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In this research, we demonstrate a high-sensitivity integrated silicon nitride long period grating (LPG) refrac-
tometer based on a rib waveguide with sinusoidally modulated width. While integrated LPG architectures typ-
ically achieve ultrahigh sensitivity only over a narrow optical bandwidth using a phase-matching turning-point
optimization technique, our sensor exhibits a very high refractometric sensitivity that was designed to remain
constant over a broad operational optical spectral bandwidth. The proposed design method relies on multi-modal
dispersion tailoring that consists of homogenizing the spectral behaviors of both group and effective indices of the
coupling modes. Experimental results are in agreement with numerical simulations, demonstrating not only a
sensitivity reaching 11,500 nm/RIU but, more significantly, also that this sensitivity remains almost constant over
a broad spectral range of at least 100 nm around 1550 nm. Additional advantages of the proposed sensor archi-
tecture encompass a low temperature sensitivity, down to -0.15 nm/K, and simplicity of the fabrication process.
These results demonstrate the feasibility of chip-scale photonic integration to achieve both high sensitivity and
© 2022 Chinese Laser Press

large dynamic range of the proposed refractometer.
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1. INTRODUCTION

Since their invention, refractometers have emerged as critical
metrological tools extensively employed in industry for a broad
range of applications, from chemical analysis [1] to temperature
and strain sensing [2]. Refractometry-based sensors allow the
estimation of the targeted physical or chemical parameter of
interest via the optical measurement of its corresponding refrac-
tive index (RI). The inherent high versatility achievable among
the wide variety of optical transducers contributes to driving
research on refractometers toward increasingly higher sensitiv-
ities, resolution, and linearity. As the fundamental basis of
many optical sensing solutions, refractometry has also been re-
cently investigated for device implementation on the integrated
photonic platform as a pathway to potentially achieve even
higher performances while reducing the system’s footprint
[3]. Integrated silicon-based photonic sensors intrinsically ben-
efit from major features such as electromagnetic immunity,
compactness, and miniaturization, as well as their high flexibil-
ity of design [4]. These characteristics thus render the CMOS-
compatible platform very attractive for high performance
sensing schemes that require high resolution and precision
while being cost effective. Integrated refractometers could be
typically classified into five different categories: waveguide
interferometers [5], resonators [6], photonic crystals [7], plas-
monic devices [8], and diffraction gratings [9].
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Long period gratings (LPGs) form a sub-family of the gra-
ting-based group. They consist of structures that operate on the
exchange of energy between two or more co-propagative optical
modes. This coupling is allowed by a periodic exchange of en-
ergy when the grating period and propagated wavelength satisfy
a resonance condition. LPGs have been mainly investigated as
fiber-based sensors because they allow optical energy to interact
with the external environment by coupling a buried core mode
to a leaking cladding mode [10] exposed to the external
medium [11]. Any modification of the RI in the external
environment results in a shift of a resonance wavelength.
Their simplicity of fabrication using fiber tapering, irradiation,
corrugation, inscription, or arc discharge has also rendered
them attractive for mass fabrication. Moreover, LPGs have re-
cently been subject to increasing interest for implementation in
integrated photonics [12—16] due to their very high sensitivity
potential, small footprints, and specific features that can be ex-
ploited on a design-flexible platform. In fact, when compared
to typical interferometers or resonators, which exhibit periodic
spectral patterns [17], LPGs offer the particular ability to create
a localized spectral response while having similar performance
potential. Obtaining such localized patterns is particularly ad-
vantageous, as it greatly facilitates the tracking of the LPG’s
spectral signature in highly sensitive refractometers.
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In this work, we propose an integrated refractometric sensor
operating on a long period waveguide grating (LPWG) imple-
mented on a planar rib waveguide whose core width is sinus-
oidally modulated. Contrary to other optimization methods
that generally improve the local sensitivity performance only
around a narrow range of a few nanometers [14,18], we aim
to show here that sensitivity can be uniformly enhanced over
a broader spectrum by following certain design guidelines. This
is performed on our structure by tailoring the effective indices
of the coupled modes while simultaneously tuning the mode
coupling strength. In Section 2, the LPWG sensing scheme
is theoretically discussed and explained, and the design optimi-
zation method exploiting effective index (EI) tailoring is next
described for sensitivity performance enhancement. In
Section 3, the proposed architecture is detailed and modeled
using modal analysis and eigenmode expansion (EME). The
fabrication and characterization processes are then described
in Section 4. Experimental results from optical refractometric
measurements are subsequently presented and discussed in
Section 5.

