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ABSTRACT

Porous silicon waveguiding is a promising platform for biosensing and chemical sensing
applications. In this work, we review current progress in the emerging field of porous silicon
waveguides and discuss various sensing techniques involving the guided mode waveguiding
platform. General setups include waveguide interferometric setups, high confinement
interferometry, grating coupler guided mode waveguides, photonic crystal resonators and ring
resonator porous silicon waveguides. The porous silicon waveguide platform sets up the

biosensing platform for an ultra-high sensitivity for biological and chemical sensing applications.

Introduction



Biomolecule detection is crucial to various field applications such as medical diagnostics,
detecting pollutants and carcinogens and food safety. Optical sensing is a rising platform for
waveguide based on chip biosensing that are capable of label-free biosensing where sensing can
be performed without any labels or fluorophores' . This gets rid of extra biomolecules that can
harm the chemical binding process. These label free sensors generally detect the change in
refractive index, and specificity is achieved by chemical affinity binding. Analytes bound on the
surface of the biosensor such as a silicon SOI waveguide®*, surface plasmon resonance’, fiber optic
waveguide® or photonic crystal’, or a planar waveguide®® interact with the electromagnetic waves
creating a perturbation which is sensed by the assay — which is the optical sensing technique.
However, the analytes only perturb the evanescent field which does not result in optimal
performance because the interaction between analyte and the guided mode is not optimal. To
optimize the overlap, porous materials have been proposed due to their high surface area which

results in high surface coverage.

Porous silicon is an attractive material because if its large surface area'®!2. Biomolecules can
seep into the pores making it a prime candidate for molecular sensing'®. Numerous breakthrough
techniques have been demonstrated using porous silicon waveguides®!>!*16, Some of them

1012 " strip waveguides®, grating coupled

include high confinement waveguides'®, ring resonators
waveguides'’, photonic crystal resonators'® and so on. Other notable works include porous

silicon rugate filters'®2%, thin film interferometers!, resonant microcavities>* etc.

Fabrication

Porous silicon is fabricated in a repeatable chemical process that allows tunable porosity, pore

size and thin film thickness?. The porosity can be axially changed which allows for a refractive



index gradient from top to bottom?*. The fabrication process does not allow a lateral refractive
index variation. However, this can be achieved by a recently demonstrated technique which is an
imprinting technique?>2°. But this does not help in biosensing as the imprinted porous silicon has
tiny closed pores. Porous silicon is generally fabricated by electrochemically etching silicon
wafers or dies in an aqueous or ethanoic HF solution. The porosity is determined by the current
density, HF concentration and the thickness of the etched layer is determined by the etch time.

However, current density also controls the etch rate, so this must be taken into consideration.

Generally porous silicon wafers are diced in to dies and then anodized in ethanoic HF. Multilayer
waveguides with current densities of 4.92 mA/cm2 and 55 mA/cm?2 result in a refractive index of
2.1 and 1.56 RIU which act as the core and cladding layers respectively. This can be arbitrarily
etched to create multilayer waveguides of any dimensions. The lateral waveguide dimension can
be determined by well-established lithographic techniques such as photolithography, or electron
beam lithography. Axial dimensions of the waveguide layers can be modified using varying etch
times. The wafers can be turned into pSi first, and then lithography can be performed. Or
lithography can be performed first, and then the structure would be turned into pSi. In this case,
the waveguide would take on an interesting shape, as observed in this work'>. However, grating
coupled waveguides are also fabricated and used for biosensing. This is done by either
considered photoresist printed grating or lithographically etched grating!”. Silicon on insulator
grating coupler sensors also exist, but they demonstrate a much lower analyte-sensor overlap,
resulting in a lower sensitivity. This is demonstrated by Wei et al where they compare resonance
angle shifts for PSi grating, resist grating and SOI grating coupled waveguides. The PSi sensor
comes out on top and outperforms the other two. This is because fundamentally the SOI operates

by the perturbations caused by analytes sticking outside the waveguide walls. On the contrary,



PSi waveguide sensors see further perturbations caused by molecules stuck in the pore walls

inside the waveguides.

Surface Chemistry and Characterization

Research demonstrations regarding PSi biosensors include protein sensing?’, DNA sensing?® and
PNA sensing. Surface sensitivity is generally characterized by silane functionalization®’. Several
biomolecule detections can be carried out on top of the silane functionalized layer that includes
the protein and DNA sensing®’. However, we must note that DNA functionalization has
corrosion effects’!. Protein sensing comprises of Biotin-Avidin sensing®?. DNA sensing
generally starts with 3-APTES and then there can be an intermediate step with Sulfo-SMCC,
Glutaraldehyde or SPDP*°. The probe DNA is then attached which can be used to hybridize

complementary DNA strands.

