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Abstract: Guided wave-optics has emerged as a promising platform for label free biosensing.
However, device sensitivity toward surface-bound small molecules is directly limited by the
evanescent interaction and low confinement factor with the active sensing region. Here, we
report a mesoporous silicon waveguide design and inverse fabrication technique that resolves
the evanescent field interaction limitation while achieving maximal transverse confinement
factors and preserving single-mode operation. The waveguide sensors are characterized in a
Fabry-Perot interferometer configuration and ultra-high sensitivity to small molecule adlayers
is demonstrated. We also identify dispersion to be a promising degree of freedom for exceeding
the sensitivity limits predicted by conventional non-dispersive effective medium theory.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optics has emerged as a powerful tool for biosensing applications. In particular, guided-wave
optics has supported a variety of breakthrough technologies which enable the sensitive
detection of surface-bound small molecules and other nanoscopic analytes, such as surface
plasmon resonance (SPR) [1], guided mode resonance (GMR) [2], nanophotonic waveguides
and resonators [3-5], 2D atomic materials [6], and whispering gallery resonators [7], to name
only a few. The majority of these sensors can broadly be categorized into two general types of
sensing schemes: (1) spectrally sensitive (e.g. Raman scattering or absorption), and (2) phase
sensitive (e.g. resonator, interferometer). Phase sensitive devices are especially attractive for
their ability to detect almost any molecule or analyte provided that it can be specifically bound
or immobilized to a surface through selective surface chemistry, thus not limiting their scope
to analytes with well characterized Raman scattering or absorption peaks.

Similar to bulk refractive index sensors (e.g. for bulk liquids) [8], phase sensitive
surface adlayer biosensors respond to local changes in refractive index arising from the
introduction of the analyte species. While bulk refractive index sensors have been extensively
studied and are comparatively straightforward to design by maximizing the confinement factor
in the bulk (e.g. liquid) sensing medium [3,8-10], surface adlayer sensors are comparatively
more difficult to design as they require maximizing the mode overlap with the surface area of
the sensor [11].

Our sensors are composed of uniquely designed and fabricated porous silicon (pSi)
waveguides. pSi is attractive owing to its ultra-high surface area (>100 m? cm®), rapid and
facile synthesis, and widely tunable porosity and pore dimensions. Previous demonstrations of
pSi waveguides have successfully demonstrated enhanced device sensitivities (e.g. compared
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to SOI waveguides) owing to the enhanced overlap between the surface adlayer and the optical
mode provided by the high surface area [12-14]. However, modern pSi waveguides face
limitations with respect to performance and fabrication complexity. First, optimizing
sensitivity requires increasing the guided mode’s transverse confinement factor within the
active sensing region as high as possible, ideally to unity. For 3D pSi strip waveguides, with
2D cross-section, confinement factors >50% are readily achievable [14,15]; however,
extending this confinement factor to unity is fundamentally limited by the non-zero evanescent
field of a standard strip waveguide and the transition from single-mode to multi-mode that
arises with increasing waveguide size [13]. Further, the sensitivity of devices with sub-unity
confinement factors is inherently sensitive to fabrication variations which modulate modal
confinement. To compete with a robust and scalable biosensing technology, such as SPR, it is
desirable to achieve a high sensitivity which is also highly repeatable and extremely tolerant to
critical dimension variations introduced during fabrication. Lastly, the wafer-scale fabrication
of pSi waveguides typically requires high resolution lithography and etching to be performed
on pre-synthesized porous silicon substrates. Such patterning requires delicate process
optimization, as resists and process chemicals are prone to infiltrate the porous network,
elevating the risk of pore clogging, corrosion, and/or contamination. This motivates the
development of alternative fabrication and patterning techniques which can harness the leading
benefits of porous silicon’s facile and self-organizing synthesis while minimizing fabrication
costs and complexity [16-18].

In this work we address the above challenges through the introduction of: (1) a novel
inverse processing technique which enables lithography to be performed on standard silicon
substrates prior to porosification, and (2) unique single-mode multi-layer rib waveguide designs
which enable unity confinement factors to be realized while maintaining single mode operation.

