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[lumination of Optical Analytical Devices

Cross-Reference To Related Application

[0001] This application claims the benefit of U.S. Provisional Application No.
61/738,637, filed on December 18, 2012, the disclosure of which is incorporated herein

by reference in its entirety.

Backeround of the Invention

[0002] In analytical systems, the ability to increase the number of analyses being
carried out at any given time by a given system has been a key component to increasing
the utility and extending the lifespan of such systems. In particular, by increasing the
multiplex factor of analyses with a given system, one can increase the overall throughput
of the system, thereby increasing its usefulness while decreasing the costs associated with
that use.

[0003] In optical analyses, increasing multiplex often poses increased difficulties, as it
may require more complex optical systems, increased illumination or detection
capabilities, and new reaction containment strategies. In some cases, systems seek to
increase multiplex by many fold, and even orders of magnitude, which further implicate
these considerations. Likewise, in certain cases, the analytical environment for which the
systems are to be used is so highly sensitive that variations among different analyses in a
given system may not be tolerable. These goals are often at odds with a brute force
approach of simply making systems bigger and of higher power, as such steps often give
rise to even greater consequences, €.g., in inter reaction cross-talk, decreased signal to

noise ratios resulting from either or both of lower signal and higher noise, and the like. It
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would therefore be desirable to provide analytical systems that have substantially
increased multiplex for their desired analysis, and particularly for use in highly sensitive
reaction analyses, and in many cases, to do so while minimizing negative impacts of such
increased multiplex.

[0004] Conventional optical systems employ complex optical trains that direct, focus,
filter, split, separate, and detect light to and/or from the sample materials. Such systems
typically employ an assortment of different optical elements to direct, modify, and
otherwise manipulate light directed to and/or received from a reaction site. Such systems
are typically complex and costly and tend to have significant space requirements. For
example, typical systems employ mirrors and prisms in directing light from its source to a
desired destination. Additionally, such systems may include light-splitting optics such as
beam-splitting prisms to generate two or more beams from a single original beam.

[0005] There is a continuing need to increase the performance of analytical systems and
reduce the cost associated with manufacturing and using the system. In particular, there
is a continuing need to increase the throughput of analytical systems. There is a
continuing need to reduce the size and complexity of analytical system. There is a
continuing need for analytical systems that have flexible configurations and are easily

scalable.

Summary of the Invention

[0006] The instant invention addresses these and other problems by providing in one
aspect an analytical device comprising an optical waveguide for illumination of
nanometer-scale apertures. The waveguide comprises an optical core and a cladding.
The device further comprises, in some embodiments, a metallic layer disposed on a
surface of the cladding, a plurality of nanometer-scale apertures disposed in the metallic
layer in sufficient proximity to the optical waveguide to be illuminated by an evanescent
field emanating from the waveguide when optical energy is passed through the optical
core, and a plurality of local field enhancement elements associated with the plurality of
apertures.

[0007] In some embodiments, the local field enhancement elements comprise a high
dielectric material or metal in the vicinity of the apertures.

[0008] In some embodiments, the high dielectric material or metal of the instant
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analytical device is arranged in a geometric pattern around the apertures.

[0009] In some embodiments, the geometric pattern is selected from the group
consisting of a circle, a series of concentric circles, a C aperture, a triangle pair, and a
diamond. In specific embodiments, the high dielectric material or metal is Al,Os, copper,
silver, gold, or aluminum. In more specific embodiments, the high dielectric material or
metal is Al,O3. In other more specific embodiments, the high dielectric material or metal
is copper.

[0010] In some embodiments, the apertures of the device are recessed into the cladding.
In some embodiments, the thickness of the cladding between the optical core and the
metallic layer decreases in the vicinity of the apertures. In specific embodiments, the
thickness of the cladding is from 150 to 300 nm. In more specific embodiments, the
thickness of the cladding is about 200 nm.

[0011] In certain embodiments, the local field enhancement elements comprise the
shape of the nanometer-scale apertures. In specific embodiments, the shape of the
nanometer-scale apertures is selected from the group consisting of a C aperture, a triangle
pair, and a diamond.

[0012] In another aspect, the invention provides an analytical device comprising an
optical waveguide comprising an optical core and a cladding, a metallic layer disposed on
the surface of the cladding; and a plurality of nanometer-scale apertures disposed in the
metallic layer in sufficient proximity to the optical waveguide to be illuminated by an
evanescent field emanating from the waveguide when optical energy is passed through
the optical core, wherein the optical core has a thickness, a width, and a cross-sectional
area, and wherein the cross-sectional area is decreased at locations where the evanescent
field illuminates the apertures.

[0013] In some embodiments, the cross-sectional area of the optical core is decreased
by adiabatic tapers.

[0014] In some embodiments, the thickness of the optical core is maintained, and the
cross-sectional area is decreased by decreasing the width of the optical core. In preferred
embodiments, the optical energy is transverse electric polarized light.

[0015] In some embodiments, the width of the optical core is maintained, and the cross-
sectional area is decreased by decreasing the thickness of the optical core. In preferred

embodiments, the optical energy is transverse magnetic polarized light.
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[0016] In some embodiments, the analytical device further comprises a plurality of local
field enhancement elements associated with the plurality of apertures, as described above.
[0017] In another aspect, the invention provides an analytical device comprising an
optical waveguide comprising a plurality of optical cores and a cladding, a plurality of
nanometer-scale apertures disposed on a surface of the device in sufficient proximity to
the optical waveguide to be illuminated by an evanescent field emanating from the
waveguide when optical energy is passed through the plurality of optical cores, and a
plurality of detectors optically coupled to the plurality of nanometer-scale apertures,
wherein the optical cores are not in direct alignment between the nanometer-scale
apertures and their optically coupled detectors.

[0018] In preferred embodiments, the plurality of nanometer-scale apertures are
illuminated by an evanescent field emanating from at least two optical cores. In other
preferred embodiments, the analytical device further comprises an opaque layer disposed
between the optical waveguide and the plurality of optical detectors, wherein the opaque
layer comprises a plurality of openings in direct alignment with the nanometer-scale
apertures and their optically coupled detectors. In still other preferred embodiments, the
device further comprises a plurality of local field enhancement elements associated with
the plurality of apertures, as described above.

[0019] In yet another aspect, the invention provides an analytical device comprising an
optical waveguide comprising an optical core and a cladding, and a plurality of
nanometer-scale apertures disposed on a surface of the device in sufficient proximity to
the optical waveguide to be illuminated by an evanescent field emanating from the
waveguide when optical energy of a defined wavelength is passed through the optical
core, wherein the wavelength of the optical energy is modulated as it passes through the
optical core.

[0020] In some embodiments of the analytical device, the optical waveguide comprises
a non-linear optical material. In preferred embodiments, the non-linear optical material is
placed periodically within the optical core. In other preferred embodiments, the non-
linear optical material is placed within the cladding.

[0021] In particularly preferred embodiments, the wavelength conversion is effected
through phase matching. In other particularly preferred embodiments, the wavelength

conversion is effected through electro-optical effects.
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[0022] In some embodiments, the optical energy is modulated by second harmonic
generation. In other embodiments, the optical energy is modulated by third harmonic
generation.

[0023] In some embodiments, the optical energy is modulated by optical parametric
amplification. In some embodiments, the device further comprises a plurality of local
field enhancement elements associated with the plurality of apertures, as described above.
[0024] In some embodiments, the analytical device further comprises a plurality of
analytes disposed in analyte regions within the plurality of nanometer-scale apertures. In
specific embodiments, the plurality of analytes comprise a plurality of biological samples.
In preferred embodiments, the plurality of biological samples comprise a plurality of
nucleic acids. In more preferred embodiments, the analytical device comprises at least
1,000, at least 10,000, at least 100,000, at least 1,000,000, or at least 10,000,000

nanometer-scale aperture S.

Brief Description of the Drawings

[0025] Figure 1A-B schematically illustrates an exemplary nucleic acid sequencing
process that can be carried out using aspects of the invention.

[0026] Figure 2 provides a schematic block diagram of an integrated analytical device.
[0027] Figure 3A provides a schematic of excitation spectra for two signal events and
an indicated narrow band excitation illumination, while Figure 3B schematically
illustrates the resulting detected signal based upon the narrow band illumination of the
two signal events.

[0028] Figure 4 schematically illustrates the signal profiles for each of four fluorescent
labeling groups, overlain with each of two different filter profiles.

[0029] Figure S schematically illustrates an integrated analytical device for detecting
signals from a 4-color sequencing reaction.

[0030] Figure 6 schematically illustrates signal traces for a two-color, two-amplitude
sequence-by-synthesis reaction.

[0031] Figure 7A illustrates an analytical device containing a waveguide core, cladding,
metallic/opaque layer, and a material of high dielectric or metal in the vicinity of the

nanometer-scale aperture, as viewed in the x-z plane. Figure 7B illustrates an alternative
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device structure, having a geometric pattern of high dielectric material or metal
surrounding the aperture. Figure 7C illustrates another alternative device structure,
having a decreased cladding thickness in the regions of the waveguide adjacent to the
aperture and/or an increased cladding thickness in the regions not adjacent to the aperture.
The device of Figure 7C additionally includes a high dielectric material or metal in the
vicinity of the aperture.

[0032] Figure 8 illustrates an analytical device where the thickness of the cladding is
decreased in the regions of waveguide adjacent to the aperture, and the device
additionally contains a stray light termination material. Figure 8A shows a top view in
the x-y plane with the opaque, metallic layer omitted from the view. Figure 8B shows a
cross-sectional view in the y-z plane.

[0033] Figure 9 provides a schematic of the design used in simulations of coupling
efficiencies. Figure 9A shows a top view of the simulated device in the x-y plane with
the opaque, metallic layer omitted from the view. Figure 9B shows a side view of the
simulated device in the x-z plane. Figure 9C shows a cross-sectional view of the
simulated device in the y-z plane.

