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Abstract

Chiral spectroscopy is a powerful technique that enables to identify the chirality
of matter through optical means. So far, experiments to check the chirality of
matter or nanostructures have been carried out using free-space propagating light
beams. However, for the sake of miniaturization, it would be desirable to perform
chiral spectroscopy in photonic integrated platforms, with the additional benefit of
massive parallel detection, low-cost production, repeatability, and portability of such
a chiroptical device. Here we show that all-dielectric integrated photonic waveguides
can support chiral modes under proper combination of the fundamental eigenmodes. In
particular, we investigate two mainstream configurations: a dielectric wire with square
cross-section and a slotted waveguide. We analyze numerically three different scenarios
in which such waveguides could be used for chiral detection: all-dielectric waveguides
as near-field probes, evanescent-induced chiral fields, and chiroptical interaction in void
slots. In all the cases we consider a metallic nanohelix as a chiral probe, though all the

approaches can be extended to other kinds of chiral nanostructures as well as matter.
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Our results establish that chiral applications such as sensing and spectroscopy could be

realized in standard integrated optics, in particular, with silicon-based technology.

Introduction

Chirality is the geometrical property by which an object cannot be superimposed on its
mirror image. Even though this feature is ubiquitous in nature at the full range of scales,
it is likely at the molecular level where it plays a key role from a practical point of view.
Indeed, enantiomers, i.e., pairs of stereoisomers having opposite handedness or chirality, may
have well different pharmacological effects.' Besides in the molecular structure, chirality
also applies to some elementary particles such as photons,® electrons,® or phonons.” In the
case of photons, and using classical notation, we shall refer to it as optical chirality, which,
just like the electromagnetic helicity,®” has been recognized as a fundamental property of
light characterizing the local handedness, or twistiness, of the electromagnetic field lines. %!
Thus, circularly polarized light (CPL) is typically considered as the paradigmatic example
of chiral light.'?

Information about the chirality of matter at the micro or even molecular scale can then be
directly retrieved by making it interact with chiral light. There are a number of techniques
to discriminate enantiomers, but the most commonly performed is the so-called circular
dichroism spectroscopy,® which consists in determining the differential absorption rate of

left (L) and right (R) CPL when propagating through a chiral medium.'* Likewise, the

efficiency of this asymmetric chiroptical response is generally quantified in terms of the

=2 ] )

dissymmetry factor:

where A* is the absorption rate of L-CPL (+) and R-CPL (-). This establishes a
standard metric to quantify the enantioselectivity and its possible enhancement with respect

to CPL.'®! Importantly, in the dipolar approximation, it has been proved that the



dissymmetry factor is, in turn, proportional to the optical chirality density,'®!? thereby
promoting an insightful pathway to control the chiroptical response via an all-optical
approach, namely, regardless of the structural properties of the chiral analyte.!” In this
regard, it should be noticed that, although known for years, only recently it has been
put forward general and closed expressions for both the optical chirality,'® as well for the
electromagnetic helicity,” of fields propagating through dispersive and even lossy media.
Interaction between chiral light and chiral molecules is in general extremely weak,'* owing
to the large scale difference between the operational wavelength of the input light and the
typical size of the molecules.'” Nevertheless, since the original suggestion!? and preliminary

12,16

demonstrations of the existence of superchiral fields (i.e., optical fields carrying chirality

larger than that of CPL) to enhance the chiroptical interactions, the interest in this
field has grown considerably. In particular, metallic nanostructures supporting plasmonic
resonances at subwavelength dimensions have been proven to be well-suited platforms for
strengthening the chiroptical effects,!®?! leading to local chiral enhancements by orders

of magnitude.?*?3 Further developments have led to improve and simplify the chiroptical

schemes to achieve ultrasensitive enantiomeric detection, recognition, and separation,?*

5

for example, by stacking twisted planar metasurfaces,?® or in arrays of both chiral?® and

7 29,30

even achiral plasmonic nanostructures, such as spheres,?” nanoslits,?® or nanorods.
More recently, high-index dielectric disks have also been suggested as suitable structures
to boost near-field chirality.?! Besides displaying lower absorption losses than its plasmonic
counterparts, dielectric resonators are proving to be a promising platform with a number of
important practical advantages for chiral sensing, spectroscopy, and enantioselectivity:?

