fully integrated
RI sensor chips achieving detection limits as low as 107 RIU
or better.
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