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Abstract: We demonstrate the design, fabrication, and the experimental characterization
of gold-based plasmonic stripes butt-coupled with low-pressure-chemical-vapor-deposition
(LPCVD)-based Si3N4 waveguides for the excitation of surface-plasmon-polariton (SPP)
modes in aqueous environment. Plasmonic gold stripes, in aqueous environment, with
cross-sectional dimensions of 100 nm × 7 μm were interfaced with 360 nm × 800 nm
Si3N4 waveguides cladded with low-temperature-oxide, exploiting linear photonic tapers with
appropriate vertical (VO) and longitudinal (LO) offsets between the plasmonic and photonic
waveguide facets. An interface insertion loss of 2.3 ± 0.3 dB and a plasmonic propagation
length (Lspp) of 75 μm have been experimentally measured at 1.55 μm for a VO of 400 nm
and an LO of 500 nm, with simulation results suggesting high tolerance to VO and LO
misalignment errors. The proposed integration approach enables seamless co-integration
of plasmonic stripes, in aqueous environment, with a low-loss and low-cost LPCVD-based
Si3N4 waveguide platform, revealing its strong potential for future employment in biochemical
sensing applications.

Index Terms: Photonic integrated circuits, plasmonics, surface plasmons, butt-coupled in-
terface, plasmonic waveguide.

1. Introduction
Plasmonics were introduced as a highly promising candidate that may revolutionize photonic-
integrated-circuits (PICs), unleashing unprecedented performance breakthroughs in diverse appli-
cation areas [1]. Harnessing the unique capability of plasmonic waveguides to guide light at metal
surfaces can offer a number of unmatched advantages: i) sub-wavelength confinement of SPP
modes, (ii) interface with electronics due to the metallic waveguide nature, (iii) increased light–
matter interaction as a result of the SPP confinement at the metal surface, and (iv) the capability to
employ different materials as cladding and tailor the waveguide characteristics depending on the

Vol. 10, No. 1, February 2018 2700108

https://orcid.org/0000-0002-8659-8757
https://orcid.org/0000-0003-2931-4540


IEEE Photonics Journal Plasmonic Stripes in Aqueous Environment Co-Integrated

desired application. In this context, SPP waveguides can be configured [2]–[7] to address different
applications spanning from optical interconnects [8], [9], active nanophotonic components [10]–[15],
to on-chip biochemical sensing [16]–[19].

However, the inherent high propagation losses of SPP waveguide configurations impede their
broad utilization in more complicated PICs. To lower this barrier, plasmonic structures may be selec-
tively co-integrated with low-loss photonic waveguides therefore minimizing chip losses coming from
plasmonic sections while reaping the benefits of guiding light over metal surfaces. Co-integrating
the two waveguide platforms allows the use of plasmonics on chip, only where their functional
benefits are unmatched, complemented with low-loss photonic structures for the additional neces-
sary circuitry. Merging plasmonics with photonics in a common integration platform has been so
far demonstrated in a range of waveguide configurations and functional devices, exploiting mostly
silicon [20]–[25] but also silicon nitride [26]–[28] as the photonic waveguide platform. However,
only a limited number of plasmo-photonic interface structures has been proposed when plasmonic
propagation in aqueous environment is required [29], [30], as is typically the case when biochem-
ical sensing applications are targeted. A hybrid double slot plasmonic waveguide co-integrated
with silicon has been presented in [29] while the use of the lower loss SiN waveguide platform as
the photonic host has been employed only in a vertically coupled scheme with an ultra-thin SPP
metallic stripe being cladded with water [30], exploiting the directional coupling mechanism to excite
Short-Range SPP modes at the ultra-thin plasmonic stripe. The vertical coupling approach relies on
a SiO2 buffer layer located between the SiN and the SPP waveguides, however, a 300 nm deviation
of the optimal SiO2 buffer thickness has been shown theoretically by the same group to increase
coupling losses by more than 3 dB [27].