2. OPERATING PRINCIPLES

A. Long Period Grating Theory

LPGs are waveguide-based structures that employ periodic
modulation to enable energy exchange between co-propagative
optical modes. As each mode possesses a specific propagation
constant and behavior, LPGs are designed to selectively couple
modes at resonance wavelengths, as described by the phase-
matching condition [19]

Ares
Aneff,i,j(lres) ~ 5 > (1)

where Aneg ;j = Negr i = Mefrj» Mesr, and g, are Els of coupling
modes 7 and j, respectively, Q is the grating period, and A, is
the resonance wavelength to achieve maximum coupling. For
spectral features to appear around the resonance in the LPG’s
transmission spectrum, sufficient coupling strength and grating
length are necessary to enable continuous coupling during the
propagation of the injected mode. As described by the coupled
mode theory [20] through numerous accepted LPG models,
the continuous exchange of energy between modes around the
resonance is periodic with respect to the LPG propagation
length. Furthermore, when configured for specific sensor
setups, this grating length has to be specifically set to enable
complete mode coupling at resonance, so that energy is fully
transferred between coupled modes. The coupling speed
depends mainly on the coupling coefficients [20], which have
previously been demonstrated to be mainly dependent on the
optical field’s modal superposition across the modulated area as
well as on the modulation amplitude [15].

B. Long Period Grating as Refractometer

Perturbation of the optical system typically occurs through the
interaction of the evanescent field of a mode with the target
analyte, which results in modification of the propagation con-
stants of the mode as a function of RI variation. As defined by
Eq. (1), the central wavelength of the resonance /. largely de-
pends on the EI difference of the coupling modes. Changes of
LPG responses can subsequently occur by performing mode
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coupling to a perturbed optical mode. LPGs have mainly been
implemented in fiber platforms for their capacity in unburying
inner core fields and inducing interaction with an external
medium to be sensed. Fiber LPG refractometers rely on the cou-
pling between the fundamental core mode and a cladding mode;
while the core mode’s EI is relatively insensitive to external
influence, selected cladding modes can, on the other hand, in-
teract substantially with the external medium perturbation. The
waveguide sensitivity of mode 7, I';, which represents sensitivity
of the effective Rl to the cladding index in evanescent optical
waveguide sensors [21], can be expressed as

()ne i
L (2 nege.)s 2

Li(4, negr,i) =
nSCnS

where 7., is the RI of the sensed region. I'; should not be con-
fused with the sensed region’s modal field overlap ratio, especially
in high RI contrast waveguides [21]. Nevertheless, since I'; ex-
hibits substantial correlation with the percentage of optical fields
in the sensing region in most cases, it can thus be used as a tool to
estimate the waveguide sensitivity.

Generally, LPG sensing systems rely on a wavelength inter-
rogation technique. The sensitivity S of the LPG is measured
as spectral shifts of the resonance pattern per RI unit (RIU) of
the sensed medium. Hence, the sensitivity equation can be cal-
culated from Eq. (1) by applying a first-order Taylor series ex-
pansion [22], with respect to 4 and 7, as detailed in
Ref. [14], to result in

AT, (2)

Ang ;i (4)

with AT';; = T';(4) -T;(4) and An,;; = n,; - n,j, where n,,;
denotes the modal group index (GI) of mode 7, which can be
expressed as 71,; = nqg,; - Ad'gjf’" [23].