[0034] Figure 10 illustrates an example of the dimensional modulation of the
waveguides.

[0035] Figure 11 illustrates an example of a device with a "slotted" waveguide. Panel
A: cross-sectional view; Panel B: top-down view.

[0036] Figure 12 shows the configuration and optical modes of a waveguide containing
a non-linear optical material in the core (A) and in part of the cladding (B).

[0037] Figure 13 illustrates configurations of waveguides containing non-linear optical
materials.

[0038] Figure 14 schematically illustrates a waveguide containing a wavelength
conversion element just after the coupler (A) and another exemplary waveguide with

independently addressable SHG elements.

Detailed Description of the Invention

Integrated Optical Detection Devices

[0039] Multiplexed optical analytical systems are used in a wide variety of different
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applications. Such applications can include the analysis of single molecules, and can
involve observing, for example, single biomolecules in real time as they carry out
reactions. For ease of discussion, such multiplexed systems are discussed herein in terms
of a preferred application: the analysis of nucleic acid sequence information, and
particularly, single molecule nucleic acid sequence analysis. Although described in terms
of a particular application, it should be appreciated that the applications for the devices
and systems described herein are of broader application.

[0040] In the context of single molecule nucleic acid sequencing analyses, a single
immobilized nucleic acid synthesis complex, comprising a polymerase enzyme, a
template nucleic acid, whose sequence is being elucidated, and a primer sequence that is
complementary to a portion of the template sequence, is observed in order to identify
individual nucleotides as they are incorporated into the extended primer sequence.
Incorporation is typically monitored by observing an optically detectable label on the
nucleotide, prior to, during, or following its incorporation. In some cases, such single
molecule analyses employ a "one base at a time approach”, whereby a single type of
labeled nucleotide is introduced to and contacted with the complex at a time. Upon
reaction, unincorporated nucleotides are washed away from the complex, and the labeled
incorporated nucleotides are detected as a part of the immobilized complex.

[0041] In some instances, only a single type of nucleotide is added to detect
incorporation. These methods then require a cycling through of the various different
types of nucleotides (e.g., A, T, G and C) to be able to determine the sequence of the
template. Because only a single type of nucleotide is contacted with the complex at any
given time, any incorporation event is, by definition, an incorporation of the contacted
nucleotide. These methods, while somewhat effective, generally suffer from difficulties
when the template sequence includes multiple repeated nucleotides, as multiple bases
may be incorporated that are indistinguishable from a single incorporation event. In some
cases, proposed solutions to this issue include adjusting the concentrations of nucleotides
present to ensure that single incorporation events are kinetically favored.

[0042] In other cases, multiple types of nucleotides are added simultaneously, but the
nucleotides are distinguishable by the presence on each type of nucleotide a different
optical label. Accordingly, such methods can use a single step to identify a given base in

the sequence. In particular, all four nucleotides, each bearing a distinguishable label, are
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added to the immobilized complex. The complex is then interrogated to identify which
type of base was incorporated, and as such, the next base in the template sequence.
[0043] In some cases, these methods only monitor the addition of one base at a time,
and as such, they (and in some cases, the single nucleotide contact methods) require
additional controls to avoid multiple bases being added in any given step, and thus being
missed by the detection system. Typically, such methods employ terminator groups on
the nucleotide that prevent further extension of the primer once one nucleotide has been
incorporated. These terminator groups are typically removable, allowing the controlled
re-extension after a detected incorporation event. Likewise, in order to avoid
confounding labels from previously incorporated nucleotides, the labeling groups on
these nucleotides are typically configured to be removable or otherwise inactivatable.
[0044] In another example, single molecule primer extension reactions are monitored in
real time, to identify the continued incorporation of nucleotides in the extension product
to elucidate the underlying template sequence. In such single molecule real time (or
SMRT™) sequencing, the process of incorporation of nucleotides in a polymerase-
mediated template-dependent primer extension reaction is monitored as it occurs. In
preferred aspects, the template/polymerase primer complex is provided, typically
immobilized, within an optically-confined region, such as a zero mode waveguide
(ZMW), or proximal to the surface of a transparent substrate, optical waveguide, or the
like (see e.g., U.S. Patent Nos. 6,917,726, 7,170,050, and 7,935,310, the full disclosures
of which are hereby incorporated by reference herein in their entirety for all purposes).
The optically-confined region is illuminated with an appropriate excitation radiation for
the fluorescently-labeled nucleotides that are to be used. Because the complex is within
an optically confined region, or very small illumination volume, only the reaction volume
immediately surrounding the complex is subjected to the excitation radiation.
Accordingly, those fluorescently labeled nucleotides that are interacting with the
complex, e.g., during an incorporation event, are present within the illumination volume
for a sufficient time to identify them as having been incorporated.

[0045] A schematic illustration of this sequencing process is shown in Figure 1. As
shown in Figure 1A, an immobilized complex 102 of a polymerase enzyme, a template
nucleic acid and a primer sequence are provided within an observation volume (as shown

by dashed line 104) of an optical confinement, of e.g., a zero mode waveguide 106. As
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an appropriate nucleotide analog, e.g., nucleotide 108, is incorporated into the nascent
nucleic acid strand, it is illuminated for an extended period of time corresponding to the
retention time of the labeled nucleotide analog within the observation volume during
incorporation. The incorporation reaction thus produces a signal associated with that
retention, e.g., signal pulse 112 as shown by the A trace in Figure 1B. Once incorporated,
the label that was attached to the polyphosphate component of the labeled nucleotide
analog, is released. When the next appropriate nucleotide analog, e.g., nucleotide 110, is
contacted with the complex, it too is incorporated, giving rise to a corresponding signal
114 in the T trace of Figure 1B. By monitoring the incorporation of bases into the
nascent strand, as dictated by the underlying complementarity of the template sequence,
long stretches of sequence information of the template can be obtained.

[0046] The above sequencing reaction may be incorporated into a device, typically an
integrated analytical device, that provides for the simultaneous observation of multiple
sequencing reactions, ideally in real time. While the components of each device, and the
configuration of the devices in the system, may vary, each integrated analytical device
typically comprises, at least in part, the general structure shown as a block diagram in
Figure 2. As shown, an integrated analytical device 200 typically includes a reaction cell
202, in which the reactants are disposed and from which the optical signals emanate. The
analysis system further includes a detector element 220, which is disposed in optical
communication with the reaction cell 202. Optical communication between the reaction
cell 202 and the detector element 220 may be provided by an optical train 204 comprised
of one or more optical elements generally designated 206, 208, 210 and 212 for
efficiently directing the signal from the reaction cell 202 to the detector 220. These
optical elements may generally comprise any number of elements, such as lenses, filters,
gratings, mirrors, prisms, refractive material, or the like, or various combinations of these,
depending upon the specifics of the application. By integrating these elements into a
single device architecture, the efficiency of the optical coupling between the reaction cell
and the detector is improved. Examples of integrated analytical systems, including
various approaches for illuminating the reaction cell and detecting optical signals emitted
from the reaction cell, are described in U.S. Patent Application Publication Nos.
2012/0014837, 2012/0019828, and 2012/0021525, which are each incorporated by

reference herein in their entireties for all purposes.
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[0047] Conventional analytical systems typically measure multiple spectrally distinct
signals or signal events and must therefore utilize complex optical systems to separate
and distinctly detect those different signal events. The optical path of an integrated
device may be simplified, however, by a reduction in the amount or number of spectrally
distinguishable signals that are detected. Such a reduction is ideally effected, however,
without reducing the number of distinct reaction events that can be detected. For
example, in an analytical system that distinguishes four different reactions based upon
four different detectable signal events, where a typical system would assign a different
signal spectrum to each different reaction, and thereby detect and distinguish each signal
event, in an alternative approach, four different signal events would be represented at
fewer than four different signal spectra, and would, instead, rely, at least in part, on other
non-spectral distinctions between the signal events.

[0048] For example, a sequencing operation that would conventionally employ four
spectrally distinguishable signals, e.g., a "four-color" sequencing system, in order to
identify and characterize the incorporation of each of the four different nucleotides,
would, in the context of an alternative configuration, employ a one-color or two-color
analysis, e.g., relying upon a signals having only one or two distinct or distinguished
spectral signals. However, in such an alternative configuration, this reduction in reliance
on signal spectral complexity does not come at the expense of the ability to distinguish
signals from multiple, i.e., a larger number of different signal producing reaction events.
In particular, instead of relying solely on signal spectrum to distinguish reaction events,
such an alternative configuration may rely upon one or more signal characteristics other
than emission spectrum, including, for example, signal intensity, excitation spectrum, or
both to distinguish signal events from each other.

[0049] In one particular alternative configuration, the optical paths in an integrated
analytical device may thus be simplified by utilizing signal intensity as a distinguishing
feature between two or more signal events. In its simplest iteration, and with reference to
an exemplary sequencing process, two different types of nucleotides would bear
fluorescent labels that each emit fluorescence under the same excitation illumination, i.e.,
having the same or substantially overlapping spectral band, and thus would provide
benefits of being excited using a single excitation source and beam. The resulting signals

from each fluorescent label would have distinct signal intensities or amplitudes under that
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same illumination, and would be distinguishable by their respective signal amplitudes.
These two signals could have partially or entirely overlapping emission spectra, but
separation of the signals based upon any difference in emission spectrum would be
unnecessary.

[0050] Accordingly, for analytical systems using two or more signal events that difter
in signal amplitude, the integrated analytical devices of such systems can readily benefit
through the removal of some or all of those components that would normally be used to
separate spectrally distinct signals, such as multiple excitation sources and their
associated optical trains, as well as the color separation optics, e.g., filters and dichroics,
for the signal events, which in many cases, requires at least partially separate optical
trains and detectors for each spectrally distinct signal. As a result, the optical paths for
these integrated analytical devices are greatly simplified, allowing placement of detector
elements in closer proximity to reaction regions, and improving overall performance of
the detection process for these devices.

