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Abstract

Label-free sensing strategies are an intensely studied and increasingly used alternative to signal
amplification via fluorescent labels and enzymatic methods. This article discusses one class of
optical sensors, termed “photonic crystals”, that effectively amplify binding events (such as
analyte capture) via strong light-matter interactions.

Introduction

Because we humans lack the ability to directly sense and distinguish individual organisms
and most nonvolatile molecules of biomedical interest at physiologically relevant
concentrations, medical diagnostics have generally required some sort of amplification step
in order to produce useful output. This amplification can take many forms. At the organism
level, the number of bacteria or viruses can be amplified through culture, allowing direct
visualization of colonies on an agar plate, or as a Gram stain under the microscope.l A
transformative development in the late 20™ century was the discovery that the polymerase
chain reaction and related processes can physically amplify the amount of a DNA or RNA
sequence present in a sample, simplifying their subsequent detection.? Proteins, of course,
generally cannot be physically amplified in a PCR-like process. In the early days of
immunoassay, amplification was provided by radioactive labels. These techniques have been
augmented by enzymatic and fluorescence-based strategies, which dominate modern
immunodiagnostics.® All of these methods, however, increase the time, cost, complexity,
and potential for error (human and otherwise) needed for assay. Thus, “label-free”, direct-
sensing methods of biodetection have become increasingly important, and a major area of
research in recent years.

The designation “label-free” should not necessarily be read as an implication that
amplification is no longer needed, or no longer occurs, however. Now, rather than
amplifying the material being sensed (by increasing its copy number enzymatically, or using
a secondary reporter of some type that provides an increased chemical signal), researchers
are designing novel materials and novel material configurations in which the interaction of a
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captured analyte with the optical field of the sensor is generally detectable via a change in
the spectrum produced by the device. This may be viewed as an optical “amplification” of
the captured analyte. This article discusses one such class of structures, in which specific
material types and configurations called “photonic crystals” are employed to amplify an
optical field interacting with a binding event. First introduced conceptually in 1987,56
photonic crystals (PhCs) are devices that incorporate alternating regions of high refractive
index contrast in a periodic array of 1, 2, or 3 dimensions (Figure 1). PhCs can be designed
to have a photonic band gap (PBG), or “stop band”, where light for a range of frequencies
falling within the PBG cannot propagate through the crystal structure. Put another way, if
the periodic array is effectively infinite (in practice, a small array can provide very high
performance), light couples in to the device, but no light at the frequencies defined by the
PBG exits.

PhCs often incorporate an imperfection in their perfect periodicity known as a “defect”. This
allows light of a particular wavelength to escape the PhC and act as a reporter for what goes
on inside the device. This structure is also described as a “microcavity” or “nanocavity”.
Concentration of the electromagnetic field in the region of the defect is one way PhCs
amplify a sensing event. Subtle refractive index changes in the environment of the defect,
such as those that occur on binding a molecular target, produce a measurable shift of the
wavelength that is transmitted through the PhC.

In principle, PhCs can provide extraordinary sensitivity: for example, preliminary
experiments suggest that single virus particle detection should be possible for 2-D PhCs,
assuming that one can successfully deliver that single virus particle to the active sensing
area. Their small size (active sensing region as small as a 100 nm diameter cylinder) and the
compatibility of semiconductor materials-based PhCs with fabrication protocols developed
in the microelectronics industry make them exceptionally suitable for integration into “lab
on a chip” devices. This article will highlight several examples of sensors based on 1- and 2-
D PhCs, and their prospects for evolving into production-scale biosensors and diagnostics.
Although 3-D PhCs have been fabricated, as far as we are aware they have not yet been used
in a sensing context.