33,34

large areas of high and uniform-sign chirality (enantiopure enhancement), spectral

accessibility and tunability of chiral interactions,® and switchability upon reversing the
input polarization. 3¢

In recent years there have been many efforts to implement sensing, spectrometry, and

spectroscopy in photonic integrated platforms.?”® In all these cases, light is guided on a



chip through lossless dielectric nanowires (i.e., waveguides with confinement dimensions of
the order of \/2, and propagation distances beyond the cm-scale), wherein some integrated
elements are included to carry out the required optical processing. A similar conception may
also be applicable to perform integrated chiral sensing and spectroscopy, since, up to now,
all the approaches are considering arrangements in which the input light propagates through
free space. While keeping the same working principle, the integrated approach should bring
about numerous practical benefits, mainly if realized onto silicon-based platforms compatible
with standard CMOS technology: low-cost and mass-volume production, repeatability,
multiplexed detection, or integration with electronics, among others. Yet, in the context
of integrated photonics, chiroptical effects have only been borne out as a consequence of the
spin-orbit interaction of light for controlling near-field unidirectional excitation of guided
modes,?**! leaving aside other interesting capabilities such as enantiomeric discrimination,
chiral spectroscopy, or sensing. In this regard, it should be noted that, apart from the
case of plane-wave propagating in free space, studies on optical chirality (and/or helicity®)
in integrated platforms are scarce, with the notable exception of cylindrical dielectric
waveguides, for which there are analytical solutions.4? 44

In this work, we investigate the existence of enhanced optical chirality in
lithographically-defined integrated dielectric waveguides, as well as its potential in chiral
applications such as sensing, spectroscopy or filtering. In particular we focus on two of the
most common guiding structures used in nanophotonics: strip and slot waveguides.*> Even
though the fundamental eigenmodes of these structures, typically referred to as transverse
electric (TE) and transverse magnetic (TM), yield no chirality, we show that a net optical
chirality of opposite signs can arise from the adequate superposition of two orthogonally
polarized guided modes, analogously to the conventional case of .- and R-CPL. Building
on this analysis, we show that such waveguides can be used as near-field tips and probes
for excitation and read-out of chiral nanostructures, in arrangements equivalent to that

routinely performed in circular dichroism measurements. More strikingly, we find a strong



interaction between the evanescent field of the chiral guided modes and the chiral metallic
sample, which is different depending on whether or not the optical chirality of the field
matches the handedness of structure. These effects also allow us to disclose the active role of
the absorption losses, recently introduced in the theoretical framework of optical chirality, '®
as well as the relationship between the chirality and the transverse spin.“®*” Hence, besides
suggesting the possibility of using photonic integrated platforms for chiral applications, these

findings may lay the groundwork for a greater variety of chiroptical effects. %49

Results and discussion

Optical Chirality Density in All-Dielectric Integrated Photonic

Waveguides

We start by considering a guiding system consisting of a silicon nitride (Si3N4) waveguide with
square cross-section that, for simplicity, is surrounded by vacuum. Silicon nitride is chosen as
it is compatible with standard CMOS technology and enables guidance in an extremely broad
wavelength regime,®® thus covering the relevant visible and near-infrared (NIR) spectral
regions.”® The waveguide can be suspended in air just by removing the substrate, as it
is usually done in waveguide and cavity optomechanics. Moreover, by choosing a square
cross-section we ensure that the two first guided modes (i.e., the TE and TM modes) appear
to be degenerate. Unlike wires with circular-cross section,*™* there is no analytical solution
for the propagating modes of square (or, in general, rectangular) dielectric waveguides, so
we ought to calculate the corresponding guided modes by means of numerical simulations.
This has been performed with the aid of the commercial 3D full-wave solver CST Microwave
Studio (see Methods section). After that, as done earlier when calculating the transverse spin

of such guided modes,® once determined the electric and magnetic components of each mode,



we can straightforwardly obtain the optical chirality density from its general definition:!®

O = Iml(e(@)hen(®) + ur(w)” () B - H, 2)

wherein ¢ is the speed of light in free space, E and H are, respectively, the electric and
magnetic complex field amplitudes, with the asterisk denoting complex conjugation, and &
and p are the standard permittivity and permeability of the medium. Additionally, to fully
account for the dispersion of the guiding structure, we should use the real-valued effective
material parameters e.¢ and peg, depending on the angular frequency w.!®

