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Silicon photonic biosensors hold the potential for highly accurate, yet low cost point-of-care devices.
Maximizing the sensitivity of the sensing chips while reducing the complexity and cost of the read-out
system is pivotal to realize this potential. Here we present an extensive analysis, both from a practical
and a theoretical perspective, of current biosensors, and analyze how subwavelength structures can be
exploited to enhance their sensitivity. This study is not restricted just to the near-infrared band as we also
determine the sensing capabilities of the suspended silicon waveguides with subwavelength metamate-
rial cladding working in the mid-infrared range. These waveguides have been recently proposed to cover
the full transparency window of silicon (1 <~ 8.5 um), where the fingerprint spectral region of many
molecules takes place and so a plethora of evanescent field absorption-based applications will be devel-

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Silicon photonic biosensors are capable of detecting trace
amounts of biomolecules, such as antibodies and proteins, and
can monitor their reactions in real-time, without prior labeling of
the targets [1,2]. Combined with their ability to detect several dif-
ferent analytes in parallel in a single chip, this makes them ideally
suited for early diagnosis of diseases [3-5] and drug discovery
[6,7]. They are also considered promising candidates for the devel-
opment of lab-on-chip platforms and point-of-care devices. The
basic principle underlying their operation is evanescent field sens-
ing, illustrated in Fig. 1. The surface of an optical waveguide is
functionalized with receptor biomolecules, which bind, with high
specificity, to the analyte [8], e.g. antibodies that will attach only
to their corresponding antigens. When an aqueous solution con-
taining the analyte flows over the waveguide, the analyte will bind
to the receptors on the waveguide surface, locally changing its
optical properties. Light propagating through the waveguide is
confined by total internal reflection, but 'senses’ the medium sur-
rounding the waveguide through the evanescent tails of its electric
field. When a light-wave interacts with the biomolecules that are

* Invited article by Prof. Laura Lechuga.
* Corresponding author.
E-mail address: gonzalo@ic.uma.es (J.G. Wangiliemert-Pérez).

https://doi.org/10.1016/j.optlastec.2018.07.071
0030-3992/© 2018 The Authors. Published by Elsevier Ltd.

binding to the waveguide surface some of its properties
(wavelength, amplitude or polarization) change, and by monitor-
ing these changes the analyte can be detected. Thus, while the
specificity of photonic biosensors depends mainly on the surface
functionalization, their sensitivity strongly depends on their opti-
cal implementation. Indeed, over the last decade, extensive
research efforts have been devoted to optimizing this sensitivity:
different waveguide types, such as silicon wire waveguides, slot
waveguides and more recently subwavelength grating (SWG)
waveguides have been explored, as well as different sensing archi-
tectures, mainly based on ring-resonators and Mach-Zehnder
interferometers have been studied.

In this paper we aim to provide both theoretical and practical
insight into photonic sensor design, with a particular emphasis
on subwavelength structures which can provide some of the high-
est sensitivities to date. To this end, we start with a systematic
description of the waveguide and architectural parameters that
govern sensitivity in Section 2. In Section 3, we describe the prac-
tical realization of two complete sensing systems: one based on
ring-resonators, and one based on interferometry. In Section 4,
we systematically analyze, for the first time, the sensitivity of sub-
wavelength grating waveguides, revealing that current design
parameters may be sub-optimal. The sensing properties of sus-
pended silicon waveguides, operating in the mid-infrared wave-
length range, are discussed, for the first time, in Section 5. Finally
we present some concluding remarks.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Photonic wire waveguide for biosensing in the silicon-on-insulator platform.

2. Fundamentals of photonics biosensors

This section lays the theoretical foundation required to under-
stand the parameters that govern the sensitivity and limit of detec-
tion of photonic biosensors.

2.1. Waveguide and architecture sensitivity

Fig. 1 illustrates a typical biosensor waveguide in silicon-on-
insulator. The waveguide is covered by a protective SiO, cladding,
except for the sensing window, where the waveguide core is
exposed to the surrounding medium. When a sample of the analyte
is delivered to the sensing window through a microfluidic channel
(not shown in the figure) and gets in touch with the functionalized
surface of the waveguide, molecular binding takes place. Interac-
tion of these molecules with the evanescent tail of the guided
mode field changes its effective index and thus its wavelength
[9]. One of the most important characteristics of a sensor is the
waveguide mode sensitivity S,, which maps the physical change
due to molecular binding, into effective index variations:

_ Onegt
Sw= oL (1)

where JI is the variation of any physical parameter. Unfortunately,
the effective index of a waveguide mode is not a directly measur-
able quantity, so in order to be useful, they must be mapped into
a quantity that can be readily detected. This is achieved by using
a photonic sensing architecture. These architectures can be broadly
categorized in two different configurations: interferometric and res-
onant [10]. In interferometric architectures the effective index vari-
ations are mapped into an optical phase shift, A@, while in a
resonant architectures they are mapped into a wavelength shift
AJ. Focusing on the interferometric type of sensor, the architecture
sensitivity S, can be defined as

_Ye
Sa= g @

and the total photonic device sensitivity S can be calculated as the
product of waveguide and architecture sensitivities

8@ Bneff _ a_go (3)
Onggs oI oI

While this magnitude depends only on the photonic integrated
circuit, the limit of detection (LOD), i.e. the minimum amount of
detectable variation in the physical parameter A, will also
depend on the minimum detectable phase shift A¢g,,;, that can be
accurately resolved by the measurement apparatus. This quantity
is sometimes referred as the set-up resolution R and can be related
to the system noise variance o, through [11]:

R =A@, =30, (4)

S=5.5w=

From these definitions the LOD can be easily calculated as

R
5.5, )

The same type of definition applies to resonant sensors by sub-
stituting, in Eqs. (2)-(4), ¢ by /.

Since the LOD depends both on the photonic chip and on the
resolution of the measurement apparatus, it is difficult to compare
the performance of different sensor devices using this metric.
Researchers working on resonant sensors therefore make a distinc-
tion between the system LOD (sLOD) which depends on the com-
plete set up, and the intrinsic LOD (iLOD) which only depends on
the photonic device itself [12]. This distinction will be explained
in the Section 2.3. Unfortunately, to the authors’ knowledge, no
such metrics have been proposed for interferometric biosensors.