1-D PCs in Biosensing

The potential utility of PhC structures in biosensing was first demonstrated a little over a
decade ago via 1-D PhC devices fabricated in porous silicon (PSi).8 Initially explored in the
1950s by Ulhir® and Turner,19 and later by Canham and colleagues,1! porous silicon is
readily produced by electrochemical etching of n- or p-type bulk silicon. By modifying the
etch conditions, including the etchant solution and current density, both the pore size and
porosity of the resulting material can be precisely controlled. Since etching occurs most
rapidly at the interface between the etchant solution and un-etched (bulk) silicon, one can
produce complex three-dimensional structures in porous silicon by varying the current
density as a function of time. For example, alternating cycles of high and low current density
yield devices with regularly spaced regions of high and low porosity (as shown in Figure 1).
This structure functions as a 1-D PhC, or Bragg mirror. Changes in the edge frequency of
the stop band produced by the Bragg mirror can be used as a reporter for target binding.
Alternatively, fabrication of a microcavity via incorporation of a defect layer produces a
sharp and readily observable peak (or set of peaks) within the stop band. By carefully
controlling the etch process, one can readily produce microcavities of very high quality.

While many experiments with porous silicon have relied on the reflected signal,12 our
earliest efforts focused on the ability of mesoporous silicon (pore diameters in the range of 2
to 50 nm) to provide room-temperature photoluminescence.3 Like the transmission or
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reflectance spectrum, the photoluminescence spectrum of a microcavity can be modulated
by the presence of an analyte of interest. Importantly, the position of photoluminescence
peaks is relatively insensitive to temperature variation within the typical ambient laboratory
environment.14 Initial experiments demonstrated that PSi 1-D PhCs functionalized with
oligonucleotides complementary to genomic DNA from lambda bacteriophage allowed
selective detection of the virus, visible as a red shift in the photoluminescence spectrum.1®
The versatility of these label-free sensors (both with regard to the types of targets towards
which they could be applied, as well as the range of capture molecules that could be
incorporated into them) was shown in 2001,16 in experiments using a PSi 1-D PhC onto
which a synthetic receptor we designed!” for bacterial diphosphoryl lipid A had been
immobilized. This device successfully differentiated Gram-(-) bacteria, which have
considerable amounts of lipid A in their outer cell membranes, from Gram-(+) bacteria,
which do not. Since these initial proof-of-concept experiments, we have shown that PSi
PhCs can be fabricated in such a way so as to allow infiltration of large (protein size)
molecules,18 and can even be incorporated into a hydrogel bandage material.19 In the latter
case, we found that the gel-immobilized device could be subjected to repeated cycles of
drying and rehydration for more than a year without losing sensing capability.

Two reports from the DeLouise group provide particularly encouraging data with regard to
the future of porous silicon-based devices in the diagnostics field.2921 Using a PSi 1-D
Bragg mirror, the authors constructed a sensor for morphine and morphine metabolites. To
enable sensitive detection of these low molecular weight species, the authors first
immobilized a morphine derivative on the PSi sensor. Application of a urine sample to
which an anti-morphine antibody had been added allowed quantitative detection of
morphine at concentrations ranging from 18.0 nM to 10.8 .M via a competitive binding
mechanism. The authors observed a maximum red-shift of 6.0 £ 0.7 nm in blank urine
containing an anti-morphine antibody; the lower limit of detection was established based on
the spectrometer resolution of 0.06 nm/pixel. Subsequently, head to head comparison of the
performance of this sensor with a reference standard clinical assay (LC-MS/MS) showed a
96% concordance across 50 patient samples. This work represents an important milestone in
the evolution of PSi 1-D PhCs from laboratory research project to robust clinically-
applicable technology.

PhC biosensors are not limited to monolithic structures, however. Two of the many novel
applications of porous silicon 1-D PhCs described by the Sailor group are “smart dust”
(small rugate filter-encoded porous silicon fragments able to carry out sensing while
dispersed in solution22), and the use of double-layer porous silicon devices as monitors for
the progress of enzymatic reactions.23 In the latter device, shifts in the reflectivity spectrum
as a function of trapped reaction product provide a real-time optical readout. Porous silicon
PhC microparticles have also been described by the Gooding group,24 with the goal of
developing homogeneous single-cell sensing systems.2>

