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Abstract: Chemical and biological detection is now an indispensable task in many fields. On-chip
refractive index (RI) optical sensing is a good candidate for mass-scale, low-cost sensors with high
performance. While most literature works focus on enhancing the sensors’ sensitivity and detection
limit, other important parameters that determine the sensor’s yield, reliability, and cost-effectiveness
are usually overlooked. In this work, we present a comprehensive study of the different integrated
photonic platforms, namely silica, silicon nitride, and silicon. Our study aims to determine the best
platform for on-chip RI sensing, taking into consideration the different aspects affecting not only
the sensing performance of the sensor, but also the sensor’s reliability and effectiveness. The study
indicates the advantages and drawbacks of each platform, serving as a guideline for RI sensing design.
Modal analysis is used to determine the sensitivity of the waveguide to medium (analyte) index
change, temperature fluctuations, and process variations. The study shows that a silicon platform is
the best choice for high medium sensitivity and a small footprint. On the other hand, silica is the
best choice for a low-loss, low-noise, and fabrication-tolerant design. The silicon nitride platform is a
compromise of both. We then define a figure of merit (FOM) that includes the waveguide sensitivity
to the different variations, losses, and footprint to compare the different platforms. The defined FOM
shows that silicon is the best candidate for RI sensing. Finally, we compare the optical devices used
for RI sensing, interferometers, and resonators. Our analysis shows that resonator-based devices can
achieve much better sensing performance and detection range, due to their fine Lorentzian spectrum,
with a small footprint. Interferometer based-sensors allow engineering of the sensors’ performance
and can also be designed to minimize phase errors, such as temperature and fabrication variations,
by careful design of the interferometer waveguides. Our analysis and conclusions are also verified by
experimental data from other published work.

Keywords: photonic platforms; refractive index sensing; interferometers; resonators

1. Introduction

Chemical and biological detection have become indispensable tasks in many industries,
for instance, healthcare, medical diagnosis, environmental monitoring, food quality, and
industrial process control [1-3]. Chemical and bio-detection have been known about for
a long time, but old techniques required bulk equipment and long laboratory processes,
in addition to being expensive. Nowadays, with the increasing demand of detection in
many applications, these old techniques are no longer applicable. Hence, there is immense
need for compact, cost-effective, and rapid detection. Optical sensors are the best candidate
that can fulfill the current demand in chemical and biological detection. Optical sensors
offer many advantages compared to other sensing techniques, including high sensitivity,
wide dynamic range, and multiplexing capability [4-6]. In addition, on-chip optical sensors
that use mature and cost-effective technologies such as CMOS technology allow for robust,
low-cost, and mass-scale production.
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Optical sensors can be classified into two main groups: refractive index (RI) sensors
and absorption sensors. Rl sensors detect the real part of the refractive index n of the
sensing medium (analyte) [7-10]. A change in the real part of the medium index will
change the phase of the propagating optical signal, which is then transduced (through an
optical device) to a measurable change in either the intensity or the resonance wavelength
of the output optical signal. Absorption sensors detect the imaginary part of the refractive
index k of the sensing medium [11-14]. A change in the imaginary part will directly
change the intensity of the propagating optical signal. RI sensors are good candidates for
integrated on-chip optical sensing as they are well-suited to small-volume samples [5].
Small changes in 1 over short (micrometer) distances can lead to a large change in the phase
of the propagating wave, reaching very high sensitivities through different optical devices.
On the other hand, on-chip absorption-based optical sensors suffer from poor sensitivity
due to the small interaction length (micrometer to millimeter dimensions) [12].

There is a plethora of work conducted in regard to on-chip optical RI sensing and many
interesting review articles can be found in the literature [15-19]. On-chip RI sensing can
be classified into two main types; interferometer-based and resonance-based devices. The
Mach-Zehnder interferometer (MZI) is the most common format of interferometric sensing.
Young, Michelson, and bimodal interferometers are other formats of the interferometric
technique [20-22]. On the other hand, the micro-ring resonator (MRR) is the most widely
used format of resonant sensing. However, there is a large number of micro-resonator
structures, such as microdisk, microsphere, microtoroid, microbottle, and microtube res-
onators [23-26]. Many studies have also been conducted of RI sensing using plasmonic
and photonic crystal waveguides, whereas most of the research conducted on RI sensing is
based on conventional dielectric (strip, rib, or slot) waveguides. Many studies have also
been conducted using plasmonic and photonic crystal waveguides.

