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Abstract

Silicon photonic index sensors have received significant attention for label-free bio and gas-sensing applications,
offering cost-effective and scalable solutions. Here, we introduce an ultra-compact silicon photonic refractive index
sensor that leverages zero-crosstalk singularity responses enabled by subwavelength gratings. The subwavelength
gratings are precisely engineered to achieve an anisotropic perturbation-led zero-crosstalk, resulting in a single trans-
mission dip singularity in the spectrum that is independent of device length. The sensor is optimized for the trans-
verse magnetic mode operation, where the subwavelength gratings are arranged perpendicular to the propagation
direction to support a leaky-like mode and maximize the evanescent field interaction with the analyte space. Experi-
mental results demonstrate a high wavelength sensitivity of =410 nm/RIU and an intensity sensitivity of 395 dB/RIU,
with a compact device footprint of approximately 82.8 um?. Distinct from other resonant and interferometric sensors,

our approach provides an FSR-free single-dip spectral response on a small device footprint, overcoming common
challenges faced by traditional sensors, such as signal/phase ambiguity, sensitivity fading, limited detection range,
and the necessity for large device footprints. This makes our sensor ideal for simplified intensity interrogation. The
proposed sensor holds promise for a range of on-chip refractive index sensing applications, from gas to biochemical
detection, representing a significant step towards efficient and miniaturized photonic sensing solutions.

Keywords Silicon photonics, Refractive index sensor, Subwavelength grating, Metamaterials

1 Introduction

Silicon photonics has emerged as a transformative tech-
nology for various optical applications, ranging from
optical communication [1, 2], AI [3], quantum technol-
ogy [4], and imaging system [5], leveraging the well-
established CMOS foundry’s cost-effective and scalable
production capabilities. While diverse sensing mecha-
nisms exist involving light and nanostructures [6-8], sili-
con photonic approach is notable due to its small mode
volume and tailorable evanescent wave interactions with
variations in the cladding environment [9-24]. Silicon
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photonic refractive index (RI) sensors are particularly
well-suited for label-free biosensing, offering a cost-
effective and portable platform for point-of-care and
lab-on-a-chip diagnostic tools [9, 10]. Various RI sensor
configurations have been developed, typically based on
interferometric or resonant structures, including Mach—
Zehnder interferometer (MZI) [11-13], ring-resonator
[14-17], cascaded MZI-ring [18-20], Bragg grating [21,
22], and photonic crystal (PhC) [23, 24]. Each scheme
has strengths and limitations depending on its sensing
mechanisms.

