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OPTICS COLLECTION AND DETECTION SYSTEM
AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS

[oooi] This application claims priority to U.S. Provisional Application No. 61/306,235 filed

February 19, 2010 and entitled INTEGRATED ANALYTICAL DEVICES AND SYSTEMS,

U.S. Provisional Patent Application No. 61/387,916 filed September 29, 2010 and entitled

INTEGRATED ANALYTICAL SYSTEM AND METHOD, U.S. Provisional Patent

Application No. 61/410,189 filed November 4 , 2010 and entitled ILLUMINATION OF

INTEGRATED ANALYTICAL SYSTEMS, and U.S. Patent Application No.

[Attorney Docket No. 067191-5044-US] filed and entitled OPTICS COLLECTION

AND DETECTION SYSTEM AND METHOD, the entire contents of which applications is

incorporated herein for all purposes by this reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] This invention relates to optics collection and detection systems and methods for their

use.

Description of Related Art

[0003] A large number of systems for optical analysis of samples or materials 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.



[0004] Conventional optical systems typically are complex and costly. The systems also tend

to have significant space requirements. For example, typical systems employ mirrors and

prisms in directing light (e.g. laser light) from its source to a desired destination for detection.

Additionally, such systems may include light splitting optics such as beam splitting prisms to

generate two beams from a single original beam. In the case of modern analysis systems,

there is a continuing need for systems with very high throughput and portability.

[0005] There is a continuing need for optical systems for collecting and detecting excitation

signals. For example, analytical systems for monitoring processes at the single molecule

level show great promise but require the collection and detection of small levels of

illumination. There is a need for collecting and detecting optical signals, and specifically for

collection and detection systems with reduced noise and improved performance.

[ ] There is a continuing need to improve upon the functionality, footprint and cost of

systems for optical analysis. The present invention provides devices, systems, and methods

for overcoming the above problems in addition to other benefits.

BRIEF SUMMARY

[0007] One aspect of the present invention is directed to an integrated device for measuring

optical signals from an array of optical sources over time. The device may include an array

of elements, each having a top layer comprising an optical source that emits two or more

optical signals, each optical signal comprising different wavelengths, a middle layer

comprising a spectral diversion element, and a bottom layer comprising a detector sensitive to

spatial distributions of light. Each spectral diversion element may divert each of the two or

more optical signals onto different regions of the bottom layer, whereby the identity of the

optical signal can be identified by the relative spatial light intensity across the detector.

[0008] The optical source may include a zero mode waveguide and the optical signals may be

emitted from fluorescent labels corresponding to a chemical or biochemical reaction

occurring within the zero mode waveguide. The chemical or biochemical reaction may

include nucleic acid synthesis. The spectral diversion element may include an optical grating

or holographic element. The spectral diversion element may include a Bragg grating



disposed at an angle to the normal to the central ray of the emitted light. The pixels may be

in a linear array. The pixels may be in a two dimensional array. The four different optical

signals may be emitted from each optical source. The detector has four pixels, each

corresponding to one of the four optical signals whereby the spectral diversion element

diverts each of the colors to a different element. The spectral diversion element may include

a lens. The lens may be cylindrically symmetrical and diverts different wavelengths of light

at different angles from the center of the lens resulting in a circularly symmetric pattern on

the detector for each set of wavelengths. The detector may include one central pixel and one

or more pixels comprising a circular ring around the central pixel.

[ ] Another aspect of the present invention is directed to a pixel including a photodiode

having at least a first and a second transfer gate, wherein the pixel may be configured such

that the photodiode sends charge to one transfer gate for a first period of time, then send

charge to a second transfer gate for a second period of time before the remaining charge from

the pixel is unloaded.

[ooio] The pixel further may include a third transfer gate and a fourth transfer gate wherein

after the second period of time, charge may be sent to the third transfer gate for a third period

of time, then charge may be sent to the fourth transfer gate for a fourth period of time before

the charge from the pixel is unloaded.

[ooii] Another aspect of the present invention is directed to a system including an excitation

light source that emits a first wavelength range for a first excitation time, then emits a second

wavelength range for a second excitation time, the excitation light source providing

excitation light to a sample, the sample having a first fluorophore that is excited by the first

wavelength range, and a second fluorophore that is excited by the second wavelength range,

and a pixel comprising a photodiode having at least a first transfer gate and a second transfer

gate, wherein the pixel is configured such that the photodiode sends charge to the first

transfer gate for a first collection time, then send charge to the second transfer gate for a

collection time before the charge from the pixel is unloaded. The system may be configured

such that the first excitation time corresponds to the first collection time and the second

excitation time correlates to the second collection time, whereby the emission from the first

fluorophore can be distinguished from the emission from the second fluorophore.