RI sensor performance is determined mainly by its sensitivity and limit of detection
(LoD) [18]. The sensitivity of an RI optical sensor is defined as S = Aq/Any,eq, the ratio
between the change in the detected (measured) optical quantity Aq, intensity, or wavelength
shift, and the change in the medium refractive index Any,e4. LoD is the smallest resolvable
index change Any,eq min that can be detected by the sensor. Although these are the main
parameters that determine the sensing performance, there are other important aspects that
determine the effectiveness, reliability, and yield of the sensor, for instance, the sensitivity
of the sensor to process variations and temperature variations. Although the actual design
may achieve exceptional performance, the effect of such variations could significantly
deteriorate this performance. Moreover, the sensor footprint is another important aspect
for low-cost on-chip sensors. Hence, when evaluating on-chip sensors, all these parameters
should be taken into consideration. The mentioned parameters, and hence the performance
of on-chip RI optical sensors, is determined by the design of the optical devices, as well
as the platform used to implement this design. In most cases, the same design can be
implemented on the different platforms. Hence, choosing a suitable platform for a specific
application has significant importance.

Today, many integrated photonic platforms are available. Silicon, silicon nitride, silica,
and III-V material-based platforms, such as indium phosphide (InP), are the main technolo-
gies for integrated photonic circuits [27-30]. Silicon and silicon nitride photonic platforms
are widespread photonic platforms due to their compatibility with the mature CMOS tech-
nology. Silicon photonics has been well-known for many decades now; however, silicon
nitride has recently emerged as it offers lower losses, better tolerance to process and tem-
perature variations, and a wider operating wavelength range compared to silicon [31-34].
CMOS compatibility offers a cost-effective and monolithic solution for sensors where both
optical and electrical devices can be implemented on a single chip, which results in a more
robust sensor and reduces packaging cost, whereas IlI-V-based technologies are still not
widely used for integrated photonics. Their cost is much higher when compared to other
platforms, and there is very limited number of foundries. Silica-based platforms, on the
other hand, are also a cost-effective platform that can provide acceptable performance, and
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have a fiber-compatible mode field size and small phase error [35]. However, their chip
size is in the order of centimeters [35].

In this work, we present a comparative study of the different photonic platforms that
can be used for on-chip RI sensing. As mentioned previously, there is a large number
of structures/technologies used for optical RI sensing, such as plasmonic and photonic
crystals. The context of this study is mass-scale and low-cost RI sensors; hence, we focus
on the standard, dielectric waveguide-based, integrated photonics fabrication process,
which is mature and can be easily implemented in many foundries with a high yield. Our
study includes silicon, silicon nitride, and silica platforms. Although most of the literature
studies focus on enhancing the sensors’ sensitivity and LoD, other parameters affecting
the sensor reliability and effectiveness, such as process and temperature variations, are
usually overlooked. In this study, we compare the different platforms according to five
different aspects that determine the detection performance of the sensor, as well as its yield,
reliability, and cost-effectiveness. These aspects are the waveguide sensitivity to medium
index change, fabrication tolerance, temperature sensitivity, optical losses, and footprint.
A rigorous analysis based on a finite difference eigen-mode (FDE) solver [36] is used to
determine and compare the first three aspects for the different platforms, while a literature
survey is used to obtain the values of optical losses and footprints. We then define a figure
of merit to assess the different platforms and find the most suitable one for RI sensing
application. Finally, we compare interferometer-based and resonator-based RI designs in
terms of device sensitivity, detection range, and immunity to phase noise. An analysis of
the different parameters is presented for both devices.