Figure 1a shows the optical chirality density for right- and left-handed circularly polarized
guided modes (CPGMs) in a silicon nitride strip waveguide, with equal width and thickness,
w =t = 450 nm, at NIR frequencies. Notice that, in principle, lower wavelengths (i.e.,
those ranging from visible to the near-UV spectral region) would be more suitable for
chiral spectroscopy. Nonetheless, the transverse profile of the modes will be similar at
any wavelength below the cut-off, so these results would qualitatively apply to the whole
wavelength range supporting the TE and TM guided modes. Just like CPL propagating in
free space, CPGMs may be built by superposing both degenerate TE and TM eigenmodes
with a phase shift of 7/2 between them. In this way, they result in a locally nonzero optical
chirality within the waveguide core, being positive or negative depending on whether the
CPGM is left- or right-handed, respectively. This is a feature that could be expected by
considering that the waveguide core squeezes propagating light in a thin cross-section of
the order of (\/2n.g)?, being neg the effective refractive index of the corresponding guided
mode. Noticeably, the evanescent tail of the propagating CPGM through the vacuum
region surrounding the waveguide still yields chirality as well. This allows us to suggest
the possibility of performing chiral spectroscopy or sensing just by placing chiral objects in
such a near-field region. As evident, the local chirality of the evanescent field is much lower

than in the core, but still, its interaction with chiral structures can be even stronger than
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Figure 1: Cross-sectional maps of the normalized chirality density for L- and R-CPGM in
silicon nitride (a) strip and (b) slot waveguides with square cross-section (w =t = 450 nm)
and dgo; = 200 nm, at NIR wavelengths. The normalization is carried out with respect to
the maximum chirality, dubbed as C\¢, for each configuration, and it will serve as a reference
to quantify the corresponding chiral enhancement in the following results.

that of normal incidence, as will be shown in the next section. Moreover, since all-dielectric
waveguides are inherently lossless, the optical chirality conveyed by the CPGMs can be
transported over very long distances, thereby enlarging the active region where realizing
chiral light-matter interaction.

Alternatively, dielectric slot waveguides are practical structures that enable guiding and
strong field confinement in a thin low-index region separating two strip waveguides.®® This
makes them useful for biosensing,®® and thus amenable for the experimental realization of
chiroptical applications. However, in contrast to the previous case, here the slot breaks the
symmetry of the system so it is not possible to get an exact degeneracy between the TE and
TM modes. It is though feasible to design the slot waveguide in such a way that the TE
and TM modes have the same effective index for (or up to) a certain wavelength, namely,
ensuring a sufficient degree of coherence for the CPGMs so that they can propagate along
the required operational distance. As shown in Figure 2, for a square cross-sectional silicon
nitride waveguide with w = ¢t = 450 nm, and dg; = 200 nm, this overall degree of coherence
between TE and TM modes is attained when f ~ 250 THz (A ~ 1200 nm). With this

restriction in mind, we performed similar calculations as in the former case, whose results
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Figure 2: Effective refractive index of the fundamental TE and TM eigenmodes of a silicon
nitride strip (solid line) and slot (dashed line) waveguides with square cross-section (w =
t = 450 nm) and dgor = 200 nm. In both cases the surrounding medium is assumed to be
vacuum.

are depicted in Figure 1b. It can be seen that both L- and R-CPGM yield a roughly uniform
distribution of optical chirality in the slot region, which should be extremely useful for chiral
applications.

The optical chirality maps shown in Figure 1 will be used as the reference for setting
the corresponding enhancement when the chiral sample is included. In this regard, it is
worth pointing out that, unlike in the case of plane-wave propagation in free space, wherein
superchirality is well defined with respect to the chirality of CPL, in the case of waveguiding
systems the situation can be slightly problematic as it would depend on the specific structure.
So, in lieu of superchirality, we shall refer to it simply as the enhanced chirality, whose
enhancement factor is relative to the reference chirality Ci, i.e., the maximum chirality for
each specific configuration.

Now that we have shown that planar dielectric waveguides may support chiral light
propagation, we will look into three different scenarios enabling integrated chiral applications:
dielectric waveguides as near-field probes for excitation and read-out of chiral light-matter
interaction (in-gap configuration); near-field optical chirality induced by evanescent fields

neighboring waveguiding structures (on-top configuration); and chiroptical interaction in



slot waveguides (slotted configuration). For simplicity, and without any loss of generality,
throughout this work we are going to consider a metallic nanohelix as a sample structure
since it is often regarded as the prototypical example of chiral object.? It will lead to
a differential absorption (or, equivalently, transmission) of L- and R-CPGM, depending on
the handedness of the metallic nanohelix. For comparison purposes, we will analyze the
resonant behavior of this structure modeled either as a perfect electric conductor (PEC) or
silver, whose material parameters are taken from Ref. 60. At any rate, we stress out that

any other kind of chiral structure or material could be used as well.