Two sensitivity improvement techniques have been previ-
ously employed in the design of integrated LPGs, namely, mo-
dal interaction optimization [12,15] and phase-matching
turning-point (PMTP) optimization [14]. Modal interaction
optimization relies on maximizing the sensing region’s influ-
ence on the difference AI';; of the two coupling modes, while
PMTP aims to minimize the GI difference A, ; ;, thus signifi-
cantly increasing spectral sensitivity, as illustrated by Eq. (3). In
fact, by appropriately setting the grating period for coupling
around the wavelength range of interest using Eq. (1), the sen-
sitivity can be simplified into

S(Arirj) & AT;5(2) - Q- 7(2), (4)

S(ij) = 4 3

where y is known as the waveguide dispersion factor, defined as
[22,24]

_ Aneg Jiof (4)

. 5
Ang,i)j(/l) ©®)

r()
Here, y locally becomes infinite around the PMTP, whose as-
sociated wavelength can be obtained by solving Az, ;;(1) = 0,
as illustrated in Fig. 1(a).

Optimization is typically performed by displacing the
PMTP near the wavelength of interest using GI tuning to in-
crease the y contribution to overall spectral sensitivity. In prac-
tice, this is equivalent to engineering the chromatic dispersion
of coupling modes to counteract or balance the difference
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Fig. 1. Illustration of spectral sensitivity optimization behavior. (a),
(), () Different propagation constant spectral profiles and (b), (d),
(f) subsequent expected sensitivity behavior versus wavelength.

between the Els of coupling modes within the spectral window
of interest. A notable problem with PMTP optimization is that
the sensitivity enhancement significantly drops as the resonance
shifts away from the PMTP, as illustrated in Fig. 1(b), thereby
considerably reducing the RI sensing range. This is due to the
high chromatic dispersion difference between modes that
causes An, ; ; to greatly vary with 4, thus causing the sensitivity
to collapse.

To circumvent this issue, we propose in this research an-
other method based on the tailoring of the coupling modes
so that the coupled modes’ chromatic dispersion behaviors
and Els could be brought as close as possible. This should result
in a sensitivity improvement similar to the PMTP method,
with the additional characteristic of the resulting sensitivity re-
sponse remaining almost constant over a much wider wave-
length measurement range, as illustrated in Figs. 1(e) and 1(f).
In this case, y becomes nearly constant and close to one, and the
sensitivity enhancement is mainly derived from the extended
grating period Q that is needed for coupling modes with close
Els, as shown in Eq. (1).

In addition to the sensitivity, the full-width at half-
maximum (FWHM) can be utilized for comparing refracto-
metric schemes, as it can provide insight on the resolution
achievable in tracking both the induced resonance location and
shift, thus accounting for the sensor performance. FWHM can
be estimated as follows [25]:

0.8

FWHM(,.,) ¥ ———— 6
( reS) Lopt : Ang,i,j(j'res) ( )
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where Ly is the optimal LPG length for which full coupling is
obtained at A.,. Shaping of the spectral widths of the LPGs’
resonance patterns can thus be performed by engineering
the grating profile, coupling parameters, and grating length.