Other materials systems can also be used for the production of 1-D PhCs. For example, a 1-
D-PhC based sensor in total-internal-reflection (TIR) geometry has been developed using
alternating layers of TiO, and SiO, deposited by an electron-beam physical vapor
method.28:27 This device could be operated in a continuous flow mode, allowing real-time
detection of DNA, proteins and antibodies with a refractive index sensitivity on the order of
1078 refractive index unit (RIU). Planar 1-D PhCs arrayed along a bus waveguide on silicon
have also been demonstrated.28

Polymers can also be used to make 1-D PhCs. Use of polymers permits simple, large-scale
sensor fabrication and detection schemes, including incorporation into microarray,
microplate, and microfluidic formats. As a result, these structures have therefore been

Anal Chem. Author manuscript; available in PMC 2013 November 06.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Pal et al.

Page 4

explored extensively in both the academic and commercial realms. Both 1D and 2D PhC
designs have been employed by the Cunningham group in out-of-plane sensing.2® Their PhC
structures are made from a low-RI (typically polyethylene terephthalate, n=1.45) polymer
substrate having subwavelength periodic modulations on its surface, overcoated with a high-
RI (n=2.0) dielectric coating (usually a layer of TiO5, although early work also employed
silicon nitride30). Use of nano-replica molding of plastic materials in the fabrication process
allows such substrates to be produced inexpensively in large volumes. When the PhC
surface is illuminated with TM white light, the reflectance spectrum shows a sharp
resonance peak (shown schematically in Figure 3a). The sensing mechanism relies on shifts
of the reflected resonance peak due to RI changes in the surrounding medium. Using this
PhC design, detection of biomolecules such as proteins and DNA as well as larger targets
such as live cells and viruses has been demonstrated, providing a sensitivity for dried protein
layers on the order of 0.4 pg/mm?.31:32.33.34 SRU Biosystems’ BIND3® and the Corning
EPIC system36 are two examples of commercial products employing out of plane 1-D PhC
technology. A particularly interesting application of the EPIC system has been in monitoring
the redistribution of cellular components during whole-cell assays.3” The BIND sensor has
been employed in (among others) high-throughput screening of putative inhibitors of
protein-protein (Figure 3c38) and protein-DNAS3! interactions. These devices have also been
used in combination with fluorophore labeling to produce a “PhC enhanced fluorescence”
sensor, effectively providing amplification (via the PhC) of an amplifier (the fluorophore).3?
Alternatively, a high SERS (surface enhanced Raman scattering) signal may be achieved by
coating the surfaces with a high density of electrically isolated Ag nanoparticles.*0

The current frontier: 2-D PhCs in biosensing

With the 1-D PhC well established in a laboratory setting and beginning to find commercial
application, researchers have begun to explore the design, fabrication, and applications of 2-
D PhCs. 2-D PhCs have several potential advantages. For example, 2-D PhC nanocavities
can be manufactured with active sensing regions on the order of a few hundred nm?, and
sensitivities approaching the single-molecule or single virus particle level.

In 2-D PhCs, the PBG appears for light that propagates within the plane of periodicity. This
light can be separated into two independent polarizations: the transverse-electric (TE) and
the transverse-magnetic (TM).#1 For TE modes, the magnetic field is normal to the plane of
periodicity and the electric field is in plane, while the reverse is the case for TM modes. 2-D
PhCs studied to date generally fall in to one of two common configurations: a square lattice
of high refractive index rods surrounded by a low index medium, and a hexagonal lattice of
low index holes embedded in a high index medium. 2-D PhC based detection methodologies
can be broadly classified into two geometries, enabling in-plane and out-of-plane sensing.

