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ABSTRACT

In this work, we report an interferometric plasmo-photonic sensor based on Si3N4 photonic waveguides and
gold (Au) Surface Plasmon Polariton (SPP) stripe waveguides. The proposed approach exhibits bulk sensitivity
up to 1930 nm/RIU, holding promise for compact, ultra-sensitive interferometric sensing devices. We also evince
experimentally that the proposed plasmo-photonic waveguide employed at the interferometer sensing arm can be
fabricated using Aluminum (Al) instead of gold, demonstrating the first step towards fully CMOS compatible
plasmo-photonic interferometric sensors.
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1. INTRODUCTION

Plasmonic-based sensors have emerged as an attractive sensing technology for point of care applications.
Compared to the evanescent wave photonic sensors, plasmonic sensors offer profound exposure of SPP modes to
liquid analytes leading to enhanced sensitivity characteristics [1]. However, bulky prism-based coupling
configurations [2] and high plasmonic losses [3] impede the transfer of those benefits in miniaturized and multi-
functional all-plasmonic sensors. As an alternative, selective co-integration of plasmonic waveguides in low loss
photonic platforms addresses those challenges while leveraging the functional benefits from both waveguide
platforms [4]. In this work, we demonstrate a photonic integrated Mach-Zehnder interferometric sensor utilizing
an open cladded gold stripe in one branch to serve as the sensing transducer by detecting local changes in the
refractive index. The low-loss Si3Ny4 platform allows for the deployment of a MZI-based variable optical attenuator
(VOA) followed by a thermo-optic phase shifter in the reference branch, in order to optimize the sensor
performance. The proposed sensor was designed, fabricated and experimentally characterized, yielding bulk
sensitivity values up to 1930 nm/RIU, demonstrating the functional benefits of the co-integration of plasmonic and
photonic waveguides. We also evince through experimental data the dependence of bulk sensitivity from the Free
Spectral Range (FSR), suggesting an effective roadmap towards compact and ultra-sensitive interferometric
sensors. Following the successful demonstration of the plasmo-photonic sensor utilizing a gold stripe, we evince
experimentally that the proposed plasmo-photonic waveguide employed at the interferometer sensing arm can be
fabricated using Aluminum (Al) instead of gold, demonstrating the first step towards fully CMOS compatible
plasmo-photonic interferometric sensors. The CMOS structures were fabricated and experimentally characterized,
demonstrating SizsN4 to Al stripe interface loss equal to 2.86 dB and propagation losses of 0.065 dB/um at 1550
nm, which is, to the best of our knowledge, the lowest SPP propagation losses among all single-mode Al-based
plasmonic waveguides demonstrated so far at 1550 nm, reducing the propagation losses reported in our previous
work [5].

2. PLASMO-PHOTONIC SENSOR

2.1 Layout and fabrication

Fig. 1(a) illustrates a schematic of the proposed plasmo-photonic sensor layout. The different cross-sections
across the structure including the photonic waveguide (I), the taper end facet (II), the plasmonic waveguide (II)
and the thermo-optic phase shifter (IV) are depicted in Fig. 1(b). The photonic waveguide platform relies on a 360
nm x 800 nm Si3Ny4 photonic waveguide core cladded with 600nm of Low Temperature Oxide (LTO) while relying
on a 2.2 um thick SiO, substrate layer (Fig.1(b)(1)). The sensing branch exploits a butt-coupling mechanism,
comprised of a 100 nm x 7 pm Au SPP waveguide interfaced at its both end facets with two 7.5 um wide linearly
tapered Si3N4 waveguides [6]. The reference branch comprises a thermo-optic heater-based phase shifter for tuning
the sensor’s resonance wavelengths and a VOA for counter balancing the high plasmonic optical losses on the
sensing arm, eventually maximizing field interference at the MZI output and therefore the spectral extinction ratio.
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Figure 1. (a) Schematic representation of the proposed plasmo-photonic sensor. (b) Cross-sections and dimensions of the photonic and the
plasmonic waveguides. (c) cross section SEM image of the photonic waveguide. (d) SEM top-view image of the gold plasmonic waveguide
recessed in the cavity. (e) Photo of the fabricated sensor chip illustrating the fluidic tubes glued on top of the chip.

The phase shifter consists of two 100 nm x 2 pm titanium resistors, placed on top of the photonic waveguide, in a
double-heater configuration ((Fig.1(b)(IV)). The VOA is composed of a MZI, with a thermo-optic heater-based
phase shifter in one branch in order to control the attenuation of optical power with applied voltage. Moreover,
two low-loss 3-dB Multi-Mode Interference (MMI) Y -junctions were utilized to allow equal power splitting ratios
between the MZI branches. The fiber-to-chip coupling relied on a vertical out-of-plane coupling scheme based on
Si3N4 Grating Couplers (GCs) for Transverse Magnetic (TM) polarization [7].