LOD = ATl =

2.2. Bulk and surface waveguide sensitivities

Two different waveguide sensitivities are defined in the litera-
ture: bulk S, pux and surface sensitivity Sy, sur-

Referring to Fig. 2(a), bulk sensitivity is defined as the ratio of
change of the mode effective index (dn.g) and the change of the
refractive index of the material covering the waveguide (9n.)

OMegr
one

Sw, bulk = (RIU/RIU). (6)

Surface sensitivity is defined as the ratio of the mode effective
index change (On.;) and the change in thickness (ot) of the
adsorbed molecular layer, as shown in Fig. 2(b)

OMegy
ot

These are purely electromagnetic definitions which are very
useful for photonic designers. From the chemical point of view,
two related magnitudes can be used. Waveguide bulk sensitivity
can be also defined as the ratio of effective index variation and
the change in the analyte concentration (dc, in moles per liter or
M):

S suf = (RIU/nm). (7)

ONegy
oc

This measure is only of relative importance for the biomolecular
recognition capability of the sensor (which takes place in the sen-
sor surface) but is sometimes used as an intermediate step in sen-
sor characterization. On the other hand waveguide surface
sensitivity can be also defined as

_ ONegt RIU
St =G (sggmme) ®

where p, is the mass surface density of the adsorbed layer.

Please notice that in all these definitions, it is always assumed
that there is enough analyte to completely fill up (cover) all the
volume (surface) of the sensing window. For other applications,
in which there is a very limited amount of analyte (for example,
single molecule detection), other metrics should be used.

Sw, bulk = (RIU/M). 8)

P

(RIU)

a) Bulk sensitivity b) Surface sensitivity

Fig. 2. Bulk and surface sensitivities.
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The bulk and surface waveguide sensitivities strongly depend
on the geometry of the sensing waveguide. Different types of
waveguide geometries have been proposed for biosensing applica-
tions. For example, the bimodal waveguide consisting of a 350 nm
thick SiN waveguide with a 2 nm ridge has been successfully used
for bulk and surface sensing showing state of the art sensitivities
[13,1]. While this waveguide is very sensitive, it exhibits reduced
lateral mode confinement, which limits integration density. Many
different waveguide geometries have been proposed that offer
greater integration levels: silicon wires in quasi-TE [14] and
quasi-TM [15] polarization (hereafter noted just as TE and TM), slot
waveguides [16,17] and subwavelength waveguides [18-23]. Their
performance metrics will be summarized in Section 4.3.

2.3. Sensing architectures

Existing photonic biosensing architectures can be broadly clas-
sified into interferometric and resonant architectures.

2.3.1. Interferometric sensors

Interferometric sensors have been extensively used by many
research groups exhibiting excellent sensitivities [9,1,24]|. Many
different interferometric architectures can be found in the litera-
ture (Mach-Zehnder, Young, Bimodal) but they all share a common
sensing principle. As illustrated in Fig. 3(a), in interferometric sen-
sors the light from a laser source is divided into two paths by a
power splitter. One of the beams travels through the sensing
waveguide interacting with the sample along the interaction dis-
tance L, while the other beam is not exposed to the sample and
serves as a fixed reference for phase comparison. This produces a
phase difference A¢, at the device output given by

AQD = i—?Aneff L, (]0)

and thus the architecture sensitivity is

5,= 00 2

= = 11
T o o (a1

Therefore, the interaction length L acts as an amplification fac-
tor improving device sensitivity S. In the absence of losses, L could
be increased as much as required. In high contrast platforms,
allowing low-loss micro-metric bending radii, this can be achieved
in a very compact way by using spiral waveguides, with interaction
lengths of several millimeters concentrated in a single spot a few
hundreds of microns in diameter [25].

To convert the phase difference A¢ into an electrical signal
most existing interferometer sensors use the configuration shown
in Fig. 3(b): the reference and sensing beams are added in a power

a) Sensing arm Sensing window h)uB Power Combiner |

PD

Fig. 3. (a) Mach Zehnder interferometer with interaction length L. Variations in the
effective refractive index Anes of the waveguide mode are mapped to phase
variations A¢ at the output plane (marked as a blue dashed line). Two alternatives
for implementing the phase detection block are shown: (b) incoherent phase
detection and (c) coherent phase detection. Please note that in most sensor chips
the photodetectors are not integrated due to cost constraints. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

combiner, and passed through a photodetector (PD) which yields a
photocurrent:
i(t) < cos(A@). (12)

The scheme is simple, but as the photocurrent is proportional to
the cosine of the phase shift it suffers from ambiguity and sensitiv-
ity loss which can be only partially circumvented by slightly mod-
ulating the wavelength of the input signal [26].

The aforementioned problems arise not from the interferomet-
ric sensing principle itself (measuring of phase difference between
the sensing and reference arms) but from a sub-optimal way of
extracting this phase. These problems where recognized in [27]
where a coherent phase detection scheme, inherited from the opti-
cal telecommunication world [28], was proposed to improve
device performance - see Fig. 3(c). This scheme has been recently
demonstrated showing state of the art bulk sensitivities [29]. As
shown in Fig. 3(c), in this architecture, the sensing and reference
signals are the input to a coherent receiver [28] that can be imple-
mented with simple 2 x4 Multimode Interference Couplers
(MMIs) and balanced photodiodes (BPD), although simpler archi-
tectures based in 2 x 3 MMIs do also exist (see Section 3.2). The
receiver produces two output photocurrents

ij(t) o< cos(A@)

ig(t) x sin(A@) (13)

from which the phase information can be unambiguously obtained
with optimum sensitivity.

2.3.2. Resonant sensors

As mentioned previously, spiral waveguides can be used to fit
the required interaction length into the available chip surface.
However there are some cases in which further size reduction is
needed: in applications that require simultaneous measurement
of many different reactions with high density arrays [30], or when
trying to detect tiny amounts of analyte, as for example, in single
molecule detection [31]. In these cases, resonant sensors can pro-
vide an interesting alternative to interferometric devices. Many
different resonant sensors have been reported based in different
structures including rings [14,32], spiral resonators [15], Bragg
gratings [33] or disks [34].