Sensor characterization is generally performed with oxidation of the porous silicon to functionalize
it for 3-APTES attachment. Oxidation at 500 C for 5-10 minutes is sufficient to create a thin oxide
layer for silane attachment®. Up to 4% 3-APTES can be used and there can be several
combinations. 3-APTES can be diluted in anhydrous toluene, methanol, or ethanol. Even though
3-APTES can be diluted in DI water, hydrolysis can occur. However, some literature suggests
hydrolysis can be avoided by leaving 3-APTES diluted in the shelf for long term storage. 3-APTES
can also be used with a mixture of 1:1 DI water and methanol/ethanol. For 4% 3-APTES,
incubation time of about 25 minutes can be recommended for a silane monolayer, which has a
nominal layer thickness of 0.8 nm which generally results in a ~32 nm wavelength shift in a ~75%

porosity silicon thin film?°.



For protein sensing, biotin attachment can be carried out using EzLink Sulfo-NHS-Biotin, Sulfo-
NHS-LC Biotin or NHS-PEG-Biotin. Biotin can be attached on the 3-APTES surface by diluting
it in DI Water. Biotin reagents are available from Thermo Fisher or Sigma Aldrich that are soluble
in water. Generally, 5mg/ ml or 2.5 mg/ml concentration can be used. Some may consider this
rather high, but a high concentration probe can be used to detect a low concentration protein

(Avidin or Streptavidin).

DNA sensing can be non-trivial. On 3-APTES functionalized porous silicon surface, we can use
Sulfo-SMCC or Glutaraldehyde!* as a homo-bifunctional or a hetero-bifunctional cross linker.
Probe DNA then can be attached to it and then hybridization experiments can be performed. We’d
like to say that because of the inherent positive charge of the DNA, the porous silicon skeletons

are prone to corrosion if there is no sufficient surface passivation®.

Sensor Performance

Porous silicon waveguide biosensing simply outperform existing waveguide sensing techniques
such as the SOI due to higher modal overlap with the analyte. Near 100% overlap is shown by
some recent demonstrations that can detect the bulk refractive index change and, in some cases,
even more due to waveguide dispersion effects. However, even traditional porous silicon
waveguides get over 40% modal overlap even without any waveguide engineering, making it much
more sensitive. However, performance metrics must be quantized so the porous silicon waveguide
biosensor can be compared quantifiably to state of the art biosensing techniques like the Surface
Plasmon Resonance (SPR). Some unrelated metrics to performance are easy of use, scalability,

easy of fabrication and characterization.



Quantitative sensor performance can be characterized by several parameters: 1. Sensitivity, 2.

Detection time, 3. Specificity and 4. Limit of detection.

Sensitivity is a key factor in biosensor performance and defined by the change in resonant
wavelength which can be a result of the refractive index change in the bulk effective medium. The
sensors that are able to detect the maximum amount of change per minimum analyte attachment
are said to be more sensitive. This sensitivity can be defined in a few ways. Sensitivity can be

defined by resonant wavelength change per adlayer thickness:

oA

Sl:%

Then again, the change in wavelength shift is due to a change in the bulk refractive index, so

sensitivity can also be defined by:
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The change in refractive index is due to the change in adlayer thickness so the bulk refractive index

sensitivity is a characteristic of average pore size. This is given by:

on
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Grating coupled waveguide sensors demonstrated here’** work based on the angle change per
refractive index change. Here, the detection limit is limited by the resolution of the measurement
instrument that measures the angle. Wei et al demonstrate a grating coupled porous silicon
waveguide that detects DNA and PNA hybridization'”. These waveguides show a 32-fold higher

field distribution where molecules can bind compared to grating-coupled SOI waveguides.



Another measurement method is directly measuring the group index in an interferometric setup.
This also opens the degree of freedom for engineering the waveguide dispersion with multilayer
waveguides®. Photonic crystal nanobeam waveguides are also demonstrated for DNA and PNA
sensing'® which shows up to 10 time as much performance boost compared to nanobeam photonic

crystal SOI®S.

Conclusion

We review the advances in waveguide based porous silicon sensors and they prove to be a solid
choice for on-chip sensing. They offer a lot of choices in terms of novel optical sensing techniques
and the ultra-high surface area allows it to be a better sensor than most non-porous waveguide
based sensors. However, further optimization is required to lower the losses to make it a scalable

high performance platform in the biosensing field.
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