[0012] The light source may further emit a third wavelength range for a third excitation time,

then emit a fourth wavelength range for a fourth excitation time, wherein the sample further

may include a third fluorophore that is excited by the third wavelength range, and a fourth

fluorophore that is excited by the fourth wavelength range, and the photodiode further may

include a third transfer gate and a fourth transfer gate. The pixel may be configured such that

the photodiode sends charge to the third transfer gate for a third collection time, then send

charge to the fourth transfer gate for a collection time before the charge from the pixel is

unloaded. The system may further be configured such that the third excitation time

corresponds to the third collection time and the fourth excitation time correlates to the fourth

collection time, whereby the emission of each of the four fluorophores can be distinguished.

The excitation light may include a first laser that emits the first wavelength range and a

second laser that emits the second wavelength range, a third laser that emits the third

wavelength range, and a fourth laser that emits a fourth wavelength range.

[0013] Yet another aspect of the present invention is directed to a method including

illuminating a sample with a first wavelength range for a first excitation time, then

illuminating the sample with a second wavelength range for a second excitation time, wherein

the sample may include a first fluorophore that is excited by the first wavelength range, and a

second fluorophore that is excited by the second wavelength range, and directing emitted

light from the sample to a single pixel that measures light for a first collection time and then

measures light for a second collection time, such that the pixel separately stores charge

related to each of the collection times whereby the charge related to each of the collection

times can be separately read out, wherein the first excitation time corresponds to the first

collection time and the second excitation time correlates to the second collection time,

whereby the emission from the first fluorophore can be distinguished from the emission from

the second fluorophore.

[0014] A further aspect of the present invention is directed to an integrated device for

measuring optical signals from an array of optical sources over time. The device may include

an array of elements, each element having a top layer comprising an optical source that emits

two or more optical signals, each optical signal having a different rate of signal decay, a

middle layer capable of transferring light from the top layer to the bottom layer, and a bottom



layer comprising a detector having a single pixel. The pixel may measure the characteristic

photonic emission lifetime of each of the two or more different optical signals, allowing the

pixel to distinguish the identity of each of the optical signals.

[0015] At least one of said optical sources may include a zero mode waveguide. At least one

of said optical sources may include a chemical or biochemical reaction, and the two or more

optical signals may be from fluorescent labels whose fluorescence is indicative of the

occurrence of that reaction.

[0016] Still a further aspect of the present invention is directed to an integrated device for

measuring optical signals from an array of optical sources over time, the device comprising

an array of elements, each element including a top layer comprising an optical source that

emits two or more optical signals, each optical signal having a different rate of signal decay, a

middle layer capable of transferring light from the top layer to the bottom layer, and a bottom

layer comprising a detector having a single pixel. The pixel may measure the characteristic

absorption depth of each of the two or more different optical signals, allowing the pixel to

distinguish the identity of each of the optical signals.

[0017] The optical source may include a zero mode waveguide. The optical source may

include a chemical or biochemical reaction, and the two or more optical signals may be from

fluorescent labels whose fluorescence is indicative of the occurrence of that reaction. The

pixel may be a stacked diode. The detector may include multiple proximal pixels. The

detector may include a single position sensitive pixel or a position sensitive diode.

[0018] Yet another aspect of the present invention is directed to an optics collection and

detection system including a reaction cell, an illumination light source providing illumination

light to the reaction cell at a first wavelength λ ΐ , a detector for detecting excitation light at a

second wavelength λ2, and a photon band gap (PBG) layer disposed between the reaction cell

and the detector, wherein the PBG layer rejects light at the first wavelength λ ΐ but allows

light at the second wavelength λ2 travel toward the detector.

[ 1 ] The optics collection and detection system may further include a plurality of detectors

for detecting excitation light, wherein one of said detectors detects light at the second



wavelength λ2, and another of said detectors detects light at a third wavelength λ3, a plurality

of PBG stacks, each disposed between the PBG layer and a respective detector, wherein one

of said PBG stacks rejects light at the third wavelength λ3 but allows light at the second

wavelength λ2 to travel toward said one detector, and wherein another of said PBG stacks

allows light at the second wavelength λ2 but allows light at the third wavelength λ3 to travel

toward said other detector. The system may include four detectors, each formed by a sensor

quadrant of a quad photodiode (QPD), and four PBG stacks, wherein each PBG stack may be

optically aligned with a respective sensor quadrant. Each detector may be formed by a

respective region of a PIN diode. The optics collection and detection system may further

include a doped region in which a heavy metal or a semiconductor is doped into fused silica

or silicon oxide adjacent the reaction cell to provide an index of refraction gradient to

disperse emission light at different angles leaving the reaction cell.

[0020] Yet another aspect of the present invention is directed to a method of fabricating

optics collection and detection system including providing a substrate, applying a first

lithographic protection mask to form a protective dome (PD), applying an anisotropic etch to

form a hemispherical cavity, applying thin film deposition to form a filter, applying a second

lithographic protection mask to protect the hemispherical cavity, applying a planarization

layer, applying a top layer, and etching the top layer to form a reaction cell above the

hemispherical cavity. A hemispherical filter may be formed adjacent a bottom surface of the

reaction cell.