Interferometric sensors like MZI, for example, gener-
ally utilize cladding index variation to cause a phase shift
that can be translated into either a wavelength shift or
intensity variation. However, due to their sinusoidal spec-
tral response, they suffer from ambiguous phase estima-
tion and sensitivity fading near the maxima and minima
[25, 26]. Solutions like phase modulation can address
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these issues [27, 28], but add complexity to the sensor
architecture and cost. Moreover, MZI arms tend to be
long to ensure sufficient interaction with analytes, leading
to increased device footprints. On the other hand, reso-
nant sensors like ring resonators translate cladding index
variation to the resonant wavelength shift. These sensors
can offer promising multiplexing capabilities with a large
array of bioassays, which have even been commercial-
ized by Genalyte Inc. [29, 30], but their need for expen-
sive tunable lasers and their limited detection range due
to finite free spectral range (FSR) pose challenges [31].
Another sensing scheme is a directional coupler (DC),
which uses evanescent wave interaction to transfer opti-
cal power between closely spaced waveguides. They have
a simple architecture and potential for intensity interro-
gation with a fixed wavelength and enhanced sensitivity.
However, typical strip waveguides require a large device
length to convert the cladding index difference-induced
phase change into the output intensity variation [32, 33],
and directional ambiguity can arise in calibrating the RI
sensors, making them difficult to use in practice [34].
Recently, subwavelength grating (SWG) metamateri-
als have been widely used for silicon photonic RI sen-
sors due to their ability to control the effective index of a
waveguide. By engineering the filling fractions of SWGs,
one can reduce the effective index of the guided mode,
reducing the modal confinement and expanding the eva-
nescent field into the analyte space, which could lead to
a higher sensitivity. SWGs have been applied in various
sensing schemes, including ring-resonators [35, 36], PhC
[37, 38], Bragg [39] and bimodal waveguide [40] configu-
rations. SWGs also exhibit highly anisotropic properties
that can be used to engineer the skin depth and reduce
crosstalk between closely spaced coupled waveguides [41,
42]. When two or more waveguides are coupled, SWGs
can also be engineered to achieve zero-crosstalk at a spe-
cific parameter condition, utilizing anisotropic perturba-
tion via SWGs [42, 43]. The coupled SWG waveguides
scheme looks similar to a DC, but the zero crosstalk sin-
gularity is opposite to the directional coupling, having
zero-crosstalk instead of complete power transfer. Since
the zero-crosstalk condition is sensitive to the geometric
parameters, it is intrinsically narrowband and sensitive to
a local environment like the upper cladding index. Com-
pared to other interferometric approaches like MZI, ring-
resonator, and DC, the zero-crosstalk singularity exhibits
a single transmission dip in the spectrum, free from the
detection range limit due to nearby transmission dips.
Furthermore, since the zero-crosstalk response is based
on waveguide modal perturbation, it is independent
of device length, while a DC response is significantly
dependent on the device’s length [44]. This can elimi-
nate the drawbacks of DC-based RI sensors, such as the
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large footprint and directional ambiguity, while retaining
their advantages of simplicity, fixed wavelength intensity
interrogation, and high sensitivity. The zero-crosstalk
response can be achieved with either TE or TM modes,
but for sensing applications, the TM zero-crosstalk
response should be ideal since it has an extended eva-
nescent field overlap with a sensing analyte, potentially
achieving a higher sensitivity than the TE case.

In this paper, we introduce a silicon photonic RI sensor
based on a coupled SWG waveguide scheme that utilizes
an anisotropic perturbation-led zero-crosstalk response.
We optimized the SWG waveguides for zero-crosstalk
singularity with TM mode, which enables a single trans-
mission dip. The SWGs are arranged perpendicular to
the propagation direction, reducing the field confine-
ment and having a large evanescent field gradient toward
the sensing space. The single spectral response allows
wavelength interrogation, circumventing the ambigu-
ity issue that arises in typical MZI, ring-resonator, and
DC-based sensors. The tangential nature of the spectral
response allows an easier intensity interrogation scheme
for a large RI range at a fixed wavelength, thus rendering
this sensor architecture suitable for both wavelength and
intensity sensing. Due to its FSR-free spectral response,
the detection range is not limited by nearby FSRs but
by the wavelength tuning range (i.e., in our setup, tun-
able laser source). Experimental investigations were
conducted to characterize the device sensitivity and sys-
tem limit of detection for both wavelength and intensity
interrogations. Real-time sensing experiments were also
conducted where a power change was detected as the
cladding index gradually changed.

2 Design and principle

Figure 1 illustrates the schematic of the proposed RI sen-
sor, comprising two coupled waveguides with SWGs in
the cladding. The SWGs are arrayed in the propagation
direction of the waveguide (z-axis), as shown in (a) per-
spective and (b) top views. The device is designed on a
220 nm thick silicon-on-insulator (SOI) platform, which
is readily manufacturable with widely available fabrica-
tion processes. The geometric parameters are indicated
in Fig. 1b: waveguide width w, SWG width wgy,, gap
between waveguide and SWG g, and periodicity of the
SWG A. The black arrow indicates the power input (/in)
to one of the waveguides, while the yellow and red arrows
show the output powers in the through port (/1) and in
the coupled port (Ic), respectively. In the proposed RI
sensor, sensing is achieved by monitoring the crosstalk
spectrum changes at the coupled port due to index varia-
tions in cladding.
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Fig. 1 Schematic of the SWG-assisted zero-crosstalk Rl sensor:

a perspective, b top view. The blue and grey indicate Si core

and SiO; cladding, respectively. The black, yellow, and red arrows
indicate the input, through, and coupled ports, respectively. Typical
parameters are A = 100 nm, p = 0.5,w = 500 nm, Wsy,g = 500 nm,
and g = 65 nm, unless otherwise specified

2.1 Zero-crosstalk with the coupled SWG waveguides

To design and analyze the coupled SWG waveguides for
achieving zero-crosstalk singularity, we employed effec-
tive medium theory (EMT) to model an anisotropic
SWG metamaterials with permittivities &, = &y = ¢ and
&, = ¢ followed by [45],

g = pé&si + (1 — p)éclad (1a)
L= ESi€clad 1b
PEclad + (1 — p)es; (1b)

where eg; and e,q are the permittivities of Si and clad-
ding, respectively, and p is the filling fraction of silicon
(Si) in the cladding.