C. Proposed Structure

The proposed structure consists of a partially covered silicon
nitride (SiN) hybrid rib—strip waveguide of RI ngy = 1.97
whose core width is modulated to form an LPG as illustrated
in Fig. 2. SiN on silicon oxide technology is chosen for its sim-
plicity of fabrication and patterning, and for its relatively low
index contrast in comparison with silicon on insulator (SOI),
which facilitates modal tailoring. Also, rib waveguides possess
significant advantages when employed for the design of
LPWGs. As previously reported in Ref. [13], tailoring of the
rib etch dimensions can enable the structure to support a fun-
damental mode confined within the waveguide core region to-
gether with higher-order modes spread out over the slab region.
The optical fields of the propagating fundamental HE1 mode
and the higher-order odd slab mode HE7 are simulated and
plotted in Fig. 3. As the optical fields of both core and slab
modes are partially overlapping in the modulated region, the
field product integral at the modulated interface is non-null
for odd modes. This is necessary to enable energy coupling be-
tween modes near A,., during mode propagation, as previously
illustrated in Ref. [15]. Moreover, since the optical profiles of
the coupling modes are principally confined in the same
material, two major features that can be exploited for sensing
can be expected. First, as will be shown in Section 3.C, an in-
trinsic property of the rib structure is that it can support modes
whose Els and GIs can potentially be induced to be very close
and to behave similarly over a broad wavelength range, thus
favoring our optimization scheme. Second, since the LPG res-
onance relies on a differential mechanism as described by
Eq. (1), both modes are expected to be almost equally affected
by temperature or material dispersion due to their co-propaga-
tion in the same material: the structure is inherently less prone
to temperature cross talk [13,26], and material dispersion can
be neglected in the simulated models. In addition, the wave-
guide grating modulation is designed to be continuous along
the core section width, which further reduces propagative losses
due to optical leakage that would otherwise occur in typical
binary-etched gratings, as shown in Ref. [14]. It further facil-
itates the theoretical analysis of mode coupling via coupling
local mode theory [20], which is exact only in the case of

Fig.2. Illustration of the implemented rib waveguide LPG structure
with sinusoidally modulated width.
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Fig. 3. Simulated mode profiles for a rib LPWG: HE1 (top) and HE7 (bottom).

“slowly varying waveguide approximations,” thereby allowing
to accurately model the LPWG for optimization purposes,
as demonstrated in Ref. [15]. Nevertheless, converting our si-
nusoidally modulated LPWG to a binary one remains possible.
The last particularity of our structure is that the core region is
partially covered by silicon oxide (SiO,), thus attenuating the
sensitivity of the fundamental mode in the core to perturba-
tions in the sensing region while the slab modes, on the con-
trary, substantially interact with this region. The SiO, layer is
efficiently implemented during the fabrication process by using
a specific resist without requiring any supplementary process
step, as will be detailed in the next section.

3. DESIGN OPTIMIZATION AND LPWG
ARCHITECTURE

A standard 400 nm SiN core thickness, /., has been chosen
to facilitate optical injection into the photonic chip via grating
couplers as well as for relatively unconstrained fundamental
mode propagation. Further, as illustrated in Fig. 4, the remain-
ing rib waveguide parameters, such as slab thickness, Ay,
which depends on the etch depth ¢, core width w,., and slab

1 Weore l:l Nair=1
l:l nsio2=1.45
0.5
—_ - nsisne=1.97
£ hslab
2 o0
N t hcore
-0.5
A
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y (km)
Fig. 4. LPG cross-sectional profile.

width wy,,, have been optimized with respect to the following
guidelines.

1. The Els of the core and slab modes must be in very close
proximity to induce high sensitivity and significantly extend the
measurement range.

2. The modal interaction with the external region must be
as strong as possible for the slab modes and almost null for the
core mode.

3. The overlapping of the modal fields at the modulated
interface must be tuned for coupling rate optimization [15,20].

4. The difference in chromatic dispersion between the
two coupling modes is small in the spectral region of
interrogation.

The following subsections describe the LPWG structural
parameters that are chosen. In this research, we employ
Lumerical’s mode solver to simulate the rib LPWG [27] for
which the mesh resolution has been set at 1 nm in the core region
and surrounding interfaces. Note that both metal and perfectly
matched layer boundary conditions lead to identical results, as
they are positioned sufficiently far from the waveguide.