[0021] And yet another aspect of the present invention is directed to a method of DNA

sequencing including affixing a polymerase to a photodiode, labeling a nucleotide with a

metal nanoparticle, exciting a plasmon resonance in the metal nanoparticles, and monitoring

the level of baseline current in the photodiode.

[0022] The methods and apparatuses of the present invention have other features and

advantages which will be apparent from or are set forth in more detail in the accompanying

drawings, which are incorporated herein, and the following Detailed Description of the

Invention, which together serve to explain certain principles of the present invention.



BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 is a schematic view of an exemplary optics collection and detection system and

method in accordance with various aspects of the present invention.

[0024] FIG. 2 is a perspective rendering of an exemplary optics collection and detection

device of the system of FIG. 1.

[0025] FIG. 3 is a schematic view of an exemplary optics collection and detection device of

FIG. 1.

[0026] FIG. 4A is a schematic view of quad photodiode (QPD), and FIG. 4B and FIG. 4C are

schematic top and side views of another photodiode, both of which are suitable for use with

the device of FIG. 3 .

[0027] FIG. 5 is a schematic cross-sectional representation of an exemplary integrated

structure suitable for use with the system of FIG. 1.

[0028] FIG. 6 is a graph showing an exemplary absorption coefficient of silicon.

[ 2 ] FIG. 7 is a graph showing an exemplary detector absorption curve.

[0030] FIG. 8 is schematic representation of an exemplary collimator and prism suitable for

use with the system of FIG. 1.

[0031] FIG. 9(a) to FIG. 9(m) is a schematic sequence illustrating an exemplary method of

fabricating optic filter layers suitable for use with the system of FIG. 1.

[0032] FIG. 10A and FIG. 10B are schematic representations of an exemplary polymerase

affixed to a photodiode suitable for use with the system of FIG. 1.

[0033] FIG. 11 is a schematic representation of an array of reaction chambers suitable for use

in the system of FIG. 1.



[0034] FIG. 1 is a schematic representation of a typical imaging pixel.

[0035] FIG. 13 is a schematic representation of an array of analytic devices suitable for use in

the system of FIG. 1.

[0036] FIG. 14A and FIG. 14B are a schematic top and side views, respectively a Faraday

cage suitable for use in the system of FIG. 1.

[0037] FIG. 15(a) to (g) is a schematic sequence of illustrating an exemplary method of

fabricating an analytic device suitable for use in the system of FIG. 1.

[0038] FIG. 16 is a schematic representation of an exemplary analytic device suitable for use

in the system of FIG. 1.

[ 3 ] FIG. 17(a) to (i) are schematic sequences illustrating exemplary methods of

fabricating analytic devices suitable for use in the system of FIG. 1.

[0040] FIG. 18(a) to (d) is a schematic sequence illustrating an exemplary method of

fabricating an analytic device, along with a plan view thereof, suitable for use in the system

of FIG. 1.

[0041] FIG. 19(a) to (d) is a schematic sequence illustrating an exemplary method of

fabricating an analytic device, along with a plan view thereof, suitable for use in the system

of FIG. 1.

[0042] FIG. 20(a) to (c) are schematic representations illustrating an exemplary analytic

device suitable for use in the system of FIG. 1.

[0043] FIG. 2 1 is a schematic representation of an active illuminated system suitable for use

in the system of FIG. 1.

[0044] FIG. 22 is a schematic representation of an imaging system with selectable

illumination wavelengths suitable for use in the system of FIG. 1.



[0045] FIG. 23 is a schematic representation of an integrated photodiode suitable for use in

the system of FIG. 1.

[0046] FIG. 24 is a graph illustrating an exemplary time series of a sampled event with

0.6e/sample and le-background.

[0047] FIG. 25 is a graph illustrating an exemplary result of TDM Pulse extraction with

signal = 0.5 electron/sample and 6 samples/frame.

[0048] FIG. 26 is a schematic view of an exemplary compact CMOS mixer circuit suitable

for pixel implementation in the system of FIG. 1.

[ 4 ] FIG. 27 is a graph illustrating an exemplary excitation for each dye and laser.

[0050] FIG. 28 is a schematic representation of an analytic device suitable for use in the

system of FIG. 1.

[0051] FIG. 29 is a schematic representation of the operation of an exemplary detector

suitable for use in the system of FIG. 1.

[0052] FIG. 30 is a schematic representation of an exemplary analytic device suitable for use

in the system of FIG. 1.

[0053] FIG. 31 is a schematic representation of an analytic device converting emission

profiles suitable for use in the system of FIG. 1.