In resonant sensors, the sensing waveguide is part of a resonat-
ing cavity. Light introduced in the cavity undergoes a large number
of round trips along the physical length of the sensing waveguide
before exiting the cavity, thus effectively increasing the interaction
length. The effective length can be calculated as [1]:

A
Ls =Q 27‘con )
g

where 4 is the resonator wavelength, n, is the waveguide group
index and the Q factor is related to the resonance 3 dB linewidth
through

_ )LO
Alsgp”

(14)

(15)

This enables size reduction without losing sensitivity, but at the
cost of increasing the complexity of the detection. Indeed, in reso-
nant architectures the waveguide mode effective index variations
are mapped into a resonance wavelength shift, which has to be
measured with a tunable laser source or using a spectrum analyzer
[11], resulting in a more complex measurement setup compared to
interferometric sensors. Moreover, contrarily to interferometric
sensors, the architecture sensitivity is almost fixed. Indeed, the
shift of the resonance wavelength with waveguide effective index
can be written as [12]:

A= %meﬁ, (16)

g
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from where the architecture sensitivity for resonant sensors can be
obtained as

9
- 8neff o Tlg ’

(17)

This means that the only way to improve sensitivity is to use
longer wavelengths or to decrease the waveguide group index. In
practical cases the range in which these parameters can be chan-
ged is more limited that the interaction length in interferometric
devices.

As mentioned in Section 2.1, to obviate the dependence of the
LOD with the resolution of the measurement set-up, an intrinsic
LOD (iLOD) has been defined for resonator sensors [12]. The iLOD
is defined by setting the set-up resolution R equal to one resonator
linewidth, i.e. R = A/34g, SO that

Asig 4o
S Q-S

Although this figure of merit allows us to establish a compar-
ison between different resonant sensors, it is not useful to compare
them with interferometric sensors.

To conclude this section, it is worth highlight an aspect that is
not always considered by researchers working on the field of pho-
tonic biosensors: losses. Observing Eq. (18) it is clear that to
achieve a low iLOD, what is really important is the product Q - S,
not the device sensitivity. Therefore, the maximization of device
sensitivity should not be attained at the cost of a proportional
increase of the losses, or equivalently, a reduction of the Q factor.

iLOD = LOD|y_,,,. = (18)

3. Examples of full sensing systems

In the following we describe two practical photonic sensing
platforms, based on ring-resonators, and interferometry,
respectively.

3.1. Ring resonators for high throughput measurements

Applications of molecular sensors in genomics, proteolytic and
drug screening often require high throughput measurements of
many different binding reactions. This need for high throughput
multiplexed affinity binding tools with increasing levels of
automation is one of the main drivers for instrument development.
The sensing readout should be robust and immune to external
environmental changes, such as temperature drifts and light inten-
sity fluctuations. The cost of the manufactured sensor array chips
should be low enough that the chips can be considered disposable.
To be deployable in field testing and in laboratories devoted to bio-
logical or medical research, the sensor chip and associated instru-
mentation need to be self-contained and without stringent
requirements on optical alignment, and therefore amenable to
operation by users with no specialized expertise in photonics. Fur-
thermore, the sensing surface functionalization and analyte deliv-
ery methods should be fully compatible with existing
infrastructure in molecular analysis and research. Below we
describe a sensing platform developed at the National Research
Council Canada (NRC) that fulfills these requirements. Although
the sensor chips are based on silicon photonic wire sensors [25],
the instrument architecture and the readout system can be readily
adapted to other sensor designs such as these employing subwave-
length structures. We selected folded spiral cavity resonator design
as the basic sensor elements [35]. A lengthened cavity relaxes the
critical coupling condition to the optical cavity and provides stable
resonance contrast and high quality factors which are only weakly
affected by waveguide loss or coupling variations. This feature is
beneficial for multiple sensor arrays where the reference and the

sensing elements are required to be nominally identical. Sensor
elements are formed using 450 nm wide silicon photonic wire
waveguides etched in a 260 nm thick silicon layer, operating in
TM mode. An SU8 polymer layer of 2 pm-thick was used to isolate
the chip from the environment, patterned such to expose only the
sensing elements to the aqueous analyte. On every sensor array, 1-
4 sensors were used as a temperature Ref. [36], and for these sen-
sor the SU8 layer was left in place over the resonator waveguide.
Real-time measurements show that the reference resonator reso-
nances reflect the temperature changes without noticeable time
delay, enabling effective cancellation of temperature-induced
shifts. A second 50 pm thick SU8 layer was lithographically pat-
terned to define the microfluidic channels, which were terminated
at both ends by an 800 um wide reservoir that aligns with the inlet
and outlet apertures on the reader instrument fluidic manifold.
Due to the high index contrast, a long waveguide cavity of over
1 mm can be fitted within a small area of 100 um in diameter
and achieving a Q of 20,000. The sensor arrays of up to 128 ele-
ments occupy an area of approximately 2 mm x 2 mm. The overall
chip size is mainly determined by requirements for the fluidic
channels. The size and layout of the sensor array is fully compatible
with commercial spotting tools designed to independently func-
tionalize fluorescence based biochips.

The readout system is illustrated in Fig. 4 [15], and the insert
shows a spiral resonator sensor within the sensing window and
fluidic channel formed in SU8. Light is coupled to and from the chip
waveguides using the sub-wavelength patterned grating couplers
[37,38]. The advantage of the sub-wavelength patterning approach
for grating couplers is that all waveguides, sensor elements and the
grating couplers are fabricated in the same lithography and etch
step. Thus manufacturing is simpler, yet it still is compatible with
publicly available foundry services using DUV lithography han-
dling eight inch wafers [39]. Using fabrication technologies com-
patible with volume production provides large number and low
cost chips needed for biological assay development. During mea-
surement, the sample liquids is delivered to the chip via a peri-
staltic pump and flowed over the sensor elements, while the
optical signals from each sensor in the array are continuously mon-
itored. The system is capable of acquiring up to 128 optical sensor
outputs simultaneously and in real time. The features described
above in the chip, fluidics and the reader instrument allowed auto-
mated optical alignment of the silicon sensor chip with the input
beam and output acquisition optics, as well as automated connec-
tion of the fluid delivery system. For benchmarking, binding
between complementary IgG protein pairs was monitored over 4
orders of magnitude dynamic range down to a concentration of
20 pM, demonstrating a resolvable mass of 40 attograms [35].