Since infinitely thick materials do not exist in the real world, realization of 2-D PhC
structures for in-plane sensing has mostly been in the form of thin PhC slabs, such as those
that can be made from silicon-on-insulator (SOI) substrates using electron-beam lithography
and reactive-ion etching.#2 Light confinement in the 2-D PhC slabs occurs horizontally
through the PBG and vertically through total internal reflection (TIR) within the slab due to
the high refractive index contrasts between the slab and its surroundings. The slab thickness
in 2-D PhCs plays a crucial role in determining the existence and size of the PBG in these
structures. PhC slabs with a half-wavelength thickness are well suited for confining the
fundamental mode, as well as preventing higher-order modes. Dimensions less than 100 nm
are necessary for near-infrared wavelength applications, a convenient wavelength range for
silicon-based devices. A typical fabrication process begins by coating the SOI wafer with a
layer of poly-methyl-methacrylate (PMMA), an electron-beam sensitive resist. Electron-
beam lithography is used to directly write the PhC patterns on the SOI wafers, and then the
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pattern is transferred to the underlying silicon device layer by dry reactive-ion-plasma
etching. Alternatively, if the Si etcher is not compatible with PMMA, the pattern may be
transferred to an intermediate hard mask layer, usually silicon dioxide or silicon nitride,
which acts as a mask for etching the device layer. Finally, the PMMA resist is stripped off.
To obtain suspended PhC slabs for even higher refractive index contrast, the silicon dioxide
box layer underlying the PhC can be removed using a timed wet etch process in aqueous
hydrofluoric acid (HF) solution. Although not yet explored in a biosensing context, 2-D
PhCs have also been fabricated in GaAs.

Further localization of light in 2-D PhCs is achieved by introducing defects in the crystal
lattice. Point defects are created by perturbing a single lattice site (for instance by increasing
or decreasing the radius of a central hole in a hexagonal lattice of air holes), which creates a
single localized mode or a set of closely spaced modes having frequencies within the PBG.
This is described as a microcavity (by analogy to the 1-D PhC microcavities described
above), or “nanocavity”, by virtue of the exceptionally small device size. Alternatively,
modifying a linear sequence of lattice sites (i.e. a linear defect) creates a 2-D PhC
waveguide that allows modes to be guided through the crystal within its PBG. As with PhC
nanocavities, light can also be localized in PhC waveguides by placing a point defect in the
vicinity of the waveguide. Designing 2-D PhCs and understanding their performance are
facilitated by two popular computational methods: the plane-wave expansion method
(PWEM) and the finite-difference-time-domain method (FDTD).*2 PWEM directly
computes the eigenstates and eigenvalues of Maxwell’s equations in a periodic structure, in
a Fourier space. The FDTD method numerically integrates Maxwell’s equations in the time
domain in a discretized, finite-difference form. Discretization is used in both time and space
coordinates. The FDTD method is considered to be most applicable for PhC structures and is
robust and simple to implement. FDTD simulations of the electric field confinement in two
representative types of PhC microcavities are shown in Figure 4.

The light trapping efficiency in optical microcavities is characterized by two parameters: the
quality factor @, and the mode volume V/,, of the cavity. The Qis proportional to the length
of time that the electromagnetic mode stays inside the cavity and is defined by:

_wE

9="p

where E'is the energy stored inside the cavity, w is the resonant frequency and Pis the
power dissipating out from the cavity. The mode volume V/;, represents the amount of space
in which the electric field is resonantly enhanced by photon confinement.43 PhC
microcavities have been fabricated with both reasonably high Q (102 to 10° for Si, > 106 for
GaAs) and low V/;, (order of (A/n)3 ~ 0.035 to 0.085 wm?3).44 Although some of these Q
values are lower than those attainable with ring resonators#® and other “whispering gallery
mode” structures,*® interaction of a target analyte with the electric field (light) confined in a
small area of the device causes a strong light-matter interaction which may be easily
detected. 2D PhCs are also highly flexible from a design standpoint, as one can easily
fabricate devices with different cavity sizes, allowing light to be confined at different
resonance wavelengths inside the PhC. Changing the defect size also potentially allows size-
based selection of targets.