[0054] FIG. 32 is a schematic representation of an analytic device converting emission

profiles suitable for use in the system of FIG. 1.

[0055] FIG. 33 is a schematic representation of an analytic device converting emission

profiles suitable for use in the system of FIG. 1.

[0056] FIG. 34 is a schematic representation of an analytic device converting emission

profiles suitable for use in the system of FIG. 1.



[0057] FIG. 35 is a schematic representation of an analytic device converting emission

profiles suitable for use in the system of FIG. 1.

[0058] FIG. 36 is a graph illustrating the response of exemplary fluorophores to a stimulus.

[ 5 ] FIG. 37 is a schematic representation of a photodetector with a drift region and

storage suitable for use in the system of FIG. 1.

[ ] FIG. 38 is a schematic representation of a stimulus temporally filtered from a

fluorophore decay signal in the drift region suitable for use in the system of FIG. 1.

[0061] FIG. 39 is a schematic representation of a basic single pulse operation of a drift

optode suitable for use in the system of FIG. 1.

[0062] FIG. 40 is a graph illustrating the decay response for different fluorophore

combinations.

[0063] FIG. 41(a) to (d) is a schematic sequence of illustrating an exemplary method of

fabricating an analytic device suitable for use in the system of FIG. 1

DETAILED DESCRIPTION

[0064] Reference will now be made in detail to various embodiments of the present

invention(s), examples of which are illustrated in the accompanying drawings and described

below. While the invention(s) will be described in conjunction with exemplary

embodiments, it will be understood that present description is not intended to limit the

invention(s) to those exemplary embodiments. On the contrary, the invention(s) is/are

intended to cover not only the exemplary embodiments, but also various alternatives,

modifications, equivalents and other embodiments, which may be included within the spirit

and scope of the invention as defined by the appended claims.

[0065] The present invention is generally directed to improved systems, methods and devices

for use in optical analyses, and particularly, optical analyses of biological and/or chemical

samples and reactions.



[0066] Various aspects of the systems and methods described herein are similar to those

described in U.S. Provisional Patent Application No. 61/306,235 entitled INTEGRATED

ANALYTICAL DEVICES AND SYSTEMS, U.S. Provisional Patent Application No.

61/387,916, entitled INTEGRATED ANALYTICAL SYSTEM AND METHOD, U.S.

Provisional Patent Application No. 61/410,189, entitled ILLUMINATION OF

INTEGRATED ANALYTICAL SYSTEMS, the entire content of which is incorporated

herein for all purposes by this reference.

[0067] In various respects, the optical analyses of the invention generally seek to gather and

detect one or more optical signals, the appearance or disappearance of which, or localization

of which, is indicative of a given chemical or biological reaction and/or the presence or

absence of a given substance within a sample material. In some cases, the reactants, their

products, or substance of interest (all of which are referred to as reactants herein) inherently

present an optically detectable signal which can be detected. In other cases, reactants are

provided with exogenous labeling groups to facilitate their detection. Useful labeling groups

include fluorescent labels, luminescent labels, mass labels, light scattering labels,

electrochemical labels (e.g., carrying large charge groups), metal labels, and the like.

Exemplars of such labeling groups are disclosed by U.S. Patent No. 7,332,284 and U.S.

Patent Application Publication Nos. US 2009/0233302 Al, US 2008/0241866 Al, and US

2010/0167299 Al, the entire content of which is incorporated herein for all purposes by this

reference.

[0068] In various embodiments, one or more reactants in an analysis is provided with a

fluorescent labeling group that possesses a fluorescent emission spectrum that is shifted from

its excitation spectrum, allowing discrimination between the excitation light source and the

emission of the label group. These fluorescent labels typically have high quantum yields,

further enhancing their detectability. A variety of different fluorescent label groups are well

known in the art, and include fluorescein and rhodamine based organic dyes, such as those

sold under the Cy3 and Cy5 labels from, e.g., GE Healthcare, and the AlexaFluor® dyes

available from Life Technologies, Inc. A wide variety of organic dye structures have been

previously described in the art.



[ ] Other fluorescent label groups include, for example, particle-based labeling groups.

Some such particle label groups constitute encapsulated or otherwise entrained organic

fluorophores, while others comprise fluorescent nanoparticles, such as inorganic

semiconductor nanocrystals, e.g., as described in U.S. Patent Nos. 6,207,392, 6,225,198,

6,251,303, 6,501,091, and 7,566,476, the entire content of which is incorporated herein for all

purposes by this reference.

[0070] By detecting these fluorescent labeling groups, one can ascertain the localization of a

given labeled reactant, or detect reaction events that result in changes in the spectral or other

aspects of the fluorescently labeled reactant. For example, in binding or hybridization

reactions, the ability of a labeled reactant to bind to another immobilized reactant is detected

by contacting the reactants, washing unbound labeled reactant away, and observing the

immobilized reactant to look for the presence of bound fluorescent label. Such assays are

routinely employed in hybridization assays, antibody assays, and a variety of other analyses.