2. Approach
2.1 Theoretical Framework

To address the challenge of maximizing device sensitivity for phase sensitive optical structures
(e.g. waveguides, interferometers, resonators), we first review the mathematical definition of
sensitivity. The sensitivity of a waveguide’s effective index, nes, to changes in the refractive
index of an active sensing region, with index na, can be expressed as:

— aneff
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This sensitivity may be derived via first-order perturbation theory, under the general case of
potentially high index contrast waveguides under the assumption of low material
dispersion [19], as:
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Where nq is the group index of the guided wave and I}, is the transverse confinement factor
which describes the fraction of electric field energy confined in the active sensing region of the
device. Per Eq. (2), maximizing the sensitivity generally requires: (1) a device with a high group
index, and (2) a device which maximizes the transverse confinement factor I; and therefore the
common region between the optical mode and the device’s active sensing area. Note: achieving
high values of n, /n, equates to achieving a high electric field energy density along the optical
propagation axis, which can readily be achieved via slow light waveguide designs (at the cost



of also enhancing propagation losses by the same factor) [20], whereas the maximization of I,
is an as of yet unresolved topic, especially in the context of surface adlayer sensors, and is a
particular focus of this work. We also note that the wavelength sensitivity of a waveguide based
optical resonator, with units [nm/RIU], can be expressed as AA/An, = A /nyS; [21].

The generalized index sensitivity, Si1, can be redefined for our application of the
detection of small molecular adlayers which bind to the surface of the sensor within the active
sensing region. Here, surface sensitivity, S, is redefined as the waveguide effective index
change per change in adlayer thickness [units: RIU /nm] or alternatively in terms of waveguide
effective index change per change in adlayer mass surface density [units: RIU pg™ mm?] as:
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For bulk index sensing, maximizing sensitivity S; has a relatively straightforward
requirement of driving I'a toward unity by maximizing mode confinement in the cladding
regions which are accessible to the bulk sensing medium (e.g. liquid) [8]. This task can be
achieved by tailoring the mode confinement and/or evanescent nature of the optical wave, as
demonstrated in surface plasmon-polariton based devices [22], hollow core devices [9], and
guided mode resonance structures on ultra-low index substrates [23]. For surface sensing
however, a trade off quickly arises in that increasing the electric field intensity at the surface
simultaneously increases the evanescent field strength and the transverse confinement factor
with the cladding region. Optimal confinement factors in the active sensing region (at the
waveguide surface) are generally found by balancing this trade-off [3]. For a molecular adlayer
thickness of 1 nm the transverse confinement factor I" is typically on the order of ~1% for
conventional strip waveguides. The SOl waveguide confinement factor can be increased to the
range of approximately ~2-5% for optimized TM strip waveguide modes and TE slot
waveguide modes respectively [3,24]. Such SOI designs produce a benchmark surface adlayer
sensitivity S, =5 x 10™* [RIU/nm]. In this article, we report waveguide designs that reach
sensitivity values S, > 7x 102 [RIU/nm], more than two orders of magnitude higher than the
SOI benchmark. Further, in our investigation of waveguide interferometers operating in the
unity confinement factor regime, we identify dispersion as a promising new degree of freedom
for achieving future sensitivity enhancements.

2.2 Waveguide Design and Inverse Processing Technique

Our inverse processing technique is illustrated in Fig. 1. Silicon wafers are first patterned and
etched through electron beam or photo-lithography followed by reactive ion etching (RIE). This
patterning step defines the outer dimensions of our rib waveguides. Anodization is then
performed in 15% ethanoic hydrofluoric acid solution. This step can optionally be performed
at the wafer-scale or after dicing the pre-patterned silicon substrate into smaller dies. During
anodization, the applied current density and duration are precisely controlled to create multiple
layers of pSi with controlled average pore dimensions, refractive indices, and layer thicknesses.
We note that a similar inverse technique has also been utilized to construct novel micro-optical
devices from pSi [25].

In this study, we investigate both three-layer (3-L) and two-layer (2-L) pSi waveguide
designs which utilize a high index, n ~ 2.1, pSi core layer cladded by a low index, n = 1.56, pSi
layer. In the 3-L design an additional top-cladding pSi layer is etched which harvests all the
residual evanescent field and achieves unity confinement factors at smaller core dimensions.

Fig. 2 shows cross-sectional scanning electron microscopy (SEM) images of 3-L
waveguide structures fabricated across a waveguide width skew. These images highlight the



unique rib-type geometry that is achieved from our inverse processing technique. As visible
here, anodization proceeds preferentially in the <100> family of directions (e.g. normal to the
(100) planes on the top surfaces and waveguide sidewalls). To achieve a single-mode rib
waveguide design, our waveguide geometry and layer thicknesses are selected such that the
opposing etch fronts, which define the core layer (originating from the sidewalls), begin to
intersect with each other beneath the rib (i.e. Fig. 2(c)-2(e)). Additional details regarding our
processing parameters can be found in Appendix A.