A. SiO, Strip

As previously described, AI';; can be increased by controlling
the optical field overlap of the respective coupling modes to the
sensing region. This is performed by minimizing the optical
leakage of the fundamental mode into the sensing region while
enabling slab modes to expand in the external environment. To
minimize the core mode sensitivity to the sensing region
g1 (4), a strip of SiO; is deposited on top of the core region.
Here, 'y, as evaluated by simulation, has been lowered to
~0.02. Additionally, as described in more detail in Section 4,
during the fabrication process, the SiO, strip can also be ad-
vantageously used as the mask for patterning the modulated
waveguide, thereby reducing further the required number of
process steps. A minimum strip thickness of 0.5 pm is deter-
mined to be sufficient to prevent additional leakage.
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B. Slab Thickness

We observe that the etch depth, ¢, appears to be the most in-
fluential parameter on the LPWG behavior. As the slab region
becomes thinner, the slab mode’s evanescent field expands into
the cladding and substrate regions. It first enhances the sensed
region’s influence on the propagation constants of the slab
modes by increasing I'(,pmodes Decause a higher proportion
of the modal field now interacts with the sensed region.
However, if e is too small, the fundamental mode will no longer
be confined in the core region and will, instead, start leaking
horizontally into the slab region, thereby increasing I' o ermode-
Second, ¢ is the main contributor to the EI difference between
the slab—core modes, where stronger vertical confinement will
cause the Els of the slab modes to further decrease. Since they
are already inherently lower than that of the core mode, it
would result in a lower LPG spectral sensitivity. Last, ¢ also
significantly influences the LPG’s coupling strength since the
latter depends on the modulated area (which, in turn, is propor-
tional to ¢) [15,20]. Figure 5 shows the influence of ¢ on both
Aneg g, 1e, and Alyg, g, . As a trade-off among I coeffi-
cients, Els, and coupling coefficient optimization, the slab
thickness A, is chosen to be 365 nm.

C. Slab Width

Mode calculations suggest that the Els of slab modes tend to
increase and approach the EI of the fundamental mode with
increasing slab width (wy,;,). However, since large wy,, will also
spread the slab’s mode field, the electric field superposition at
the modulated interface will tend to decrease, thereby reducing
the amplitude of the coupling coefficient and, consequently,
increasing the required sensor length. A 30 pm wide slab is
found to be a good compromise to enable full optical coupling
to the first slab modes over a millimeter-scale propagation
length. Figure 6 illustrates the simulated propagation constant
Els and GIs of modes HE1 and HE7, respectively, in the NIR
spectral band (from ~1.3 to 1.8 pm). It can be observed that
the coupling modes’ Els behave very similarly so that Az, ;;
and Ang ;; are relatively small and constant over a large wave-
length band, similar to Figs. 1(e) and 1(f). These suggest that
both very high sensitivites up to S; = 10,000 nm/RIU [as

0.11
-0.02 1€ Jo4
[
= -0.03F 009
Q - o
= L
b 008 I
T -0.04F s
Q
=
40.07
-0.05F 0.065
40.06

20 30 40 50 60 70 80 90 100
Slab etch depth (nm)

Fig. 5. Coupling modes’ EI difference and waveguide sensitivity I"
difference versus slab etch depth with wgy, = 30 pm and w,. =
1.65 pm at 1550 nm. Ecch depth is set at ¢ = 35 nm and Ay, =
365 nm. Dashed lines: chosen etch depth and corresponding Ang
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Fig. 6. Simulated effective and group indices of modes HE1 and
HE7 showing similar dispersion with ¢ = 35 nm, w,,. = 1.65 pm,
and wy,, = 30 pm.

demonstrated by Eq. (3)] at a relatively constant level over
the entire C-band could simultaneously be attained.