Microfluidic
delivery block

Input lens Output lens

o

~ Sensor chip

Fig. 4. A schematic diagram showing the sensor chip, microfluidic block, and input
and output lenses within the reader instrument. Dimensions shown are not to scale.
The output beams are focused onto an InGaAs detector array to the right (not
shown). The insert shows a spiral resonator sensor element within the sensing
window and fluidic channel formed in SUS.
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The microarray system was then used to demonstrate a multi-
plexed assay for serotyping E. coli bacteria. Five groups of sensors
were functionalized using serospecific polyclonal antibody probe
molecules (0121, 0145, 055, 0103 and 0157 respectively) to dis-
tinguish between five different E. coli O-serotypes. When passing
the sample liquid containing 055 bacteria, only the sensor with
055 probes showed significant response [15]. The experiment
demonstrates that this microarray platform can perform rapid
multiplexed serotyping tests to identify E. coli and other pathogens,
using a low cost disposable chip. This type of affinity binding test
can be faster and provide multiplexed throughput, be more quan-
titative, and can use significantly less antibodies than agglutination
based serotyping methods.

3.2. Interferometric sensors with coherent phase read-out

As described in Section 2 there are various types of detection
architectures to read-out the phase shift induced in the sensing
arm of an MZI. Some suffer sensitivity fading and directional ambi-
guity as they only consider the In-Phase interferometric signal, I(t)
[26]. To overcome these issues an advanced phase-readout tech-
nique, based on techniques originally developed for coherent opti-
cal communications [40], was proposed in [27]. Using a 2 x 3
Multimode Interference Coupler (MMI) access to the Quadrature-
Phase, Q(t), interferometric signal is gained, thereby improving
the sensor read-out. A sensing chip based on this approach was
designed in silicon nitride technology, and is schematically illus-
trated in Fig. 5. Silicon nitride has low absorption losses from the
visible to the mid-infrared wavelengths, therefore providing a ver-
satile platform to detect biochemical interactions. Judiciously
designed sensing waveguides in SiN exhibit good bulk sensitivities
while maintaining strong guiding characteristics in the lateral
dimension. Furthermore, since silicon nitride may be integrated
with CMOS manufacturing techniques, low cost and high volume
fabrication is feasible.

To progress in the field of photonic biosensing technologies a
photonic setup with integrated microfluidic channel for biochemi-
cal characterizations has been implemented at BIONAND Andalu-
sian Centre for Nanomedicine & Biotechnology in cooperation
with the University of Malaga. A schematic view of the assembled
setup is shown in Fig. 5. The monochromatic C-Band LASER source
(4= 1550 nm) with a maximum output power of 15 dBm is linked
to a polarization rotator which in turn is connected to a fiber array
(FA). Located above the photonic integrated chip (PIC), the TE
polarized beam couples into the PIC through surface grating
couplers with an estimated coupling efficiency (CE) of -5 dB at a

| LASER I

Fiber Array

Polarization

Rotator S{ehiE

k=3

k=2 223 MM

1x2 MMI

k=1 Reference Arm

Photonic Integrated

Chip \

Opto-Elec. Transf,

D1 Vi(e) ![ra 1)
Fopea (8] Va(t) (n Phase |@(n)
PD2 TIA paa == psp e T
Pine 2 () Q(n) Rec,
pL? — V() (n
Pnp:.a([)

Fig. 5. Schematic view of the photonic setup with microfluidic channel.

radiation angle of 33°. The coupled light is split by an 1 x 2 MMI
between the reference and sensing arm of the interferometer.
The microfluidic channel above the sensing window of the PIC pro-
vides access to the sensing area for analyte which is dissolved in a
specific buffer (e.g. de-ionized water). Only light in the sensing
arms interacts with the analyte, while the light in the reference
arm propagates unaltered. In the 2 x 3 MM], the lightwaves from
both arms recombine and interfere in the three output waveguides.
These outputs are coupled back to the FA and are detected by sep-
arate photodiodes. The photodiodes and the consecutive trans-
impedance amplifiers (TIA) convert the received optical intensity
into an equivalent voltage which is recorded with a data acquisi-
tion card (DAQ). The complex signal (I-Q) recovered by digital sig-
nal processing (DSP) enables the reconstruction of the unwrapped
accumulated phase change in the sensing arm, as detailed in the
next paragraph.

Generally, NxM MMIs divide light from of a certain input
ie {1,...,N} equally between the M different output waveguides
with distinctive phase shifts ¢, with ke {1,...,M}. MMIs are
widely used in integrated optics due to their good performance
and relaxed fabrication tolerances in comparison to other inte-
grated splitting devices [41]. In the specific case of a 2 x 3 MMI
it splits both incoming modes uniformly between the three output
waveguides, and light from the two inputs recombines with phase
differences shifted by 120° at each output. The power received at
each output k = {1,2,3} (see Fig. 5) is then given by:

Popei(t) = % . (1 + Vs cos ((p(t) + M)), (19)

where ¢(t) is the accumulated phase difference between both
incoming modes, Vy; the visibility of the interferometric signal
and Py a power scaling constant. The In-Phase and Quadrature-
Phase interferometric signals may be recovered by P, (t) accord-
ing to [28],

I(t) =2- Popt,Z(t) - Popt,l (t) - Popt,3(t)
Q(t) = V3 (Popea (£) — Popea (1)),

from where the signal S(t) =I(t) +1i-Q(t) = PoPyis - exp(i- ¢(t)) is
calculated, with i = v/—1. Ideally S(t) describes a perfect circle in
the I-Q-Plane. Fabricated devices are normally subject to small vari-
ations in waveguide thickness and width. These variations, together
with the uncertainty in the alignment of the fiber array, will influ-
ence each output path of the 2 x 3 MMI, resulting in different
power scaling factors, visibilities, and phase shifts. Without proper
calibration the accumulated phase difference ¢(t) may then not be
appropriately recovered. To compensate those effects blind calibra-
tion schemes have been developed in the last years to recover the
correct phase readout [27,42]. An example of a calibration is shown
in Fig. 6 for which an uncalibrated complex signal S (t) (red curve)
has been recorded while a drop of water entered the sensing win-
dow of the MZI describing a shifted (I, Q) and rotated () ellipse
in the I-Q-Plane. The corresponding calibrated signal S.(t) (repre-
sented in blue) is calculated by applying a linear transformation
to Sy (t) restoring the desired shape.