Figure 2a shows the cross-sections of the coupled SWG
waveguides with cladding index ng,q = 1.33, assuming
water. Figure 2b is a similar schematic of the coupled
strip waveguides without SWG cladding for compari-
son. The geometric parameters are the same as described
in Fig. 1, and the values of periodicity A, fill fraction p,
and gap g are chosen based on the feature size, which
can be reliably achieved by the e-beam lithography and
the subsequent etching process. Figure 2c and d show
the numerically simulated (Lumerical Mode solver) elec-
tric field components Re[Ey], Re[Ey], and Im[E,] of the
coupled symmetric and anti-symmetric modes for TM
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Fig. 2 Modal characteristics of the coupled SWG waveguides

with the zero-crosstalk singularity. Schematic cross-sections

of the coupled a SWG and b strip waveguides. Electric field profiles
of the coupled ¢ SWG and d strip waveguides: (i-iii) symmetric (sym)
and (iv-vi) anti-symmetric (anti-sym) modes. e Simulated effective
indices of the coupled symmetric (ns, blue) and anti-symmetric (n,,
orange) modes for SWG (solid line) and strip (dashed line) waveguide
configurations. The TM modes are examined in both configurations.
Note the index crossing point (ns = na) for the SWG case (indicated
by arrow). f The corresponding normalized coupling lengths (Lc /o)
for SWG (blue solid) and strip (orange dashed) waveguides. The
arrow indicated the same index crossing point, i.e,, the zero-crosstalk
singularity where the coupling length goes to infinity Lc & oo.
Geometric parameters are h = 220 nm,w = 500 nm, and g = 65nm.
The free space wavelength is 4o = 1550 nm, and the cladding index
is Nelad = 1.33

polarization: (c) SWG and (d) strip waveguides. The fields
in the SWG claddings experience leaky-like oscillations
and exhibit non-negligible field components Ex and E,
[43]. These non-negligible field components are due to
the quasi-nature of the TM mode, whose Ey and E, com-
ponents are enhanced due to the anisotropic nature of
SWGs, critical to achieving the zero crosstalk. The leaky-
like oscillations in the SWG cladding and the enhanced
fields at the gap region can increase the device’s sensitiv-
ity, which will be discussed later.

Figure 2e shows the simulated effective refractive
indices of symmetric (ns, blue) and anti-symmetric (#,,
orange) modes. The solid and dashed lines indicate the
coupled SWG and strip waveguides, respectively, as a
function of the SWG wy, that is proportional to the sep-
aration distance between the two waveguide channels.
The free space wavelength is 1o = 1550 nm, and the TM
polarization is examined. Based on the simulated #s and
n,, we can extract the coupling length L., which is the
length required to transfer power from one waveguide
to another. In the case of DC, the total device length L
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needs to be matched with this coupling length for an
optimal power transfer, but in our case, it is not required
since we are utilizing the zero-crosstalk response that is
free from the device length L. Here, we quantify this L.
for examining the degree of crosstalk, not for coupling
length matching. The normalized coupling length L./4o
can be calculated by the index difference An between #;
and n,, and can be expressed as [42]

L. 1 1
- = = - (2)
Jo  2|An| 2 |ns— n,l

The coupling length is a good indicator for quantifying
the degree of crosstalk for the given coupled modes, as
it is independent of the actual device length. Note that,
in Fig. 2e, the indices ns and n, of the coupled SWG
waveguides cross at a certain Wswg ~ 525 nm, achieving
the index difference An = 0 (solid lines in Fig. 2e). From
Eq. (2), this corresponds to the infinitely long coupling
length, i.e., Lo/ A9 =00 as clearly shown in Fig. 2f. On the
other hand, for the strip waveguide case, ns is always
higher than #, (i.e., ns > n,), having finite coupling length
L./20 < 100 that is trivial in typical DCs (dashed lines in
Fig. 2e). The crosstalk or output power ratio between the
coupled (Ic) and through (/1) ports can be expressed as
[42],