Probing the Chiroptical Response in Dielectric Strip Waveguides:
Normal Incidence (in-gap configuration) and Evanescent-Induced

Chiral Interaction (on-top configuration)

First we investigate a chiral metallic scatterer embedded in a narrow gap separating two
silicon nitride waveguides with square cross-section (w = t = 450 nm). The chiral
nanostructure consists of a 4-turns single helix placed in between the waveguides, being
centered and orientated along the propagation axis in the z-direction (see Figure 3a). As
aforementioned, in this first approach, the metal is simply modeled as a PEC. This would give
us some hints to understand the chiral behavior of the helix on account of its geometry itself,
thereby dismissing any potential influence of dispersion or absorption effects. Regardless of
the number of turns, a full geometrical description of this complex object is determined by
the following set of structural parameters: helix radius (Rpeix), pitch (p), and helix wire
radius (Thelix), apart from the handedness, given by a relative phase shift between the x and
y coordinates. By properly engineering each of these parameters one can gain control over
the main spectral features, tuning the resonance position and depth, as well as the optical
activity of the metallic chiral structure (see Refs. 58 and 59 for further details). In this

case, we shall consider a right-handed helix with geometrical parameters fixed to p = 50
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Figure 3: (a) Scheme of the arrangement for chiral sensing and spectroscopy enabled by a
dielectric strip waveguide as a local probe for excitation and read-out under normal incidence
with a gap width set to 240 nm (in-gap configuration). The chiral metallic structure is
modeled as a right-handed 4-turns single helix made of PEC, with geometrical parameters
fixed to p = 50 nm, rpeix = 20 nm, and Ryeix is varied from 100 to 114 nm. (b) Numerical
simulation of transmission and mode conversion spectra for different values of Rpeix. ()
Dissymmetry factor.

nm, Tpaix = 20 nm, and Ry set as the control parameter, varying from 100 to 114 nm.
Notice that this choice of the variable parameter is done so that we can keep constant the
gap width, in this case to 240 nm.

As mentioned above, we can excite either L- and R-CPGM in the input waveguide by
controlling the relative phase shift between the TE and TM modes (see Methods section).

Then, using an end-fire coupling setup, the light exiting the input waveguide will excite

10



the chiral structure in the near-field, here acting as a probe. The output waveguide
will collect the light both scattered by the structure and transmitted from waveguide to
waveguide, ®:%? thus enabling the read-out of the chiroptical interaction. To account for the
chiral spectral response, we first represent the transmission and mode conversion spectra
for L- and R-CPGM (see Figure 3b). From this, it can be seen that, while L-CPGM is
nearly transparent to the presence of the helix, R-CPGM exhibit a narrow transmission
dip depending on Ry, thereby providing clear evidence of the underlying optical activity
brought about when the handedness of the CPGM coincides with that of the chiral structure.
These signals directly translate into an asymmetric response on the transmission spectra,
whose strength is generally quantified by the chiral dissymmetry factor g (see Figure 3¢). In
this regard it should be noted that, along with the definition given in Eq. (1), involving the
differential absorption rate, the dissymmetry factor may also be equivalently characterized
in terms of the differential transmission. Thus, concerning our proposed scheme, such a
definition will allow us from now on for a more direct and intuitive description of the
chiroptical interaction. It can be seen that the peak values of g (=~ 0.3) are attained at
the helix resonance, which does depend on the radius Rpeic. This then confirms the chiral
response of the system in a region with a foot-print < 1 pm?. Remarkably, as shown in
Figure 3b, the strong chiral interaction at resonance also results in a small, but nonzero,
mode conversion between L- and R-CPGM, and vice versa.

A similar analysis holds for the near-field chirality induced by the evanescent field
neighboring the silicon nitride waveguide over which a metallic chiral nanostructure is
placed. The scheme of this approach is depicted in Figure 4a. Again, maintaining the
same geometrical parameters for the nanohelix and modeling it as a PEC, we obtain, via
numerical simulations, the spectral behavior of the transmission of - and R-CPGM for
different radii of the helix, now ranging from 50 to 55 nm (see Figure 4b). From these
results, and taking into account the above considerations, we can directly calculate the

dissymmetry factor g (see Figure 4c). It can be seen that the peaks of g (or, analogously,
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Figure 4: (a) Scheme of the arrangement for the evanescent-induced chiral response in a
dielectric strip waveguide (on-top configuration). The characterization of the chiral metallic
nanohelix is the same as in Figure 3, but with Ry ranging from 50 to 55 nm. (b) Numerical
simulation of transmission and modal conversion spectra for different values of Ryejx. ()
Calculated dissymmetry factor.