[0051] Provision of signal-producing reactants that will produce different signal
amplitudes under a particular excitation illumination profile may be accomplished in a
number of ways. For example, different fluorescent labels may be used that present
excitation spectral profiles that overlap but include different maxima. As such, excitation
at a narrow wavelength will typically give rise to differing signal intensities for each
fluorescent group. This is illustrated in Figure 3A, which shows the excitation spectra of
two different fluorescent label groups (solid and dashed lines 302 and 304, respectively).
When subjected to excitation illumination at the wavelength range shown by vertical lines
306, each fluorescent label will emit a signal at the corresponding amplitude. The
resulting signal intensities at a given excitation wavelength are then shown in the bar
chart of Figure 3B, shown as the solid lined and dashed lined bars, respectively. The
difference in intensity of these two signal-producing labels at the given excitation
wavelength can then be readily used to distinguish the two signal events. As will be
appreciated, such spectrally indistinct signals would not be easily distinguishable when
occurring simultaneously, as they would result in an additive overlapping signal, unless,
as discussed below, such spectrally indistinct signals result from spectrally distinct
excitation wavelengths. As will be appreciated, this same approach may be used with

more than two label groups where the resulting emission at a given excitation spectrum
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have distinguishable intensities or amplitudes.

[0052] Similarly, two different fluorescent labeling groups may have the same or
substantially similar excitation spectra, but provide different and distinguishable signal
emission intensities due to the quantum yield or extinction coefficient of those labeling
groups.

[0053] Further, although described in terms of two distinct fluorescent dyes, it will be
appreciated that each different labeling group may each include multiple labeling
molecules. For example, each reactant may include an energy transfer dye pair that yields
emissions of differing intensities upon excitation with a single illumination source. For
example, a labeling group may include a donor fluorophore that is excited at a given
excitation wavelength, and an acceptor fluorophore that is excited at the emission
wavelength of the donor, resulting in energy transfer to the acceptor. By using different
acceptors, whose excitation spectra overlap the emission spectrum of the donor to
differing degrees, such an approach can produce overall labeling groups that emit at
different signal amplitudes for a given excitation wavelength and level. Likewise,
adjusting the energy transfer efficiency between the donor and acceptor will likewise
result in differing signal intensities at a given excitation illumination. Examples of these
approaches are described in U.S. Patent Application Publication No. 2010/0255488, the
full disclosure of which is incorporated by reference herein in its entirety for all purposes.
[0054] Alternatively, different signal amplitudes may be provided by different multiples
of signal producing label groups on a given reactant, e.g., putting a single label molecule
on one reactant while putting 2, 3, 4 or more individual label molecules on a different
reactant. The resulting emitted signal will be reflective of the number of labels present on
a reactant and thus will be indicative of the identity of that reactant. Methods and
compositions for coupling multiple labeling groups on reactants, such as nucleotide
analogs, are described in, for example, U.S. Patent Application No. 13/218,312, filed
August 25, 2011, and incorporated by reference herein in its entirety for all purposes.
[0055] As described above, integrated analytical devices making use of such
approaches see a reduction in complexity by elimination of spectral discrimination
requirements, €.g., using signal amplitude or other non-spectral characteristics as a basis
for signal discrimination. Integrated analytical devices that combine such non-spectral

discrimination approaches with the more commeon spectral discrimination approaches
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may also provide advantages over more complex spectral discrimination systems. By
shifting from a "four-color" discrimination system to a system that distinguishes signals
based upon signal intensity and color, one can still reduce the complexity of the overall
optical system relative to a conventional four-color separation scheme. For example, in
an analytical operation that detects four discrete reaction events, e.g., in a nucleic acid
sequencing analysis, two signal events may be provided within a given emission/detection
spectrum, i.e., emitting signals within the same spectral window, and the other two events
within a distinct emission/detection spectrum. Within each spectral window, the pair of
signal events produce distinguishable signal intensities relative to each other.

[0056] For ease of discussion, this concept is described in terms of two groups of
fluorescent signal events, where members of each group differ by fluorescent intensity,
and the groups differ by virtue of their emission spectrum. As will be appreciated, the use
of simplified optics systems, €.g., using two detection channels for two distinct emission
spectra, does not require that the emission profiles of the two groups of signals do not
overlap or that the emission spectra of members of each group perfectly overlap. Instead,
in many preferred aspects, more complex signal profiles may be used where each
different signal event possesses a unique emission spectrum, but in a way that each signal
will present a signal profile within the two detection channels that is unique, based upon
the signal intensity in each channel.

[0057] Figure 4 schematically illustrates the signal profiles for each of four fluorescent
labeling groups, overlain with each of two different filter profiles. As shown, four label
groups yield emission spectra 402, 404, 406 and 408, respectively. While the signals
from these four groups partially overlap each other, they each have different maxima.
When subjected to a two channel filter scheme, as shown by pass filter lines 410 and 412,
the signal from each label will produce a unique signal profile between the two detection
channels. In particular, signals are routed through an optical train that includes two paths
that are filtered according to the spectral profile shown. For each signal, different levels
of emitted light will pass through each path and be detected upon an associated detector.
The amount of signal that passes through each filter path is dictated by the spectral
characteristics of the signal.

[0058] In the case of the above described mixed-mode schemes, detection systems may

be provided that include at least two distinct detection channels, where each detection
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channel passes light within a spectrum that is different from each other channel. Such
systems also include a reaction mixture within optical communication of the detection
channels, where the reaction mixture produces at least three different optical signals that
each produces a unique signal pattern within the two detection channels, as compared to
the other optical signals.

[0059] In each case, each signal-producing reactant is selected to provide a signal that is
entirely distinct from each other signal in at least one of signal intensity and signal
channel. As noted above, signal intensity in a given channel is dictated, in part, by the
nature of the optical signal, e.g., its emission spectrum, as well as the filters through
which that signal is passed, e.g., the portion of that spectrum that is allowed to reach the
detector in a given channel. However, signal intensity can also be modulated by random
variables, such as orientation of a label group when it is emitting signal, or other variables
of the particular reaction. Accordingly, for a signal's intensity to be assured of being
entirely different from the intensity of another signal within a given channel, in preferred
aspects, this variation is accounted for.

[0060] With a reduced number of spectrally distinct signal events, the complexity of the
optical paths for the integrated devices is also reduced. Figure 5 illustrates a not-to-scale
example device architecture for performing optical analyses, e.g., nucleic acid sequencing
processes, that rely in part on non-spectral discrimination of differing signals, and
optionally, in part on spectral distinction. As shown, an integrated analytical device 500
includes a reaction region 502 that is defined upon a first substrate layer 504. As shown,
the reaction region comprises a well disposed in the substrate surface. Such wells may
constitute depressions in a substrate surface or apertures disposed through additional
substrate layers to an underlying transparent substrate, e.g., as used in zero mode
waveguide arrays (See, e.g., U.S. Patent Nos. 7,181,122 and 7,907,800).

[0061] In the device of Figure 5, excitation illumination is delivered to the reaction
region from an excitation light source (not shown) that may be separate from or also
integrated into the substrate. As shown, an optical waveguide (or waveguide layer) 506
may be used to convey excitation light (shown by arrows) to the reaction region/well 502,
where the evanescent field emanating from the waveguide 506 illuminates reactants
within the reaction region 502. Use of optical waveguides to illuminate reaction regions

is described in e.g., U.S. Patent No. 7,820,983 and U.S. Patent Application Publication
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No. 2012/0085894, which are each incorporated by reference herein in their entireties for
all purposes.

[0062] The integrated device 500 optionally includes light channeling components 508
to efficiently direct emitted light from the reaction regions to a detector layer 512
disposed beneath the reaction region. The detector layer typically comprises one, or
preferably multiple, detector elements 512a-d, e.g., pixels in an array detector, that are
optically coupled to a given reaction region. Although illustrated as a linear arrangement
of pixels 512a-d, it will be appreciated that such pixels may be arranged in a grid, n x n
square, annular array, or any other convenient orientation.

[0063] Emitted signals from the reaction region 502 that impinge on these pixels are
then detected and recorded. As noted above, an optional single filter layer 510 is
disposed between the detector layer and the reaction region, to permit different spectrally
distinct signals to travel to different associated pixels 512a and 512b in the detector layer
512. For example, the portion 510a of filter layer 510 allows signals having a first
emission spectrum to reach its associated pixels 512a and 512b, while filter portion 510b
of filter layer 510 allows only signals having a distinct second spectrum to reach its
associated pixels 512c and 512d.

[0064] In the context of a sequencing system exploiting such a configuration,
incorporation of two of the four nucleotides would produce signals that would be passed
through filter portion 510a to pixels 512a and 512b, and blocked by filter portion 510b.
As between these two signals, one signal would have a signal intensity higher than the
other such that the pixels 512a and 512b in detector layer 512 would be able to produce
signal responses indicative of such differing signal intensities. Likewise, incorporation of
the other two nucleotides would produce signals that would be passed through filter
portion 510b to its associated pixels 512c and 512d, while filter portion 510a would block
those signals from reaching pixels 510a and 510b. Again, the signals associated with
these two latter signal events would differ based upon their signal intensities or
amplitudes.

[0065] The detector layer is then operably coupled to an appropriate circuitry, typically
integrated into the substrate, for providing a signal response to a processor that is
optionally included integrated within the same device structure or is separate from but

electronically coupled to the detector layer and associated circuitry., Examples of types of
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circuitry are described in U.S. Patent Application Publication No. 2012/0019828.