. Ic 5 [ WL
Power ratio = — = tan . 3)
It 2L,

According to Eq. (3), at the point where ns = n, (ie.,
L./ Ay = 00), the coupled and through port power ratio
approaches zero (Ic/It = 0), thus labeled as zero power
(ZP) point onwards. Again, we are utilizing the ZP point
for sensing, which is distinctive from generic DCs that
require L = L. condition for max power transfer. In our
ZP point, L. goes to infinity only with cross-sectional
parameters, thus achieving it independent of the device
length. In other words, we can choose a device length less
than the coupling length to generate a spectral dip in the
transmission spectrum of the RI sensor.

2.2 Design optimization for 3D scheme

We then optimized the structures with practical param-
eters to demonstrate the proposed coupled SWGs-based
sensing scheme. It should be noted that all the numerical
analyses in the previous section were performed using the
effective medium theory, which provides a good insight
but would have slight variations in geometric parameters
in practice. For the optimization, we used 3D Floquet
modal simulation in COMSOL. Figure 3a shows the top
view of the simulation domain, where Floquet boundary
conditions were imposed on both the top and bottom
along the propagation direction. Floquet periodicity was
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Fig. 3 Design optimization with 3D Floquet modal simulations.

a Top view of the simulation domain. The structure is periodically

repeated in the propagation direction (z-axis) with Floquet boundary

conditions. Geometric parameters are setas A = 100 nm, p = 0.5,

w = 500 nm, wsyg = 500 nm, and g = 65nm. b Mode profiles

of the simulated symmetric and anti-symmetric modes. ¢ Simulated

normalized coupling length L. /4 for different cladding indices

for SWG (solid) and strip (dashed circle): ngjag =1.30 (blue), 1.31

(red), 1.32 (yellow), and 1.33 (purple). d Corresponding power ratio

for the device length of L = 30 um

1585

set by defining the wavevector as k, = 2w n.g// where
neg is the effective index of the coupled TMy modes. Sub-
sequently, we determined their eigenfrequencies through
numerical simulations. This process was repeated while
tracking the coupled TMg symmetric and anti-symmetric
modes (Fig. 3b). After tracking the ng and #n, of the prac-
tical SWG scheme in Fig. 3a, we calculated the coupling
length L. using Eq. (2). The solid lines in Fig. 3¢ show
simulated normalized coupling length L./ 4¢ as a function
of the wavelength. Different colors represent different
cladding indices: n,=1.30 (blue), 1.31 (red), 1.32 (yellow),
and 1.33 (purple). Then the expected output power ratio
Ic/IT can be calculated using Eq. (3). Figure 3d shows
the corresponding simulated power ratios for each clad-
ding index n.. Here, the physical device length is set to
L = 30 um, considering L < L. In Fig. 3c and d, circle-
dashed lines represent the case of conventional strip
waveguides without SWGs, and different colors indicate
each cladding index. These four circle-dashed lines are
indistinguishable, as noted in the previous section, due
to the negligible change in An = (n; — n,) despite the
variations in #g and ng themselves. However, for the cou-
pled SWG cases (solid lines), the results in Fig. 3c and d
clearly demonstrate the shift of the ZP wavelength as the
cladding index changes.
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2.3 Sensitivity enhancement with SWG

The effect of SWGs on sensor performance was analyzed
by calculating the device sensitivity S. The S represents
the rate of change of the ZP wavelength with respect to
the cladding index change. By utilizing Eq. (2) and tak-
ing a small cladding index variation dn. to ZP wavelength
[46],