An early demonstration of the use of 2D PhC nanocavities for simple refractive index
sensing was described in 2004.47 Sensors showed a resonance wavelength shift of
approximately 0.4 nm for a refractive index (RI) change of 0.002 when the device was
exposed to liquids with different refractive indices. /n-situtime resolved sensing was also
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demonstrated with a glycerol-water mixture. Other early work demonstrating the use of 2D
PhCs for refractive index sensing included the use of coupled PhC arrays formed by
periodically modifying holes of a square lattice photonic crystal slab, for example, by
removing every third hole in both x and y directions. The defect modes of these individual
cavities form coupled bands (monopole, dipole and quadrapole) located inside the PhC
bandgap of the surrounding PhC. The structure showed strong dependence of the transmitted
and reflected light on the input polarization, following the equation:

2¢m
Intensi in* (—
ntensity o sin (180

where ¢ is the polarization angle. The position of resonance in the reflected signal was
strongly dependent on the surrounding refractive index. These structures were fabricated on
SOl substrates.#8:49

Application of 2D PhC nanocavities to biomolecular detection was first reported in 2007.50
The PhC structure employed in detection consisted of a hexagonal array of cylindrical air
holes with the PhC lattice constant of 465 nm and an air hole diameter of 270 nm. A small
defect was created by reducing the diameter of a central air hole to 140 nm. The PhC
structures were fabricated on SOI chips with a 400 nm-thick Si slab separated from the Si
substrate by a 1 um thick SiO5 box layer. The operating resonance wavelength of the
structure was 1.58 um for TE-like modes. Two tapered ridge waveguides were used to
couple light in and out of the cavity. For optical characterization, TE polarized light from a
laser source (tunable from 1440 to 1590 nm) was coupled into the tapered ridge waveguide
using a polarization-maintaining tapered lensed fiber. The transmitted signal was measured
using an InGaAs (IndiumGaliumArsenide) detector.

Covalent capture of bovine serum albumin on a glutaraldehyde-functionalized surface was
first performed as a simple demonstration of sensor response (Figure 4a). Examination of
spectral shifts based on covalent capture of bovine serum albumin suggested capture of as
little as 2.5 fg of analyte in the active area of the sensor could produce a measurable signal.
Selective detection of streptavidin on an immobilized biotin layer was also demonstrated.
Modification of the design of this structure to incorporate a defect diameter of 685 nm led to
an experimentally realized device with an active sensing volume of 0.15 wm?3 (a solution
volume of 0.15 femtoliters) and an experimental Q-factor of 2000.°1 With this device,
infiltration of a single 370 nm diameter latex sphere could be detected. Nanoparticle
infiltration into the defect, observed based on a sensor resonance red-shift of approximately
4 nm, was confirmed by scanning electron microscopy (SEM). The efficiency of
nanoparticle capture was not reported. Real-time detection of protein targets using a similar
device operating under flow has been described.>2

PhC Waveguides

While the 2-D PhC nanocavities described in the previous paragraph show promise for the
ultrasensitive detection of single targets, it is not possible to place them in series along a
waveguide (i.e. for multiplex detection) since the narrow transmission band of one
microcavity would drastically limit the light available as input for the next. As an
alternative, microcavity-coupled 2-D PhC waveguide structures potentially have significant
utility.53 2-D PhC waveguides are created by introducing a linear defect (i.e. by eliminating
single or multiple rows of air holes from the crystal lattice) into the crystal. The propagation
of light in such 2-D PhC slab waveguides is confined by the PBG in the periodicity (x-y)
plane and by index guiding in the perpendicular (z) direction.>* Such structures fulfill all
three basic criteria for waveguides: they support true guided modes, are single moded for
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given frequency ranges and prohibit radiation loss. As a result, PhC waveguiding enables
near-perfect transmission to be achieved across resonant cavities and around bends in the
waveguide.®®

PhC waveguides in which one row of air holes have been removed are called wl
waveguides. A microcavity formed by modifying the radius of a single air hole neighboring
the w1l PhC waveguide introduces a defect state in the PBG of the crystal. Consequently, for
a certain frequency range, light is transmitted through the w1 waveguide at all frequencies
except at the microcavity resonance wavelength, where a dip is observed in the output
transmission spectrum (as in Figure 4b). By tuning microcavity defect radii and placing
multiple PhC structures in series, multiple transmission dips can be obtained in the output
spectrum as each microcavity possesses a unique resonant wavelength. For example, we
have fabricated devices with three 2D PhC slab waveguides coupled in series, having lattice
constants of 372, 377 and 388 nm (Figure 5). The air hole radii are fixed at 111, 114 and 117
nm and the corresponding defect radii are fixed at 73, 75 and 77 nm, respectively. Structures
fabricated with these parameters show three resonant dips at wavelengths of 1510, 1531 and
1551 nm in the output transmission spectrum.