[0066] As will be appreciated from the foregoing disclosure and Figure 5, the integrated
analytical devices described herein do not require the more complicated optical paths that
are necessary in systems utilizing conventional four-color optics, obviating the need for
excessive signal separation optics, dichroics, prisms, or filter layers. In particular,
although shown with a single filter layer, as noted, in optional aspects, the filter layer
could be eliminated or could be replaced with a filter layer that blocks stray light from the
excitation source rather than distinguishing different emission signals from the reaction
region. Even including the filter layer 510, results in simplified and/or more efficient
optics as compared to conventional four-color systems, which would require either
multilayer filters, or narrow band pass filters, which typically require hybrid layers or
composite approaches over each subset of pixels, thus blocking signal from reaching
three of the four pixel subsets at any given emission wavelength, resulting in detection of
far fewer photons from each signal event. The optics configuration shown in Figure 5, on
the other hand, only blocks a smaller portion of the overall signal light from reaching the
detector. Alternatively, such conventional systems would require separation and
differential direction of all four different signal types, resulting in inclusion of additional
optical elements, e.g., prisms or gratings, to achieve spectral separation.

[0067] Figure 6 shows a schematic exemplar signal output for a real time sequencing
operation using a two color/two amplitude signal set from an integrated system of the
invention where one trace (dashed) denotes signals associated with incorporation of A
(high intensity signal) and T (lower intensity signal) bases, while the other signal trace
(solid line), denotes the signals of a different emission spectrum, associated with G (high)
and C (low) bases. The timing of incorporation and the identity of the base incorporated,
as derived from the color channel and intensity of the signal, are then used to interpret the

base sequence.

Arrayvs of Integrated Optical Detection Devices

[0068] In order to obtain the volumes of sequence information that may be desired for
the widespread application of genetic sequencing, e.g., in research and diagnostics, higher
throughput systems are desired. By way of example, in order to enhance the sequencing

throughput of the system, multiple complexes are typically monitored, where each
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complex is sequencing a separate template sequence. In the case of genomic sequencing
or sequencing of other large DNA components, these templates will typically comprise
overlapping fragments of the genomic DNA. By sequencing each fragment, one can then
assemble a contiguous sequence from the overlapping sequence data from the fragments.
[0069] As described above, and as shown in Figure 1, the template/DNA polymerase-
primer complex of such a sequencing system is provided, typically immobilized, within
an optically confined region, such as a zero mode waveguide (ZMW), or proximal to the
surface of a transparent substrate, optical waveguide, or the like. Preferably, such
reaction cells are arrayed in large numbers upon a substrate in order to achieve the scale
necessary for genomic or other large-scale DNA sequencing approaches. Such arrays
preferably comprise a complete integrated analytical device, such as, for example, the
devices shown in the block diagrams of Figures 2 and 5. Examples of integrated systems
comprising arrays of optical analytical devices are provided in U.S. Patent Application
Publication Nos. 2012/0014837; 2012/0019828; and 2012/0021525.

[0070] Arrays of integrated analytical devices, such as arrays of devices comprising
ZMWs, can be fabricated at ultra-high density, providing anywhere from 1000 ZMWs per
cmz, to 10,000,000 ZMWs per cmz, or more. Thus, at any given time, it may be desirable
to analyze the reactions occurring in 100, 1000, 3000, 5000, 10,000, 20,000, 50,000,
100,000, 1 Million, 5 Million, 10 Million, or more ZMWs or other reaction regions within
a single analytical system or even on a single substrate.

[0071] Using the foregoing systems, simultaneous targeted illumination of thousands or
tens of thousands of ZMWs in an array has been described. However, as the desire for
multiplex increases, the density of ZMW s on an array, and the ability to provide targeted
illumination of such arrays, increases in difficulty, as issues of ZMW cross-talk (signals
from neighboring ZMWs contaminating each other as they exit the array), decreased
signal:noise ratios arising from higher levels of denser illumination, and the like, increase.
The devices and methods of the instant invention address some of these issues.

[0072] The position on the detector upon which a given signal is incident is indicative
of (1) the originating ZMW in the array, and (2) the emission characteristics of the signal
component, which is used, for example, to identify the type of fluorescently labeled
nucleotide analog incorporated in an extension reaction. As noted above, the detector

may include in some cases multiple sensing elements, each for detecting light having a
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different color spectrum. For example, in the case of sequencing, the sensor for each
reaction cell may have 4 elements, one for each of the four bases. In some cases, the
sensor elements provide color discrimination, in other cases, color filters are used to
direct the appropriate color of light to the appropriate sensor element. In some cases, the
sensor elements detect intensity of signal only, without discriminating color. In some
cases, the sensor elements identifies the incorporated nucleotide using a combination of

emission characteristics.

Optical Waveguides

[0073] As mentioned above, the analytical devices of the instant invention, in some
embodiments, comprise an optical waveguide to deliver excitation energy to a sample.
For example, as shown in Figure 5, optical waveguide 506 conveys excitation light to the
reaction region/well 502, where the evanescent field emanating from the waveguide 506
illuminates reactants within the reaction region 502. The use of an optical waveguide to
deliver excitation illumination is advantageous for numerous reasons. For example,
because the illumination light is applied in a spatially focused manner, e.g., confined in at
least one lateral and one orthogonal dimension, using efficient optical systems, e.g., fiber
optics, waveguides, multilayer dielectric stacks (e.g., dielectric reflectors), etc., the
approach provides an efficient use of illumination (e.g., laser) power. For example,
illumination of a substrate comprising many separate reaction sites, "detection regions,"
or "observation regions" using waveguide arrays as described herein can reduce the
illumination power ~10- to 1000-fold as compared to illumination of the same substrate
using a free space illumination scheme comprising, for example, separate illumination
(e.g., via laser beams) of each reaction site. In general, the higher the multiplex (i.e., the
more surface regions to be illuminated on the substrate), the greater the potential energy
savings offered by the waveguide illumination schemes provided herein. In addition,
since waveguide illumination need not pass through a free space optical train prior to
reaching the surface region to be illuminated, the illumination power can be further
reduced.

[0074] In addition, because illumination is provided from within confined regions of the
substrate itself (e.g., optical waveguides), issues of illumination of background or non-

relevant regions, e.g., illumination of non-relevant materials in solutions,
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autofluorescence of substrates, and/or other materials, reflection of illumination radiation,
etc., are substantially reduced.

[0075] In addition to mitigating autofluorescence of substrate materials, the systems
described herein substantially mitigate autofluorescence associated with the optical train.
In particular, in typical fluorescence spectroscopy, excitation light is directed at a reaction
of interest through at least a portion of the same optical train used to collect signal
fluorescence, e.g., the objective and other optical train components. As such,
autofluorescence of such components will contribute to the detected fluorescence level
and can provide signal noise in the overall detection. Because the systems provided
herein direct excitation light into the substrate through a different path, e.g., through an
optical fiber optically coupled to the waveguide in the substrate, this source of
autofluorescence is eliminated.

[0076] Waveguide-mediated illumination is also advantageous with respect to
alignment of illumination light with surface regions to be illuminated. In particular,
substrate-based analytical systems, and particularly those that rely upon fluorescent or
fluorogenic signals for the monitoring of reactions, typically employ illumination
schemes whereby each analyte region must be illuminated by optical energy of an
appropriate wavelength, e.g., excitation illumination. While bathing or flooding the
substrate with excitation illumination serves to illuminate large numbers of discrete
regions, such illumination may suffer from the myriad complications described above.
To address those issues, targeted excitation illumination may serve to selectively direct
separate beams of excitation illumination to individual reaction regions or groups of
reaction regions, e.g. using waveguide arrays. When a plurality, e.g., hundreds or
thousands, of analyte regions are disposed upon a substrate, alignment of a separate
illumination beam with each analyte region becomes technically more challenging and
the risk of misalignment of the beams and analyte regions increases. Alignment of the
illumination sources and analyte regions may be built into the system, however, by
integration of the illumination pattern and reaction regions into the same component of
the system, e.g., a waveguide substrate. In some cases, optical waveguides may be
fabricated into a substrate at defined regions of the substrate, and analyte regions are
disposed upon the area(s) of the substrate occupied by the waveguides.

[0077] Finally, substrates used in the waveguides may be provided from rugged
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materials, e.g., silicon, glass, quartz or polymeric or inorganic materials that have
demonstrated longevity in harsh environments, e.g., extremes of cold, heat, chemical
compositions, e.g., high salt, acidic or basic environments, vacuum and zero gravity. As
such, they provide rugged capabilities for a wide range of applications.

[0078] Waveguide substrates used in the devices and methods of the present invention
generally include a matrix, e.g., a silica-based matrix, such as silicon, glass, quartz or the
like, polymeric matrix, ceramic matrix, or other solid organic or inorganic material
conventionally employed in the fabrication of waveguide substrates, and one or more
waveguides disposed upon or within the matrix, where the waveguides are configured to
be optically coupled to an optical energy source, e.g., a laser. Such waveguides may be in
various conformations, including but not limited to planar waveguides and channel
waveguides. Some preferred embodiments of the waveguides comprise an array of two
or more waveguides, e.g., discrete channel waveguides, and such waveguides are also
referred to herein as waveguide arrays. Further, channel waveguides can have different
cross-sectional dimensions and shapes, e.g., rectangular, circular, oval, lobed, and the
like; and in certain embodiments, different conformations of waveguides, e.g., channel
and/or planar, can be present in a single waveguide substrate.

[0079] In typical embodiments, a waveguide comprises an optical core and a waveguide
cladding adjacent to the optical core, where the optical core has a refractive index
sufficiently higher than the refractive index of the waveguide cladding to promote
containment and propagation of optical energy through the core. In general, the
waveguide cladding refers to a portion of the substrate that is adjacent to and partially,
substantially, or completely surrounds the optical core. The waveguide cladding layer
can extend throughout the matrix, or the matrix may comprise further "non-cladding"
layers. A "substrate-enclosed" waveguide or region thereof is entirely surrounded by a
non-cladding layer of matrix; a "surface-exposed" waveguide or region thereof has at
least a portion of the waveguide cladding exposed on a surface of the substrate; and a
"core-exposed" waveguide or region thereof has at least a portion of the core exposed on
a surface of the substrate. Further, a waveguide array can comprise discrete waveguides
in various conformations, including but not limited to, parallel, perpendicular,
convergent, divergent, entirely separate, branched, end-joined, serpentine, and

combinations thereof.
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[0080] A surface or surface region of a waveguide substrate is generally a portion of the
substrate in contact with the space surrounding the substrate, and such space may be
fluid-filled, e.g., an analytical reaction mixture containing various reaction components.
In certain preferred embodiments, substrate surfaces are provided in apertures that
descend into the substrate, and optionally into the waveguide cladding and/or the optical
core. In certain preferred embodiments, such apertures are very small, e.g., having
dimensions on the micrometer or nanometer scale, as described further below.