94 3Lc/on.
T 9ne 9L/dA

_ —2 dng  0ng
T (15 — 1) — M(dng/d) — dma/32) (8nc B anc>‘

(4)
Then, the magnitude of device sensitivity |S| can be rep-
resented by

[AS |
IS| =4 ,
| Ang] ®)

where ASy, is the modal sensitivity difference, defined by
ASm = Ssym — Santi = g% — g%, and Ang is the group
index difference between symmetric and anti-symmetric
modes, Ang = n;ym — ngmi. Note that the device sensitiv-
ity S is contingent upon the modal sensitivities (Ssym and
Santi) and group index difference Ang. The modal sen-
sitivity is defined as the change in the effective index of
the mode in response to the cladding index change and is
directly related to the fraction of the electric field inten-
sity in the cladding [47, 48]. The external confinement
factor I'¢joq, which signifies the fraction of electric field
intensity in the cladding, is where the optical mode inter-
acts with the sensing analyte volume and can be defined

as [47, 48],

s — I jad |EI? dx dy dz
e [f] |E?dxdydz

(6)

Figure 4a shows the simulated external confine-
ment factor from the 3D Floquet modal simulations. A
non-coupled single waveguide configuration is exam-
ined with (solid blue) and without (dashed orange)
SWG cladding. For calculating the I'¢j,q, we used Eq. (6)
while defining the water index region as a cladding. For
the geometric parameters, the SWG width is varied for
Wswg = 400 — 600 nm while fixing the other parameters
the same as in Fig. 3. It is clearly shown that the exter-
nal confinement factor of the SWG waveguide is higher
than that of the conventional strip waveguide, suggest-
ing a higher RI sensitivity with the SWG configuration.
This higher external confinement factor with the SWG
waveguide is due to lower field confinement in the core,
having leaky mode-like field oscillations in the SWG
claddings [43].
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Fig. 4 Sensitivity analysis of the coupled SWG and strip waveguides.
a External confinement factor in the cladding (I'¢jag) for a single
waveguide with SWG claddings (blue) and single strip waveguide
(orange). Simulated b Modal sensitivity difference |ASm|and ¢ Group
index difference between the symmetric and anti-symmetric modes
(| Ang)). d Calculated device sensitivity |S| (nm/RIU) of the coupled
SWG (blue) and strip (orange) configurations using Eq. (5).
Geometric parameters are setas A = 100 nm, p = 0.5, w = 500 nm,
and g = 65 nm. The free space wavelength is o = 1550 nm

The modal sensitivities of our device were accessed by
calculating dng/0n. for cladding index changes from 1.30
to 1.34. As noted in Eq. (5), the magnitude of device sen-
sitivity |S| is proportional to the difference in modal sen-
sitivities between symmetric and anti-symmetric modes
(e, |ASm| = |Ssym — Santil = 10n5/0n; — 0ng/0n|) and
is inversely proportional to the group index difference
(ie., |Ang| = |n§ym - n‘gmﬁ|). For this, we first simulated
the modal sensitivities and group indices of both sym-
metric and anti-symmetric modes (see supplementary
S1). We then calculated the modal sensitivity difference
|ASm|and the group index difference | Angl, as a function
of wswg shown in Fig. 4b and c, respectively. Using these
data, we determined the total device sensitivity |S|. The
modal sensitivity difference |[ASy| for SWG is approxi-
mately four times higher than that of the strip case
(Fig. 4b), evidently due to the higher external confine-
ment factor with SWGs. However, for the group index
difference, both remain comparably scaled, leading to |S|
primarily being dominated by the modal sensitivity dif-
ference (the group index difference of SWG is slightly
higher than that of the strip). This is more directly shown
from the calculated device sensitivity in Fig. 4d. Our cal-
culations suggest that the SWG-based device has a spec-
tral sensitivity of around 290 nm/RIU, i.e., substantially
surpassing the sensitivity of traditional strip-based DC
configuration (approximately 90 nm/RIU compared at
Wswg = 500 nm case).
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Fig. 5 Experimental demonstration of Rl sensing in coupled SWG waveguides. a Experimental characterization setup with optical image and SEM
image of the device b Measured power ratio of the strip (dashed circle) and SWG (solid) waveguides for Rl sensing with the cladding liquid indices
1.30 (blue), 1.31 (red), 1.32 (yellow), and 1.33 (purple). ¢ Map plot of the transmission spectra for cladding index changes from 1.30 to 1.35. The
dashed black line indicates the wavelength at 2 = 1575 nm for e. d Spectral dip shift and e) Power ariation at the fixed wavelength of A = 1575 nm,
while varying the cladding indices from 1.3 to 1.35. The blue circles indicate measured values, and the orange dashed lines are their linear fits. The
characterized spectral and intensity sensitivities are approximately —410 £ 0.5 nm/RIU and 395 =+ 1.9 dB/RIU, respectively