the dips in transmission) become narrower and higher in comparison with the previous case.
This is quite striking since the fields in the evanescent region are much weaker than in the
gap spacing two waveguides, wherein they are essentially similar to those in the waveguide
core.%! Yet, this configuration still retain common features with respect to the previous case,
in particular, the peak position (or resonance frequency) dependent on the helix radius,
and the intermodal conversion between L- and R-CPGM, and vice versa, as a result of the

interaction between the CPGMs and the chiral structure (Figure 4b).
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Figure 5: Cross-sectional maps of the optical chirality density for L- and R-CPGM in silicon
nitride strip waveguides for (a) the in-gap configuration (Figure 3a) and (b) the on-top
configuration (Figure 4a). The chiral metallic structure is modeled as a PEC, and the
geometrical parameters are the same as in Figures 3 and 4, setting (a) Rpeix = 108 nm, and
(b) Rpeix = 52 nm. In both cases we consider the working frequency f = f.es ~ 216 THz.
The values are normalized with respect to Ciet, i.e., the maximum chirality attainable for
each configuration when ignoring the presence of the chiral structure.

For a more intuitive description, we plot the cross-sectional map of optical chirality
density from the corresponding electromagnetic field distributions (see Figure 5), which, in
turn, are obtained via numerical simulations (see Methods section). For practical reasons, we
have to decide a specific set of parameters to perform the graphical representation, including
the working frequency. By looking at the results shown in Figures 3c and 4c, the best trade-off
for a fair comparison is such that R} = 108 nm for the in-gap configuration, and Ry = 52
nm for the on-top configuration, since in both cases there exists a well-localized resonance
at approximately 216 THz. It should be noticed that this map brings about complementary
information to be accounted for. In particular, it provides a clear visualization of the resonant
behavior of the nanohelix. Indeed, as shown in Figure 5, most of the optical chirality density
is tightly localized and strongly enhanced in the surroundings of the chiral structure, reaching
a value of up to 30 times Clt, i.e., the maximum chirality attainable when the chiral particle
is ignored (see Figure 1). Remarkably, both the enhancement and the localization are even
larger when the input mode possesses the same handedness as the chiral nanohelix, namely,

for R-CPGM. This translates into a higher absorption by the particle (or a lower transmission

13



at the output port), thus exhibiting a true chiroptical effect. Furthermore, regardless of the
input mode, the sign of chirality remains uniform in both the outer and the inner region
of nanohelix. In this regard, it is worth observing that, inside the helix, the chiral sign
is always opposed to that of its handedness. This fact becomes even more evident for the
on-top configuration, in which the local optical chirality gets strikingly higher than in the

in-gap configuration.

Further Considerations for a Realistic Approach of Chiroptical

Applications in Integrated Platforms
Beyond the Ideal PEC Model: Drude-Lorentz Materials

For the sake of simplicity, thus far we have assumed the chiral probe particle as made of a
PEC. However, this will not be the case in a real system, where at optical frequencies metals
display a Drude-Lorentz-like response in which dispersion and absorption losses should be
included. To account for this, we have further repeated our simulations considering a silver
helix with material parameters taken from Ref. 60. Numerical results are summarized in
Figure 6. In order to compare with the case above, for the in-gap configuration, we have
considered again a right-handed 4-turns single helix. Nonetheless, for a better representation
of the results, small modifications in the geometrical parameters have been carried out,
setting the gap width to 300 nm, p = 70 nm, e = 10 nm, with Ry, varying from 90 to
120 nm. On the other side, for the on-top configuration we have used a helix with 16 turns,
so that we can leverage further the chiroptical interaction induced by the evanescent tail of
the CPGMs. Regardless of structural specifications of the chiral scatterer, in both cases, the
system still retains the same general features mentioned above, i.e., chiral-like resonances
whose frequency depends on the helix radius, and the nonzero mode conversion between L-
and R-CPGM, and vice versa. However, likely due to the absorption losses, the transmission

dips, and consequently, the peaks in the dissymmetry factor spectra become wider. Moreover,
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Figure 6: (a) Numerical results of transmission and mode conversion spectra and (b)
calculated dissymmetry factor for different values of Ry, for the in-gap configuration.
Panels (c) and (d) plot the same for the on-top configuration. Note that in all panels
we are considering a right-handed silver nanohelix with p = 70 nm and 75 = 10 nm. For
the in-gap configuration the gap width is fixed to 300 nm and the helix has 4 turns, whereas
for the on-top case it has 16 turns.