D. Core Width

The core width is found to have little effect on the Els of both
core and slab modes when tuned between 1 and 3 pm.
Nevertheless, two criteria have to be taken into account for
the proper design of the LPWG. First, single mode propagation
within the core region has to be ensured to minimize I'¢yemode
and maximize [y, 0des- Second, the core width also determines
the geometrical location of the modulated interfaces on the slab
surface. This parameter has to be optimized to obtain a specific
modal field superposition for a particular coupling strength to
be achieved. Furthermore, as demonstrated by Egs. (3) and (6),
the FWHM of the resonance can be determined with Z,, and
the propagation constants. Hence, to facilitate experimental
measurements, an FWHM lower than or equal to 25 nm
has been estimated as the maximum measurable FWHM per-
missible to accurately observe the coupling spectra for different
external indices, as our apparatus’ measurement spectral win-
dow is only approximately 100 nm wide. Figure 7 illustrates
the influence of the core width on the main coupling strength
parameter, [, Eyg - Eygr dz, which can further be used to es-
timate the expected coupling length for a given modulation am-
plitude of 0.15 pm, for example, as previously demonstrated in
Ref. [15]. The average width of the core, w,,, is set to 1.65 pm
to achieve a 25 nm wide spectral dip with full mode coupling,
corresponding to a grating length of 7.5 mm.

E. LPWG Period and Length

As described by Eq. (1), when the Els of the coupling modes are
closer, the LPWG period greatly increases. To couple the HE1
and HE7 modes around 1550 nm, whose Els are found to be,
respectively, 1.693 and 1.673, the period has to be set to
~77.5 pm. Here, EME is employed as an efficient technique
to model mode propagative periodic structures [28], as previ-
ously demonstrated in Ref. [15]. In this work, one single period
of the LPWG architecture is first sliced into 20 partitions along
the propagation axis. The modes and field overlaps are then
calculated for each local cross section. Subsequently, after a
numerical reconstruction of the LPWG profile along the
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propagation axis, the continuous optical coupling in the
LPWG over the propagation length is calculated with succes-
sive optical energy distribution by superposition of the scatter-
ing matrices. Figure 8 plots the simulated output spectra for
different grating lengths, illustrating a simulated coupling
length very similar to the calculated length. The model dem-
onstrates a 25 nm FWHM that can be obtained over 100 peri-
ods, which is similar to the designed grating length of 7.5 mm.

4. FABRICATION

A. Layout

To facilitate optical injection into the photonic chip, standard
grating couplers are used, as they enable easy characterization of
the optical structures [4]. Fundamental mode coupling in the
rib waveguide is then performed using 50 pm long strip—rib
tapers at both ends of the LPWG [29]. Since fabrication de-
faults due to both variations of material RIs and geometrical
dimensions of the patterned waveguides, and also high sensi-
tivity (§; > 10,000 nm/RIU), are expected, several LPWGs
of slightly different periods are fabricated to optimize the
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chances to obtain the coupling resonance within our measure-
ment spectral range. Figure 9 illustrates the layout of the fab-
ricated photonic chip, including LPWGs and grating couplers
that have been designed.

B. Process

As illustrated in Fig. 10, a SiO, layer of approximately 2 pm
thickness is first deposited on a pre-cleaned Si wafer by plasma-
enhanced chemical vapor deposition (PECVD). A 400 nm
thick SiN core layer is next deposited on top of the SiO, film,
also by PECVD. The index of this core is measured by ellips-
ometry to be 7.y, ~ 1.97. The SiO, top strip is then fabricated
using electron-sensitive hydrogen silsesquioxane resist (HSQ),
whose constitution is found to be very similar to SiO, after
curing, with an RI of 1.37 [30]. Moreover, the resist is also
used as the etching protective layer for patterning the core
waveguide and grating couplers. Subsequently, electron-sensi-
tive MaN2405 resin is deposited by spin coating, followed
by an Electra92 resin layer used for electronic charge dissipation
during electron-beam lithography with a RAITH150 E-beam
writer. This lithography step is used to pattern the slab region
of the waveguide. The main E-beam exposure parameters,
namely, acceleration voltage, beam current, step size, and dose,
are respectively 20 kV, 37 pA, 10 nm, and 112 pC/cm? for
MaN2405 resist, and 30 kV, 325 pA, 10 nm, and
375 pC/cm? for HSQ. After the resist development, the
SiN layer (thickness ~400 nm) is etched using reactive ion
etching (RIE) to obtain grating couplers and slab waveguides
that are fully delineated. The remaining MalN2405 resist is re-
moved using pirhana solution followed by plasma O, cleaning
without affecting the SiO, strip generated from HSQ or the
unetched SiN layer. Finally, a 35 nm etch is performed on
the slab region of the rib waveguide using the SiO, strip as the
layer mask. This particular process has two advantages: (i) the
core and grating mask layer are also used as the protective strip
of the core region to enhance sensitivity, and (ii) the fully
etched grating couplers and partially etched rib-waveguide core
region are patterned with the same mask, thereby reducing