2. Photonic Platforms
2.1. Comparative Study

In this section we compare the different integrated photonic platforms with respect
to five different aspects, i.e., the waveguide sensitivity to medium (analyte) index change,
the fabrication tolerance, the temperature sensitivity, optical losses, and footprint. These
five aspects determine the performance, yield (robustness), and cost-effectiveness of the
RI optical sensor. The waveguide sensitivity is the main parameter for our RI sensing
application as it determines both the overall sensor sensitivity and the LoD. RI sensor
sensitivity can be divided into two different terms, i.e., the device sensitivity Sqe,, which
depends on the design of the optical device used (interferometer or resonator dimensions),
and the waveguide sensitivity Syg med, Which depends on the waveguide structure, and
hence the platform and waveguide dimensions [18]. The overall sensor sensitivity Ssensor,
which is the ratio between the shift in the measured optical quantity Aq (intensity or
resonance shift) and the change in the sensed medium index Any,eg4, is the product of these
two terms; see the equation below.

dq dq . dneg

Ssensor = dneq = A dNpeq = Sdev*Swg med (1a)
d
where Syey = g4 (1b)
€
dn,
and Swg,med = ﬁ (1c)
me

where q is the measured optical quantity, which can be either intensity or (resonance)
wavelength. Furthermore, LoD (the smallest resolvable index change) is another essential
parameter of any sensor. LoD does not depend only on the sensor itself, but also on the
measurement system, such as the source and the detector, in addition to other parameters
(such as noise). However, to be able to compare different sensors without these system
effects, an intrinsic LOD (iLoD) is defined [18]. iLoD is also proportional to the waveguide
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sensitivity Sig med for both interferometric and resonant (cavity-based) devices; see the
next section.

The fabrication tolerance determines the degree to which this platform is insensitive
to fabrication process variations. This is highly important in RI sensors as a change in
waveguide dimensions of just a few nanometers can lead to a significant change in the
optical field phase. This will introduce an error in the detected analyte index, limiting the
sensors’ accuracy and LoD, and, accordingly, the fabrication yield. Temperature fluctuations
are the main source of noise in optical devices. Similar to process variations, changes in
temperature will degrade sensors’ accuracy and LoD. On the other hand, optical losses
of the sensor will determine the specifications of the source and detector needed for this
sensor. Higher losses will require a more powerful source and/or detector, which can
significantly increase the price of the sensor. Finally, in the context of mass-scale low-
cost optical sensors, a significant part of the sensor’s price depends on its footprint. The
footprint will determine how many sensors can be fabricated on a single wafer. Hence, the
sensor’s price is proportional to the wafer price over the footprint.

The first three parameters can be assessed for the different platforms using numerical
modal analysis. A change in the medium refractive index, temperature, or dimensions will
result in a change in the mode effective index Angg, which will accordingly change the
detected optical signal; see Equation (1). Thus, we also define the waveguide sensitivity to
temperature variations Syg T and the waveguide sensitivity to width variation Sygw as:

dn,
Swg,T = d-—i—-ff (2)
dn,
and Swgw = — V‘;ff ©)

Here we use finite difference eigenmode (FDE) solver [36] to calculate the Syg med,
Swe, T/ and Sygw of a strip waveguide structure for the different platforms. For each
platform, we sweep the dimensions, width w, and thickness , and calculate these three
parameters for the fundamental quasi-transverse electric (TE) mode. Note that the dimen-
sions used in this analysis always satisfy the single mode operation. The substrate used
in all platforms is silicon dioxide and the waveguide is covered with water cladding. The
operating wavelength used in the analysis is near-infrared at A = 1.55 um. For the silica
platform, the index contrast A between core and clad is 5.5%. The range of thicknesses used
for each platform is different, as a platform with a lower core index, such as silica, needs a
higher thickness to be able to support the optical mode.

Figure 1 shows Syyg meq at different dimensions for the three different platforms. The
waveguide width (single mode) range used at each thickness & for the different platforms
is shown in Table 1. As the waveguide thickness decreases, the width increases in the
support mode. Note that the minimum waveguide width included in the analysis is
200 nm. FDE results show that as An = ncore — Nglaq increases, we can achieve higher
Swgmed = dNeff sens/ANmed- We can see that the silicon platform Syg meq can reach up to
1.2, while the silica maximum Sy med is only around 0.2. We then calculate the average
Swgmed for the different dimensions. The average Sygmed Values for the silicon, silicon
nitride, and silica platforms are 0.53, 0.23, and 0.09 respectively. Hence, silicon is 5.6 times
more sensitive to medium (analyte) change than silica and 2.3 times higher than SiN.