[0081] It is an object of devices and methods of the invention to illuminate analytes
(e.g., reaction components) of interest and to detect signal emitted from such analytes,
e.g., by excitation and emission from a fluorescent label on the analyte. Of particular
interest is the ability to monitor single analytical reactions in real time during the course
of the reaction, e.g., a single enzyme or enzyme complex catalyzing a reaction of interest.
The waveguides described herein provide illumination via an evanescent field produced
by the escape of optical energy from the optical core. The evanescent field is the optical
energy field that decays exponentially as a function of distance from the waveguide
surface when optical energy passes through the waveguide. As such, in order for an
analyte of interest to be illuminated by the waveguide, it must be disposed near enough to
the optical core to be exposed to the evanescent field. In preferred embodiments, such
analytes are immobilized, directly or indirectly, on a surface of the waveguide substrate.
For example, immobilization can take place on a surface-exposed waveguide, or within
an aperture in the substrate. In some preferred aspects, analyte regions are disposed in
apertures that extend through the substrate to bring the analyte regions closer to the
optical core. Such apertures may extend through a waveguide cladding surrounding the
optical core, or may extend into the core of the waveguide.

[0082] In certain embodiments, such apertures also extend through a mask layer above
the surface of the substrate. In preferred embodiments, such apertures are "nanoholes,"
which are nanometer-scale holes or wells that provide structural confinement of analytic
materials of interest within a nanometer-scale diameter, e.g., ~10-100 nm. In some
embodiments, such apertures comprise optical confinement characteristics, such as zero-
mode waveguides, which are also nanometer-scale apertures and are further described
elsewhere herein. Although primarily described herein in terms of channel waveguides,

such apertures could also be constructed on a planar waveguide substrate, e.g., where the
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planar waveguide portion/layer is buried within the substrate, i.e., is not surface-exposed.
Regions on the surface of a waveguide substrate that are used for illumination of analytes
are generally termed "analyte regions", "reaction regions", or "reaction sites", and are
preferably located on a surface of the substrate near enough to an optical core to be
illuminated by an evanescent wave emanating from the optical core, e.g., on a surface-
exposed waveguide or at the bottom of an aperture that extends into the substrate, e.g.,
into the waveguide cladding or core. The three-dimensional area at a reaction site that is
illuminated by the evanescent field of a waveguide core (e.g., to an extent capable of
allowing detection of an analyte of interest) is generally termed the "observation volume"
or "illumination volume". A region of a waveguide substrate that comprises one or more
analyte regions is generally referred to as a "detection region” of the substrate, and a
single substrate may have one or multiple detection regions. Examples of such optical
waveguides are provided in in U.S. Patent No. 7,820,983 and U.S. Patent Application
Publication No. 2012/0085894, as described above.

[0083] The present invention provides devices for waveguide-based illumination of
analyte regions in apertures (e.g., nanoholes or ZMWs) that in some cases reduce the
variation in illumination, for example, by mitigating propagation losses over the length of
the waveguide. Such propagation losses can be further exacerbated by a metal layer
disposed over the surface of the substrate, because it can absorb optical energy from a
surface-exposed or core-exposed waveguide, or even a waveguide near to the surface of
the substrate. Such metal layers are typically found in conventional ZMW arrays,
presenting a challenge for combining such arrays with waveguide illumination strategies.
[0084] One of the limitations of waveguide illumination is optical attenuation as the
light propagates down the guide resulting in a reduction in power at different locations in
the guide. For example, a particular laser intensity coupled into the waveguide will
experience a slow decrease in energy density as light travels down the guide due to
propagation losses, with the highest power at the end nearest the illumination source and
the lowest at the end farthest from the illumination source. The degree of the propagation
loss is typically a function of the designed geometry and manufacturing tolerances, and
presents a challenge to performing multiplexed analytical reactions because it constrains
the spatial range of the usable waveguide structure. It is important to maximize the

distance over which the laser intensity is sufficiently uniform, in order to maximize the

-22 -



10

15

20

25

30

WO 2014/099776 PCT/US2013/075382

multiplex capabilities of the system. It is therefore an object of the present invention to
provide uniform power over the length of a waveguide, e.g., to promote uniform
illumination of all reaction sites to be illuminated by the waveguide.

[0085] In certain embodiments, a waveguide is tapered such that the core gradually
becomes thinner along the direction of propagation. This causes the degree of light
confinement to be gradually increased, which can offset the gradual reduction in the total
amount of power in the guide due to propagation losses and essentially maintain a desired
mode shape and field strength for the optical energy propagated over the length of the
waveguide core. In principle, the sum of propagation losses is balanced by the decreasing
core size such that uniformity of evanescent field strength can be held constant for an
arbitrarily long distance, with limitations to the strength of the evanescent field also being
dependent on the starting laser power and the starting waveguide core dimensions. For a
given waveguide substrate, once the propagation loss is determined the waveguide
geometry can be designed to smoothly vary, thereby modifying the degree of confinement
such that the relative field strength at the point of interest increases at the same rate that
propagation losses reduce the total power in the guide. For example, a tapered waveguide
core can be widest at the portion most proximal to the light source, slowly narrowing
along the guide, with the field localization increasing at the same rate that propagation
losses are reducing the waveguide field strength. The tapering can take place in any
direction including the z direction (top to bottom), the y direction (side to side), or a
combination thereof.

[0086] In certain embodiments, a waveguide cladding above a waveguide core in a
waveguide substrate is tapered such that the waveguide core is slowly brought closer to
the reaction sites at the surface of the substrate by an ever-decreasing width of the
waveguide cladding layer that separates the core from the reaction sites. As such,
although there is propagation loss from the waveguide, as the field strength in the
waveguide decreases, it is brought closer to the reaction sites, and this increasing
proximity compensates for an overall reduced field strength. In some embodiments, both
the waveguide cladding layer and waveguide core are tapered to mitigate loss of field

strength due to propagation losses.
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Local Field Enhancement

[0087] In certain embodiments, the waveguides used in some of the devices disclosed
herein comprise a specific feature associated with each aperture, a local field
enhancement element, to increase the efficiency of sample illumination. Such a feature
serves to improve the coupling efficiency between the waveguide and the illumination
volume, particularly when the apertures are subwavelength apertures in a metal layer
disposed over the surface of the substrate. For example, in some embodiments, the local
field enhancement element is a layer of a material in the vicinity of each aperture that has
a higher dielectric constant than the cladding layer or that is a metal, such as, for example,
copper, silver, gold, or aluminum. One example of this type of local field enhancement
element is shown in Figure 7A, where the local field enhancement element corresponds to
aring or other geometric pattern of high dielectric material or metal 706 surrounding the
aperture 702, just below the opaque, metal layer 704. As shown in Figure 7A, a pattern
of high dielectric material, such as Al,Os, or a metal, couples energy from the waveguide
core of high dielectric 708, such as SizN., through the cladding of low dielectric 710, such
as SiO,. Other suitable materials of high dielectric material may be substituted for Al,Os,
as would be understood by those of ordinary skill in the art.

[0088] The material of high dielectric or metal surrounding the aperture may serve other
purposes in addition to improving the coupling of excitation light to the illuminated
volume within the aperture. For example, if this material is deposited such that it is
exposed to the solution to be analyzed, it may act as a distinct surface for immobilization
of biomaterials or to prevent immobilization of those materials. Specifically, there may
be advantages in providing different surfaces on the bottom and sides of the aperture to
allow, for example, for biased immobilization of reaction components. See, e.g., U.S.
Patent Publication No. 2012/0085894. For example, as shown in Figure 7A, the sides of
the nanowell/aperture may expose a material such as, e.g., the high dielectric material or
the metal, whereas the bottom of the nanowell/aperture may expose the cladding material,
e.g., glass. Selective deposition of analytes is preferably effected when there are
chemical differences between the surfaces, as would be understood by those of ordinary
skill in the art.

[0089] The local field enhancement element may include additional features to further

enhance the efficiency of sample illumination by excitation light, to further decrease
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propagation losses of excitation light, or to provide other functions, such as, for example,
enhancing the detection of light emitted from the sample. One such additional feature is
exemplified in Figure 7B, where a pattern of high dielectric material or metal 726
surrounds the nanowell/aperture 722 below the opaque, metal layer, 724. These patterns,
for example a pattern of concentric rings surrounding the aperture, as shown in Figure 7B,
may act as a broad area coupler for the excitation light into the sample volume. They
may additionally act to collimate light emitted from sample in the illuminated volume
within the aperture, thus improving the detectability of that light. In this particular
embodiment, the local enhancement element thus serves to couple light both into and out
of the aperture. Also shown in Figure 7B is the waveguide core of high dielectric 728,
such as SizNy, set within the cladding of low dielectric 730, such as SiO;.

[0090] Aperture shapes, and the shape of the high dielectric material or metal
surrounding the apertures, may additionally enhance the coupling of light energy from the
waveguide core to the illuminated volume. See, for example, Sahin et al. (2011) J.
Nanophoton. 5(1), 051812; doi:10.1117/1.3599873. Subwavelength aperture shapes,
including C-shaped apertures, triangle pairs, or diamond-shaped aperture structures may
accordingly be usefully employed as local field enhancement elements according to this
aspect of the invention.