Fig. 3 reveals the simulated confinement factors and surface adlayer sensitivities of
our 2-L and 3-L waveguide geometries alongside a comparison to the conventional strip
waveguide geometry. We observe consistent, approximately unity, transverse confinement
factors for both 2-L and 3-L waveguides. The 2-L waveguide exhibits higher fractional
confinement in the pSi

(a) (b)

Waveguide Width

T
Etch Depth § [ 1F \

Pattern & Etch

1um
—

Two or Three Layerl Core Layer 1
Anodization

n=1.56 »w

|

PS)

n=211
2 Layer Design 3 Layer Design

Fig. 2. (a) Inverse fabrication procedure showing patterning of Si wafers followed by anodization to create 2-L or 3-L
designs. (b) Spatial design parameters for proposed waveguides showing cross section schematic and SEM image.

Fig. 1. Cross-sectional SEM of 3-L devices showing variable widths after completing the inverse processing technique
(scale bar = 1um).
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Fig. 3. (a) Confinement factor in the core region (high index pSi) vs. waveguide width for our 2-L and 3-L waveguides
and a comparison to conventional strip waveguides. (b) Confinement factor in the cladding region (low index pSi
region) vs. waveguide width for 2-layer, 3-L and strip waveguide cladding. (c) Total confinement factor (pSi) vs.
waveguide width. (d) strip, (e) 2-layer and (f) 3-L design sensitivity contours (width = 1um) as a function of
waveguide dimensions. For the 3-L design the top cladding is 180 nm and the bottom cladding is 3pm. Single and
multimode regimes are defined by the boundary in (d).

core layer while the 3-L waveguide harvests all the residual evanescent field for sensing and
confines ~5% of the electric field energy in the ~180 nm top thin cladding layer. Unlike the
strip waveguide, both the 2-L and 3-L waveguides retain their single mode characteristics
throughout all the dimensions spanned in Fig. 3. The 2-L and 3-L designs further exhibit highly
uniform sensitivities which are thus extremely tolerant to fabrication variations. Our
calculations show that the strip waveguide geometry can be pushed into an ultra-high
confinement factor regime (>90%), when also accounting for the field retained in the pSi
cladding (~15%), however as expected they become multimode as confinement approaches
unity. Compared to the 2-L and 3-L designs, strip waveguides also show lower confinement in
the core region. Moreover, since the core index is significantly perturbed during the act of
sensing, the single mode (SM) to multi-mode (MM) cut-off is also highly sensitive to the
surface bound adlayer thickness. The SM-MM boundary is highlighted in Fig. 3d for two
example cases of adlayer thickness, 0 nm and 5 nm, as calculated at a single wavelength
(1600 nm). In a practical implementation of a strip waveguide sensor, it would be necessary to
operate away from the optimal sensitivity point to ensure single mode operation across
reasonable fabrication variations, sensing corner-cases, and wavelengths of interrogation. The
2-L and 3-L designs meanwhile, guarantee SM operation as well as maximum and consistent
sensitivity across a broad fabrication window and optical bandwidth (>100 nm).

3. Results and discussion
3.1 Unity Confinement Factor pSi Waveguide Interferometers

We fabricate 2-L and 3-L waveguides with specific widths that satisfy the geometry where the
opposing etch fronts intersect below the core (Fig. 2(d)-2(f)). Fabrication details are described
in the experimental section. Chosen waveguide dimensions are utilized to simulate our

S, (RIU/nm)



waveguide model. Simulations confirm near unity transverse confinement factors of 99.89%
and 99.76% for TE and TM modes respectively in the 3-L waveguide, and 99.66% and 99.49%
for TE and TM respectively in the 2-L waveguide (Fig. 4). We capture the TE/TM mode shapes
on infrared camera and observe them to be consistent with the simulation (Fig. 4(e), 4(f)). We
also perturb the position of input coupling fiber and are unable to excite or observe any higher
order modes, thus confirming the single-mode nature of these waveguides.

T™M f=99.76% TM  f=99.49%

Fig. 4. Simulation of the 900nm 2-layer waveguide reproduced from SEM measurements showing simulated
(a) TE and (c) TM mode shape and confinement factor for 3-L waveguides, (b) TE and (d) TM mode shape
and confinement factor for 3-L waveguides and (e) TE and (f) TM mode shape captured on IR camera on
the 900nm 2-layer waveguide.