In this paper, we present for the first time to the best of our knowledge, the co-integration of
gold-based plasmonic stripes and LPCVD-based Si3N4 waveguides using a butt-coupled interface
and supporting propagating SPP modes in aqueous environment. The proposed interface was
designed and fabricated considering a 360 nm × 800 nm Si3N4 waveguide platform cladded with
LTO and tapered to water-cladded gold stripes with cross-sectional dimensions of 100 nm × 7 μm
and length between 20 to 250 μm. A cavity was defined using i-line stepper lithography between
the two Si3N4 waveguides to allow the gold stripe deposition. Experimental measurements revealed
good agreement with theoretically predicted values, demonstrating photonic-to-plasmonic interface
coupling losses of 2.3 dB for a vertical offset (VO) of 400 nm between the two waveguide facets,
and plasmonic propagation losses of 0.058 dB/μm at 1.55 μm in aqueous environment, which
corresponds to a plasmonic propagation length Lspp of 75 μm. Numerical modelling results revealed
an increased tolerance to both the VO and the longitudinal offset (LO) values, indicating an excessive
loss of only 0.3 dB for a VO range between 300–700 nm and an excessive loss of only 0.5 dB when
the LO ranges between 300–700 μm. To this end, the proposed platform can facilitate fabrication-
tolerant co-integration of low-loss LPCVD-based silicon nitride photonics with propagating SPP
modes in aqueous environment, potentially enabling its future exploitation in biochemical sensing
applications.

The rest of the paper is organized as follows. In Section 2, we present the design and simulations
performed utilizing a three-dimensional finite-difference-time-domain method (3D FDTD). Section 3
describes the fabrication process and the experimental results obtained by means of broadband
optical characterization using a fiber-to-fiber configuration based on grating-couplers (GCs), with
Section 4 providing concluding remarks and perspectives.

2. Design and Simulation
The proposed interface has been designed and numerically simulated employing a 3D-FDTD
method from a commercial available package [31]. Fig. 1(a) depicts a conceptual schematic of the
co-integrated plasmonic and Si3N4 waveguide platform, illustrating also the fiber-to-chip coupling
that relied on an out-of-plane coupling scheme based on Si3N4 GCs [32], [33]. A side view of the
butt-coupled interface is shown in Fig. 1(b), revealing that water has been used as the surrounding
medium on top of the gold stripe. A vertical and a longitudinal offset (VO and LO, respectively)
have been introduced at the photonic-to-plasmonic interface. The main purpose of the vertical
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Fig. 1. (a) Conceptual schematic of the butt-coupled interface. The gold stripe is recessed within a
cavity formed by etching in one step LTO, Si3N4 and SiO2.The Ti layer underneath the gold and the
water on top of the interface are not shown for clarity. Dimensions are not to scale. (b) Side-view of
the proposed interface. (c) Cross-sectional dimensions for the photonic and the plasmonic waveguides.
(d) Quasi-TM mode profiles (|Ey|) supported by the different waveguide cross-sections, along the
direction of propagation as they are denoted in (a).

offset was to minimize coupling losses by maximizing the mode overlap between the photonic and
the plasmonic mode. In addition, the longitudinal offset was introduced as the means to evaluate
possible metal deposition inaccuracies during fabrication. As can be seen, water filled also the
longitudinal gap between the photonic and plasmonic waveguide at their interface section. The
cross-sectional dimensions of the different waveguide configurations employed along the direction
of propagation are shown in Fig. 1(c), while Fig. 1(d) depicts the corresponding quasi-TM mode
profiles (dominant |Ey|). Our designs relied on a 360 nm thick Si3N4 waveguide on top of a 2.2 μm
thick buried oxide, cladded with 600 nm of LTO, while the gold-based plasmonic stripes were
selected to have a thickness of 100 nm with a 3 nm thick Ti layer underneath in order to facilitate
gold adhesion and to avoid coupling of top surface plasmons into radiation modes in the buried
oxide layer, absorbing any unwanted surface-plasmon modes at the bottom surface of gold [25].
We opted for a 360 nm × 800 nm Si3N4 strip based waveguide in order to ensure low-loss, single-
mode quasi-TM polarised photonic mode propagation, allowing in this way for the deployment of
more complex Si3N4 circuitry where still the proposed co-integration approach can be employed
towards introducing plasmonic stripes at certain building blocks of the whole Si3N4 circuitry. The
360 nm × 800 nm Si3N4 strip waveguide was linearly tapered to a 7.5 μm wide photonic waveguide
prior reaching the plasmonic segment in order to provide a photonic mode that is spatially matched
with the plasmonic mode supported by the gold stripe. The width of the gold stripe was chosen to be
7 μm trading-off between low plasmonic propagation loss and compact footprint of the plasmonic
waveguide while maintaining single mode-condition, hence allowing for compact layouts in view of
their possible future employment in multichannel sensor configurations.