[0091] In yet another embodiment, the local field enhancement element corresponds to
increasing the thickness of the cladding in the regions of the waveguide that are not
adjacent to the aperture and/or decreasing the thickness of the cladding in the regions of
the waveguide that are adjacent to the aperture. This embodiment provides, for example,
for decreased propagation losses, due to the increased distance between the light beam
and the metallic layer, and for increased coupling efficiency, due to the positioning of the
aperture closer to the evanescent wave. As shown in Figure 7C, decreasing the thickness
of the cladding 750 (e.g., Si0;) in the region around the aperture 742 by recessing the
aperture improves the coupling of light energy into the illumination volume. Increasing
the thickness of the cladding in regions remote from the aperture decreases propagation
losses resulting from interactions of the evanescent wave with the opaque metallic layer
744. Figure 7C also shows an additional optional local field enhancement element in the
form of a ring of high dielectric material or metal 746 surrounding the aperture below the

opaque metallic layer. As noted above, this element can be a ring or other pattern of high
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dielectric material or metal in the vicinity of the aperture, just below the opaque metallic
layer. Combinations of different local field enhancement elements may thus provide
synergistic improvements in the coupling of light energy from the waveguide core to the
illuminated volume and are considered within the scope of the invention. Also shown in
Figure 7C is the waveguide core of high dielectric 748, such as SizNy, set within the
cladding of low dielectric 750.

[0092] Figures 8A and B illustrate top-down and cross-sectional views of another
embodiment of the analytical device, similar to the device of Figure 7C, in which the
aperture is surrounded by a ring of high dielectric or metal 806 and is recessed to bring it
closer to the waveguide core. (Note that the opaque, metallic layer 804 is omitted from
the top-down view shown in Figure 8A.) This embodiment also includes an additional
optional feature of this aspect of the invention, a stray-light termination element 812.
Such a design feature can decrease background signal by blocking scattered light from the
excitation source and potentially also autofluorescence from materials within the device.
The material used in the stray-light termination element is selected from materials that
selectively absorb light to be blocked from reaching the detector layer of the device, as
would be understood by one of ordinary skill in the art. Also shown in Figure § is the
waveguide core of high dielectric 808, such as SizNy, set within the cladding of low
dielectric 810, such as SiO,. Exemplary dimensions for the device are indicated in Figure
8A

[0093] Figure 9 illustrates a device configuration used in a mathematical simulation of
the effectiveness of the above designs, specifically increasing the cladding thickness in
regions not adjacent to the aperture and including a ring of metal 906 in the vicinity of the
aperture. (Note that the opaque, metallic layer 904 is omitted from the top-down view
shown in Figure 9A.) In particular, the simulations involve a finite-difference time-
domain (FDTD) solution of the Maxwell equations. See Taflove and Hagness (2004)
Computational Electrodynamics: The Finite-Difference Time-Domain Method, Third
Edition. Figure 9 also shows the waveguide core of high dielectric 908, such as Si3Ny, set
within the cladding of low dielectric 910, such as SiO;.

[0094] The simulations using the device configuration of Figure 9 demonstrate that by
increasing the cladding thickness between ZMW s by 200 nm, the propagation loss, for

example, due to proximity to the metallic layer, decreases from over 100 dB/mm to ~14
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dB/mm, allowing a lower laser power to illuminate several ZMWs. Overall illumination
efficiency of the fluorophore is kept high, so as to keep the total laser power in the
waveguide low, thus helping to limit autofluorescence generated in the waveguide. In
addition, a metal ring (or cylindrical shell) in the vicinity of the aperture provides enough
metal to enhance the coupling to the ZMW but not so much as to create waveguide loss.
While any metal could be used, metals such as copper, silver, gold, and aluminum are
preferred. Typical metal thicknesses (i.e., shell thickness) around the aperture are 100-
400 nm. Since aperture diameters are preferably in the range of 100-200 nm, and most
preferably approximately 140 nm, the outer diameter of the metal ring is therefore
preferably from 340 nm to 1 um, although outer ring diameters of from about 0.2 to 2

um, or even higher, are contemplated.

Dimensional Modulation of Waveguides

[0095] As noted above, efficient coupling of excitation light into the illumination
volume requires that the optical waveguide be sufficiently close to the nanometer-scaled
apertures, but placement of the optical waveguide too close to the metallic layer in which
the apertures are disposed may cause propagation losses. In order to overcome these
limitations, in another aspect of the invention, the optical waveguide is placed sufficiently
far from the metallic layer to avoid propagation losses, and the cross-sectional area of the
waveguide is modulated in the vicinity of the apertures to enlarge the mode size and thus
increase the coupling of light into the illuminated volume. In general, waveguide core
dimensions are designed to satisfy the single-mode condition, as well as confining the
mode compactly around the core region. In preferred embodiments, the cross-sectional
area of the optical core is decreased at locations where the optical waveguide illuminates
the apertures. In some embodiments, the decrease in cross-sectional area of the optical
core is achieved using adiabatic tapers in order to avoid extra power loss. In preferred
embodiments, and as illustrated in Figures 10 A and B, the thickness of the optical
waveguide is kept constant, while the cross-sectional area of the optical core is modulated
by varying the width of the optical core. Specifically, Figure 10A provides a top-down
view of waveguide 1008 with cross-sectional views of a normal section of the waveguide
with compact mode size (left cross-section) and a tapered-down section of the waveguide

with expanded mode size (right cross-section). Figure 10B provides a three-dimensional
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perspective of the exemplary device showing locations of nanowell/apertures 1002 within
the opaque, metal layer 1004 covering the array. Also shown are dimension-modulated
waveguides 1008 positioned below the nanowell/apertures. Fabrication of the core layer
in this embodiment is simplified, because the core thickness is uniform. In some
embodiments, the optical signal passing through the waveguide core is transverse electric
(TE) polarized light. These embodiments provide advantages when the cross-sectional
area of the waveguide is modulated by varying the width of the waveguide core, because
the mode size of TE-polarized light is most strongly affected by the waveguide width.
[0096] In variants of the just-described aspect of the invention, the width of the optical
waveguide is kept constant, while the cross-sectional area of the optical core, and thus the
mode size of the transmitted light, is modulated by varying the thickness of the optical
core. As above, the cross-sectional area of the optical core is decreased at locations
where the optical waveguide illuminates the apertures in order to maximize coupling to
the illuminated volume. In some embodiments, the optical signal passing through the
waveguide core is transverse magnetic (TM) polarized light, since the mode size of TM-
polarized light is most strongly affected by the waveguide thickness, as would be
understood by one of ordinary skill in the art.

[0097] In some embodiments of the invention, dimensional modulation of the
waveguides and local field enhancements may be usefully combined. For example,
modulation of the cross-sectional area of the optical core at each aperture may be usefully
combined with a pattern of high dielectric material or metal in the vicinity of each
aperture, for example, below the metallic layer. Such combinations provide yet further
improvement in the efficiency of coupling of optical energy from the waveguide to the
illuminated volume.

[0098] By way of non-limiting example, the typical waveguide widths for use in the
analytical devices of the instant invention range from 100 nm to 1000 nm. Such widths
therefore correspond to roughly 0.3 to 3.0 wavelengths in a situation where the
wavelength of excitation light propagated along the waveguide is 335 nm. (It should be
noted that the wavelength of photons in a waveguide may be significantly shifted from
that of the same photons traveling through air.) In some embodiments of the invention,
the width of the waveguide optical core is decreased by 5 to 90% at locations where the

evanescent field illuminates the nanometer-scale apertures, compared to locations where
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the evanescent field does not illuminate the apertures (in other words, the optical core is
decreased from 0.15 wavelengths to 2.7 wavelengths for a core that is 3.0 wavelengths
wide). In some embodiments, the width of the waveguide optical core is decreased by 5
to 50% at locations where the evanescent field illuminates the apertures, compared to
locations where the evanescent field does not illuminate the apertures (i.e., from 0.15
wavelengths to 1.5 wavelengths in a 3.0 wavelength wide core). In preferred
embodiments, the width of the waveguide optical core is decreased by 10 to 20% at those
locations (i.e., from 0.30 wavelengths to 0.60 wavelengths). As noted above, it is
desirable in the devices of this aspect of the invention for the changes in width/cross-
sectional area to be gradual, preferably adiabatic, in order to avoid an additional
mechanism for propagation losses. Such gradual tapering—narrower in the locations near
the nanometer-scale apertures and wider in the locations away from the nanometer-scale
apertures—can be readily be optimized in the design of the device, using analytical

calculations, as would be understood by one of ordinary skill in the art.

Waveguide Core Positioning

[0099] In another aspect of the invention, the configuration and positioning of the
waveguide core is varied in order to maximize collection of signal photons while
suppressing collection of background photons (e.g., scattered light and autofluorescence).
In particular, in these embodiments the waveguide core is positioned so that it is not
directly between the nanometer-scaled apertures and their corresponding detectors. In
preferred embodiments, the illuminated volume in each aperture is illuminated by
evanescent fields emanating from two or more optical cores. In some embodiments, the
device further contains an opaque layer disposed between the waveguide layer and the
detector layer. The opaque layer contains a plurality of openings positioned to allow
signal photons from the sample to pass unimpeded into the detector. The opaque layer
would thus decrease access of photons from, for example, autofluorescence or scattering
emanating from the waveguide cores, to the detector, and thus decrease background
signal. As would be understood by one of ordinary skill in the art, signal photon
collection is defined by photon flux through the opening in the opaque material, and
collection efficiency is modulated by the dimensions of the opening and the optical

distance from the signal source. Likewise, collection of autofluorescence and scattered
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light from the waveguide core through the opening is governed by the dimensions of the
opening and the solid angle occupied by the waveguide as viewed from the opening.
[0100] By using a waveguide that is not positioned directly between the nanometer-
scaled aperture and the detector, i.e., a "slot" waveguide, the waveguide core, and
associated autofluorescence and scattering, is moved away from a direct path to the
detector, thus increasing the angle of incidence into the detector and decreasing
background signal. Furthermore, slot waveguides may provide increased optical fields in
the regions of low refractive index between the high-index cores, and thus increase
coupling of optical energy from the waveguides to the illuminated volume. See, for
example, Feng et al. (2006) IEEE J. Quantum Electron. 42, 885; Sun et al. (2007) Optics
Express 15, 17967. Optical sensing devices making use of slot waveguides have been
described. See, for example, Barrios (2006) IEEE Photon Technol. Lett. 18, 2419;
Barrios et al. (2007) Optics Letters 32, 3080; Barrios et al. (2008) Optics Letters 33, 708;
Robinson et al. (2008) Optics Express 16, 4296. The signal-to-background ratio in
devices of the instant invention that utilize a slot waveguide format may be optimized, for
example, by varying the dimension of the openings in the opaque layer and by varying the
configuration of the waveguide (e.g., spacing between separate optical cores and distance
between waveguide core, opaque layer, and detector layer), as would be understood by
those of ordinary skill in the art.