Refractive index sensing was demonstrated with the above device by infiltrating water and
isopropanol. Based on the observed red-shift, sensitivity was calculated to be 64.5 nm/RIU.
For biosensing, the PhC waveguide devices were functionalized with anti-IgG antibodies,
and treated with increasing concentrations of human IgG molecules as the target protein. A
red-shift of 3.5 nm was observed after 1gG binding for all three resonant wavelengths,
demonstrating that all three waveguide-coupled 2-D PhCs responded as expected in a
redundant or “error-corrected” fashion.>® No response was observed in the presence of an
equivalent concentration of BSA, confirming an IgG-specific signal. Fitting the 1gG
concentration-dependent response of the device to a Langmuir adsorption isotherm provided
a dissociation constant (Kp) for the 1gG — anti 1gG interaction in good agreement with that
reported in the literature. The sensitivity of the device was estimated to be ~ 2 x 10° nm/M.
If one assumes that the electric field intensity (>50%) is mostly confined in the defect hole
(lower dielectric) as well as the surrounding four holes, direct light-matter interaction in this
portion of the devices suggests the detection limit may be estimated to be only 1.5 fg 1gG.

Other PhC waveguide structures are also possible. For example, PhC waveguide based drop
filters have been investigated for Rl sensing and detection of BSA physisorption.>” Two
types of defect nanocavities (L3 and H1-r) were embedded between two spatially separated
w1 PhC waveguides to evanescently route light at the cavity mode. The L3 cavity had three
missing air holes, while the H1-r cavity included a tuned radius of a single hole. The PhC
devices were fabricated on SOI wafers with a Si device thickness of 300 nm. Free-standing
membranes were employed in the actual detection. When tested with liquids of different
relative refractive indices, the RI sensitivity was estimated to be 0.018 and 0.006 nm per
RIU with the L3 and H1-r cavities, respectively. Similarly, nonspecific physical adsorption
of BSA on the microcavity sensor surface influenced the microcavity mode wavelength
resulting in a total red-shift of 1.73 nm. The evanescent excitation of the cavity modes
resulted in a detection limit of 4.0 + 0.6 fg of BSA.

Simple planar w1 PhC waveguides lacking defects have also been explored for sensing.28:9
Here, the PhC waveguides were designed to have a single mode at low frequencies, with the
mode cutoff falling inside the PBG. This resulted in an abrupt drop of output power in the
transmission spectrum. The shift in the position of the drop, rather than in an absorbance
initiated by a defect, was used as evidence for detection. Bulk RI sensing and an RI
sensitivity of 88 nm/RIU has been demonstrated with this device. Binding of streptavidin to
biotin probes on the sensor surface was also monitored, with a 2.5 nm streptavidin film
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producing a 0.86 nm cut-off red shift. An interesting observation in this work was that
shrinking rather than eliminating a row of holes in a wl waveguide provided a device with a
significantly improved (120 nm/RIU) bulk sensitivity.

Alternatively, incorporation of a slotted waveguide into a 2-D PhC has been proposed as a
strategy for increasing device sensitivity.50 Initial fabrication attempts provided a device
with a high Q (50,000) and high refractive index sensitivity (1500 nm/RIU, as tested with
glucose solutions of various concentration). While the authors cautioned that the high RIU
sensitivity could be in part due to changes in solution wetting properties as a function of
sugar concentration, the performance is nevertheless intriguing. Subsequent studies have
demonstrated integration of an analogous device into a microfluidic channel, allowing real-
time detection of avidin-biotin binding.61 A similarly high RIU sensitivity has been reported
for 2-D PhC optical fibers, in which an array of air holes running along the fiber axis is used
to confine light in the fiber core.62:63

A 2-D polymer PhC been described and used for reflectometric detection of influenza virus
in human saliva.8* PhCs with different periodicities were fabricated onto a cyclo-olefin
polymer film using a nanoimprint lithographic process. Optical characterization as well as
optical detection were performed in the visible region (400-800 nm) using a portable UV-
VIS spectrophotometer. The reflectometric detection of the influenza virus was based on the
structural color changes in the 2D-PhCs in the visible region, and provided a detection limit
of 1 ng/ml of influenza virions.