g also exhibits opposite chiral behavior at frequencies just before the resonant peak. Despite
that, it is worth emphasizing that the chiroptical responses characterized by the dissymmetry
factor are greatly increased in comparison with the previous results for PEC made helices.
Once again, we illustrate this fact by means of the chirality density cross-sectional map
shown in Figure 7. Even though the enhancement is obviously lower than for the case of
PEC helices, the contrast ratio between L- and R-CPGM at the output waveguide is now
significantly higher. Namely, whilst the chirality density is roughly uniformly preserved along
the entire waveguide for L-CPGM, the excitation of the chiral structure by the R-CPGM is
so strong that the chirality is completely absorbed at the output port, a fact that can be

attributed to the active role played by the absorption losses.'®

Enhancing the Evanescent Effect: Slotted Configuration

Slot waveguides, consisting of a thin air channel placed between two dielectric waveguides, 52

present important advantages in a multitude of integrated photonics applications, in

15



1000 1
I 1
600FL.CPGM I [R-CPGM !
3 1 q
£ ~ o | A |
= . e ! :tl ) 0
x — 1 ..~ I} N
L I
-600 : 4
-1000L 1
(b) ]
1000 1 1
L | L
6001 L-CPGM I [R-CPGM r
_ .q X | q + \
£ 200 . 1 F 0
£ 1 L
x -200 (- 1
F 1
-600 : -1
-1000 1 -2
-2000 -1000 0 1000 2000 -1000 0 1000  -2000 -1000 0 1000 2000 -1000 0 1000
z (nm) y (nm) z (nm) y (nm)

Figure 7: Cross-sectional maps of the optical chirality density for L- and R-CPGM in silicon
nitride strip waveguides for (a) the in-gap configuration (Figure 3a) and (b) the on-top
configuration (Figure 4a). The chiral metallic structure is modeled as a right-handed silver
nanohelix with geometrical parameters as indicated in Figure 6. In both cases the working
frequencies are fixed to be that of resonance for Ryei = 100 nm, ie., (a) f = fres &= 247
Thz, and (b) f = fies = 228 THz. The values are normalized with respect to Cies.

particular, in optical biosensing and spectroscopy.3”** Motivated by this, we also analyze
chiroptical light-matter interactions in these kind of configurations. Indeed, the slotted
approach can be regarded as an improved version of the on-top configuration in which we
place a second waveguide close to the first one in order to produce more intense fields in
the void region close to the waveguide interface. Therefore, as in the case of the on-top
configuration, the main benefit of the slotted configuration relies on the long active region
in which the chiroptical interaction takes place.

Based on this, we consider two square cross-sectional silicon nitride waveguides separated
by a slot of width dg.; = 200 nm, where the optical field is strongly confined. Here we place
the chiral analyte, in this case a 16-turns silver nanohelix (see Figure 8a). The rest of
geometrical parameters are the same that previously used in Figure 6. From the numerical
results shown in Figure 8 we observe that, like in the cases above, the transmission spectra
display a sharp dip at the resonance frequency for the CPGM that matches the chirality of
the helix. This translates into a peak in the corresponding dissymmetry factor spectrum,

which, owing to the absorption losses of the material, has a broad spectral width.
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Figure 8: (a) Scheme of the arrangement for chiral sensing and spectroscopy enabled by
a dielectric slotted waveguide with a slot width of dgo, = 200 nm (slotted configuration).
The chiral metallic structure is modeled as a right-handed 16-turns single nanohelix made
of silver, with geometrical parameters fixed to p = 70 nm, 705 = 10 nm, and Ryex ranging
from 75 to 85 nm. (b) Numerical simulation of transmission and mode conversion spectra
for different values of Ryejix. (¢) Dissymmetry factor.

A key issue arising with the slotted configuration is that the system does not display a C}
rotational symmetry around the waveguide axis, which prevents TE and TM modes to be
degenerate. This means that the chirality of the CPGMs will change when propagating
through the slotted waveguide. Still, in the simplest case in which the waveguide is
surrounded by a homogeneous low-index medium, e.g., vacuum, the slot waveguide can
be designed to be fully degenerate for (or up to) a given wavelength (see Figure 2) so that

purely L- or R-CPGM can be generated and propagated for realizing chiral interaction. The
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Cy symmetry also breaks when a substrate is introduced, and, as discussed below, this poses

some limits in practice.