We conducted 3D FDTD simulations calculating the insertion loss of the proposed interface at
1.55 μm as a function of the VO and the LO between the photonic and the plasmonic waveguides.
The insertion loss was determined after launching the quasi-TM mode of the tapered 7.5 μm-wide
photonic waveguide and calculating the power that is coupled to the plasmonic mode. That was
realized by utilizing the built-in mode expansion monitors of Lumerical Solutions software to ensure
that the forward propagating power is isolated and to calculate only the power that is coupled into
the surface-plasmon mode of interest. This data was then normalized with respect to the power of
the photonic mode. During our parametric analysis and for each structural parameter variation, the
mode expansion monitor was settled 2 μm away from the front-end of the gold stripe, as denoted by
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Fig. 2. (a), (b) and (c) norm of the Poynting vector |Pz| along the direction of propagation for a longitudinal
offset (LO) of 500 nm and vertical offset (VO) of 0, 0.4 and 1 μm, respectively. (d), (e) and (f) norm
of the Poynting vector |Pz| for a VO of 400 nm and LO of 0, 0.5 and 1 μm, respectively. (g) Simulated
insertion loss per single transition of the butt-coupled interface as function of the VO (red-squares) for
a fixed LO of 500 nm and the LO (blue-circles) for a fixed VO of 400 nm, between the photonic and the
plasmonic waveguides.

the red dashed lines in Fig. 2(a). Given the negligible propagation losses induced by the damping
of the SPP mode after such a short distance, the calculated insertion loss was not compensated
for the propagation losses.

Simulations dictated a plasmonic propagation loss of 0.05 dB/μm corresponding to a characteris-
tic surface-plasmon propagation length (Lspp) of 86 μm at 1.55 μm. Fig. 2(a)–(f) depict the norm of
the Poynting vector (|Pz|) along the direction of propagation in a side-view for different combinations
of VO and LO values. More specifically, Fig. 2(a), (b) and (c) show the norm of the Poynting vector
with a fixed LO of 500 nm for VO values of 0, 0.4 and 1 μm, respectively. The Poynting vector
plots that correspond to a fixed VO of 400 nm and LO values of 0, 0.5 and 1 μm are shown in
Fig. 2(d), (e) and (f), respectively. We note that even in the extreme cases where either the VO or
the LO reach 1 μm, the surface plasmon-mode on top of the gold stripe is still excited. We can also
observe that surface-plasmon modes beneath the gold stripe are not excited even in the case of
a VO of 0 nm (see Fig. 2(a)). The results obtained by a complete parametric analysis varying the
VO between 0–1 μm for a fixed LO value and then varying the LO between 0–1 μm for a fixed VO
value are shown in Fig. 2(g). 500 nm was used as the fixed LO value during VO parametric sweep
in order to account for available lithography alignment resolution and the VO was varied from 0 to
1 μm with a step size of 100 nm. Based on the simulations results shown in Fig. 2(g), a minimum
insertion loss of 2.2 dB at 1.55 μm was achieved for a VO of 400 nm. For VO values between 300
to 700 nm the insertion loss increases only by 0.3 dB. Keeping the VO fixed at lowest-loss value of
400 nm, the LO was varied between 0 to 1 μm with a step size of 100 nm in order to investigate
its impact on the insertion loss value. For LO values of 0 and 1 μm the insertion loss reached
2 dB and 2.9 dB at 1.55 μm, respectively, indicating that the proposed interface exhibits a quite
tolerant behavior to structural deviations in the range of a few hundred of nanometers around the
optimal values of both the VO and LO. The refractive indices used in the simulations for the Si3N4,
LTO, SiO2 and water at 1.55 μm were 1.996, 1.444, 1.444 and 1.311-0.0001348i, respectively [34],
[35]. During simulations we used the same refractive index value for both the LTO and the SiO2