[0071] In a number of different nucleic acid sequencing analyses, fluorescently-labeled

nucleotides are used to monitor the polymerase-mediated, template-dependent incorporation

of nucleotides in a primer extension reaction. In particular, a labeled nucleotide is introduced

to a primer template polymerase complex, and incorporation of the labeled nucleotide is

detected. If a labeled nucleotide is incorporated, it is indicative of the underlying and

complementary nucleotide in the sequence of the template molecule. In traditional Sanger

sequencing processes, the detection of incorporation of labeled nucleotides utilizes a

termination reaction where the labeled nucleotides carry a terminating group that blocks

further extension of the primer. By mixing the labeled terminated nucleotides with unlabeled

native nucleotides, one generates nested sets of fragments that terminate at different

nucleotides. These fragments are then separated by capillary electrophoresis, to separate

those fragments that differ by a single nucleotide, and the labels for the fragments are read in

order of increasing fragment size to provide the sequence (as provided by the last-added,

labeled terminated nucleotide). By providing a different fluorescent label on each of the

types of nucleotides that are added, one can readily differentiate the different nucleotides in

the sequence (see, e.g., U.S. Patent No. 5,821,058, the entire content of which is incorporated

herein for all purposes by this reference).



[0072] In newer generation sequencing technologies, arrays of primer-template complexes

are immobilized on surfaces of substrates such that individual molecules or individual and

homogeneous groups of molecules are spatially discrete from other individual molecules or

groups of molecules, respectively. Labeled nucleotides are added in a manner that results in

a single nucleotide being added to each individual molecule or group of molecules.

Following the addition of the nucleotide, the labeled addition is detected and identified.

[0073] In some cases, the processes utilize the addition of a single type of nucleotide at a

time, followed by a washing step. The labeled nucleotides that are added are then detected,

their labels removed, and the process repeated with a different nucleotide type. Sequences of

individual template sequences are determined by the order of appearance of the labels at

given locations on the substrate.

[0074] In other similar cases, the immobilized complexes are contacted with all four types of

labeled nucleotides where each type bears a distinguishable fluorescent label and a terminator

group that prevents the addition of more than one nucleotide in a given step. Following the

single incorporation in each individual template sequence (or group of template sequences,)

the unbound nucleotides are washed away, and the immobilized complexes are scanned to

identify which nucleotide was added at each location. Repeating the process yields sequence

information of each of the template sequences. In other cases, more than four types of

labeled nucleotides are utilized.

[0075] In particularly elegant approaches, labeled nucleotides are detected during the

incorporation process, in real time, by individual molecular complexes. Such methods are

described, for example, in U.S. Patent No. 7,056,661, the entire content of which is

incorporated herein for all purposes by this reference. In these processes, nucleotides are

labeled on a terminal phosphate group that is released during the incorporation process so as

to avoid accumulation of label on the extension product and avoid any need for label removal

processes that can be deleterious to the complexes. Primer/template polymerase complexes

are observed during the polymerization process, and nucleotides being added are detected by

virtue of their associated labels. In one particular aspect, they are observed using an optically

confined structure, such as a zero mode waveguide (see, e.g., U.S. Patent No. 6,917,726, the

entire contents of which is incorporated herein for all purposes by this reference) that limits



exposure of the excitation radiation to the volume immediately surrounding an individual

complex. As a result, only labeled nucleotides that are in the process of being incorporated

are exposed to excitation illumination for a time that is sufficient to identify the nucleotide.

In another approach, the label on the nucleotide is configured to interact with a

complementary group on or near the complex, e.g., attached to the polymerase, where the

interaction provides a unique signal. For example, a polymerase may be provided with a

donor fluorophore that is excited at a first wavelength and emits at a second wavelength,

while the nucleotide to be added is labeled with a fluorophore that is excited at the second

wavelength but emits at a third wavelength (see, e.g., the above-mentioned '661 patent). As a

result, when the nucleotide and polymerase are sufficiently proximal to each other to permit

energy transfer from the donor fluorophore to the label on the nucleotide, a distinctive signal

is produced. Again, in these cases, the various types of nucleotides are provided with

distinctive fluorescent labels that permit their identification by the spectral or other

fluorescent signature of their labels.

[0076] As will be appreciated, a wide variety of analytical operations may be performed

using the overall reaction framework described herein and are applicable to the present

invention. Such reactions include reactive assays, e.g., examining the combination of

reactants to monitor the rate of production of a product or consumption of a reagent, such as

enzyme reactions, catalyst reactions, etc. Likewise, associative or binding reactions may be

monitored where one is looking for specific association between two or more reactants, such

as nucleic acid hybridization assays, antibody/antigen assays, coupling or cleavage assays,

and the like.