From a theoretic point of view the bulk device sensitivity (Spui)
of the proposed MZI based coherent 2 x 3 multiport sensing archi-
tecture must be calculated according to Eq. (3), which, combined
with Eq. (6) and (11), becomes:

21 ONesr rad
St = S, - S =—.L. —
bulk a 'w,bulk }~0 anc <R]U

(20)

(21)

where 4, = 1550 nm and 9dneg/0n. is designed to be 0.22. Several
MZI structures have been integrated on the PIC with different
lengths, from L~ 0.5 cm up to L~ 2.2 cm, which determines the
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Fig. 6. Illustration of an uncalibrated (red) and corresponding calibrated (blue)
complex signal. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

corresponding sensitivities in the range of 1.427-10° rad/RIU to

6.237 - 10° rad/RIU. However, fabrication imperfections may affect
Onegr/On.. Therefore, besides calibrating the readout, the sensing
architecture itself must be calibrated as well to determine the bulk
sensitivity Sp. Different groups have done calibration following
the same procedure, flowing solutions with known refractive
indices n, through the microfluidics. The measured phase shifts
@, are used to fit a linear regression curve whose slope is the bulk
sensitivity. In literature numerous compounds for evaluating the
sensitivity can be found, such as hydrogen chloride (HCI) [43], glu-
cose (CgH1206) [44] or sodium chloride (NaCl) [29]. According to Eq.
(5) the limit of detection (LOD) may also be determined after
calibration.

4. SWG based photonic biosensors

Through this section we will present the potential of diffrac-
tionless subwavelength grating (SWG) waveguides for sensing
applications, by demonstrating its powerful capability to engineer
the spatial distribution of the mode profile, and thereby maximiz-
ing the light-matter interaction. This study will also reveal that the
waveguide dimensions used until now by some researchers are not
optimum from the sensitivity point of view. We will finish the sec-
tion providing a summary of the performance metrics attained by
recently published works of photonic biosensors that employ sub-
wavelength periodic structures as sensing waveguides.

4.1. The subwavelength grating waveguide

A schematic representation of a SWG waveguide is shown in
Fig. 7. The homogeneous silicon core of the conventional photonic
wire is replaced by a periodic arrangement of silicon blocks. The
geometrical parameters describing this structure are: the waveg-
uide width (W), the silicon layer height (H), the period or pitch
(A) and the duty cycle (DC = Ls;/A). Depending on the size of the
period (A) compared to the free-space wavelength (4,), three dif-
ferent operating regimes exist: i) subwavelength, where the pitch
is small enough to suppress diffraction effects (A < 2_’;;;{) and the
structure behaves as a lossless waveguide whose core can be mod-
eled as an homogeneous anisotropic material [45]; ii) Bragg or

Fig. 7. Schematic representation of a SWG waveguide. The electric field intensity
distribution in the XZ plane is shown at half-height of the silicon blocks.

photonic band gap, where the incoming light is completely
reflected backwards (A = 2_’}6“); and iii) diffraction, where the light
is gradually radiated as it travels through the periodic waveguide
[46]. In all cases, the electromagnetic field solutions supported
by the structure can be rigorously described by the Floquet-Bloch
modes formalism [47].

Operation in the subwavelength regime is very attractive in the
field of photonics integrated circuits because, by using a single
etch-depth and judiciously choosing the aforementioned geometri-
cal parameters, it is possible to control the properties of the
Floquet-Bloch mode. Not only is it feasible to tailor its effective
index, and consequently its mode shape, but also its wavelength
dependence or dispersion and even its birefringence. Ultra-
narrowband filters [48], ultra-broadband couplers [45], ultra-
broadband mode converter and de/multiplexer [49], polarization
management structures [50] or highly efficient fiber-to-chip cou-
plers [51], are only some examples of recently proposed devices
based on this concept [52]. The main limiting factor of SWG tech-
nology in the near infrared band has been the difficulty of achiev-
ing the required device dimensions compatible with the available
minimum feature sizes. However, with the continuous improve-
ment of lithographic processes, already capable of achieving sub-
100 nm patterning resolutions, opens an encouraging scenario for
the coming years [53].

As an example of propagation in the SWG regime, a cut of the
fundamental TE Floquet-Bloch mode is shown in Fig. 7. Due to
the segmentation, a significant delocalization of the electric field
in comparison with a photonic wire of same dimensions takes
place. Furthermore, apart from the field enhancement that occurs
at the sidewalls (like in a photonic wire waveguide), the field is
also enhanced between the silicon blocks. This enhanced light-
matter interaction is the cause of the high sensing capabilities of
SWG waveguides.

4.2. The subwavelength grating as sensing waveguide

SWG waveguides were first proposed for biosensing purposes in
[18]. It was theoretically shown that such waveguides exhibited
sensitivities for TE-polarization that exceed those of conventional
Si-photonic wires by a factor of 6 and 2 for TE and TM polarization,
respectively. Several groups have incorporated SWG waveguides
into their sensing architectures [23,19-22], and have experimen-
tally validated their superior performance. Nevertheless, none of
the published works has so far carried out a detailed study of the
sensitivity of SWG waveguides as a function of their geometrical
parameters. Indeed, the dimensions of standard Si-wires waveg-
uides typically used in telecom applications were directly trans-
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ferred to SWG waveguides, i.e. W =450nm and H =220 nm,
which may be sub-optimal from a sensitivity point of view. In this
subsection we will calculate both bulk and surface sensitivities for
a wide range of geometrical parameters. We will focus on TE polar-
ization at the wavelength of 1550 nm for the SOI platform.

The bulk and surface waveguide sensitivities that will be pre-
sented in the following were calculated by applying their respective
definitions (see Eq. (6) and (7)), i.e., producing a small variation in
the refractive index of the surrounding aqueous solution (bulk case)
or an small increment in the thickness of the adsorbed molecular
layer (surface case), and recording the variation in the effective
index (Aneg) of the fundamental Floquet-Bloch mode. For the bulk
case, the refractive index of the aqueous solution was varied from
1.32to 1. 34, while for the surface case a protein layer with refractive
index of 1.45 and variable thickness ranging from 0 to 10 nm was
assumed. The protein adlayer was situated in all the surfaces in con-
tact with the aqueous solution, i.e., not only in the five faces of the
silicon blocks but also in the interface between the upper cladding
and BOX. The effective index of the Floquet mode was calculated
by implementing the same procedure used in [18].

