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ABSTRACT

Silicon photonics has demonstrated great potential in ultra-sensitive biochemical sensing. However, it is
challenging for such sensors to detect small ions which are also of great importance in many biochemical
processes. Here, we introduce a silicon photonic ion sensor enabled by an ionic dopant-driven plasmonic material.
The sensor consists of a micro-ring resonator (MRR) coupled with a two-dimensional (2D) re-stacked layer of
near-infrared plasmonic molybdenum oxide. When the 2D plasmonic layer interacts with ions from the
environment, a strong change in the refractive index results in a shift in the MRR resonance wavelength and
simultaneously the alteration of plasmonic absorption leads to the modulation of MRR transmission power, hence
generating dual sensing outputs which is unique to other optical ion sensors. We demonstrate proof-of-concept via
a pH sensing model, showing a up to 7 orders improvement on sensitivity per unit area across the range from 1 to
13 compared to those of other optical pH sensors. Our platform offers the unique potential for ultra-sensitive and
robust measurement of changes in ionic environment, generating new modalities for on-chip chemical sensors in
the micro/nano-scale.
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1. INTRODUCTION

Silicon photonics has grown into a mature platform that is compatible with complementary metal-oxide—
semiconductor (CMOS) technology, offering both wide bandwidth and low propagation loss overcoming the
electronic bottleneck currently faced by microelectronics[1-3]. Silicon photonics has also emerged as an effective
platform for biochemical sensing based on the perturbation of the evanescent field induced by the optical guided
mode[4-7], through either the direct interferometric or resonant sensing of the ambient refractive index. These
sensors are normally enabled by the specific interaction of two complementary molecules via surface
functionalization. Typical examples include the functionalization with selective molecules such as DNA in the
silicon photonic sensor for detecting complementary DNA/RNA strain[8, 9]. However, ionic species, which are
also vital chemical components in many biochemical processes and metabolic activities of microorganisms, cannot
be easily detected with current silicon photonic biosensors as the direct binding of ions onto the surface functional
groups does not produce a measurable response of the ambient refractive index[9, 10].

In this regard, the realization of a sensing platform with additional measurable parameters beyond the analyte-
induced ambient refractive index change should be of critical relevance for widening the application of silicon
photonic based biochemical sensors. Recently, the emerging integration of two dimensional (2D) layered materials
onto the silicon photonics platform provides a viable solution to obtain enhanced electronic and optical properties,
mechanically flexibility, low fabrication and integration complexity, robustness, all while maintaining
compatibility with CMOS technology[11-13].

In this contribution, 2D H* doped molybdenum oxides with NIR plasmon resonance is integrated on a silicon
based micro-ring resonator to establish the label-free chemical sensing platform. The pH sensing model is used as
the representative to evaluate the performance of this novel chemical sensing platform. In contrast, the unique H*
dopants in the 2D MoOs host are hypothesized to be sensitive to the ambient change of ionic species concentration
when the pH value is change from very acidic (pH=1) to very alkaline (pH =13) or vice versa. As a result, the H*
dopant driven plasmonics is correspondingly altered and the optical absorption due to the excitation of hybrid
plasmonic-optical modes in the silicon micro-ring resonator. Simultaneously, the refractive index of the 2D
material also changed due to the variation of H* concentration, which leads to the shift of the resonant wavelength
of the micro-ring resonator.

2. Design and Fabrication

To realize the 2D H* doped MoO;z — silicon photonic based chemical sensing platform, a relatively high-
performance micro-ring resonator (MRR) is firstly fabricated. The MRR is composed of a ring and two bus
waveguides (Figure 1a). Grating couplers are used as the interface between the single mode optical fiber and the
integrated Si photonic chip. As seen from the SEM image of the bare device (upper image of Figure 1b), the
waveguides have width and height of 450 and 220 nm, respectively. The radius of the ring is 10 um and the