[0077] The analytical system in accordance with the present invention employs one or more

analytical devices referred to as "optode" elements. In an exemplary embodiment, the system

includes an array of analytical devices formed as a single integrated device. An exemplar of

a suitable optode element is disclosed by the above-mentioned '235 application. The

exemplary array is configured for single use as a consumable. In various embodiments, the

optode element includes other components including, but not limited to, local fluidics,

electrical connections, a power source, illumination elements, detector elements, logic, and a



processing circuit. Each analytical device or array is configured for performing an analytical

operation as described above.

[0078] Turning now to the drawings, wherein like components are designated by like

reference numerals throughout the various figures, attention is directed to FIG. 1 which

shows a optics collection and detection system, generally designated 30 which generally

includes a reaction cell 32, in which the reactants are disposed and from which the detector

optical signals emanate.

[ 7 ] "Reaction cell" is to be understood as generally used in the analytical and chemical

arts and refers to the location where the reaction of interest is occurring. Thus, "reaction cell"

may include a fully self-contained reaction well, vessel, flow cell, chamber, or the like, e.g.,

enclosed by one or more structural barriers, walls, lids, etc., or it may comprise a particular

region on a substrate and/or within a given reaction well, vessel, flow cell or the like, e.g.,

without structural confinement or containment between adjacent reaction cells. The reaction

cell may include structural elements to enhance the reaction or its analysis, such as optical

confinement structures, nanowells, posts, surface treatments such as hydrophobic or

hydrophilic regions, binding regions, or the like. The reaction cell can comprise a nanoscale

feature such as a nanoscale well, and can comprise a zero mode waveguide (ZMW) as

described in U.S. Patent No. 7,3 15,019, the entire content of which is incorporated by

reference herein for all purposes.

[0080] In various respects, "analytical device" refers to a reaction cell and associated

components that are functionally connected. In various respects, "analytical system" refers to

one more associated analytical devices and associated components. In various respects,

"analytical system" refers to the larger system including the analytical system and other off-

chip instruments for performing an analysis operation such as a power source and reservoir.

[0081] In some cases, one or more reactants for the reaction of interest may be immobilized,

entrained or otherwise localized within a given reaction cell. A wide variety of techniques

are available for localization and/or immobilization of reactants including surface

immobilization through covalent or non-covalent attachment, bead, or particle-based

immobilization, followed by localization of the bead or particle, entrainment in a matrix at a



given location, and the like. Reaction cells may include ensembles of molecules, such as

solutions or patches of molecules, or it may include individual molecular reaction complexes,

e.g., one molecule involved in the reaction of interest as a complex. Similarly, the overall

devices and systems of the invention may include individual reaction cells or may comprise

collections, arrays, or other groupings of reaction cells in an integrated structure, e.g., a

multiwell or multi-cell plate, chip, substrate or system. Some examples of such arrayed

reaction cells include nucleic acid array chips, e.g., GeneChip® arrays (Affymetrix, Inc.),

zero mode waveguide arrays (as described elsewhere herein), microwell and nanowell plates,

multichannel microfluidic devices, e.g., LabChip® devices (Caliper Life Sciences, Inc.), and

any of a variety of other reaction cells. In various respects, the "reaction cell", sequencing

layer, and zero mode waveguides are similar to those described in U.S. Patent No. 7,486,865,

the entire content of which is incorporated herein for all purposes by this reference.

[0082] Although the exemplary analytical system includes an array of analytical devices

having a single waveguide layer and reaction cell layer, one will appreciate that a wide

variety of layer compositions may be employed in the waveguide array substrate and

cladding/reaction cell layer and still achieve the goals of the invention (e.g., U.S. Patent

Application Publication No. US 2008/0128627 Al, the entire content of which is

incorporated herein for all purposes by this reference).

[0083] With continued reference to FIG. 1, analysis system 30 typically includes one or more

analytical devices 33 having a detector 35, which is disposed in optical communication with a

respective reaction cell 32, that is, the detector element is configured for direct detection of

an emission event within respective reaction cell. One will appreciate that such optical

communication may include radiative or non-radiative communication. Optical

communication between the reaction cell and the detector element may be provided by an

optical train or channel 37 which may include one or more optical elements for efficiently

directing the signal from reaction cell 32 to detector 35. 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. The reagents can be supplied to the reaction cells via a fluid port which is

connected to the reaction cells through fluid conduits 40. Typically, the analytical reaction



that is measured within the reaction cell can be monitored using fluorescence. The

illumination (excitation) light for such fluorescence can be supplied via a light pipe as shown

in FIG. 1, via a waveguide 39. The fluid port and light pipe can each be used to address

multiple analytical devices or elements at one time.