Fig. 5 illustrates the experimental measurement setup. Transmission measurements
are performed with the waveguides in a Fabry-Perot configuration with waveguide length L
between the input and the output cleaved facets with reflectivities R, and Ry respectively.
Example transmission data for a 2-layer waveguide is shown in Fig. 5(b). Performing a fast
Fourier transform (FFT) on spectra in the frequency domain shows a peak which corresponds
to the value 2ngL where ng is the group index of the guided mode and L is the length of the
cavity. Fig. 5(c) shows the value of the group index (ng) plotted on the same scale for TE and
TM modes. For all performed measurements, the TE mode showed a higher group index
compared to the TM mode, approximately by 0.15 RIU. This experimentally measured TE/TM
index difference is attributed to the anisotropic refractive index of porous silicon, as our
simplified waveguide simulation, which approximates the layers with an isotropic refractive
index, predicts a difference <0.03 RIU from mode dispersion. We note that the index contrast
An = 0.15 is comparable to the birefringence noted in other works using porous silicon thin
films at ~55% porosity [26,27].

In addition to extracting the waveguide’s group index, our measurements allow us to
approximate the propagation loss from the spectrum’s fringe contrast while assuming facet
reflectivities (R1 = R2 = 0.11), which are given by the ideal Fresnel reflection coefficients. We
measure the loss from the captured Fabry-Perot fringes (Fig. 5(b)) where the upper bound of
the loss is 2.7+0.3 dB/mm. Note: if a given device’s facet reflectivities are less than the ideal
Fresnel values, i.e. due to an imperfect cleave angle, the measured fringe contrast will be



reduced under the same nominal loss leading to overestimation of the waveguide loss. These
losses originate from free carrier absorption in the highly doped p-type silicon skeleton and
Raleigh scattering from surface roughness and disorder in the bulk pSi structure.

To characterize waveguide sensitivity to surface adlayers, we perform a proof-of-
concept demonstration using 3-aminopropyltriethoxysilane (3-APTES), which is a silane
molecule commonly utilized for enhancing surface adhesion between silica and organic
molecules [28]. Here, the 3-APTES serves as a ~0.8 nm thick model adlayer, with a refractive
index near ~1.46 [29]. Prior to 3-APTES exposure, waveguides are oxidized for 5 minutes at
500°C. The oxidization process lowers the effective index of pSi layers owing to the
consumption of high index silicon, resulting in a reduction in effective and group indices;
whereas the silane attachment increases the effective index of pSi layers and increases the
waveguide effective and group indices. After oxidation we expose the waveguides to 4% 3-
APTES, diluted in a H,O: methanol (1:1) mixture for approximately 45 minutes, followed by
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Fig. 5. (a) Experimental setup of the Fabry-Perot configuration for testing the waveguides (b) Spectrum captured from
the 1560-1680 nm wavelength sweep (c) FFT analysis reveals peaks corresponding to the waveguide group inex. TE
and TM modes are identified using a polarizer.

thorough rinsing in water and drying under air flow. Waveguide transmission spectra are



recorded before and after each step, and the group index is measured via the fast Fourier
transform (FFT) method. This approach is similar to pSi thin film biosensors where taking the
FFT of an optical spectrum produces a single peak which corresponds to the double pass optical
path length (2ngL) of the Fabry-Perot cavity [30,31]. This approach attractively enables sensing
to be performed without tracking a specific spectral feature or resonance shift. We also note
that owing to the significantly enhanced ~mm scale path length of our devices, i.e. versus the
~um path length of pSi thin film devices, the interferometric resolution and limit of detection
is correspondingly enhanced. This principle is experimentally supported by the ultra-narrow
FFT peaks we are able resolve in the Fourier domain, 2-3 orders of magnitude narrower than
conventional FFT peaks observed in thin-film pSi biosensors [31].