3 Experimental results and discussion

3.1 Fabrication and characterization

After optimizing the structure, we fabricated the devices
on a 220 nm thick SOI wafer with a 2 pm SiO; box. Elec-
tron beam lithography (JEOL system with 100 keV) was
used to pattern the HSQ (Hydrogen silsesquioxane)
resist, followed by etching with Cly/O gas.

Figure 5a illustrates the experimental setup designed to
evaluate the sensing performance of our devices. Arrows
coming in and out of the optical image of the device in
Fig. 5a represent the power input (/in) and output (/T and
Ic) ports. We employed grating couplers for fiber-to-chip
couplings, specifically designed for TMy mode excita-
tion with a 15-degree angle-polished optical fiber array.
The SWG structures were extended and bent to facilitate
the adiabatic modal transition from the strip to the SWG
region [42, 43]. The SEM image on the right shows the
zoomed-in coupling region, detailing our devices with
the SWG structures.

For spectral response measurement, we utilized a tun-
able laser source (TLS) (Keysight 81608A). The input

light’s polarization was controlled using a manual fiber
polarization controller (PC). The out-coupled signals
were sent to a multichannel optical power meter (PM)
(Keysight N7744A), which simultaneously measured the
powers in the through and coupled ports, denoted as It
and Ic, respectively. The power ratio spectra measured
in this system can be used for calculating coupling length
using Eq. (3). To ascertain device sensitivity, we applied
standard refractive index liquids from Cargille labs to
the cladding area of the device. These liquids were care-
fully applied to the device’s cladding area to ensure com-
plete coverage, as shown in the top optical image of the
experimental setup in Fig. 5a. Figure 5b shows the experi-
mentally measured power-ratio spectra in response to
cladding index changes from 1.30 to 1.33. Each color
denotes different cladding indices, as previously shown
in Fig. 3d. As expected from Fig. 3d, an evident blue
shift in the spectral dip is observed as the cladding index
increases. The degree of shift is slightly larger than our
numerical findings, a deviation possibly attributed to
fabrication imperfections affecting the filling fraction in



Ahmed et al. Nano Convergence (2024) 11:39

5

0 .
- IPA
i%i — 0% —2.5% — 5%
2 -20
o
o
3
a -40
1558 1563 1568
A (nm)

Page 7 of 10

—~
O
N

N
o

" 5%

0% 2.5%

N

Power ratio (a.u.)
- (&)

o
)

100 150 200
Time (sec.)

0 50

Fig. 6 Real-time sensing with different IPA concentrations in DI water. a Spectral responses when IPA concentrations are 0% (blue), 2.5% (orange),
and 5% (yellow). b Time-domain response evolution. Red arrows indicate the dropping points. The output power ratio variations are recorded
as the droplets are being added: light blue, grey, and pink area denotes 0%, 2.5%, and 5% IPA concentrations, respectively

our realized SWGs compared to simulations. It is note-
worthy that the periodicity of our SWGs is 100 nm, and
5 nm errors can induce a 5% change in the filling frac-
tion. A reduced Si filling fraction could enhance the clad-
ding index’s impact on the spectral shift, as explained in
supplementary S2. Figure 5c¢ shows the map plot of the
power ratio for all the cladding index changes from 1.3 to
1.35. The bright spots in this map plot indicate the posi-
tion of the zero power ratio point.