The results for the bulk case are shown in Fig. 8(a)-(c), for three
different widths (W = 350, 400, 450 nm) and silicon thicknesses
(H = 220,260 and 300 nm), as a function of the duty cycle. To
assist in the physical interpretation of the observed behavior the
effective index (neg) of the fundamental Floquet-Bloch mode has
also been plotted. In all cases, a pitch (A) of 250 nm was used to
ensure that the structure always operates in the SWG regime,
i.e., no Bragg reflection occurs. Regarding the constraint of the fab-
rication process, a minimum feature size of 75 nm has been
assumed, which can be realized with e-beam technology. This
restricts the DC to the range between DC = 0.3 (silicon blocks of
length 75 nm) and DC = 0.7 (gaps of length of 75 nm), indicated
with a labeled arrow in the subfigures. On the other hand, to guar-
antee negligible leakage loss when operating under weak optical
waveguiding conditions, we have used the simple and practical cri-
terion experimentally demonstrated in [54], which establishes
that, for BOX thickness of 3 pm, it is enough to maintain the mode
effective index above 1.55. This recommended limit is shown in all
subfigures as a horizontal line.

From Fig. 8(a)-(c) it is clear that the effective index of the mode
can be engineered by modifying any of the geometrical parameters
that affect the volume of the silicon blocks, i.e., the height (H), the
duty cycle (DC) or the width (W). Accordingly, a reduction in any of
them should delocalize the mode field from the silicon blocks and
increase the bulk sensitivity. However, since the refractive index of
the SiO, BOX is higher than that of water (1.44 versus 1.32), when
reducing the dimensions of the silicon blocks, two effects occur
simultaneously: (i) the mode volume progressively increases,
enhancing sensitivity and (ii) the mode is displaced towards the
BOX, reducing sensitivity. Obviously, there is a point of maximum
sensitivity in which both effects mutually compensate. This

phenomenon is clearly observed in all the blue curves shown in
Fig. 8(a)-(c). For further insight, the electric field intensity is
shown, for different duty-cycles, in Fig. 9. Notice that the case of
DC = 1 corresponds to the conventional photonic wire.

From the design point of view is very interesting to highlight
that in Fig. 8(a)-(c) for all considered widths, heights and duty
cycles, the point of maximum sensitivity has an associated value
of effective index which is far from the threshold value at which
leakage losses start to be significant (nes < 1.55). For example,
for W = 350 nm, the effective indexes at the points of maximum
sensitivities are 1.64,1.69 and 1.72, for H =220 nm, 260 nm and
300 nm, respectively.

Next, we will analyze the dependence of bulk sensibility on the
thickness of the silicon layers. In photonic wires (DC = 1), it is well
known that to enhance the sensitivity, it is convenient to operate
with thin layers to push the field out of the waveguide core. Sur-
prisingly in SWG waveguides a thicker silicon layer has remarkable
benefits, as can be seen in Fig. 8. The point of maximum sensitivity
is shifted closer towards duty-cycles of 50%, which are easier to
fabricate, and the maximum achievable sensitivity increases. Addi-
tionally, the leakage loss margin defined in terms of effective index
increases slightly. For example, a SWG waveguide operating with
the typical standard dimensions of photonic wires
(W =450 nm;H = 220 nm) would achieve a maximum bulk sensi-
tivity of 0.78 RIU/RIU for a DC = 0.7, just at the edge of feasible
margin of DC. However, by increasing the thickness to a value of
300 nm, a bulk sensitivity as high as 0.9 RIU/RIU would be possible
for a DC = 0.6.

We finally note that incrementing the waveguide width shifts
the sensitivity maximum closer to 50% duty-cycles, at the expense
of a slight reduction in the maximum sensitivity value.

In summary, the H = 220 nm thickness typically used in telecom
applications is not optimum for SWG sensing; thicker silicon layers
provide higher sensitivity with duty-cycles that are closer to 50%.

The results for surface sensitivity are shown in Fig. 10(a) and (b),
for different heights and widths. We observe that surface sensitivity
is enhanced as the duty-cycle is increased, because this enlargens
the area of the sidewalls, where the electric field is strongest. The
field at the sidewalls is stronger in narrower waveguides, which is
why the surface sensitivity experiences a stronger enhancement in
narrow waveguides when the duty-cycle is increased.

4.3. Performance metrics of the SWG based biosensors

Since SWG structures were proposed for the first time as sens-
ing waveguides in [18], several groups have experimentally
demonstrated their potential. Table 1 summarizes the main char-
acteristics and performance metrics of the most relevant contribu-
tions published to date. All works make use of ring resonator
architectures. Some classical and highly cited papers using conven-
tional waveguides have also been included in the table as reference

a) W =350 nm b) W = 450 nm c) W =550 nm
YT E—— —{Feasbledc}—
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Fig. 8. Bulk sensitivity of SWG waveguide as a function of duty cycle for three different widths: (a) W = 350 nm (b) W = 450 nm and (c) W = 550 nm. For each width, three
different standard heights H have been considered: 220 nm, 260 nm and 300 nm. To assist in their physical interpretation, the respective effective indexes of the fundamental
Floquet-Bloch are also shown. Other simulation parameters: TE-polarization; A = 250 nm;4, = 1550 nm.
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Fig. 9. Evolution of the electric field distribution in three planes (shown in the left column) when varying the duty cycle (DC) in a SWG waveguide. The geometrical

parameters were set as follows: W = 350 nm;H = 220nm;A = 250 nm.
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Fig. 10. Surface sensitivity of SWG waveguide as a function of duty cycle for: (a)
H=220nm and different widths (W =450nm; 550 nm and 650 nm); (b)
H=300nm and different widths (W =450 nm; 550 nm and 650 nm). Other
simulation parameters: TE-polarization; 4o = 1550 nm and A = 250 nm.

values: the TE-polarized photonic wire [14], the TM-polarized pho-
tonic wire [15] and TE-polarized slot waveguide [17]. We note that
the first of them is the sensing system employed by Genalyte [55],
a commercially available platform capable of performing complete
diagnostic services from a single blood drop in only 15 min. Using
SWG structures in ring resonator architectures offers a significant
increase of sensitivity, as shown in the results summarized in
Table 1. However, to the authors knowledge, interferometric archi-
tectures with SWG waveguides have not yet been experimentally
demonstrated. Since the enhanced waveguide sensitivity afforded
by SWG structures benefits both kinds of architectures, the devel-
opment of SWG based interferometric biosensors with coherent
phase read-out can pave the way for achieving low cost and high
sensitivity photonic biosensors.