Table 2 shows published and experimentally measured sensing performance (sensitiv-
ity and LoD) of different MZI-based and MRR-based RI sensors for comparison. The results
shown in the table align with our analysis showing that the silicon platform achieves the
highest sensitivity among the three platforms, while silica shows the lowest sensitivity.
Note that these are just samples from a number of works [15-19] conducted in this field.
Much higher sensitivities have also been achieved but with much more complex designs,
for instance, cascaded MRRs. However, here we just selected simple MZI or MRR sensors
for the sake of comparison. Furthermore, it is important to note that the reported sensi-
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tivity includes the device sensitivity, which depends on the device design, and not only
the platform. In [37], the authors also compared silicon to other platforms based on the
different sensor structures and reached the same conclusion.

1e —h=80nm 06 / — h=220nm o —h=750nm
—h=220nm — h=400nm —h=1000nm
1 h=400nm 05 h=500nm h=3000nm
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2 2 f:
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1] w (2]
5 \ -
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(a) (b) (c)
0 0 0
0 0.2 0.4 0.6 08 1 0 0.2 0.4 .6 08 1 0 0.2 0.4 0.6 08 1
Normalized width (a.u.) Normalized width (a.u.) Normalized width (a.u.)
Figure 1. Sy/¢ meq of (a) silicon, (b) silicon nitride and (c) silica platforms versus waveguide width w
at different waveguide thicknesses h at A = 1.55 um.
Table 1. The minimum w,j, and maximum wmax waveguide widths (single mode range) at each
waveguide thickness h for the silicon, silicon nitride, and silica platforms.
h =80 nm h =220 nm h =400 nm h =500 nm h =1000 nm
Silicon Wmin (NM) 400 250 200 200 200
Wmax (nm) 950 550 350 300 300
h =220 nm h =400 nm h =500 nm h =750 nm h =1000 nm
Silicon Nitride =~ Wmin (nm) 750 500 450 400 350
Wmax (nm) 2000 1300 1200 1000 700
h=0.75 um h=1pum h=3um h=5um
Silica Wmin (NM) 2650 1850 1150 1100
Wmax (nm) 6350 4500 1950 1300

Table 2. Comparison of experimentally measured sensitivity /LoD of RI sensors on different plat-

forms.
Platform Sensitivity LoD Ref.
75 4% 1074 [38]

Silica
142.5 >2 x 1073 [39]
91 - [40]
91.8 - [41]

Silicon Nitride

240 - [42]
246 - [43]
490 nm/RIU 1x1074 [19]
Silicon 476 nm/RIU 1 x10~° [44]
740 nm/RIU >4 x107° [45]

For the temperature sensitivity Syg we use the thermos-optical (TO) coefficient
(dn/dT) of the different materials [46,47] and calculate it as:
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dn
dT

dneff o dn

dn
S = = — F _—
wg, T dT dT cld* cd +

dT

*Lcore + *rsub (4)

core

where I the confinement factor, which is the fraction of the optical power inside a certain
medium [48]. Here, the clad medium is water (liquid), the substrate medium is silicon
dioxide, and the core is silicon, silicon nitride, and silica, respectively.

For each platform, I' 14, I'core, and I'gyp are determined for different dimensions using
modal analysis. Figure 2 shows Sy, 1 of the three platforms. When we calculate the aver-
age over the different waveguide dimensions, we find that the average Sy 1 values for
the silicon, silicon nitride, and silica platforms are 8.8 x10~> RIU/K, 1.1 x 107° RIU/K,
and 0.6 x107° RIU/K, respectively. The silica platform has the lowest change to tem-
perature fluctuations, which are 15 times lower than those of Si and around 2 times
lower than those of SiN. This is expected as silicon has a much higher thermo-optical
coefficient 1.8 x 10~% K~! than silica and silicon nitride, which are 2.45 x 10> K~ ! and
8.5 x 1070 K~1, respectively [46,47]. However, note that some points in Figure 2 have zero
Sweg,T- This means that at certain dimensions, the sensitivity to temperature variations can
be minimized (ideally to zero). This is because the TO coefficient of the water —107*K!
negative and the other materials have a positive TO coefficient. So, for a certain dimension,
the effect of temperature in the mode effective index can be totally compensated for.

2X10°% 0.0002 1X105

(b) ()

0.00015
5X10%
0
%105 0.0001
- - -
g g g 0
D 2x10% @ »
5X10%
s — h=220nm — h=80nm
9xA0 — h=400nm —h=220nm -5%10 —h=750nm ~
. h=500nm 0 h=400nm —h=1000nm
A0 —h=750nm — h=500nm h=3000nm
~—h=1000nm ~—h=1000nm —h=5000nm
-5X10% -5X10% -1x105
0 0.2 0.4 .06 0.8 1 0 0.2 0.4 .06 0.8 1 0 0.2 0.4 .06 0.8 1
Normalized width (a.u.) Normalized width (a.u.) Normalized width (a.u.)