[0101] Figure 11 illustrates an example of this aspect of the invention that includes an
optional local field enhancement element to increase further the coupling of excitation
energy to the illuminated volume. In particular, Figure 11A, illustrates a cross-sectional
view of the device down the length of the divided (i.e., "slot") waveguide cores 1108,
surrounded by cladding of low dielectric 1110. As shown, the evanescent waves
emanating from the separate cores overlap and jointly illuminate the sample "signal
source" 1103 within a nanowell/aperture at the top of the drawing. The local field
enhancement element 1106 is illustrated in this drawing as a rectangle below the sample.
This element could, for example, correspond to a material of high dielectric constant or
metal patterned in the area adjacent to the nanometer-scale apertures, as described above.
As also described more fully above, this element serves to increase coupling between the
waveguide core and the sample within the nanometer-scale apertures and thus increase

signal emission from the sample. Such increased coupling could further increase the
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signal-to-background ratio in the devices of the invention by decreasing the size of the
field necessary in the core and thus decreasing the associated autofluoresence and
scattering.

[0102] Figure 11A further illustrates the opaque layer 1114, which is positioned
between the waveguide layer and the detector 1118, and the opening in the opaque layer
to allow emission signal from the illuminated volume to pass to the detector. The opaque
layer is fabricated from any material suitable for attenuating transmission of excited light
from the waveguide core to the detector, e.g., a metal layer of sufficient thickness. As
shown in 11A, the positioning of the waveguide cores away from a direct alignment
between the nanometer-scale aperture (not shown, but surrounding the illuminated sample
volume) and the detector does not greatly diminish the efficiency of excitation of the
illuminated volume, particularly if an optional local enhancement element is included to
enhance the coupling, but causes a significant decrease in the transmission of
autofluorescence or scattered light to the detector, due to the presence of the opaque layer.
[0103] Figure 11B provides a top-down view of the analytical device shown in Figure
11A, including the divided waveguide cores 1108. The "signal source" 1103, which
corresponds to the illuminated volume of the sample, is above the plane of the drawing,
and the opaque layer, including the "opening” 1116 in the opaque layer over the detector
is below the plane of the drawing. The local enhancement element 1106 is illustrated as a
rectangular block, but any of the local enhancement elements described above could
usefully be included in the device to enhance coupling of excitation energy to the sample
volume. The detector is not shown in this drawing but would be positioned below the

opening and in line with the signal source.

Waveguide Frequency Conversion

[0104] As noted above, excitation light is typically provided to sample volumes via
guided optics. Part of the motivation for this approach lies in the possibility of dispensing
with the disadvantages of classic free-space optics by directing the sum total of excitation
light needed to excite the illumination volumes in all of the nanometer-scale apertures
through a single optical system and onto a single chip. The guided optical approach can
involve some disadvantages of its own, however, including alignment complexity,

cumulative autofluorescence, scattering, and cumulative laser heating. The latter three
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issues in particular are straightforward limitations that result from the material properties
of the optical system. The traditional chemistry and chemical formulations used in
fluorescence-based nucleic acid sequencing contribute to the difficulties, as photonic
excitation must be delivered within a fairly narrow range of wavelengths, and the
resulting emission wavelengths are only slightly longer. Consequently, autofluorescence
of the system generally occurs within the same region of the spectrum as the desired
fluorescence emission signals and can therefore be a significant limitation on the optical
signal-to-noise ratio that can be achieved in a given system. Scattering can also be a
detriment to signal-to-noise, because it is difficult to control the direction that scattered
light travels as it leaves the guided mode, and some fraction may arrive at a sensor,
adding noise. Such scattered light may be difficult to filter out based on its wavelength.
Similarly, photonic heating caused by non-negligible absorption of the materials used to
construct the optical system and the sample chip is a strong function of the excitation
wavelength, and there is little flexibility in altering this parameter given the limitations in
reagents used in typical sequencing reactions.

[0105] Accordingly, in another aspect of the invention, the limitations of a typical
multiplexed sequencing system are addressed by using optical techniques such as
harmonic generation, four-wave mixing, and stimulated raman scattering to manipulate
the wavelengths of pump excitation away from those necessary for sample illumination
and detection and toward spectral regions that are more suitable for the optical system,
particularly with respect to the effects of the excitation photons on autofluorescence, laser
heating, propagation loss, signal-to-background ratios, etc. Specifically, it is generally
beneficial for excitation light to be transported as longer-wavelength photons, for
example as infrared photons, which generate less autofluorescence within the device and
which result in less laser heating. Shorter-wavelength light can be generated at
predetermined locations, as desired, preferably only in the locations necessary to excite
the relevant samples. Waveguide frequency conversion can be effected by only slight
modifications in optical parameters through phase matching, or it can be actively
switched on and off through electro-optical effects that modify the refractive index of one
or more materials. Thus, light can be transported as an infrared pump and then be
efficiently coupled into shorter wavelength harmonic waveguide modes as desired. An

additional advantage of such delivery of waveguide light is that scattering of light is

-32-



10

15

20

25

30

WO 2014/099776 PCT/US2013/075382

dramatically reduced, because the infrared pump wavelength is significantly different in
wavelength from the signal being collected by the detector, thereby reducing the
detrimental impact of scattering on the signal-to-noise ratio.

[0106] Wavelength conversion in waveguides is typically effected through second
harmonic generation (SHG), wherein efficient conversion involves three features: a
nonlinear optical (NLO) material (in the case of SHG, for example, a noncentrosymmetric
material that responds to electromagnetic fields with higher polarization multipoles),
phase matching (typically with equal group velocities on both propagating modes), and
sufficient overlap integral (for example, where the energy density overlaps between the
fundamental mode, the harmonic mode, and the nonlinear material in the structure). All
three features can be designed into a waveguide structure, and all three can be selected or
adjusted by a variety of techniques that are well understood by those of ordinary skill in
the art. Furthermore, the techniques are widely available and are already being used in
numerous commercial applications. In addition to SHG, similar techniques have been
applied to other nonlinear optical interactions including optical parametric amplification
(OPA) and stimulated Raman scattering. Such alternative approaches should also be
considered within the scope of the instant invention.

[0107] At a fundamental level, periodic poling may be used to determine where light is
converted from longer wavelengths, for example infrared wavelengths, to wavelengths
usefully utilized in the direct excitation of samples, for example visible wavelengths.
Such periodic poling may be divided generally into two branches, a fixed periodic poling,
which would not change in time, and a dynamic periodic poling, which can be used to
fine-tune the wavelength conversion and to switch on or off the conversion at any
location or set of locations, and at any time. The programmability of such approaches is
of particular value in the application of periodic poling to wavelength conversion for use
in the sequencing methods described herein. Application of these techniques, including,
for example, materials used, methods of fabrication, optical properties, theoretical
principles, methods of tuning, conversion efficiencies, and so forth, are known in the art.
See, for example, Yao and Wang, Quasi-Phase-Matching Technology, in Nonlinear
Optics and Solid-State Lasers, Springer Series in Optical Sciences 164, Springer-Verlag
Berlin Heidelberg 2012. Specific examples of the use of fixed and dynamic periodic

poling in wavelength conversion devices have also been reported. See Laurell et al.
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(2012) Optics Express 20, 22308; Chen et al. (2012) Optics Letters 37, 2814; Nava et al.
(2010) Electronics Letters 46, 1686; Pan et al. (2010) Optics Communications 284, 429.
[0108] An example of a basic SHG waveguide usefully employed in the devices of the
instant invention is illustrated in Figure 12A, where the nonlinear medium is present in
the core material of the waveguide, thus simplifying the overlap integral. An alternative
structure, wherein the nonlinear medium is present in part of the cladding material, is
shown in Figure 12B.

[0109] Figure 13A illustrates phase matching by periodic NLO materials. Such an
approach can allow significantly relaxed fabrication tolerances compared to situations
where phase matching is not provided by such periodicity. Figure 13B illustrates phase
modulation by electro-optic effects. It should be noted in this context that virtually all
SHG materials also exhibit the strong Pockels coefficients that are important for this
electro-optical effect.

[0110] The approaches for waveguide frequency conversion described herein can be
incorporated into the architecture of an analytical device in a variety of ways. For
example, as shown in Figure 14A, SHG conversion may take place just after light is
coupled into the chip. Alternatively, or in addition, excitation light may be injected into
the waveguide and converted into SHG at predetermined locations, as shown in Figure
14B. In some embodiments, excitation light can be programmed such that different
regions of nanometer-scale apertures and their corresponding illuminated volumes can be
switched on and off independently.

[0111] All patents, patent publications, and other published references mentioned herein
are hereby incorporated by reference in their entireties as if each had been individually
and specifically incorporated by reference herein.