Utilizing these spectral results, we then characterized
the wavelength and power sensitivities. Figure 5d summa-
rizes the wavelengths of the ZP ratio point for each clad-
ding refractive index, representing wavelength sensitivity.
A linear fit denoted by the red dashed line estimates the
wavelength sensitivity of approximately —410 % 0.5 nm/
RIU. The negative sign represents the blue shift, with the
uncertainty based on one standard deviation. This nega-
tive sensitivity with the blue shift is also a unique spec-
tral characteristic of our zero-crosstalk-based sensor that
is opposite to most of the previous spectral responses.
The characterized sensitivity is slightly higher than the
numerical results in Section 2, probably due to less fill-
ing fraction of SWG during the fabrication process (see
Supplementary Fig. S2). The map plot in Fig. 5¢ also illus-
trates the power ratio shift for each wavelength, which is
valuable for intensity sensing. For example, by fixing the
wavelength at 4 = 1575 nm (along the black dashed line
in Fig. 5c), we could plot the power ratio across cladding
index changes, as shown in Fig. 5e. The linear fit (orange
dashed line) yields a power sensitivity of approximately
395 £+ 1.9 dB/RIU. It is worth noting that this sensitivity
should be significantly higher near the zero-ratio wave-
length, as explained in Supplementary S3.

3.2 Real-time intensity sensing

For an ideal RI sensor, the capability for real-time moni-
toring is essential. Intensity sensing in real-time is par-
ticularly attractive since it eliminates the need for a
tunable laser source. To assess the suitability of our
scheme for real-time RI sensing, we used DI water mixed
with different concentrations of IPA (Isopropyl Alcohol)
solutions instead of refractive index liquids. These solu-
tions are expected to change the water refractive index at
a rate of ~0.0008 RIU/percent [48]. Following a similar
procedure as in Fig. 5, we first examined the power-ratio
spectra corresponding to each IPA concentration, shown
in Fig. 6a. The IPA concentrations were 0% (blue), 2.5%
(red), and 5.0% (yellow). Analogous to Fig. 5b, a clear blue
shift was observed with increasing the IPA concentra-
tion. By comparing these spectral results with Fig. 5d, the
refractive indices of 0%, 2.5%, and 5.0% IPA concentra-
tions can be estimated to be approximately 1.333, 1.335,
and 1.337, respectively.

Subsequently, we conducted real-time monitoring. We
fixed the input laser wavelength at 1565 nm and continu-
ously monitored the output power ratio while sequentially
adding different concentrations of IPAs (Fig. 6b). The ini-
tial measurement was taken with 0% IPA water, followed by
adding 2.5% and 5.0% IPA solutions at &~ 20 s and ~ 210 s,
respectively (as marked by the red arrows). For the sake of
simplicity, we dropped each subsequent IPA concentration
on top of the preceding one. This resulted in almost imme-
diate observable changes in the power level. The slight
irregularities in the signal are likely due to the fluctuating
refractive index profile near the waveguides, caused by the
diffusion and blending of liquids with different concentra-
tions. Employing a more meticulous and precise methodol-
ogy for sample handling, like using a microfluidic channel,
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Table 1 Summary of silicon photonic Rl sensors

Device Mechanism S (nm/RIU) FSR Intensity LOD Footprint F (pmz) S/F (nm/
sensitivity® RIU/

pm?)

MZI[18] Interference 2870 0.991 nm vV - 6.25 x 104 0.04

Bragg [21] Resonance 340 Limited v 3x1074 92 3.69

PhC [49] Resonance 340 Free v 278 %1074 1 38.90

PhC [37] Resonance 586 Free v 629%10~% 34 17.2

SWG Resonance 490 3.93 nm v 2%10-° 706 0.69

Ring [35]

SWG Resonance 440 125 nm v 390x10~4 314 14

Ring [50]

SWG Resonance 430 13 nm v 37%x104 424 1.01

Racetrack [36]

SWG Resonance 579 Limited v 106 228 2.53

Bragg [39]

SWG Interference 2270 20/60 nm vV - 175 12.9

Bimodal [40]

This work Zero crosstalk 410 Free VY 24x107% 82.8 4.95

Bold text highlights this work

S, Spectral sensitivity; FSR, Free-spectral range; MZI, Mach-Zehnder interferometer; SWG, Subwavelength grating; LOD, Limit of detection; PhC, Photonic crystal)

2Tick marks (v) indicate the relative strength of suitability to perform intensity sensing

could enhance the quality of the signal, yielding a clearer
and more sensitive temporal evolution.