Figure 2. Sy 1 of (a) silicon, (b) silicon nitride and (c) silica platforms versus waveguide width w at
different waveguide thicknesses h at A = 1.55 pm.

Figure 3 shows Syg  of the different platforms. It can be seen that the silica platform is
the most tolerant to process variations, which is expected as it has small An = n¢ore — Nejag-
As a result, it has relatively large waveguide dimensions, and is hence more tolerant
to fabrication variations. FDE results show that the average Swgw values for the sili-
con, silicon nitride, and silica platforms are 49 x 10~4 RIU/nm, 3 x 10~% RIU/nm, and
0.4 x 10~* RIU/nm, respectively. Hence, the silica platform is 123 times more tolerant than
silicon and 8 times more than SiN. Moreover, SiN is 16 times more tolerant than Si.

0.001 0.01
(a) —h=220nm (b) —h=80nm (c) —h=750nm

~h=400nm —h=220nm ~h=1000nm

0.0008 h=500nm 0.008 h=400nm 8X10° h=3000nm
—h=750nm — h=500nm —h=5000nm
~h=1000nm ~—h=1000nm <

0 0006 0.006 ~ 6x10°

%] & / »
0.0004 0.004 4x10%
0.0002 0.002 2X10°
02 0.2 0 02 0.4 06 08 1
Normallzed W|dth (au.) Normallzed w1dth (a u.) Normalized width (a.u.)

Figure 3. Sy w of (a) silicon, (b) silicon nitride, and (c) silica platforms versus waveguide width w at
different waveguide thicknesses h at A = 1.55 pm.
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For the losses and footprint of the different photonic platforms, we gathered different
data reported in previously published work. The losses can be divided into two parts, i.e.,
the propagation loss and the coupling loss. The propagation loss is due to the quality and
the absorption of the waveguide materials, as well as the quality of the surfaces (surface
roughness). The coupling loss is the loss due to the coupling of the light source to the
sensor chip. In most cases, fiber is used to couple the light source to the chip. For the SOI
platform, the waveguide dimensions are sub-micron, which results in high coupling loss
due to the mode mismatch between the fiber and silicon waveguide. However, because the
devices are compact, the propagation losses are low. In contrast, silica waveguides have a
low mismatch with fiber and, hence, a low coupling loss. However, silica-based devices
are of millimeter lengths, and hence have a large propagation loss. On the other hand, the
optical circuit footprint is determined by two parameters, i.e., the phase change per unit
length and the waveguide bend size. Both depend mainly on the core-clad index difference.
The phase change of the EM field after the propagating distance L is A@ = 27m,¢L/A, where
Ner is the mode effective index. The effective index is proportional to the core index. Hence,
a waveguide such as silica with a low core index will need a larger length compared to
silicon, which has a larger core index. Another thing that determines the footprint is the
waveguide bend size. Platforms such as silica with a small core-clad index difference
need a large bend radius (in the millimeter range) to route the optical signal with minimal
losses. The waveguide bend radius is the parameter that dominates the circuit footprint.
Because the phase change per unit length can be two times higher for silicon than for
silica, the bend radius can change by three orders of magnitude. Hence, here we compare
the footprint using the bend radius of the different platforms. Table 3 below shows the
average losses and footprints of the different platforms and the references used to calculate
them. The results show that the losses of the silicon platform are around 27 times higher
than those of silica, while the footprint of silicon is more than three orders of magnitude
smaller. As mentioned before, this will be reflected in a significant reduction in the cost of
the silicon-based sensors.

Table 3. The average losses and bend radius (footprint) of silicon, silicon nitride, and silica photonic
platforms as reported in published work; see [28,49-67].

Silicon Silicon Nitride Silica
Propagation Loss (dB/cm)  1.88 0.92 0.07
Coupling Loss (dB) 2.74 1.82 0.56
Bend Radius (um) 4.35 233 6056
References [28,49-56] [50,51,57-61] [62-67]

2.2. Discussion

Table 4 summarizes the results we presented so far for the three platforms. As we
mentioned, silicon is the best choice for compact and high medium sensitivity, while silica
is the best choice for low temperature sensitivity and fabrication-tolerant sensor design,
with silicon nitride always being a compromise of both.

