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Abstract

Photonic devices are gaining significant traction in the sensor market due to their ability to detect minute variations in physical
parameters with high sensitivity and minimal invasiveness. This work focuses on the experimental characterization of Silicon Micro-
Ring Resonators (MRRs) and discusses their utility for biochemical applications. The MRR enables effective molecular detection
by exploiting localized changes in the refractive index within the evanescent field when target particles are captured by specific
chemical acceptors. The device performance relies on a sophisticated surface functionalization process that integrates photonics,
materials science, and biochemistry.
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I. INTRODUCTION

The optical biosensing has emerged as a transformative technology for healthcare, environmental monitoring, and food safety.
Compared to traditional analytical methods, such as Enzyme-Linked Immunosorbent Assay (ELISA), photonic sensors offer
the advantage of label-free detection, high sensitivity, and the potential for extreme miniaturization. Traditional biochemical
assays often require complex labeling steps using fluorescent or radioactive markers, which can be time-consuming, costly, and
may alter the natural state of the analyte. To overcome these limitations, Micro-Ring Resonators (MRRs) have been widely
adopted as a robust platform for real-time, label-free molecular sensing. The sensing mechanism of an MRR relies on the
interaction between the evanescent field of the circulating light and the surrounding medium. When target molecules bind to
the resonator’s surface, they induce a local change in the refractive index, resulting in a measurable shift in the resonance
wavelength (AM). In this work, we present an in-depth analysis of a Silicon-on-Insulator (SOI) Micro-Ring Resonator designed
for molecular biosensing. We explore the synergy between photonic design and surface chemistry, demonstrating how a tailored
functionalization process enables the detection of specific analytes with high sensitivity. The results discussed herein highlight
the potential of MRR-based PICs as a scalable and efficient solution for the next generation of Point-of-Care (PoC) diagnostic
devices.

II. SILICON MICRORING RESONATORS
A. State of the Art

Over the past two decades, Silicon Micro-Ring Resonators (MRRs) have emerged as cornerstone components in integrated
photonics, primarily due to their high quality factor (@), compact footprint, and CMOS compatibility. The versatility of
MRRs is evidenced by their dominance in three primary domains: optical modulation, spectral filtering, and sensing. In
high-speed communication, MRRs are employed as electro-optic modulators. By integrating p — ¢ — n junctions or using
carrier depletion in silicon-on-insulator (SOI) platforms, the refractive index of the ring can be rapidly tuned to shift the
resonance peak. Furthermore, the inherent periodic nature of the resonance allows MRRs to function as high-order filters and
de-multiplexers in Wavelength Division Multiplexing (WDM) systems, where cascaded configurations achieve box-like filter
responses [1]]. Perhaps the most transformative application, and the focus of this work, lies in refractive index (RI) sensing.
The resonant wavelength ()\,.s) is highly dependent on the effective index (n.ss) of the circulating mode, governed by the
relation: Apes = % , where L is the round-trip length and m is an integer. In the context of biosensing, MRRs offer a
label-free platform capable of detecting minute concentrations of analytes. While traditional sensors rely on bulk refractive
index changes, state-of-the-art biosensors utilize functionalized surfaces to capture specific biomolecules (e.g., proteins or DNA)
directly within the evanescent field of the resonator [2]. Recent advancements have pushed the limits of detection (LoD) toward
the single-molecule regime, positioning MRRs as the premier candidate for integrated Point-of-Care (PoC) diagnostic devices,
where sensitivity and miniaturization are paramount [3]], [4].



III. EXPERIMENTAL CHARACTERIZATION

In this work, we focus on the comparative analysis of the Silicon Micro-Ring (Si-MRR, in Fig[I) by performing an
experimental characterization to extract its key operational parameters. The experimental setup (Fig[2) employed a continuous-
wave (CW) tunable laser source with an output power set to 0 dBm. Given that Silicon-on-Insulator (SOI) waveguides exhibit
high polarization sensitivity, a manual polarization controller was utilized to align the input light to the Transverse Electric (TE)
mode. Optical coupling was achieved via single-mode fibers tilted at a 12° angle, targeting the input and through-port grating
couplers of the MRR (Fig[3). Fine alignment was maintained using high-precision 3-axis micro-positioners. The transmitted
signal was monitored by an optical power meter, revealing an off-resonance baseline power of approximately —22 dBm. This
total insertion loss (IL) includes the coupling losses from the two grating couplers—estimated at 6 dB per facet—while the
remaining 10 dB is attributed to fiber propagation losses and multiple mating sleeves in the optical path. Following optical
alignment, electrical probes were landed on the chip’s metal pads to drive the integrated heaters and p-n junctions.
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Fig. 1: Microscope detail of the probes Fig. 2: Overall view of the experimental Fig. 3: Detailed view of the Silicon
on the chip. setup. Micro-ring.