Other 2D PhC Designs

Several other PhC geometries have been proposed for sensing applications, but not yet
tested experimentally. One such structure is a PhC based nano-ring resonator. This structure
would be formed by removing holes of a hexagon from a 2D PhC slab in a hexagonal lattice.
The authors computationally optimized the performance of the nano-ring resonator by
varying the ring radius and the coupling distance, while maintaining the PhC periodicity at
410 nm. This yielded a predicted Q-factor of the resonator structure between 2400 and 3200,
and a predicted minimum detectable weight of biomolecules to be 0.2 fg.65:66 In a related
study, a dual PhC microcavity coupled to a stadium shaped ring resonator has been
proposed. This design would provide a large sensing area relative to single ring-resonator
sensors. Simulations suggest that the RI sensitivity of the device would be on the order of
3.0 x 1075.87

Discussion and outlook

In this article we have highlighted recent progress in the use of 1-D and 2-D PhC structures
for label-free optical sensing. As we have seen, numerous configurations of 1-D and 2-D
PhCs have been created, and some (particularly 1-D PhCs in the out-of-plane detection
mode) have successfully made the transition to commercial products. Although many of the
experiments described should be regarded as being at the “proof of concept” stage (and
reported limits of detection and quantitation should be viewed in that light), and therefore
considerable development work remains, several potential advantages of 1-D and 2-D PhC
structures over well-developed counterparts such as surface plasmon resonance (SPR) and
intereferometry-based sensing methods can be highlighted:

»  High-throughput applications requiring microwell-plate compatibility and low cost
are ideally suited to out-of-plane 1D PhC approaches such as the BIND and EPIC
systems. Indeed, such applications have driven their success as commercial
products.
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Sensing applications in which sample filtration is potentially useful (for example,
whole blood assays) may be well suited to porous silicon based sensors, since the
sensor matrix itself can act as a filter.

1D PhCs encoded in silicon microparticles are useful in many of the same sensing
applications being addressed with (for example) metal and semiconductor
nanoparticles. The ability of silicon to degrade /in vivo into low-toxicity products is
a clear advantage here.

In many PhC structures, the electric field is strongly confined to small modal
volumes, facilitating strong light-matter interaction. As a consequence, PhC
structures require very small volume of samples (in the order of femtoliters) to
detect any analyte of interest and as discussed above can potentially achieve
exceptionally high sensitivity. Combined with the fact that both 1-D and 2-D PhC
structures have overall dimensions on the order of microns, and many of these
structures can be operated in planar formats where the device, the excitation light
source as well as the detector are in the same plane, PhC structures may prove
particularly suitable for on-chip applications.

The very small active sensing area of 2D PhCs suggests these may also prove ideal
in cases where conservation of the capture molecule is essential.

2D PhCs can potentially provide ultra high-sensitivity detection (single particle), a
performance beyond the capability of most commercially available sensors.

Finally, PhC structures exhibit a PBG that can be tuned by changing the periodicity
of the structure or the refractive index contrast of the dielectric material. This PBG
tunability can be exploited in sensing applications as one can choose any range of
working excitation frequency from UV to IR simply by altering the periodicity or
the dielectric material type of the PhC structure.

Given these characteristics and the early experimental successes described above, what does
the future hold for PhC sensors? We can anticipate that several areas of research and
development will be important in the next few years, including:

More thorough evaluation of the performance of PhC sensors in complex matrices
such as serum and plasma: detection of analytes in “real” biological solutions
obviously constitutes a significantly greater challenge to the sensor than does a
purified analyte in buffer.