layers. The complex refractive indices used for gold and Ti at 1.55 μm were 0.26-11i and 4.04-3.82i,
respectively [7], [35].
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Fig. 3. SEM images of the plasmo-photonic interface. (a) Cross-sectional view through the cavity (along
the red dashed curve) before the gold stripe deposition. The Si3N4 waveguide can be seen in the
center. The depth of the cavity is 1.36 μm. LTO, Si3N4 and SiO2 are etched in one process step.
(b) Top-view of the cavity wherein the 7 μm wide by 250 μm long gold stripe is recessed (c) and
(d) close-up top-view for the left and right hand side of the fabricated interface showing the actual
longitudinal offset, respectively.

3. Fabrication and Characterization
The waveguide technology is based on standard 6” silicon wafer substrates with 2.2 μm of ther-
mally grown SiO2 and 360 nm Si3N4 as waveguide layer. The Si3N4 layer was deposited in an
LPCVD-based process. Markers, waveguide structures and GCs were defined by optical projection
lithography with a CANON i-line stepper tool. Reactive-ion-etching (RIE) based on CHF3 and He
chemistry has been used for the structure transfer of the waveguides. Afterwards, 600 nm of SiO2

were deposited in a low temperature LPCVD furnace (LTO). A subsequent annealing process for
several hours at 1000 °C minimized hydrogen content and absorption of the LTO cladding to reduce
the waveguide propagation losses. In this way, the cladding becomes more condensed through the
annealing and does not store humidity later on. Following Si3N4 waveguide processing, the cavities
for the plasmonic material were defined by the i-line stepper tool and etched 1.36 μm deep through
LTO, Si3N4 and SiO2 as well by RIE with CHF3 and He chemistry. The minimum critical dimensions
achievable by the i-line stepper litho processes are 500 nm. Fig. 3(a) shows a cross-sectional
scanning-electron-microscope (SEM) image of the cavity before the gold stripe deposition.

This lithography approach enables high throughput fabrication for photonic integrated circuits by
using a step-and-repeat lithography system. Critical dimensions are matched to the resolution of
i-line stepper lithography, hence the mask costs are comparably low to Deep-Ultra-Violet (DUV)
stepper and phase shifter masks. The reproducibility and alignment of the projection lithography is
excellent and no charging of the dielectric layers as in electron beam lithography has to be taken into
account. The alignment from waveguide layer to cavities layer and also later to metal layer is more
crucial than the critical dimensions which are rather big. In the final fabrication stage, the metallic
plasmonic structures are deposited into the cavities by a lift-off process using e-beam lithography,
thermal evaporation of gold and lift-off dissolution in a standard remover bath. The target thickness
for gold was 100 nm. A 3 nm thick titanium layer was deposited by e-gun evaporation prior to gold
for an improved adhesion of gold on the sample. To achieve a good lift-off in the unusual condition
defined by the presence of the ∼1 μm deep recess, the thickness of the Polymethylmethacrylate
(PMMA) resist used for lithography was increased to 590 nm and the lithography exposure dose
increased accordingly to 300 μC/cm2 at 20 keV. In the lithography step, alignment was based on
the recognition of the markers that were previously created in the silicon nitride layer covered with
LTO. Fig. 3(b) illustrates a top-view of a test structure of a plasmonic waveguide interfaced at its
both facets with respective Si3N4 waveguides. SEM inspection revealed that the actual values for
the LO were larger than the originally targeted 500 nm, as shown in the close-up view of the left
and right-side interfaces in Fig. 3(c) and (d), respectively.