A. Spectral Characterization and Data Extraction

The analysis of the transmission spectrum enables the extraction of the

resonator’s fundamental figures of merit. The Free Spectral Range (FSR) and

the quality factor () characterize the resonance periodicity and selectivity, FoR= ng - Ly
respectively, where AXpw gy denotes the optical bandwidth (BW,,,,). Fur- Q= Ares

thermore, the modulation depth is quantified by the Extinction Ratio (ER). BWnm c

In this work, resonance tuning and environmental compensation are achieved BWen= = KB Wam
through the thermo-optic effect. The application of a bias voltage V to the ERyp = Pyase — Pmin
integrated micro-heater induces local Joule heating, resulting in a resonance Ag = 2r AA

redshift AX. From this shift, the induced optical phase change (A¢) and the F Ef\%
effective refractive index variation (An.fs) are derived, assuming a group Anegy = o

index ngy ~ 4.2. The system is supposed to operate at a baseline temperature
slightly above ambient to allow efficient bi-directional control. The results are
summarized below, pairing the optical spectrum with its corresponding physical
parameters.

V FSR BW Ap Angy ER - Q
(V) (m) (nm) (rad) (x1073) (dB) (x10%)

0.00 5.131 0.427 0.000 0.00 17.43  3.68
1.00 5.132 0.427 0.099 0.20 17.39  3.68
2.00 5.132 0.428 0.407 0.90 17.37  3.67
3.00 5.133 0.427 0914 2.00 17.38  3.68
400 5.115 0403 1.624 3.60 16.57 4.30
5.00 5.117 0417 2515 5.60 1690 3.77
5.63 5.118 0.417 3.162 7.00 16.83  3.78
5770 5.120 0.416 3.239 7.20 16.75 3.79
6.00 5119 0415 3.583 7.90 1675  3.79
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Fig. 4: Transmission of a MRR at various voltage levels. TABLE I: Extracted Parameters. (V; = 5.61)



B. Geometry Recovery and Dispersion Analysis

The device geometry was validated by back-calculating the cavity length (L ~ 111.48 pm) and radius (R ~ 17.74 pm)
from the experimental FSR at 0 V (ng, = 4.2). These results show excellent agreement with the design specifications.

Chromatic dispersion was quantified by evaluating the group index at the spectral extremities, yielding n, = 4.1973 at
1523.7 nm and n, = 4.1924 at 1575.0 nm. The experimental dispersion slope, calculated as dng/dX = Ang/AX = —9.51 x
107° nm™~!, implies a negligible n, variation (0.0004%) for a typical 0.18 nm sensing shift. This confirms the robustness of
the first-order linear model for PoC applications, as second-order effects remain well below the experimental noise floor.

C. Modulation Efficiency and V

The modulation efficiency is quantified by the half-wave voltage V., representing the bias required for a 7 phase shift. For
the thermo-optic heater, we extracted V; ~ 5.61 V, enabling a resonance sweep across more than half the FSR. As shown in
Table EL the tuning is non-disruptive: the Q-factor (= 3700 <+ 3800) and Extinction Ratio (> 16.5 dB) remain stable across the
entire voltage range, confirming the integrity of the optical cavity during tuning.

IV. MICRORING RESONATORS AS BIOSENSORS

The transition from an electro-optic modulator to a biosensor relies on the fundamental sensitivity of the guided optical
mode to its surrounding environment. While in a modulator the refractive index is perturbed via electrical means (thermal or
plasma dispersion), in a biosensor, the perturbation is induced by the presence of biological matter within the reach of the
optical field.