Table 4. The average values of the waveguide medium sensitivity Syg med, temperature sensitivity
Swg,Tr width variation sensitivity Swgw, optical losses, and footprints for the three photonic platforms

included in this study.
Swe,T Swegw Propagation Coupling .
Swgmed (RIU/K) (RTU/nm) Loss (dB/cm)  Loss (dB) Footprint (um)
Silicon 0.53 88 x 107° 49 x 1074 1.88 2.74 4.35
Silicon Nitride  0.23 1.1 x 107° 3x107% 0.92 1.82 233
Silica 0.09 0.6 x 1075 0.4 x 1074 0.07 0.56 6056




Photonics 2023, 10, 1233

8 of 15

To assess these three platforms and choose the best candidate for on-chip RI sensing
and LoC applications, we define a figure of merit (FOM). This FOM takes into account
the five different aspects we discussed earlier: the platform sensitivity to medium change,
sensitivity to temperature, fabrication tolerance, optical losses, and footprint. Our FOM is
defined as:

Swg, med?

FOM = Swg, T * Swg, w * L x FP

©)

where L represents the losses and FP is the footprint.

Note that, as previously mentioned, the losses term L has two components, i.e., the
propagation loss, which is proportional to the length and is hence multiplied by the
footprint, and the coupling loss. Moreover, Sy ¢ med is the main parameter for Rl sensing as it
affects both the sensor’s sensitivity and LoD, and hence determines its sensing performance;
thus, we weighted it more by squaring it. Replacing the results of Table 4 in Equation (5),
we find that the FOM values for silicon, silicon nitride, and silica are 13,716, 318, and
13, respectively. Hence, when including the different aspects that affect the performance
and robustness of the RI sensor, we find that the silicon platform outperforms the other
platforms, with an FOM that is 43 times higher than that of silicon nitride and more than
1000 times higher than that of silica. The FOM may be defined in many different ways
by changing the weights of each parameter depending on what is more significant for a
specific application. For example, one may assign less weight to width sensitivity if there is
very good control of the fabrication process. However, this would not significantly change
the conclusion that the silicon platform is the best candidate. This is mainly because of the
very high sensitivity and extremely small FP due to the large index contrast. Thus, while
silicon is more susceptible to variations than the other two platforms, it is also much more
sensitive to medium (analyte) variations and extremely compact, thereby leading to lower
propagation losses, even if the loss per unit length is large.

3. Photonic Devices for RI Sensing
3.1. Analysis

In this section we present an analysis of the MZI and micro-ring resonator (MRR) RI
sensors. The main performance parameters of RI sensing are derived for both devices, and
are then used to compare them. As mentioned in the introduction, there is a plethora of
designs, either interferometric based or resonator based, which can further enhance the
performance of each of them. However, here we compare the standard interferometer
with the resonator RI sensor. This comparison depends on the fundamental difference
between resonant-based and interferometric-based devices, which will still be valid even
for different (such as a Fabry—Perot resonator or Young interferometer) or more complex
designs. The transmissions of an MZI with 3 dB couplers and an all-pass micro-ring

resonator are [68,69]:
2 AP
Tymzr = cos - (6a)

a? — 2racos ¢ + r?
1—2racos ¢ + (ra)?

In the MZI, A ¢ = BsensLsens — BretLref is the phase difference between the MZI sensing
and reference arm, where (sens, Lsens, and Pef, Lye are the propagation constant and the
length of the sensing and reference arm, respectively. For the MRR, ¢ = BL, L = 2R and «
are the round-trip phase shift, length, and amplitude transmission, respectively, where 3
is the propagation constant of the circulating mode, r is the self-coupling coefficient, and

2 *L with o the power loss coefficient.

and TMRR = (6b)

at=e”
The resonance (peak) wavelengths of these devices are [68,69]:

1
)\res,MZI = a(neff,sensLsens - 1‘1eff,refLref ) (7a)
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Neff sens L (7b)
q