[0084] In various embodiments, the reaction cell and detector element are provided along

with one or more optical elements in an integrated device structure, such as that shown in

FIG. 2 . By integrating these elements into a single device architecture, one improves the

efficiency of the optical coupling between the reaction cell and the detector. In particular, in

conventional optical analysis systems, discrete reaction vessels are typically placed into

optical instruments that utilize free-space optics to convey the optical signals to and from the

reaction vessel and to the detector. These free space optics tend to include higher mass and

volume components, and have free space interfaces that contribute to a number of

weaknesses for such systems. For example, such systems have a propensity for greater losses

given the introduction of unwanted leakage paths from these higher mass components, and

typically introduce higher levels of auto-fluorescence, all of which reduce the signal-to-noise

ratio (SN ) of the system and reduce its overall sensitivity, which in turn can impact the

speed and throughput of the system. Additionally, in multiplexed applications, signals from

multiple reaction regions (i.e., multiple reaction cells or multiple reaction locations within

individual cells) are typically passed through a common optical train, or common portions of

an optical train, using the full volume of the optical elements in that train to be imaged onto

the detector plane. As a result, the presence of optical aberrations in these optical

components, such as diffraction, scattering, astigmatism, and coma, degrade the signal in

both amplitude and across the field of view resulting in greater noise contributions and cross

talk among detected signals. Furthermore, these free-space optical systems can be large and

bulky.

[0085] The devices of the invention, in contrast, include relatively low volumes between the

reaction cell and the detector, thereby reducing the noise contributions from those

components and provide few or no free space interfaces that can contribute to the noise

profile of the system through the introduced reflections and losses from large index changes

from the components to air or free space. Further, in preferred aspects, a given reaction



region is provided with its own devoted optical train to direct signals to a devoted portion of

the sensor. In addition the integrated systems described herein can be made small and

compact.

[ 8 ] In various embodiments, the device is configured such that emitted light from the

fluorescent species in the nanoscale well is not transmitted through free space. By "not

transmitted through free space" it is generally meant that the respective element (e.g. a signal

or energy) is not transmitted through open space or free space optics, and in various respects,

is transmitted only through light-modulating media. Such light-modulating media may

include refractive devices such as an optical lens that makes use of the refractive index of a

defined volume of air. By contrast, light-modulating media generally does not include

ambient air open to the environment.

[0087] As a result of the integrated architecture, optical aberrations are confined to individual

reaction regions as opposed to being applied across an entire array of reaction regions.

Likewise, in a further aspect, the reaction region, optical train, and detector are fabricated in

an integrated process, e.g., micromechanical lithographic fabrication processes so that the

components are, by virtue of the manufacturing process, pre-aligned and locked into such

alignment by virtue of the fabrication process. Such alignment is increasingly difficult using

free space optics systems as reaction region sizes decrease and multiplex increases. In

addition, by integrating such components into one unified component, relative movement

between such sub-components, as is the case with free space optics, can make drift and

continued alignment resulting from vibrations a more difficult task. Likewise, the potential

for contamination in any of the intermediate spaces (e.g. dust and other contaminants), is

eliminated (or at least substantially reduced) in an integrated system as compared to free

space systems.

[0088] In addition to reducing noise contributions from the optical pathway, the integrated

devices of the invention also benefit from fabrication processes and technology that eliminate

other issues associated with discrete reaction cell, optic, and detection components. For

example, with respect to certain highly multiplexed or arrayed reaction cells, initial alignment

and maintaining alignment of the detection with the reaction cell over the full length of the

analysis can raise difficulties. This is particularly the case where excitation illumination may



be specifically targeted among different array locations of the reaction cell and/or among

different reaction cells.

[ 8 ] As used herein, the term "integrated" may have different meanings when used to refer

to different aspects of the invention. For example, in the case of an integrated device or an

integrated optical system, the term "integrated" generally means that the various components

are physically connected, and that the optical signals pass from component to component

without passing into air or free space, as would be understood by one in the field of optics. In

the context of the description of a system, the term "integrated" is to be understood as

generally used in the analytical and electrical engineering fields, where "integrated" would

refer, for example, to a combination or coordination of otherwise different elements to

provide a harmonious and interrelated whole, whether physically or functionally. The

meaning of the term will generally be understood by one of skill in the art by the context in

which it is used.

[ ] With continued reference to FIG. 2, being an integrated device, the light emitted from

the reactor cell 32 will pass through to detector 35 without passing through air or free space.

In some embodiments, the integrated analytical device also comprises components for

providing illumination to the reactor cell. For example, in many cases where the reactor cell

includes a zero mode waveguide, it is often desirable to provide illumination from below the

reactor cell, for example between the bottom of reactor cell and the transmission layer or

optical train 37. In some cases, a waveguide 39 is incorporated into the analytical device to

provide such illumination. Analytical devices comprising waveguides for illumination are

described in more detail herein, and for example, in U.S. Patent No. 7,820,983 and U.S.

Patent Application Publication No. US 2010/0065726 Al, the entire content of which is

incorporated herein for all purposes by this reference.