3.2 Surface Sensing Characterization

Experimental results for wide and narrow 2-L waveguides (900 nm and 500 nm width at the
base respectively) are presented in Fig. 6. Transmission spectra was collected under TE
polarization and the sensor response is determined as the observed shift in group index Ang. Per
expectation, the wider waveguide shown in Fig. 6(a) shows a higher nominal group index. After
oxidation and silanization, we observe a clear shift in group index between each measurement.
As summarized in Table 1, the index reduction due to oxidation in the 2-layer waveguides is
approximately Ang~0.105 and the observed index increase due to 3-APTES attachment is
approximately Ang~0.058. Considering the ~0.8nm nominal 3-APTES adlayer
thickness [29], the response to silane attachment corresponds to a measured small molecule
surface adlayer sensitivity of dn/do = 0.0725 RIU/nm. This result is in good agreement with
the predicted effective index sensitivity S; (~0.07 RIU/nm, Fig. 3(d)). We also observe a
consistent response Ang for both the narrow and wide waveguides which affirms the
repeatability of the sensing process and confirms our expectation (Fig. 3) that the sensitivity in
our devices is not a strong function of waveguide dimensions.
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Fig. 6. (a) Cross-section SEM of a 2-layer prototype pSi rib waveguide of 900 nm
width. (b) Cross-section SEM of a 2-layer pSi rib waveguide of 500 nm width (c)
Group index from the FFT of the spectrum for TE mode for the 900 nm waveguide
and (d) for the 500 nm waveguide.



We further experiment with the 3-L designs which have an additional low index high
porosity layer of ~180 nm thickness. Fig. 7 shows the 3-L waveguides and measured results for
the same experiment detailed above. The blue shift due to oxidation is ~130% larger than the
2-L waveguides, with a measured index reduction Ang~ 0.25. Here the larger response to
oxidation is attributable in part to the increased confinement in the low porosity pSi cladding
layers, ~5% in the 3-L waveguide vs. ~2% in the 2-L waveguide. From an effective medium
standpoint, higher porosity pSi layers are more sensitive to nanoscale consumption of the Si
skeleton. Notably however, the 3-L waveguide also shows an unexpectedly enhanced response
to small molecule attachment. The measured group index increases by Ang~ 0.078 in response
to silanization which corresponds to a measured index sensitivity dn/do =~ 0.0975 RIU/nm,
which is ~40% larger than both the 2-L waveguide and the predicted bulk pSi effective index
sensitivity S, (0.07 RIU/nm). We also observe this enhanced sensitivity to be consistent for
different waveguide widths. Remarkably, this sensitivity exceeds the effective medium
sensitivity of the bulk porous silicon core medium, which is modelled to be ~0.074 RIU/nm
for a 15 nm average pore diameter and ~55% bulk porosity [29].
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Fig. 7. (a) Cross-section SEM of a 3-L pSi rib waveguide of 700 nm width and (b)
600 nm width. (c) Group index measured from FFT of the spectra for 700 nm
waveguide and (d) 600 nm waveguide.

3.3 Exceeding the Sensitivity of Bulk pSi: The Dispersion Degree of Freedom

Here, we posit that the dominant effect producing the observed group index sensitivity
enhancement is what we refer to as ‘sensitivity dispersion’. Our predicted waveguide sensitivity
(Fig. 3) is modelled as a perturbation in the waveguide effective index dn.rr/do (Eqg. 3).
Unlike the measurement of a spectral resonance shift, our interferometer measurement extracts
information related to the group index ng and its perturbation dn,/do which are given by:

Ng = Nepr — /1(%) (4)
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Combining Eq. 5 and Eq. 3 we can re-express the group index sensitivity in terms of the
effective index sensitivity S,:

a as.
535%;92— 2 (6)

Therefore, the perturbation of group index is equal to that of the effective index
Ongrr/do = dng/do only if dispersion is constant throughout the experiment, i.e.

;—a(aneff/az)/l =0, or equivalently if the phase sensitivity, as defined in Eq. 3, is constant

versus wavelength such that % = 0. The observed outperformance of our 3-L sensor with

respect to the starting model suggests that this contribution becomes non-negligible and
suggests that S, is larger at shorter wavelengths. The introduction of isotropic or anisotropic
thin cladding layers and modifications in the evanescent region of guided modes is known to
play a key role in tailoring confinement and hence dispersion [32-34]. Here, our data suggests
the 3-L sensor achieves a favorable sensitivity dispersion. Notably, this effect is not likely to
appear in conventional evanescent sensors which would exhibit a decaying confinement factor
in the active sensing region at shorter wavelengths and because modal dispersion is dominated
by the arrangement of the bulk materials. In the 3-L device however, the core and top cladding
material properties are changing significantly in response to surface adlayer attachment,
An ~0.05, and with a differential sensitivity owing to the different mean porosity and pore sizes
in each layer [29]. Assuming sensitivity dispersion as the dominant source of discrepancy
between the starting model and experiment suggests that the 3-L waveguide dispersion is

modified by as much as %(%) ~ 1.56 X 10_5%nm_1 at A =1600 nm. This

observation suggests that device sensitivity may be further enhanced in the future by
specifically engineering the effective medium design and waveguide dispersion. This
highlights another unique capability of on-chip optics, and sub-wavelength engineered devices
and metamaterials, which is not possible in conventional bulk Fabry-Perot interferometers.