2mm

Fig. 9. Layout of the designed photonic chip showing (a) strip—rib
converter, (b) LPWG, and (c) grating coupler.
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Fig. 11. SEM pictures of photonic circuit components: (a) strip—rib
converter; (b) grating coupler, (c) LPWG section, and (d) minor mis-
alignment between strip and rib waveguides shown here at the begin-
ning of the tapering region for the sake of clarity.
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Fig. 12. [Illustration of the experimental photonic characterization setup.

possible mismatch during the strip—rib fundamental mode con-
version.

C. Structure Characterization

The rib LPWGs are first physically characterized using a
scanning electron microscope (SEM) as seen in Fig. 11(d).
A transverse shift of 600 nm is observed on the second pat-
terned layer. This 600 nm off-alignment is reintroduced into
the simulation model and found to cause a minor resonance
shift of ~20 nm with ~3% sensitivity variation.

5. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup for optical characterization consists of a
Santec TSL550 tunable laser source, a fiber array mounted on a
motorized linear stage driven by a dedicated LabVIEW pro-
gram, and an optical powermeter, as illustrated in Fig. 12. The
injection and recovery of the interrogating light into the pho-
tonic circuit is obtained by positioning the fiber array on top
of a chip-integrated grating coupler pair. The injected laser
wavelength is next scanned over the spectral region of interrog-
ation from which the transmission spectrum is then measured.
The transmission spectra of the LPWGs are obtained after de-
embedding the transmitted signal to isolate both the LPWG’s
and tapers’ spectral contributions from those of the grating cou-
plers, tunable laser output, and lead-in/lead-out waveguides. It
is first observed during optical characterization of the LPWGs
that the background loss of ~7 dB, which includes contribu-
tion from each taper, is slightly lower for rib waveguides relative
to a control sample based on strip waveguides. This can be
attributed to the overall reduction of the sidewall surface area
in the rib waveguides, which alleviates the roughness-induced
refraction losses during optical propagation.

B. Sensitivity
Commercially available liquids of calibrated Rls from Cargill
are employed and mixed into different proportions to simulate
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indices varying between 1.33 and 1.35 RIUs. These Rls are first
measured using a commercial Hanna HI 96801 refractometer
with a resolution of 0.2 mRIU. The optical liquids are then
deposited on top of the chip to induce RI variations in the
LPWG resonance, which is subsequently tracked over a spectral
window of 100 nm. Resonance features observed during the
optical characterization of an LPWG with a 77.5 pm period,
as shown in Fig. 13, exhibit a 3 dB bandwith of 25 nm and an
extinction ratio of 10—12 dB, which are very similar to the si-
mulated values. Figure 14 plots the simulated and experimental
resonance wavelength of the LPWG against the analyte’s R,
from which the sensitivity calculated as the slope can be ex-
tracted. Here, the experimentally measured sensitivity is esti-
mated to be §;~ 11,500 nm/RIU and highly stable over
100 nm (limited by the SANTEC TSL550 measurement
range), in good agreement with the simulated value.