Fig. 4(a) depicts the developed test structures for the characterization of the proposed interface.
These test structures included: a reference structure comprising a 1 cm long straight Si3N4 wave-
guide with two 100 μm long linear tapers in the middle, interconnected to each other via 1 μm long
and 7.5 μm wide waveguide. The interface test structures accommodate 7 μm wide gold stripes
with variable gold length (20, 100, 150 and 250 μm) for cut-back measurements, with the metallic
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Fig. 4. (a) Mask layout depicting the developed test structures for the characterization of the proposed
interface. The targeted LO for all the interface test structures is 500 nm. (b) Fiber-to-Fiber loss budget
for the measured test structures (c) Propagation loss of the plasmonic mode as function of wavelength
in water. Inset shows a drop of water on top of the sample. (d) Experimental and theoretical results for
the insertion loss of the proposed interface, per single transition, as a function of wavelength.

stripe being deposited in a 50 μm wide cavity, as shown in Fig. 4(a). Measurements were carried
out by sweeping the wavelength of a tunable laser source from 1.5 μm to 1.58 μm and by using
a polarization controller for ensuring the coupling of TM-polarized light into the Si3N4 waveguides.
Fig. 4(b) shows the fiber-to-fiber (FtF) loss budget for the characterized test structures as a function
of wavelength. The propagation losses of the plasmonic mode in water were measured for wave-
lengths ranging from 1.5 μm to 1.58 μm with a step of 5 nm, performing least-squares linear fitting
on the FtF loss budget data of the interface test structures with increasing gold length. Fig. 4(c)
shows the plasmonic propagation loss in water as a function of wavelength, revealing 0.058 dB/μm
losses at 1.55 μm that correspond to an Lspp of 75 μm, close to the theoretically predicted value of
86 μm. The error bars correspond to the standard deviation deduced from the linear fitting process.
The inset of Fig. 4(c) depicts a drop of water on top of the sample. To calculate the insertion loss of
the proposed photonic-to-plasmonic interface per single transition, the FtF losses of the reference
Si3N4 waveguide structure were subtracted from the intercept values obtained by this linear fitting
process and the resulting loss value was divided by a factor of two. The experimental insertion loss,
per single transition, derived from this calibration process is depicted by the blue scatter points
with the error bars in Fig. 4(d), showing a value of 2.3 ± 0.3 dB at 1.55 μm. Fig. 4(d) shows also
the numerical results obtained from broadband simulations for a single transition, when using LO
values between the photonic and plasmonic waveguides identical to the values that were finally
employed in the fabricated samples via SEM inspection. Broadband simulations were performed
taking into account the dispersive properties of the considered metals, revealing interface losses of
2.3 dB for LO = 575 nm and 2.8 dB for LO = 850 nm that yield an average loss value of 2.55 dB
at 1550 nm, being close to the experimentally measured data.

Following the good agreement between theory and experiment for the butt-coupled interface
and the plasmonic propagation losses in aqueous environment, the accumulated phase change
per refractive index unit has been calculated theoretically over a propagation distance equal to
an Lspp length of 86 μm. This investigation provides an insight into the potential of this plasmo-
photonic waveguide platform in biochemical sensing applications when deployed in interferometric
arrangements. By using the commercial-grade simulator eigenmode solver of Lumerical Solutions
software [36], a refractive index change of �n = 0.01 was introduced to the overlying water and
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the numerical results revealed a plasmonic mode at 1.55 μm with an effective index neff of 1.327,
increased by �neff = 0.01 compared to its initial value with unperturbed aqueous solution. Using
this �neff value, the accumulated phase change over a length of Lspp is calculated to be 1.13π for a
�n = 10−2, which translates into 113π/RIU/Lspp or, alternatively, into 1.25π/RIU/μm, with typical
experimental phase change sensitivity values of photonic sensing waveguides hardly exceeding
0.27π/RIU/μm [19] even when more sensitive photonic slot configurations, instead of evanescent
wave photonic sensing waveguides, are used.

4. Conclusion
We have demonstrated, for the first time to the best of our knowledge, a butt-coupled interface be-
tween Si3N4 silicon nitride waveguides and gold-based plasmonic stripes in aqueous environment
reporting an experimentally measured insertion loss of 2.3 ± 0.3 dB at 1.55 μm per singe transi-
tion, with an Lspp of 75 μm. Good agreement between theoretically predicted and experimentally
measured values is obtained, with numerical analysis revealing also a ±200 nm VO tolerance for
an excessive loss of only 0.7 dB and an insertion loss difference of 0.9 dB within a LO range of
0–1 μm. This suggests a high potential towards a fabrication-tolerant co-integrated plasmo-photonic
waveguide platform that can be eventually employed in biochemical sensing applications.
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