Accordingly, the free spectral range (FSR), wavelength sensitivity Speq = dAres/dnimed,
and FWHM can be derived as [68,69]:

and Ares MRR =

}\2
FSRyzr = (8a)
(neff,sens Lsens — Neff ref Lyet )
)\2
and FSRMRR = (8b)
Neff sens L
Smed MZ1 = Ares Lsens Ssens,med (93)
’ (neff,sens Lsens — Neff ref Lref )
- Ares
Smed,MRR - 7Ssens,med (9b)
Neff sens
2 FSR
FWHMyz; — @ (10a)
1—ra
and FWHMMRR = FSRMRR — (10b)

m/Ta
where Sgens med = ANeff sens/ ANmed is the sensing waveguide sensitivity to the medium index
change.
We can also derive the sensitivity of the devices to any parameter X, Sy = dAres/dx as:

Ares
Sxmz = (Ssens xLsens — Sref eref) (11a)
’ (neff,sens Lsens — Neff ref Lref ) ’
Ares
Sx,MRR = Ssens,x (1 1b)
Neff sens

where Sgens x = dNegf geng/dX and Syt x = dnggs ref/ dx represent the waveguide sensitivity
to changes in the parameter x of the sensing and the reference waveguides, respectively.
This parameter can represent the noise (error) in our detected signal, and hence needs to
be minimized. The main noise sources in integrated Rl sensors are the temperature and
process variations. These variations shift the resonance wavelength, which leads to an error
in the detected medium index, limiting the accuracy and LoD of the sensor. We can then
determine the ratio between the wavelength sensitivity to medium index change, and the
wavelength sensitivity to any other change (error), which represent the signal-to-noise (or
error) ratio in the RI sensing application.

Smecl,MZI o Ssens,med 1 (12a)
S o S Sref,x Lref
x,MZI sens,x ] —
SSEHS,X LSGDS
S S
and med, MRR _ sens,med (12b)
Sx,MRR Ssens,x

The figure of merit (FOM) and minimum detectable refractive index (Anpn), also
known as the intrinsic limit of detection (iLOD) [18], are given by:

1 S 7 Ssens med Lsens
FOMyz1 = _ _ , "
ML= A FWHM A (13a)
FOMpMRR = 1 S T Sgensmed Lsens /1@ (13b)

Ang,  FWHM A 1-ra
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The maximum detectable refractive index Anm,x corresponds to the resonance wave-
length shift equal to the FSR; hence:

da AMAres,max=FSR FSR
res = ANpmay = —— (14)
dnmed Smed

Smed =

Now we can define the detection range of both MZI and MRR sensors as:

Anpax FSR T
DRyjzf = = - 15
MZL= A EWHM 2 (152)

Anmax  FSR my/ra

DR — = =
MRR = Apn o~ FWHM 1-ra

(15b)

3.2. Discussion

Based on this analysis, we now compare the MZI and MRR with respect to the main
features of Rl sensing, as derived here. First, the analysis shows that the MRR can achieve
a much higher FOM (and hence a low LoD) than the MZI, with a compact footprint. From
Equation (13) we can see that, for the same sensing length (Lsens) and sensing waveguide
(Ssens,med), FOMMRR is larger than FOMyz; by the factor \/ra/(1 — ra), owing to the nature
of the resonators where the electromagnetic field circulates multiple round trips inside the
cavity, which results in a Lorentzian-like spectrum. For a critically coupled MRR (r = «),
this factor will depend on the round-trip losses. Typical values for « are between 0.88 and
0.98. Hence, FOMgR is 4 to 25 times higher than FOM)z;. Furthermore, note that an
MRR is more compact than an MZI, even for the same Lgeps, due to its ring shape. Next,
regarding the detection range in Equation (15), we can see that, for both devices, if we want
to reduce Anpin, Anmax will also be reduced, because the FWHM is proportional to the FSR
in both devices. The maximum detectable index change in the MZI is only 2.2 times its
minimum detectable value, which is a very limited range. However, for critically coupled
ring resonators (r = «), the detection range depends on the round-trip cavity losses. For
typical values of «, the detection range of an MRR-based sensor is much larger than that of
an MZI-based sensor. For example, an MRR with « of only 0.9 will have around 7 times
higher DR than an MZI. By comparison, for an MRR with better quality, « can be as high
as 0.98. In this case, the DRyrr is more than 30 times higher than the DRyz;. On the
other hand, for a certain waveguide platform (Sgensmed) and operating wavelength, the
wavelength sensitivity Sp,eq Mrr Of the MRR sensor is constant and cannot be designed, as
shown in Equation (9), and only the FOMjgrr can be designed using the radius of the ring
R. In contrast, for the MZI-based sensor, the wavelength sensitivity Speq Mz and FOMyz1
can be engineered independently through Lsens and Li¢. Hence, MZI sensors can achieve
high sensitivities, although at large lengths. Finally, from Equation (12) we can see that
the MZI can maximize the signal-to-noise ratio via the design of the interferometer arms.
We can design sensing and reference waveguide dimensions, together with their lengths,
to minimize the detection error to temperature and process variations. However, in the
MRR this ratio cannot actually be designed and is almost fixed for a given platform. This is
extremely important as temperature and fabrication variations will have significant effects
on the sensor design and can totally degrade its performance.