[0112] While specific examples have been provided, the above description is illustrative
and not restrictive. Any one or more of the features of the previously described
embodiments can be combined in any manner with one or more features of any other
embodiments in the present invention. Furthermore, many variations of the invention will
become apparent to those skilled in the art upon review of the specification. The scope of
the invention should, therefore, be determined by reference to the appended claims, along

with their full scope of equivalents.
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What is Claimed is:

1. An analytical device comprising:

an optical waveguide comprising an optical core and a cladding;

a metallic layer disposed on a surface of the cladding;

a plurality of nanometer-scale apertures disposed in the metallic layer in sufficient
proximity to the optical waveguide to be illuminated by an evanescent field emanating
from the waveguide when optical energy is passed through the optical core; and

a plurality of local field enhancement elements associated with the plurality of

apertures.
2. The analytical device of claim 1, wherein the local field
enhancement elements comprise a high dielectric material or metal in the vicinity of the

apertures.

3. The analytical device of claim 2, wherein the high dielectric

material or metal is arranged in a geometric pattern around the apertures.
4, The analytical device of claim 3, wherein the geometric pattern is
selected from the group consisting of a circle, a series of concentric circles, a C aperture,

a triangle pair, and a diamond.

S. The analytical device of claim 2, wherein the high dielectric

material or metal is Al,Os, copper, silver, gold, or aluminum.

6. The analytical device of claim 5, wherein the high dielectric

material or metal is Al,Os.

7. The analytical device of claim 5, wherein the high dielectric

material or metal is copper.

8. The analytical device of claim 1, wherein the apertures are recessed
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into the cladding.

9. The analytical device of claim 1, wherein the thickness of the
cladding between the optical core and the metallic layer decreases in the vicinity of the

apertures.

10. The analytical device of claim 9, wherein the thickness of the

cladding is from 150 to 300 nm.

11. The analytical device of claim 10, wherein the thickness of the

cladding is about 200 nm.

12. The analytical device of claim 1, wherein the local field

enhancement elements comprise the shape of the nanometer-scale apertures.

13. The analytical device of claim 12, wherein the shape of the
nanometer-scale apertures is selected from the group consisting of a C aperture, a triangle

pair, and a diamond.

14. An analytical device comprising:

an optical waveguide comprising an optical core and a cladding;

a metallic layer disposed on the surface of the cladding; and

a plurality of nanometer-scale apertures disposed in the metallic layer in sufficient
proximity to the optical waveguide to be illuminated by an evanescent field emanating
from the waveguide when optical energy is passed through the optical core;

wherein the optical core has a thickness, a width, and a cross-sectional area, and
wherein the cross-sectional area is decreased at locations where the evanescent field

illuminates the apertures.

15. The analytical device of claim 14, wherein the cross-sectional area

is decreased by adiabatic tapers.
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16. The analytical device of claim 14, wherein the thickness of the
optical core is maintained, and the cross-sectional area is decreased by decreasing the

width of the optical core.

17. The analytical device of claim 16, wherein the optical energy is

transverse electric polarized light.

18. The analytical device of claim 14, wherein the width of the optical
core is maintained, and the cross-sectional area is decreased by decreasing the thickness

of the optical core.

19. The analytical device of claim 18, wherein the optical energy is

transverse magnetic polarized light.

20. The analytical device of claim 14, further comprising a plurality of

local field enhancement elements associated with the plurality of apertures.
21. The analytical device of claim 20, wherein the local field
enhancement elements comprise a high dielectric material or metal in the vicinity of the

apertures.

22. The analytical device of claim 21, wherein the high dielectric

material or metal is arranged in a geometric pattern around the aperture.
23. The analytical device of claim 22, wherein the geometric pattern is
selected from the group consisting of a circle, a series of concentric circles, a C aperture,

a triangle pair, and a diamond.

24, The analytical device of claim 21, wherein the high dielectric

material or metal is Al,Os, copper, silver, gold, or aluminum.

25. The analytical device of claim 24, wherein the high dielectric
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material or metal is Al,Os.

26. The analytical device of claim 24, wherein the high dielectric

material or metal is copper.

27. The analytical device of claim 20, wherein the apertures are

recessed into the cladding.

28. The analytical device of claim 20, wherein the thickness of the
cladding between the optical core and the metallic layer decreases in the vicinity of the

apertures.

29. The analytical device of claim 28, wherein the thickness of the

cladding is from 150 to 300 nm.

30. The analytical device of claim 29, wherein the thickness of the

cladding is about 200 nm.

31. The analytical device of claim 20, wherein the local field

enhancement elements comprise the shape of the nanometer-scale apertures.

32. The analytical device of claim 31, wherein the shape of the
nanometer-scale apertures is selected from the group consisting of a C aperture, a triangle

pair, and a diamond.

33. An analytical device comprising:

an optical waveguide comprising a plurality of optical cores and a cladding;

a plurality of nanometer-scale apertures disposed on a surface of the device in
sufficient proximity to the optical waveguide to be illuminated by an evanescent field
emanating from the waveguide when optical energy is passed through the plurality of
optical cores; and

a plurality of detectors optically coupled to the plurality of nanometer-scale
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apertures;
wherein the optical cores are not in direct alignment between the nanometer-scale

apertures and their optically coupled detectors.

34, The analytical device of claim 33, wherein the plurality of
nanometer-scale apertures are illuminated by an evanescent field emanating from at least

two optical cores.

35. The analytical device of claim 33, further comprising an opaque
layer disposed between the optical waveguide and the plurality of optical detectors,
wherein the opaque layer comprises a plurality of openings in direct alignment with the

nanometer-scale apertures and their optically coupled detectors.

36. The analytical device of claim 33, wherein the device further
comprises a plurality of local field enhancement elements associated with the plurality of

apertures.
37. The analytical device of claim 36, wherein the local field
enhancement element comprises a high dielectric material or metal in the vicinity of the

aperture.

38. The analytical device element of claim 37, wherein the high

dielectric material or metal is arranged in a geometric pattern around the aperture.
39. The analytical device element of claim 38, wherein the geometric
pattern is selected from the group consisting of a circle, a series of concentric circles, a C

aperture, a triangle pair, and a diamond.

40. The analytical device of claim 37, wherein the high dielectric

material or metal is Al,Os, copper, silver, gold, or aluminum.

41. The analytical device element of claim 40, wherein the high
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dielectric material or metal is Al,Os.

42. The analytical device element of claim 40, wherein the high

dielectric material or metal is copper.

43. The analytical device element of claim 33, wherein the apertures

are recessed into the cladding.

44, The analytical device of claim 33, wherein the thickness of the

cladding decreases in the vicinity of the apertures.

45. The analytical device of claim 44, wherein the thickness of the
cladding thickness is from 150 to 300 nm.

46. The analytical device of claim 45, wherein the thickness of the
cladding is about 200 nm.

47. An analytical device comprising:
an optical waveguide comprising an optical core and a cladding; and
a plurality of nanometer-scale apertures disposed on a surface of the device in
sufficient proximity to the optical waveguide to be illuminated by an evanescent field
emanating from the waveguide when optical energy of a defined wavelength is passed
through the optical core;
wherein the wavelength of the optical energy is modulated as it passes through the

optical core.

48. The analytical device of claim 47, wherein the optical waveguide

comprises a non-linear optical material.

49. The analytical device of claim 48, wherein the non-linear optical

material is placed periodically within the optical core.

-40 -



WO 2014/099776 PCT/US2013/075382

50. The analytical device of claim 48, wherein the non-linear optical

material is placed within the cladding.

51. The analytical device of claim 47, wherein the wavelength

conversion is effected through phase matching.

52. The analytical device of claim 47, wherein the wavelength

conversion is effected through electro-optical effects.

53. The analytical device of claim 47, wherein the optical energy is

modulated by second harmonic generation.

54. The analytical device of claim 47, wherein the optical energy is

modulated by third harmonic generation.

55. The analytical device of claim 47, wherein the optical energy is

modulated by optical parametric amplification.

56. The analytical device of claim 47, further comprising a plurality of

local field enhancement elements associated with the plurality of apertures.

57. The analytical device of claim 56, wherein the local field
enhancement elements comprise a high dielectric material or metal in the vicinity of the

aperture.

58. The analytical device of claim 57, wherein the high dielectric

material or metal is arranged in a geometric pattern around the aperture.
59. The analytical device of claim 58, wherein the geometric pattern is

selected from the group consisting of a circle, a series of concentric circles, a C aperture,

a triangle pair, and a diamond.
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60. The analytical device of claim 57, wherein the high dielectric

material or metal is Al,Os, copper, silver, gold, or aluminum.

61. The analytical device of claim 60, wherein the high dielectric

material or metal is Al,Os.

62. The analytical device of claim 60, wherein the high dielectric

material or metal is copper.

63. The analytical device of claim 56, wherein the apertures are

recessed into the cladding.

64. The analytical device of claim 56, wherein the thickness of the

cladding decreases in the vicinity of the apertures.

65. The analytical device of claim 64, wherein the thickness of the

cladding is from 150 to 300 nm.

66. The analytical device of claim 65, wherein the thickness of the

cladding is about 200 nm.

67. The analytical device of claim 56, wherein the local field

enhancement elements comprise the shape of the nanometer-scale apertures.

68. The analytical device of claim 67, wherein the shape of the
nanometer-scale apertures is selected from the group consisting of a C aperture, a triangle

pair, and a diamond.
69. The analytical device of any one of claims 1-68, wherein the

analytical device further comprises a plurality of analytes disposed in analyte regions

within the plurality of nanometer-scale apertures.
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70. The analytical device of claim 69, wherein the plurality of analytes

comprise a plurality of biological samples.

71. The analytical device of claim 70, wherein the plurality of

biological samples comprise a plurality of nucleic acids.
72. The analytical device of any one of claims 1-68, wherein the

analytical device comprises at least 1,000, at least 10,000, at least 100,000, at least
1,000,000, or at least 10,000,000 nanometer-scale apertures.
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