5. New opportunities for the SWG waveguides in the mid-
infrared band

5.1. Why the mid-infrared band?

Up to this point, we have focused on detection of biological
substances using light with near-infrared wavelengths. For the

detection of hazardous gases the mid-infrared band (wavelengths
between 2 um and 20 pm), is currently attracting a lot of attention
from the scientific community [56,57], because the fingerprint
region is located in this wavelength range [58]. In this region,
vibrational and rotational quantum transitions generate unique
absorption peaks which can be used to detect and identify mole-
cules. Indeed, using the principle of evanescent field sensing in
the fingerprint region it is possible to obtain the absorbance of a
gas analyte in a mixture, and hence its concentration, by simply
measuring the optical power attenuation in a waveguide. Since
the specific absorption spectrum unequivocally determines the
presence of a given molecule, mid-infrared biosensing waveguides
are self-selective and do not need functionalization layers. So, it is
expected that a plethora of applications will be fully developed in
the coming years with the aim of sensing multiple substances,
including greenhouse gases, petroleum by-products and
pollutants.

5.2. Characterization of sensing waveguides in the mid-infrared band

The power P at the end of an optical waveguide with effective
index neg can be calculated as
P = Pye 2%, (22)
where Py is the input power, L is the length of the waveguide and o
is the modal attenuation constant, which includes all sources of
power loss (i.e. scattering, radiation and material absorption) and
can be calculated as o = 2wIm(nesr) / /0. When the waveguide is used
for evanescent-field gas sensing and the cladding contains mole-
cules with vibration-rotation absorption at Ay, the attenuation con-
stant can be decomposed as a sum of two terms:
o= nfxgas + O, (23)
where oy,s; is the absorption coefficient of the gas, # is the interac-
tion factor of the evanescent mode field with the gas and «,, denotes
the intrinsic propagation loss of the waveguide in the absence of the
gas. According to the Beer-Lambert law [59], which we can assume
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resonators.

valid in most practical uses of evanescent field-based sensing in the
MIR, we can state that

ec
Ugas = = (24)

with ¢ the molar absorption coefficient of the gas and c its concen-
tration, so that Eq. (22) becomes

P= Poe—ﬂscL—meL' (25)

This expression shows how the concentration ¢ of a specific
substance can be obtained by measuring the power drop at the
output of the waveguide.

The primary figure of merit of an evanescent field sensor is its
sensitivity to changes in the concentration of the gas under exam-
ination. Taking derivatives of Eq. (25), this parameter can be
defined as

P
=—_—=—nelLP 2
S == —NELP, (26)
Applying the chain rule and making use of Egs. (22) and (24),
the sensitivity of Eq. (26) can be reinterpreted as
_@_@. oo _(‘)ocgus
T OcT 00 O0gs  OC

&
= SuSu, (27)

where S, = 9P/da = —2LP is the architecture sensitivity of the sys-
tem and S, =1 = 0o/d0es is the waveguide sensitivity. Eq. (27)
indicates that, for a given substance (&), sensitivity will be higher
if the interaction with the evanescent field is maximized, which
can be achieved by increasing the waveguide sensitivity S, or
enlarging the path length L. Furthermore, the intrinsic propagation
losses of the waveguide «,, included in S, through P, limit the
detection functionality of the sensor because they act as a spurious
source of absorption that can even render the sensor useless if out-
put power falls under the minimum detectable. The factor S,, deter-
mines the intrinsic sensitivity of the waveguide without taking into
account the specific substance that will be sensed (&) or the system
architecture (length L and loss «,,). Consequently, even though Eq.
(27) is an appropriate definition from an experimental point of
view, in this work we will utilize the waveguide sensitivity S,, as
the main performance metric. At this point it is important to remark
that the interaction factor # = S,, is commonly expressed as a con-
finement factor [60]

fsensing cladding SZ (X, y)dXdy

Taas = S:(x,y)dxdy’

(28)

foverall waveguide cross-section

with S5;(x,y) the time average of the longitudinal component of the
Poynting vector. However, although Eq. (28) is a good approxima-
tion for 7 in low contrast fabrication technologies (e.g. silica or poly-
mers), it cannot be applied to estimate the sensitivity of waveguides
in high contrast platforms, such as silicon-on-insulator [61,62].
Thus, we will simply use

_ oo
805gas ’

w (29)

Note that this definition is the evanescent field absorption
counterpart of Eq. (6), where we studied the variation of the real
part of the mode effective index with respect to the refractive
index. Now we will analyze the variation of the imaginary part
with respect to the attenuation constant of the gas.

5.3. The suspended silicon waveguide with subwavelength grating
cladding: calculation of its sensitivity

Silicon-on-insulator (SOI) is the most used platform in silicon
photonics at NIR wavelengths since it allows high integrability
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with cost efficiency and mass production compatible with tradi-
tional microelectronics fabrication processes [56]. These advan-
tages remain valid when moving towards higher wavelengths,
making SOI an excellent candidate for ultra-compact lab-on-chip
optical circuits in the MIR. Nevertheless, silicon dioxide, the typical
insulator in SOI wafers, exhibits unacceptable material losses for
wavelengths greater than 4 um [57], jeopardizing the suitability
of this platform in the long-wave range. Several research groups
have proposed alternatives to the conventional SOI platform where
Si0, is removed [63,64] or is substituted with other materials such
as sapphire [65] or silicon nitride [66]. Recently, it has been exper-
imentally reported suspended silicon waveguides for /o = 3.8 um
[67,68] and 4o = 7.67 wm [69] with propagation losses as low as
oy =0.82dB/cm and 3.1 dB/cm, respectively. The geometry of
these structures is represented in Fig. 11. In this waveguiding plat-
form, the buried oxide layer (BOX) of thickness Hpox is eliminated
by using hydrofluoric (HF) acid, extending the theoretical opera-
tion range up to 8.5 um, the transparency limit of silicon itself.
To fabricate these waveguides, a first dry etch step is applied to
make holes of length Ly, in the Si layer. After that, the structure
is attacked with HF, which removes the SiO, through the holes.
In this way, the silicon waveguide core (width W . and height
Hegore) is suspended, only anchored to the remaining lateral silicon
walls by a series of silicon strips of length Lg;. In addition to holding
the waveguide core and providing mechanical stability, these
strips have an optical function: conveniently designed, they work
as a SWG cladding of width W, that provides the index contrast
required for waveguiding. Due to holes in the cladding and the
absence of a BOX layer, the amount of evanescent field that can
be in contact with an analyte gas is higher than in conventional
waveguides. This makes suspended waveguides strong candidates
for mid-infrared on-chip spectroscopy.