A. The Physical Principle: Evanescent Field Interaction and Surface Functionalization

The core physical principle of waveguide-based biosensing is the interaction between the evanescent field and the surrounding
medium. When a Transverse Electric (TE) mode propagates through a silicon-on-insulator (SOI) waveguide, the electromagnetic
field is not entirely confined within the silicon core (ng; ~ 3.48). A fraction of the optical power, known as the evanescent
tail (Fig. [5), extends exponentially into the top cladding for approximately 100 to 200 nm: E(z) = Ej - exp(—z/5), where
0 is the penetration depth. In a biosensing configuration, the traditional oxide cladding is locally etched away, and the sensor
is exposed to a biological matrix (the complex fluid carrying the molecules of interest, such as blood serum, saliva, or a
purified buffer solution). To transition a bare silicon surface from a non-specific transducer to a selective biosensor, a process
called bio-functionalization is required. This chemical preparation typically utilizes silane chemistry to attach specific capture
agents—such as antibodies, DNA, or proteins—which act as molecular baits”. In this lock-and-key mechanism, these receptors
selectively bind only the target analyte, allowing non-target molecules in complex biological matrices to flow past without
inducing false-positive shifts [3]. When biological molecules bind to the waveguide surface (Fig. [6), they displace the water-
based buffer (n ~ 1.33) with denser organic matter (e.g. n ~ 1.45). This localized increase in the refractive index modifies
the overall effective refractive index (n.ys) of the guided mode.
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Fig. 5: Tllustration of a micro ring Fig. 6: Surface functionalization Fig. 7. Head-on (a), tail-on (b) and
resonator with a biochemical layer to demonstrating lock-and-key mechanism oriented (c) immobilization with the
attract molecules [9]). [15]. affinity Protein A [5]].

B. Spectral Transduction: The Resonance Shift

The microring acts as an optical transducer, converting this microscopic refractive index change into a macroscopic,
measurable optical signal. As target molecules accumulate on the surface, the increase in n.ys forces the resonance wavelength

(Ares) to increase proportionally to maintain the equatlon s balance. This results in a red-shift (a displacement toward longer
wavelengths) of the transmission notch (Fig. [8): AMyes = M’;%/\e where n, is the group index extracted during our

experimental characterization. By continuously monltonng the posmon of this spectral dip, the system can track the binding
process over time, generating a binding curve.



V. EXPERIMENTAL VALIDATION: PERFORMANCE LIMITS AND DEVICE VIABILITY

To assess the practical utility of the characterized Silicon Microring Resonator (Si-MRR), we developed a predictive sensing
model anchored directly to our laboratory results. Unlike standard theoretical studies that rely on idealized Lorentzian curves,
this analysis utilizes the actual transmission spectrum at 0 V as a baseline. By mathematically perturbing the experimental
data, we demonstrate the sensor’s performance in a realistic Point-of-Care (PoC) diagnostic scenario, highlighting where the
device excels and identifying its physical operational boundaries.

A. Analytical Performance Metrics and Figure of Merit

Based on the waveguide cross-section (500 x 220 nm) and the experimentally extracted group index (ny ~ 4.2), we evaluate
the following critical parameters:

o Bulk Sensitivity (S3): It quantifies how much the reso-

nance shifts per unit of refractive index change (RIU). It

is essential to convert the measured AX (e.g., 0.18 nm)

TABLE II: Calculated Biosensing Metrics

into a concentration value (e.g., mg/dL of glucose). Metric  Analytical Formula Value
o FWHM (A\34p): Defines the “sharpness” of the notch.

Ir'1 sensing, a narrow FWHM 'is crucial to distinguish the S Ares . f 80 nm/RIU

signal from experimental noise and to track even sub- e

picometer shifts. FWHM Adsap 0.427 nm
o Figure of Merit (FOM): It represents the overall effi-

ciency of the sensor. High sensitivity (Sp) is useless if the FOM % 187.35 RIU!

peak is too wide (high FWHM); the FOM allows us to

compare our device with other state-of-the-art resonators. iLoD B 5.34-107° RIU
e iLoD / sLoD: These define the physical and practical

limits of the system. They tell us the minimum amount sLoD s 5.34-107" RIU

of analyte the sensor can “’see” before the signal becomes
indistinguishable from noise.

The obtained sLoD (= 5.34 x 10~* RIU) is a key result: it proves that our device can resolve refractive index variations typical
of clinical glucose fluctuations (> 10~* RIU), confirming its viability for Point-of-Care diagnostics.