3.3 System limit of detection

The system limit of detection (sLOD) determines the mini-
mum refractive index change measurable by the sensor.
This metric depends on the device’s sensitivity S and the
noise level of the detection system. The sLOD is given by
9, 12],

S. = /

where o represents the total system noise. To estimate
the total system noise, we repeated sampling of the sen-
sor’s spectrum. For wavelength sensing, we calculated
the standard deviation of the measured ZP-ratio wave-
length from 20 measurements (o; = 0.031 nm). Similarly,
we also calculated the power deviation in those 20 sam-
pling spectra and calculated the standard deviation of the
measured power (op = 0.068 dB). See supplementary S4
for further details on measuring o) and op. Then, using
the measured wavelength sensitivity of —410 nm/RIU, the
wavelength system limit of detection sLOD, was found to
be & 2.4 x 10~* RIU. Following the same procedure and
using the intensity sensitivity of 395 dB/RIU, the inten-
sity system limit of detection sLOD; was determined to
be~ 5.2 x 10~4RIU (at 2 = 1575 nm).

3.4 Performance comparison

Table 1 summarizes a comprehensive overview of high-
performance silicon photonic RI sensors, emphasizing
spectral sensitivity, their suitability for fixed wavelength
intensity sensing, and the sensor’s footprint. Given that
most literature mainly reports spectral sensitivity, a
direct intensity sensitivity comparison is challenging.
Thus, we have employed tick marks (v') to signify the
relative strengths of each sensor configuration in terms
of intensity sensitivity.

In terms of the spectral sensitivity S per footprint (nm/
RIU/um?) comparison, our device outperforms most of
the other devices except for the PhC [37, 49] and SWG
bimodal sensors [40]. Although PhC sensors are FSR-free
and require less footprint, their Lorentzian resonance
complicates intensity interrogation over a wide RI range
(similar to ring resonator sensors). Thus, in Table 1, a sin-
gle tick was given to this type in the suitability column of
intensity interrogation. For the MZI and SWG bimodal
sensors, sinusoidal responses favor intensity sensing, but
a limited FSR can restrict the detection range and intro-
duce potential ambiguity. Consequently, the MZI and
bimodal sensors are marked with double ticks. Here, our
SWG sensor distinguishes itself with an FSR-free opera-
tion, allowing for an extensive detection range, and its
tangential nature of the spectrum facilitates simple inten-
sity readings at fixed wavelengths, thus earning three
ticks in comparison to others. The sLOD of our device is
comparable to those reported ones, indicating its viability
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to perform sensitive sensing in both wavelength and
intensity schemes. It's worth mentioning that the pre-
cision of this sSLOD can be enhanced with more refined
sample handling methods, like microfluidic setup and
using balanced detection for intensity sensing. In com-
paring the sensing footprint, our device has the small-
est size among sensors capable of both wavelength and
intensity sensing.

4 Conclusion

In conclusion, we have successfully demonstrated an
ultracompact silicon photonic refractive index sensor uti-
lizing unique zero-crosstalk responses enabled by SWG
anisotropic metamaterials. We successfully designed
and achieved zero-crosstalk responses near telecom-
munication wavelengths, enabling both wavelength and
intensity interrogations. Our experimental results show
a wavelength sensitivity of —410 nm/RIU and an inten-
sity sensitivity of 395 dB/RIU. The designed device length
was set at 30 pm, resulting in a compact total footprint
of approximately 82.8 um? Our approach of incorporat-
ing SWG in the cladding region enhances external con-
finement factors, significantly increasing the device’s
sensitivity compared to traditional DC-based RI sensors.
The single-dip spectral response of our approach enables
ESR-free operation with a broad detection range, while
the tangential-shaped spectral response facilitates easy
mapping with refractive index variations. The simplicity
of our device architecture, combined with its high sensi-
tivity per unit area, makes it highly suitable for intensity
interrogation. Thus, our device holds great promise for
on-chip RI sensing applications, such as gas or biochemi-
cal sensing.

Abbreviations

RI Refractive index
SWG  Subwavelength grating
MZI Mach-Zehnder interferometer

PhC Photonic crystal
FSR Free spectral range

DC Directional coupler

Ne] Silicon-on-insulator

EMT  Effective medium theory
Si Silicon

ZP Zero power

HSQ  Hydrogen silsesquioxane
TLS Tunable laser source

PC Polarization controller
PM Power meter

IPA Isopropyl alcohol
sLOD  System limit of detection
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