This kind of waveguides can, however, suffer from power leak-
age from the core to the silicon substrate and to the lateral silicon
slabs. The waveguides were designed for the TE polarization to
minimize propagation losses by avoiding both sources of leakage.
At Jo=3.8um, with a SOI wafer of Her =0.5pum and
Hpox =3 um, this is accomplished for Weye =1.3 pum,
Weaa = 2.5 pm, Ls; = 0.1 pm and Lyee = 0.45 pm, delivering mea-
sured propagation losses of only 0.82 dB/cm. At o =7.67 um,
although the Si thickness was scaled up to Heye = 1.4 m, Hpox
remained equal to 3 pum. As a result, a full redesign was required,
both to allow practical single-mode operation and to prevent the
structure from collapsing. With Weoe = 2.9 pm, Wyeq = 3 pm,
Ls =0.25 um and Lpee = 0.9 pm, a low propagation loss of 3.1
dB/cm was measured. Note that the higher loss of this waveguide
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Fig. 11. (a) Schematic 3D representation of a suspended waveguide. Inset: zoom of

the SWG cladding strips and holes. (b) SEM image of a fabricated silicon suspended
waveguide operating at 4o = 3.8 pum (top view).

with respect to its /o = 3.8 um counterpart is primarily due to the
intrinsic losses of silicon (o ~2 dB/cm at 4o = 7.67 pum [70]).
Fig. 12 shows the transverse field profiles of the fundamental TE
and TM for /o = 3.8 um and 4o = 7.67 um suspended waveguides,
simulated with RSoft™ and Photon Design® software tools. For TM
modes (right column) the electric field is further expanded out of
the Si core than for TE modes (left column), so that the interaction
with the analyte will be stronger. Therefore, in terms of waveguide
sensitivity, TM modes are preferable over TE modes. However, if
Hgpox and W4 are too small, the evanescent field tails can reach
the silicon substrate and the non-suspended lateral silicon slabs
vastly increasing the intrinsic waveguide losses as a result of leak-
age. Thus, as shown in Fig. 12(b), at /o = 3.8 pm the TM mode is so
weakly guided that, regardless of its high S,, value, the waveguide
turns out to be unable for sensing applications. Consequently, and
also because the absorption band of many substances of interest
(e.g. CHy,) is around 7.6 pm, we will focus on the long-wave wave-
length suspended waveguide with TM polarization. In that case,
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Fig. 12. Transversal mode field distributions for (a) TE and (b) TM polarizations at
Jo =3.8um and for (c) TE and (d) TM polarizations at /o = 7.67 um. Intrinsic
propagation losses and waveguides sensitivities are indicated. For TE polarization
o, values are experimental, whereas for TM polarization they are simulated.
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Fig. 13. Simulated waveguide sensitivity as a function of the core thickness (left
axis). Simulated propagation losses (leakage losses to substrate and lateral silicon,
as well as material losses) as a function of the core thickness for several cladding
widths (right axis). TM polarization at 4o = 7.67 pm is considered.



J.G. Wangiiemert-Pérez et al./Optics and Laser Technology 109 (2019) 437-448 447

the suspended waveguide exhibits a sensitivity S, ~ 0.55, notice-
ably higher than sensitivities for the TE modes at 4o = 3.8 um
(Sw=~0.2) and 4o = 7.67 um (S, =~ 0.1).

As these suspended waveguides were originally designed with
the aim of minimizing losses, but not of maximizing sensitivity,
it is worth to study how the latter is affected by variations in the
waveguide thickness core H.y.. Fig. 13 shows the sensitivity S,
as a function of Hcy for TM polarization at 4o = 7.67 pm. Intrinsic
waveguide propagation losses are also represented for several Hpox
thicknesses and W, widths. Boundary cases where lateral leak-
age is neglected (W4 — oo) are also included to show the mini-
mum achievable loss for each Hegre. For Here = 1.1 plm waveguide
sensitivity is clearly optimized (S, ~ 1.4), but leakage losses are
excessively high in all depicted cases. Setting o, =5 dB/cm as
the maximum acceptable loss, in the best-case scenario
(Wgag — o0) sensitivity could be improved to 0.7 for
Heore =~ 1.35 um. This can be practically achieved with a
Weaa = 4 pm wide cladding. If Hpox were increased to 4 pum, sensi-
tivities of S, ~0.9 for Wy, =4 um and Heye = 1.27 pm, and
Swa~1 for Wgeg =5 pm and Heore = 1.24 pm could be obtained.
For this latter case, allowing o, = 7 dB/cm, sensitivities as high
as ~ 1.2 might be delivered with Hcre ~ 1.2 um. Suspended
waveguides are thus extremely promising candidates for evanes-
cent field absorption-based sensors in the MIR.

6. Conclusions

We have reviewed the main parameters determining the sensi-
tivity of photonic biosensors, highlighting that interferometric sen-
sors with coherent phase read-out constitute a simple yet accurate
sensor architecture. The use of subwavelength structures in sens-
ing waveguide enhances their sensitivity both for biosensing in
the near infrared and for absorption spectroscopy in the mid-
infrared. In both scenarios, significant enhancement can be
achieved by optimizing the waveguide geometry for sensitivity.
We are confident that with a holistic sensor design approach
today'’s already excellent sensitivities can be further improved.
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