For the fabrication of the proposed plasmo-photonic sensor, a standard 6’ silicon wafer with 2.2 pm of
thermally grown SiO> has been employed as substrate. The SisNs waveguide was deposited in low pressure
chemical vapor deposition process (LPCVD). Marker layer and waveguides have been defined by optical
projection lithography using an i-line stepper tool. Reactive-lon-Etching (RIE) with CHF3; and He chemistry has
been employed for the structure transfer. Afterwards, a 600 nm thick LPCVD SiO, was deposited to form the LTO
cladding of the photonic waveguide and annealed at 1000 °C for several hours. A Scanning Electron Microscope
(SEM) image of a cross section view of the fabricated photonic waveguide is depicted in Fig. 1(c). The cavity for
the plasmonic material were defined by the i-line stepper tool and etched through LTO, SizsN4 and SiO; as well by
RIE with CHF3 and He chemistry. In the final fabrication stage, the gold plasmonic stripes were deposited into
the cavities by a lift-off process using e-beam lithography, thermal evaporation of gold and lift-off dissolution.
The target thickness for gold was 100 nm. A very thin (3nm) titanium layer was deposited by e-gun evaporation
prior to gold for an improved adhesion of gold on the sample. A SEM image of the fabricated plasmonic stripe is
shown in Fig. 1(d). Silicone fluidic vessels were also glued on top of the plasmonic sensing waveguides as the
means to confine the test liquid in this region alone, as shown in more detail in Fig. 1(e).

2.2 Experimental characterization

Characterization measurements were carried out to evaluate bulk sensitivity capabilities of the proposed
plasmo-photonic sensor. In our measurements we tested two sensor variants with different Free Spectral Ranges
(FSR) that were developed during the same process. Broadband measurements were carried out by sweeping the
wavelength of a tunable laser source from 1500 nm to 1580 nm to launch light into the SizN4s GCs. Moreover,
voltage was applied to the titanium based heaters of the VOA in order to introduce additional losses in the reference
branch as the means to maximize the extinction ratio on the output of the MZI sensor. The obtained FSR and the
ER for sensor 1 were measured equal to 16 nm and 33.5 dB, respectively, while the corresponding values for
sensor 2 were calculated equal to 24.8 nm and 37 dB, respectively. Sensitivity measurements were accomplished
by infiltrating different buffer solutions with refractive indices ranging between 1.3327 and 1.3388 into the sensing
area of each sensor. The respective spectral responses are indicatively illustrated in Fig 2(a) and 2(b), clearly
revealing that the resonances are shifting to longer wavelengths with increasing refractive index of the buffer
solution. Consequently, bulk sensitivity values were calculated by applying least-squares linear fitting on the
resonant wavelength shift with increasing refractive index change, as shown in Fig. 2(c). Maximum bulk
sensitivities were calculated 383 nm/RIU at 1527 nm and 1930 nm/RIU at 1565 nm for sensor 1 and 2, respectively.
Experimental results showed that the sensor with the larger FSR exhibited also larger bulk sensitivity values,
revealing the dependence of sensitivity with the FSR.
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Figure 2. (a) Sensor 1 spectral response obtained when injecting 2 different buffer solutions. (b) Sensor 2 spectral response obtained when
injecting 4 different buffer solutions. (c) Resonance shift versus refractive index change, illustrating linear fitting plots for each sensor.
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Figure 3. (a) Mask layout showing the reference waveguide and a Si;N-to-Al interface test structure. (b) SEM image of the Al
plasmonic stripe recessed in the cavity. (c¢) Broadband experimental data for the interface and propagation loss in water.

3. ALUMINUM STRIPES

The successful experimental results for the Au-based plasmo-photonic sensor motivated us to fabricate and test
the proposed plasmo-photonic waveguide, employed at the interferometer sensing arm, on a separate chip, relying
now on CMOS compatible plasmonic waveguides, by replacing gold with low cost Aluminum.

We evaluated the Al plasmonic waveguides in aqueous environment, by conducting broadband optical
characterization based on Fiber-To-Fiber (FtF) measurements and following a standard cutback method. A
highlight of the mask layout presenting the test structures that has been measured is shown in Fig. 3(a). The test
structures included a reference waveguide and Si3Ny-to-Al interface test structures with varied plasmonic stripe
length (20, 50, 100, 150, 200 and 250 um). The reference structure comprised of a 0.88 cm long straight SizNy4
waveguide with two 100 pm long linear tapers in the middle, interconnected to each other via 1 pm long and 7.5
pm wide waveguide. A SEM image of a 70 um long Al stripe, recessed in the cavity between the SisN4 waveguide
facets, is shown in Fig. 3(b). The plasmonic propagation losses as function of wavelength have been obtained by
performing a linear fitting process, based on least-squares method, to the experimental data. In order to calculate
the Si3sNs-to-Al interface loss, the losses of the reference Si3N4 waveguide structure were subtracted from the
intercept values obtained by the fitting process and the resulting loss value was divided by a factor of two. Figure
3(c) presents the obtained characterization results for the plasmonic propagation losses and the interface loss as a
function of wavelength, in comparison with the respective simulation results. Measurements dictated a plasmonic
propagation loss of 0.065 dB/um, which translates to a propagation length (Lspp) of 66.8 um and a Si3N4-to-Al
interface loss 0f 2.86 £ 0.07 dB at 1550 nm being in good agreement with the simulated values.

4. CONCLUSIONS

We demonstrate an interferometric sensor configuration, exploiting a gold based plasmo-photonic structure as
the sensing element, achieving bulk sensitivity values up to 1930 nm/RIU. We also evince experimentally that the
proposed plasmo-photonic waveguide employed at the interferometer sensing arm can be fabricated using
Aluminum (Al) instead of gold, revealing an effective roadmap towards low-cost and CMOS-compatible
integrated plasmo-photonic biosensors.
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