B. Clinical Case Study: Macroscopic Glucose Monitoring

We simulated the device’s response to physiological glucose concentrations, comparing a healthy fasting state (= 90 mg/dL)
against a diabetic post-prandial state (= 250 mg/dL). Glucose in aqueous solution induces a refractive index variation of
~ 1.4 x 10~® RIU per mg/dL. A concentration increase of 160 mg/dL produces a measured spectral shift of 0.18 nm. Since
this shift (0.18 nm) is significantly larger than the calculated system resolution (0.0427 nm), the device can distinguish these
clinical states. This numerical evidence confirms that the characterized Si-MRR is highly suitable for robust Point-of-Care
(PoC) glucose diagnostics.

C. Active Thermal Stabilization and Operational Bias

A major challenge for silicon-based PoC diagnostics is thermal drift (= 80 pm/°C). To neutralize environmental noise, we
leverage the integrated micro-heaters characterized in Section III.
1) Thermal Control Logic: The Necessity of a Voltage Bias: To achieve bidirectional thermal control, the micro-heater must
be operated at a non-zero Voltage Bias (Vj;4s). This configuration is fundamental for two reasons:
« Bidirectional Compensation: By maintaining a baseline bias (e.g., 2.0 V), a feedback loop can counteract ambient
cooling by increasing power, or ambient heating by decreasing the bias.
« Sensitivity Enhancement: Operating at a bias moves the working point to a region with a higher d\/dV slope, ensuring
faster and more precise corrections.
2) Practical Example: Compensating a 0.5 °C Drift: Using our experimental data (V; ~ 5.61 V, F'SR = 5.13 nm), we
simulated the response to a typical environmental drift of +0.5 °C:
1) Ambient Drift: A +0.5 °C increase induces a red-shift of approximately +0.040 nm.
2) Locked State: The sensor is initially stabilized at Vj;qs = 2.00 V.
3) Active Restoration: To counteract the ambient heat, the control loop reduces the heater voltage to 1.87 V. This reduction
in local power dissipation perfectly offsets the external thermal gain.
The detection of such a drift (0.040 nm) is made possible by the device’s sharp resonance (F'W HM = 0.427 nm) and high
extinction ratio. By employing a Lorentzian tracking algorithm, the system can resolve shifts as small as 1/10 of the FWHM,
effectively translating the statistical data of the entire resonance curve into sub-picometer wavelength precision.



Performance Active Thermal Stabilization: Locked State vs Ambient Drift
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Fig. 8: Simulated biosensing response based on raw exper- Fig. 9: Active thermal stabilization simulation. The drift
imental data. The high ER ensures robust tracking between induced by a +0.5 °C variation (dashed red) is restored to
the healthy (light blue) and diabetic (red) states. the baseline (dotted green) by modulating the heater voltage.

D. Discussion: Critical Advantages and Physical Limits

The practical viability of the device is assessed by comparing the simulated biological signals with the experimental electro-
optic characterization:
Criticality: Without active control, a minimal environmental thermal drift would mask the clinical result. Advantage:
The high heater efficiency allows the integrated resistors to act as a “thermal buffer”, as demonstrated in the previous
section.

1) Dynamic Range vs. Sensitivity: The large experimental FSR of 5.13 nm allows for a linear response up to concentrations
as high as 4500 mg/dL, avoiding spectral folding”.

2) Signal Integrity in Complex Media: Our moderate Q-factor (= 3680) ensures that the 17.4 dB extinction ratio remains
stable, enabling reliable detection in unpurified matrices.

VI. CONCLUSION

In this work, we experimentally characterized a Silicon Micro-Ring Resonator and validated its performance for biochemical
sensing through a predictive numerical model. The device demonstrated a robust Quality Factor of ~ 3680 and an Extinction
Ratio of 17.4 dB, ensuring high signal integrity. The back-calculation of the geometry (R ~ 17.74 pm) and the extraction
of the dispersion slope (dng/d\ ~ —9.51 x 107> nm~!) confirmed the accuracy of the physical model. Furthermore, we
demonstrated that integrated micro-heaters can effectively compensate for environmental thermal drifts, restoring the resonance
with sub-picometer precision. These results position the Si-MRR as a reliable and scalable transducer for next-generation,
thermally-stabilized Point-of-Care diagnostic platforms.
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