Breaking the C); Rotational Symmetry: Polarization Beat Length and Its Effect

on Chiroptical Applications

All-dielectric waveguides with square cross-section completely surrounded by vacuum
support TE and TM modes fully degenerate, meaning that the chirality conveyed by the
CPGMs will be maintained no matter how long the waveguide is. Notice that this kind of
suspended dielectric nanowires can be technologically realized by releasing the waveguide core
using standard processes, for instance, in the case of silicon-based materials, by employing
an HF bath that removes the silica substrate as usually done in cavity and waveguide
optomechanics. However, this limits the maximum distance for which the chirality is
maintained, as very long waveguides may eventually break down and collapse. This can
be solved by using a substrate, so that there is no limit on the maximum guiding length, as
long as we ensure low propagation losses, and providing a support for the addition of chiral
scatterers (as the helix used in this work) or even chiral chemical compounds.

When the substrate is added, the Cy rotational symmetry of the system is broken, and
the TE and TM modes are no longer fully degenerate. In such a case, it is worth assessing
how long the sign of the chirality can be kept in our system, thereby determining the
maximum active length to carry out the required chiral processing. To characterize the
degree of degeneracy between the TE and TM eigenmodes, and its influence on the coherent
propagation through the waveguide structure to generate the required chiral CPGMs, we use

the so-called polarization beat length.:

PBL— (3)

nre — Nt™m

This is a parameter typically used to check the birefringence of optical waveguides,®
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accounting for the fabrication deviations from the nominal values of the waveguide as well.
Specifically, it fixes the distance traveled by the corresponding guided mode after which
the original polarization state is recovered. Namely, this means that the chirality sign can
be kept uniform over a distance of PBL/2. Therefore, in the cases of a suspended slotted
waveguide or a dielectric wire with substrate, one can work out a design so that the TE
and TM modes are fully degenerate at a certain frequency (for which PBL — 00), and look
into the bandwidth around that frequency so that it achieves a PBL length over a given
threshold. In Figure 9 we plot the PBL for both strip (solid line) and slot (dashed line)
waveguides. To do that, we first calculated the effective refractive index for the TE and
TM modes in each case by means of a 3D full-wave solver (see Methods section). In the
strip case we consider a realistic system: a conventional silicon nitride wire with rectangular
cross-section, being ¢ = 300 nm (available in commercial wafers) and w = 350 nm, on top
of a silica substrate. On the other side, for the slotted case we choose square waveguides
with the same dimensions as that indicated in Figure 2, and, for comparison, we account
for the cases with and without substrate. In the former scheme, we find that the TE and
TM modes have the same index at a wavelength of 900 nm, with PBL =~ 1.5 mm over
a bandwidth of nearly 50 nm. Of course, this result is far from being satisfactory for a
real application and it should be further optimized, by changing the dimensions as well as
the characteristics of the cladding. Nevertheless, it serves to show the feasibility of such
an approach taking into account the substrate. In fact, from a simple comparison with
the slot waveguide, including the silica substrate, we observe a much better performance,
increasing the PBL peak magnitude to 3.5 mm, located in this case at 1400 nm, and slightly
widening the bandwidth. Finally, in the ideal case removing the substrate we can further
enhance both the magnitude and the bandwidth of the PBL peak, centered at 1150 nm.
Interestingly, all the PBL peaks appear located in a spectral range that, as reported in the
recent literature, is highly appropriate for realizing chiroptical spectroscopy, especially when

plasmonic nanostructures are involved (see, e.g., examples shown in Ref. 19). Therefore, we
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Figure 9: Polarization beat length (PBL) of a silicon nitride strip (solid line) and slotted
(dashed lines) waveguide as a function of the wavelength. For the strip case, the rectangular
cross-sectional waveguide (w = 350 nm and ¢ = 300 nm) is placed on a silica substrate. In
the slotted case, for comparison, the PBL is plotted with and without substrate.

have shown that, even with a substrate, realistic dielectric waveguides may support chiral
modes in a significant wavelength range and over large propagation lengths, enabling chiral

applications in active regions able to reach up to the mm-scale.