Table 5 below shows the published and experimentally demonstrated sensing per-
formance (sensitivity and LoD) of different MZI-based and MRR-based RI sensors for
comparison. From these results we can see that MZI-based sensors can achieve much
higher (wavelength) sensitivity compared to MRR designs. Moreover, we can see that the
LoD achieved is comparable or slightly higher in the MZI case, i.e., 10 times higher on aver-
age. However, MZI-based sensors have a significantly larger length (footprint) compared
to the MRR design, i.e., more than 50 times higher on average. These experimental verified
results align well with our analysis and discussion, and further confirm our conclusions.
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Table 5. Comparison of experimentally measured sensitivity, LoD, and length/radius of MZI- and
MRR-based RI sensors.

Device Sensitivity LoD Device Length/Radius Ref.
Suspended MZI 740 nm/RIU 4 x 1073 RIU * 10 mm [45]
Slot MZI 1730 x 27 1.3 x 107° RIU 7 mm [70]
Wire MZI 460 x 27 3 x 1079 RIU 2 mm [71]
Rib MZI 1450 x 27 7 x 107% RIU 15 mm [72]
Bimodal MZI 2000 nm/RIU 1 x 1077 RIU 10 mm [73]
MZI - 9.2 x 1077 RIU 4.5 mm [74]
MZI - 2ng/mL - [75]
Wire MRR 70 nm/RIU 7.1 x 1075 RIU R=5pum [76]
MRR 163 nm /RIU 7.6 x 1077 RIU R=15pum [77]
Slot MRR 476 nm/RIU 2 x 107% RTU R =30 pm [43]
Slot MRR 246 nm/RIU 5 x 107° RIU R=70 [44]
Slot MRR 298 nm/RIU 4.2 x 1075 RIU 13 um X 10 pm [78]
Thin MRR 270 nm/RIU - R =40 um [79]
Thin MRR 133 nm/RIU 5x 1074 RIU * R =30 pm [9]
Suspended MRR 130 nm/RIU 8 x 10~* RIU R=0.8 um [80]
Cascaded MRR 83.5 fg/mL R=125/128 pm [81]

* Indicating calculated intrinsic LoD.

Hence, the MRR sensor is the best choice when a mature technology with very low
process variations is used and with a platform that has low temperature dependence, such
as silicon nitride or silica (discussed in the previous section). In this case, the MRR will
achieve a better LoD than the MZI, while also having a compact size. However, for a
technology with non-negligible process variations and with a platform such as silicon,
which has high temperature dependence, the MRR sensor design will not be able to
compensate for such changes, and hence the MZI will be the device of choice in this case,
as discussed.

4. Conclusions

In conclusion, we have presented a comparative study of different photonic platforms
and devices for on-chip RI sensing. We first compared the different photonic platforms
with respect to waveguide sensitivity to medium index change, fabrication tolerance,
temperature sensitivity, optical losses, and footprint. These parameters will determine
not only the performance of the sensor, but also its robustness and cost-effectiveness. A
rigorous modal analysis was used to determine the waveguide sensitivity and the effect
of the process variations and temperature variations for the different platforms. Then, a
figure of merit was defined that includes all the parameters for comparison of the different
platforms. Our study showed that silicon is the best platform for RI sensing. Next, we
presented a detailed analysis of MZI and MRR RI sensors. The sensitivity, LoD, signal-
to-noise ratio and detection range were derived for both devices. Finally, a comparison
between the two devices, and the selection of the best choice, are discussed. Our analysis
and conclusions presented in this study are also supported by experimental data from
different published work.
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