3.4 Data Summary

The measured group index shifts from the sensing experiments are summarized in Table 1.

Table 1. Summary of measured changes in group index (Ang) from oxidation and silane attachment.

Waveguide Width Ang(0X) Ang(silane) Ang(0x)/ng Ang(sil)/ng(0X)
Type
2-L 900 nm 0.105 0.057 0.052 0.030
500 nm 0.109 0.059 0.056 0.032
3-L 700 nm 0.249 0.082 0.127 0.048
600 nm 0.252 0.078 0.126 0.044

Fig. 8 shows the modeled refractive index change and measured group index change
respectively for both 2-L and 3-L waveguides compared side by side to modeled and measured
effective index change of SOl waveguides to varying small molecule adlayer attachments.



More than 100x higher sensitivity is observed in both modeled and measured 2-L and 3-L
waveguides compared to evanescent SOI sensors [3].
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Fig. 8. Theoretical and experimental data of waveguide effective (group) index
change aS; (Ss) vs. adlayer thickness of 2-L and 3-L pSi waveguides and optimized
SOl waveguides from Ref. [3].

4. Conclusion

In summary, we demonstrate the design and fabrication of a unity confinement factor surface
adlayer biosensor which displays a surface sensitivity two orders of magnitude greater than
evanescent SOl waveguide sensors. Our design displays an attractive single mode characteristic
where the sensitivity is consistent regardless of the spatial design parameters owing to the
confinement factor being saturated near unity. We also demonstrated an inverse processing
technique wherein bulk silicon is pre-patterned before anodization, as a simple and scalable
route for realizing porous silicon photonics. Lastly, in our investigation of waveguide
interferometers operating in the unity confinement factor regime, we identify dispersion as a
promising new degree of freedom for achieving future sensitivity enhancements.

Appendix A: Experimental section

Patterning: 4-inch (100) p+ silicon wafers (0.01 Q-cm) are first patterned using electron beam
lithography (JEOL 9300FS 100kV) and reactive ion etching (C4Fs— 27 sccm, SFg— 12 sccm,
Ar — 2 sccm) to fabricate silicon ribs with widths ranging from 0.3 to 2.5 microns at a dry etch
depth of ~650 nm.

Porous Silicon Etching: Patterned Si wafers are diced into ~3 cm x ~3 cm dies and anodized in
a 15% ethanoic hydrofluoric acid solution using a 55 mA/cm? current density for the lower
index cladding (nciaa = 1.56) and 4.92 mA/cm? current density for the higher index core



(Neore = 2.1). For the 2-layer design the anodization conditions are: 4.92 mA/cm? for 177
seconds and 55 mA/cm? for 70 seconds. This corresponds to thicknesses of approximately
800 nm for the core (layer 1) and 2050 nm for the cladding (layer 2). For the 3-L design the
anodization conditions are: 55 mA/cm? for 4.5 seconds, 4.92 mA/cm? for 118 seconds, then
55 mA/cm? for 77 seconds. This corresponds to thicknesses of approximately 180nm, 650nm,
and 2250 nm for the three layers. A Keithley DC current source is used for the etch systems.
Etched waveguides are placed inside a 500°C furnace for 5 minutes for oxidation.

Numerical Modeling: Waveguide simulation is performed using a commercial eigenmode
solver (Lumerical MODE Solutions). Porous silicon layers are modelled at a wavelength of
1600 nm using a Bruggeman effective medium approximation, assuming a pore diameter of
~15 nm for the core layer and ~35 nm for the cladding layer [29]. Refractive index profiles are
modelled as isotropic. We note that a more rigorous approach would implement a spatially
varying permittivity tensor to be implemented to account for the anisotropy and local rotation
in the pore orientation.

Optical Measurements: We use a near-IR tunable laser (Santec TSL-510) with wavelength
sweep capabilities from 1560-1680 nm with a photodetector (Newport 918D-IR-OD3R)
coupled to a power meter (Newport 2936-R). Interchangeably, an infrared camera (Hamamatsu
€2741) is used at the output facet for imaging (Fig. 4e, 4f). We also use a polarizer at the output
facet to identify and tune into the TE or TM polarization modes using a manual polarization
controller. The captured spectrum is analyzed by running a fast Fourier transform where the
peak corresponds to the total path length 2ngL where ng is the group index and L is the length
of the Fabry-Perot cavity [35].
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