Conclusions

In summary, we have examined three possible configurations to get chiroptical responses
enabled by all-dielectric strip and slotted waveguides in integrated photonic systems. To
this aim, we have taken under consideration a metallic nanohelix acting as a chiral sample
(a sort of metamolecule). For simplicity, the metal has been first modeled as a PEC, so that
the chiral interaction is only due to the geometrical aspects, dismissing additional dispersive
or absorption effects. Numerical results show that, in each of the configurations, there
exists a very well localized single chiral-like resonance in the transmission spectra depending
on the helix radius, which is chosen as the control parameter for sweeping. Consequently,
the dissymmetry factor exhibits a narrow peak at such frequencies. Furthermore, intermodal

conversion is also present everywhere. These features are illustrated by means of the chirality
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cross-sectional map, where it can be observed the strong enhancement in the chiral excitation
of the nanohelix when its chirality coincides with that of the input CPGM.

For the in-gap configuration the system becomes ultra-compact, with an active area
wherein realizing the chiroptical interaction smaller than 1 um?. In contrast, for both the
on-top and the slotted configurations, the interaction lengths can be made much larger,
which may be highly useful to sort the chirality of chemical and biological compounds in
the context of lab-on-a-chip technologies. In these cases, breaking the rotational symmetry
of the system, either by adding a substrate or in the slotted waveguides themselves, would
result in TE and TM modes no longer fully degenerate, limiting the length over which a
certain sign of chirality can be kept uniform. Still, we have argued that, under a proper
design of the waveguide and the cladding characteristics, the sign of the chirality could be
conserved up to mm-scale distances over a wide bandwidth.

Hence, our results suggest that chiral applications such as sensing and spectroscopy,
as well as polarization filtering, would be feasible using integrated photonic waveguides.
Specifically, using silicon-compatible materials and technology would enable low-cost and
large-volume production of chips for massive parallel detection, recognition, and separation
of chiral molecules, thus completing current approaches for biosensing or spectroscopy in
integrated platforms. Notice that far from providing fully optimized geometries, we only
sought to show the viability of this working principle enabled by integrated photonic
waveguides. Nonetheless, by comparing our results, in particular those of silver made
helices, with those found in the existing literature (see, e.g., the overview table shown in the
supplementary material of Ref. 59), it can be seen that the dissymmetry factors obtained
here are comparable and even better than those already reported for freely propagating
optical fields.

Although throughout this work we only focused on the chiroptical behavior of a metallic
nanohelix, in real applications this would be extensible to other geometries and materials

more relevant, specifically to chiral molecules. Likewise, taking into account earlier schemes,
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plasmonic nanostructures might be added in order to enhance the chiroptical response when
a certain substance is applied,®® thus leading to hybrid chiral plasmonic-photonic circuits.
Somehow connected with this, it is worth noticing that the chiral structure considered here
has only been used as a chiral sample to probe the chiroptical interactions. However, in view
of the chirality maps shown above, it can also be envisaged as a near-field chiral enhancer,

32 namely, a large area of high

retaining the most important features for practical purposes,
and uniform-sign chirality, spectral accessibility, tunability, and switchability. In fact, we
observe a clear analogy between the near-field chirality induced by the evanescent field and
the scheme proposed in Ref. 55, in which the optical chirality is longitudinally confined
within the helical structure.

Following the current trends, the next steps should be aimed at simplifying both the
chiroptical measurement and enhancement schemes. In this regard, apart from investigating
other designs of chiral structures simpler to fabricate,% we also suggest exploring the
recently introduced full-reconfigurable silicon-based on-chip wireless photonic systems,® as a

promising alternative platform for realizing chiral applications, such as sensing, spectroscopy,

and enantioselectivity, from a lab-on-a-chip perspective.

Methods

All the numerical simulations and calculations have been performed with the aid of the
commercial software packages CST Microwave Studio and MATLAB. In particular, for the
simulations, we used the 3D full-wave solver to implement the finite-integration technique
in the time domain. The whole model (waveguides and nanohelix) was meshed using
a hexahedral grid with 16 cells per wavelength, except near the metallic helix where
additional refinement was necessary to properly resolve the small inclusions. Open boundary
conditions (perfectly matched layers) have been chosen for all external facets, noticing that

the background medium is the vacuum. The input excitation was provided by means of
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standard waveguide ports. In order to obtain the transmission as well as the mode conversion
spectra at the output port, we sequentially stimulated both the TE and TM modes,
recording their corresponding S-parameters. Then, applying the superposition principle,
we translated these signals to the circular polarization basis, allowing the calculation of the
corresponding dissymmetry factor for each case. On the other side, the dispersion relation
of the fundamental TE and TM guided modes was obtained by simulating the guided modes
only at the ports, for each central frequency. This calculation provides useful information

about several waveguide port characteristics, in particular, the effective dielectric constant.
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