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Abstract: This article describes the first demonstration of ring resonators
based on vertica multiple-slot silicon nitride waveguides. The design,
fabrication and measurement of multiple-slot waveguide ring resonators
with several coupling distances and ring radii (70 pm, 90 um and 110 pm)
have been carried out for TE and TM polarizations at the wavelength of
1.3 um. Quality factors of 6,100 and 16,000 have been achieved for TE and
TM polarization, respectively.
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1. Introduction

Inrib [1] and strip [2] waveguides, light is predominantly guided in the high index material.
The light thus has little interaction with the surrounding medium. This is a drawback for
biosensing applications where small index variations of the surrounding medium are
monitored. Slot waveguides present an interesting alternative [3]. In such awaveguide, light is
confined in a low index slot region sandwiched between two high index rails. Due to the
discontinuity of the electric field at the interface between the rails and slot, a significant
fraction of the electromagnetic field is localized in the slot.

Thanks to the high index contrast of the silicon/silicon oxide system, it has been
extensively applied to highly integrated optical circuits and high Q-factor resonators have
been obtained [4]. However, for silicon slot waveguides operating in the near infrared the slot
needs to be narrower than 100 nm which makes fabrication difficult. A way to meet the
fabrication constraints and to reduce propagation loss, is to use horizontal slot waveguides
[5,6]. Alternatively, one can relax the fabrication tolerances by using silicon nitride instead of
silicon to reduce the refractive index contrast. In this configuration, the slot can be enlarged
up to 200 nm [7] which furthermore facilitates sample transport inside the slot for biosensing
applications [8]. Recently, vertical multiple-slot structures have been studied [9-11]. In a
multiple-slot structure, further enhancement of the optical confinement in the low index slot
regionsis possible[6,10,11].

In this paper, we experimentally demonstrate the first vertical multiple-slot waveguide
using a silicon nitride / silicon oxide platform at a wavelength of about 1.3 um for both quasi-
TE and quasi-TM light polarizations.

2. Design and fabrication

A schematic cross-sectional view of the studied multiple-slot waveguide is depicted in
Fig. 1(a). It consists of a silicon substrate, a silicon oxide bottom cladding layer, a 300 nm
thick silicon nitride layer, and a silicon oxide top cladding layer. A triple slot structure is
chosen for this study.
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Fig. 1. (8) A schematic cross-section of the multiple-slot waveguide surrounded by silicon
oxide top and bottom claddings. The slot and rail widths are both 200 nm and the silicon nitride
waveguide height is 300 nm. (b) Calculated electric field distribution of the quasi-TE mode
(Ey) and (c) of the quasi-TM mode (H,) at a wavelength of 1.3 um. The refractive indices of
silicon nitride and silicon oxide are 2.00 and 1.45, respectively.
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First, ssimulations were done to find waveguide dimensions yielding single mode
propagation at a wavelength of 1.3 um for both quasi-TE and quasi-TM polarizations. Fixing
the rail height at 300 nm, this condition is obtained for slot and rail widths of 200 nm. All
simulations have been carried out using the film mode matching method (FMM) [11]. Figure
1(b) and 1(c) report the electric and magnetic fields of TE and TM polarizations, respectively.
We notice that for the TE polarization, the E, field is confined in the low index slot regions.
While for the TM mode, the H, field is localized in the middle of the multiple-slot waveguide
and mainly in the high index material.

The fraction of the optical mode power flux that propagates in the 3 dots (not including
other parts of the cladding) is estimated to be about 18 % and 14% for TE and TM
polarizations, respectively. In comparison, for a vertical single slot waveguide this fraction is
only 11% and 6.5% for TE and TM polarizations, respectively. Higher fractions are
achievable by using materials with greater index contrast. For single slot waveguides in
silicon/silicon oxide, power fractions of 30% have been reported [3], but applying our fraction
definition yields, 22% is obtained for that particular structure. A power fraction of 56% was
reported for atriple sot silicon/silicon oxide waveguide [6].

For sensing applications, one aims for a large effective index variation for a small
refractive index variation of the top cladding. Figure 2 presents the normalized effective index
variation (Ang Ings ) as a function of the top cladding-layer refractive index changes (Anga)
for the three 300nm high structures: (i) a 900nm wide strip waveguide, (ii) a single-slot
waveguide [7] and (iii) the multiple-slot waveguide.
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Fig. 2. A comparison of the effective index change as a function of the variation of the
refractive index of the top cladding (from 1.45 to 1.46) at a wavelength of 1.3 um for a 900 nm
wide strip waveguide, a single-slot waveguide and the multiple-slot waveguide. Refractive
indices of silicaand silicon nitride are 1.45 and 1.95, respectively.

One notices an improvement of the effective index variation using multiple-slot
waveguide of about 20% and 60% in comparison with single slot waveguide and strip
waveguide, respectively. This clearly demonstrates the suitability of the multiple-slot structure
for sensing purposes.