separation distance between the ring and bus waveguide is 150 nm. After fabrication and initial characterization,
2D H* doped MoOs is deposited onto the micro-ring resonator using PTFE as a binding agent to enhance the
adhesion between 2D Hq3MoOj3 and the Si waveguide. Most of the surface area of the MRR are covered with 2D
Ho3MoOs nanoflakes with the relatively homogeneous thickness distribution in the region of 150 - 250 nm as
evidenced by the SEM (lower image of Figure 1b) and AFM images (Figure 1c).
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Figurel. a. Schematics of the used device; b. The scanning electronic microscope (SEM) images of the micro-ring resonator before and after
Ho3sMoOj3 deposition. c. Atomic force microscope (AFM) images of the micro-ring resonator after H* doped MoOj3 deposition d. Numerical
simulation of the optical modes in silicon waveguide before and after H* doped MoOs deposition. e. The transmission spectrum of the micro-
ring resonator before and after H* doped MoOj; deposition.
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To explore how the 2D H* doped MoOs interacts with the silicon optical waveguide, numerical simulation was
carried out. The simulation results are shown in Figure 1d. Comparing the optical modes in the waveguide before
and after the H* doped MoOs deposition, the center of the optical mode is lifted, i.e. the mode confinement in
silicon waveguide is weaker, and the evanescent field of the optical mode penetrates the whole layer of the
deposited 2D H* doped MoOs, which indicates the strong interaction between the optical mode in the silicon
waveguide and the deposited Ho3MoOs, It also indicates that any change in the deposited 2D H* doped MoO3
layers will affect the optical mode in the silicon waveguide.

The interaction between 2D H* doped MoOs; and optical mode is also reflected on the alteration of the optical
performance of the device. Figure 1e shows the measured transmission spectra before and after 2D H* doped MoOs
deposition. As can be seen in the results, the resonant wavelength red shifts about 5.15 nm, and the transmission
power drops about 5 dB. The resonant wavelength shift is caused by the fact that the deposited 2D H* doped MoOs
material on micro-ring resonator changed the environment refractive index, which in turn caused the resonant
wavelength shift.

3. RESULTS AND DISCUSSIONS
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Figure2. (a). MRR resonant wavelengths of the integrated sensors as a function of pH values. (b). MRR transmission power of the integrated
sensors as a function of pH values.

The ultra-sensitive ion-responsive sensor is evaluated using pH sensing as a demonstration model. Figure 2
shows the dependence of the transmission spectrum of the micro-ring resonator on the solvent pH value applied.
In the measurement, two properties were analyzed, the resonant wavelength and the transmission loss of the micro-
ring resonator. Figure 2b shows the transmission spectra of the MRR after 2D H* doped MoOs; deposition for
different pH value solvents. As can be seen, the resonant wavelength shifts for different pH values. With increasing
pH value from 1 to 6, the resonant wavelength almost linearly shifts to longer wavelengths with the decreasing
step of 0.32 + 0.02 nm per pH. However, for pH values from 7 to 11, there is little change in the resonant
wavelength possibly due to insufficient OH" ions to interact with H* doped MoOs. From pH 11 to 13, the resonant
wavelength exponentially shifts to the longer wavelength side. Figure 2b shows the dependence of the relative



transmission loss on the solvent pH value. As can be seen, the transmission loss decreases almost linearly with the
increase of the pH value, with the step of 0.2 dB for pH 1 to 6, and 0.15 dB for pH 11 to 13.

4. CONCLUSIONS

An ultra-sensitive silicon photonic based ion sensor was introduced. By integrating with dopant-driven
plasmonic nanomaterials onto the silicon photonic platform, this novel ion sensor was enabled with unique ion-
responsive capabilities which bare and biomolecule-functionalized silicon photonics were not able to provide. A
proof of concept demonstration using a pH sensing model, has shown that the perturbation of ambient ions
significantly changes the H+ dopant content and the concurrently injected free electrons in 2D plasmonic
molybdenum oxides, leading to a reversible transition between semiconducting and metallic states. The dielectric
properties were therefore altered, resulting in the strong influence on the resonant properties of silicon photonics
due to the strong coupling of the evanescent field onto the 2D plasmonic layer. Simultaneously, the NIR plasmonic
absorption of the 2D layer was affected accordingly, tailoring the light transmission property of the silicon photonic
due to the matching between the plasmonic resonance and silicon operation wavelengths. As a result, the sensor
could provide dual complementary outputs based on the variation of resonant wavelength shift and transmittance,
leading to a wide pH detection range from 1 to 13 with a considerable response linearity. We believe that this
work provides a feasible solution to realize on-chip and low-cost ion micro-sensors with high sensitivity,
selectivity and repeatability for ionic changes. More importantly, the combination of this 2D plasmonic material
with conventional biorecognition elements will potentially widen the applicability of silicon photonic based
sensors and will have a notorious impact in the development of more advanced and sophisticated biosensors.
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