Table 1 summarizes the sensitivities and specific properties
of our proposed structure in comparison with previously
reported fabricated LPWGs. Other LPWG designs based on
waveguide sensitivity enhancement [12,16] or the PMTP op-
timization technique [14] exhibit either limited sensitivity en-
hancement or measurement range, respectively. On the other
hand, our proposed sensor demonstrates ultrahigh sensitivity
that, more significantly, is found to remain constant over a
broad measurement range.

C. Temperature Dependence

To study the influence of temperature on our structure, the
thermo-optic coefficients of SiN and SiO, are first determined
to be 2.45 x 107* RIU/K and 9.5 x 10~ RIU/K, respectively
[31]. These are then introduced into our simulation model
from which a very low temperature sensitivity of 150 pm/K
is obtained. This low value is to be expected since the coupled
modes travel in the same materials and are thus subject to the
same influence. To experimentally study the temperature sen-
sitivity of our sensor, the temperature of the laser mount is
tuned using a Thorlabs thermo-electric cooler (TEC) with a
0.02°C precision. Nevertheless, it is impossible here to directly
measure the temperature sensitivity of the sensor in free space
(i.e., without an external “cladding” medium), as the mode res-
onance would then not fall within the limits of the target spec-
tral range around 1550 nm. To correctly measure this
sensitivity without exceeding the spectral limits, a calibrated
RI liquid with a pre-characterized temperature dependence
is applied on the LPWG surface. The resonance wavelength
shift due to the liquid’s RI variation induced by the temperature

Table 1. Comparison with Other Fabricated LPWGs
LPG Length Measured Sensitivity FWHM Period
References Material Structure Type (um) (nm/RIU) (nm) (um)
[16] Silicon nitride Polymer waveguide coupling 1000 240-900 5 10
[13] BK-7 glass Rib waveguide 1915 240 3 180
[12] Silicon nitride Strip—slot waveguide 2000 1970 7 15.1
coupling

[14] Silicon Asymmetric strip waveguide 1500 5078 20-30 7.8
Our work Silicon nitride Rib waveguide 7750 11,500 25 77.5
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variation is finally subtracted from the combined total reso-
nance shift (from both the RI liquid and LPWG sensor) to
obtain the intrinsic temperature dependence of the LPWG
structure (Figs. 15 and 16). The measured temperature sensi-
tivity is found to corroborate the simulated value, which pre-
dicts a low intrinsic LPWG temperature dependence of
~150 pm/K.

6. CONCLUSION

Integrated refractometers are under intense investigation as the
current state of the art in nano-fabrication lends unprecedented
flexibility in the design of wavelength-scale complex photonic
structures. In this paper, we proposed a novelty integration of
a structure typically implemented on fiber platforms, i.e., the
LPG. Indeed, alongside interferometers, LPWGs are photonic
structures that benefit most from current advances in wave-
guide manufacturing technology [32], as their performance
ultimately scales to the propagation length. However, unlike
high-sensitivity interferometers for which the analysis of their
spectral shift is complicated by the output spectral periodicity,
LPWGs, on the other hand, which present localized spectral

patterns, are promising candidates for constructing ultrahigh
performance refractometers. The proposed structure, consisting
of a rib-waveguide LPG, has been designed, fabricated, and
characterized. A very high sensitivity of §; & 11,500 nm/RIU
together with a figure of merit (FOM = S,;/FWHM) of approx-
imately 400 has been measured over a wide spectral window of
100 nm, in agreement with theoretically calculated and simu-
lated values. This design has been found to demonstrate the
efficiency of EI tuning and could, additionally, be further com-
bined with other methods to potentially increase the sensitivity
to values hitherto unmatched on the integrated platform. In this
work, we also demonstrated the significant design capabilities of
rib LPWGs, which exhibited critical features such as minimal
temperature cross talk and simplicity of fabrication. Finally,
an ongoing study further suggests that certain types of similar
waveguides can possess inherent dispersive behaviors that allow
their sensitivity to be multiplied by one to two orders without
any reduction in sensitivity stability over the entire measurement
range. Results from our new study shall be published in a
future paper.
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