The waveguides were fabricated using the following process: First, a 5 pm thick bottom
silicon oxide cladding was thermally grown at 1100°C on a 4" silicon wafer. A 300 nm thick
silicon nitride film was then deposited by low pressure chemical vapor deposition (LPCVD) at
800°C from NH;3 and SiH,Cl, precursors. A hard mask was patterned by electron beam
lithography of PMMA (Raith 150 system), followed by chromium evaporation and lift-off.
The waveguide pattern was then transferred to the nitride layer by dry etching in a He/CF,
plasma. Finally, the guides were covered by a 1 um thick silicon dioxide top cladding by
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TEOS LPCVD a 720°C. Based on previous work with single slot waveguides of the same
aspect ratio [ 7], we expect asmall void in the top cladding filling at the top of the slot.

Theradius R of thering resonatorsis varied from 70 um to 110 um and several gaps d are
tested. Scanning electron microcope (SEM) images of a ring resonator based on multiple-slot
waveguides is shown in fig. 3(b) and 3(c).

(@)

(b)
Fig. 3. (d) A schematic top view of the ring resonator based on multiple-slot waveguides. (b)

and (c) Scanning electron microscope (SEM) images of a silicon nitride multiple-slot
waveguide ring resonator before silicon oxide top cladding deposition.

3. Results and discussion

The ring resonators were characterized using a tunable laser (Tunics Plus) at a wavelength of
1.3um. A linearly polarized light beam was coupled into the input waveguide using a
polarization maintaining lensed optical fiber. Light was then recorded by a photodiode as a
function of the wavelength for both polarizations. Figure 4(a) and (c) show the transmission
spectra from 1240 nm to 1340 nm for both TE and TM polarizations of a 90 um radius
multiple-siot waveguide ring resonator. Figure 4(b) and 3(d) report the normalized
transmission of one of the resonances for both TE and TM polarizations a a wavelength of
about 1250 nm. The gap d is 500 nm. The extinctions at resonance are larger than 6 dB and
about 10 dB for the TE and TM polarizations, respectively.

The free spectral ranges (FSR) and the measured group indices (ng(4)) given by Eq. (1) at
around 1275 nm are summarized in Tab. 1.

% )
Ny (4) 27 -(FR)-R

The obtained group indices vary from 1.613 to 1.633 for TE polarization and vary from
1.623 to 1637 for TM polarization. The simulated group indices obtained using FMM method
[12] and taking into account the curvature of the waveguide are 1.616 and 1.631 for TE and
TM polarizations, respectively. The simulations show no meaningful variation of the group
index for the three radii considered. One notices for both TE and TM polarizations, a good
agreement between experimental and theoretical group indices that indicates a well
concordance between simulated and fabricated structures.
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Resonators are also characterized by their quality factor, which is given by Eq. (2):

- )
AZ’—3dB
where A/, isthe full bandwidth at half maximum of the dropped power and A is the
resonance wavelength.
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Fig. 4. Measured normalized transmission (solid line) of a 90 um radius multiple-slot
waveguide ring resonator for quasi-TE (a, b) and quasi-TM (c, d) polarizations. The dashed
line (b, d) presentsthe Lorentzian fitting for both polarizations. The gap d is 500 nm.

The optical power transmitted (1) through the bus waveguide is given by [13]:

a’+t?—2at cos(¢)
I, =1, ) (3)

1+a’t*—2atcos(g)
where 1y is the incident optical power, t the field transmission coefficient,
27 Ng (27R)
¢=T

index of the guided mode, a= e “™ the attenuation of the field for a roundtrip and ¢ the
loss coefficient of the ring waveguide.

the phase shift for a roundtrip along the resonator, Ny the effective
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Table 1. The mean FSR and the measured group indices around 1275 nm of multiple-slot ring resonators with 70 um,
90 pm, and 110 pm radii. The estimated uncertainty of group index is of 0.2.

Measured
FSR (nm) group index

TE - -
R=70pum

™ 2.277+0.006 | 1.62+0.2

TE 1.782+0.006 | 1.61+0.2
R=90pum

™ 1.756+0.006 | 1.64+0.2

TE 1.440+0.006 | 1.63+0.2
R =110 um

™ 1.443+0.006 | 1.63+0.2

For TE-polarization, the maximum measured Q-factors, determined by Eq. 1, are 6,100
for a 90 um radius ring resonator with a gap of 400 nm and 6,300 for a 110 um radius
resonators with a gap of 500 nm. For TM-polarization, the measured Q-factors reach ~11,500
and ~16,000 for 90 um (gap=400nm) and 110 pum (gap=600 nm) radius resonators,
respectively.

For both TE and TM polarizations, one determines by fitting experimental results by Eq.
3, the total loss in the ring resonator. This obtained loss corresponds to the propagation loss
due to sidewall roughness and to the bend loss. The losses estimated in this way are of about
28 dB/cm (R=90um) and 16 dB/cm (R=110pm) for both TE and TM polarizations,
respectively. These rather high losses are mainly due to the sidewall roughness and few breaks
due to stitching problems.

4. Conclusion

We have experimentally demonstrated ring resonator devices based on vertical multiple-slot
silicon nitride waveguides for both TE and TM polarizations. High Q-factors have been
obtained with such aring resonator. Indeed, Q-factors as high as 6,100 and 16,000 have been
achieved for TE and TM polarizations, respectively. Furthermore, arelatively good agreement
between theoretical and experimental group indices is noticeable which indicates that the light
is localized inside the dlot for TE-polarization and on the silicon nitride rails for TM-
polarization.
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