Along these lines, the issue of specificity is a potential concern with any “label-
free” technique, since capture of any mass on the sensor leads to a signal and there
is no secondary antibody (for example) to ensure specificity (we make a distinction
here with “self-labeled” sensors such as those employing immobilized DNA
hairpins®®). In the context of 1-D PhC structures, careful control experiments have
been carried out with doped and un-doped samples to verify the effect.
Considerable work in this area, however, remains to be done for 2-D PhCs.

Integration with microfluidics, and other strategies for bringing rare targets to the
active sensing area: While 2D PhCs have extraordinarily high theoretical
sensitivities, this capability is wasted if analyte diffusion to the active sensing area
is limiting.5% Thus, we anticipate that a key research opportunity in this field will
be the development of methods to overcome the diffusion limit, and to maximize
the fraction of analyte in solution captured at the active sensing area(s). Optofluidic
strategies are one potentially attractive approach in this regard.’°

Development of strategies for simplifying fabrication: 1D PhCs for out-of-plane
detection are manufacturable on a large scale, and as described above are at the
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core of two commercial technologies. For 2D PhCs, current fabrication methods for
most of the structures reported to date rely on complex, time-consuming processes
such as e-beam lithography. In addition to the cost and relatively slow speed of e-
beam, variability in “hole” size in the e-beam lithography process contributes to the
relatively low Q-factor of these devices, as well as measurement variability.
Improvement of the fabrication precision can potentially improve both the
sensitivity of the device and its quantitative measurement accuracy. Therefore, for
these sensors to have utility in the commercial sector, significant improvements in
their fabrication will need to be made. One possibility is to employ more highly
parallel processes such as deep UV photolithography.

* Independently addressing multiple 2D PhCs on a single chip. The waveguide-
coupled 2D PhCs described above can be readily configured for multianalyte
sensing. Functionalization of individual nanocavities with different capture
molecules has yet to be demonstrated, however, and both top-down and bottom-up
strategies will need to be examined.

The breadth of configurations, materials, and application spaces explored by researchers
engaged in the study of PhC structures suggests that these devices have a vibrant future as
objects of fundamental study (understanding the interactions of light with matter) and as
central components in the production of novel biosensors and diagnostic tools.
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Figure 1.

1-, 2-, and 3-D photonic crystals. Schematics on the left indicate the alternating patterns of
high and low refractive index materials, while scanning electron micrographs of
representative examples of each type of PhC are on the right (top: a Bragg mirror in porous
silicon; middle: a 2-D PhC created on a silicon-on-insulator chip via E-beam lithography;
bottom: top surface of an inverse 3D copper(l) oxide PhC).
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Figure2.

Preliminary validation of a 1-D PhC sensor fabricated from porous silicon in a clinical
context. (a) Treatment of an opiate-functionalized sensor with anti-opiate antibodies and
blank urine causes a red-shift due to antibody binding (top), while urine containing opiates
competes for antibody binding and reduces sensor response (bottom). (b) Calibration curve
for sensor response. Adapted from reference 21.
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2-D PhCs for out-of-plane detection.(a) Materials system and schematic of measurement
setup. (b) A commercial 384-well plate incorporating 2D PhCs. (c) Demonstration of real-
time detection of protein-protein binding in a 384-well format3.
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Figure4.

Calculated electric field profiles (left) and experimental spectra (right) for (a) 2D PhC
microcavity and (b) wl waveguide-coupled PhC structures. Changes in peak position in (a)
represent: the initial experimental response of the microcavity (i), and sequential covalent
modification with glutaraldehyde (ii) and bovine serum albumin (iii) (adapted from
reference 50).
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Figure5.

(a) SEM image of a w1l waveguide-coupled 2-D PhC used for IgG biosensing after
functionalization with an anti-1gG antibody. (b) Concentration-dependent response of this
sensor to IgG (note that in some cases neighboring concentrations are indistinguishable from
one another given overlapping error bars). (c) SEM image of three w1l waveguide-coupled
2-D PhCs in series (adapted from reference 56).
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