[0091] In various embodiments, the analytical device is a substrate including a reaction cell

array, and a detector array on a bottom surface of the array. The device may also include

other components such as processing circuits, optical guides, and processing circuits. In

various embodiments, the analytical device may be formed by building layers on a substrate

or by bonding two or more substrates. In an exemplary device, a fused silicon (FuSi)

substrate, a zero-mode waveguide (ZMW) layer, and a silicon substrate with a photodetector



array are bonded together to form the array of analytical devices, such as the ones described

in the above-mentioned 89 and '916 applications. One will appreciate that such integrated

analytical devices have significant advantages in terms of alignment and light collection. For

example, the reaction site and detector are aligned through the manufacturing process. One

will appreciate from the description herein, that any of the components and systems may be

integrated or modified in various ways. In another example, the ZMW substrate and detector

array are on separate substrates that are brought together for the experiment, after which the

ZMW substrate is replaced with another substrate for a second experiment. With this

approach, the detector array may be re-used rather than being disposed with the ZMW

substrate after an experiment. It may also be more cost effective as the yields from each of

the processes are separated. In this manner, the ZMW array and detector array are in intimate

contact during the experiment (as if they are part of an integrated device), but they can be

separated after the measurement.

[ 2] The size of the processing circuits in each of the analytical devices may be minimized

to reduce costs. By developing a board in the receiver camera electronics (e.g. massively

parallel DSP or microprocessor or a dedicated FPGA, CPLD or ASIC), overall operating

costs (i.e. $/mega-base) may be minimized.

[ 3] With further reference to FIG. 2, analytical device 33 has a reaction cell 32 that is

coupled with a reagent reservoir by fluid conduit 40 which delivers reactants to the reaction

cell. The reaction cell can be a nanoscale well or zero mode waveguide. In some cases, the

reaction cell will have a biomolecule such as a polymerase enzyme immobilized within it.

The fluidic conduit can provide reagents across a number of reaction cells. Below the

reaction cell is a waveguide for providing excitation illumination to the reagents within the

reaction cell. While a waveguide is shown here, other optical elements such as those

provided elsewhere herein can be used to provide light from under the reaction cell. The

illumination light can be used to excite fluorescent emission from reagents with the reactor

cell. The light emitted from the reaction cell is directed downward through a transmission

layer, which acts to transmit the light from the reaction cell to the detector. In some cases,

the transmission layer will have optical components to enhance the efficiency of the light

transfer or modulate the light.



[ 4] In the analytical device of FIG. 2, optical conduit or optical train 37 is in optical

communication with reaction cell 32, and is in turn in optical communication with detector

35. In some cases, the detector has multiple sensing elements, each for detecting light having

a different color spectrum. For example, in the case of sequencing, the detector for each

reaction cell may have four 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 shown as a multicolor

discriminating set of sensor elements 35w-35z. In the illustrated embodiment, four sensor

elements are shown (e.g., 35w, 35x, 35y, and 35 ), however, one will appreciate that one, two,

three, four or more sensors may be utilized. The sensor elements are coupled to appropriate

electronic components 44, such as busses and interconnects, that make up the overall sensor

or camera. The electronic components can also include processing elements for processing

the signal from the detectors.

[ 5] One aspect of the invention is an integrated sensor element that is capable of

discriminating signal from multiple fluorophores as a function of time in real time. These

types of systems can be used for monitoring analytical chemical and biochemical reactions

such as the action of a polymerase in order to carry out nucleic acid sequencing as described

above. Several approaches for monitoring multiple fluorophores from one sensor element are

described herein. In some embodiments, the different fluorophores are detected at spatially

different locations. In some embodiments, each different fluorophore is detected by a single

detector element, for example using a pixel which can discriminate different colors of light

by the depth at which the light penetrates prior to detection. In some embodiments, the

different fluorophores are discriminated by their different fluorescent decay profiles

(lifetime). In yet other embodiments, the different fluorophores are excited by different

illumination sources, each of which is modulated with time, and the identity of the

fluorophore is identified by correlating the timing of the emission with the timing of the

excitation. In some cases, these methods for discriminating the fluorophores can be

combined for improving detection and discrimination.



Photonic Band Gap Detector

[ ] The excitation/detection components of current optical collection systems are

generally very complex with numerous lenses, dichroics, holographic phase masks and other

elements that are expensive, difficult to keep in proper alignment and prone to increased

downtime due to their complexity.

[ 7] In some embodiments, the system of the present invention combines the waveguide

illumination of the reaction cell with a set of photonic band gap (PBG) layers that take the

place of dichroic filters in current systems, and one to four detectors per reaction cell, and a

unified solid state device can be achieved. This PGB approach provides one method of

spatially discriminating different fluorophores.

[0098] With reference to FIG. 3, each reaction cell 32 is provided with an optic train 37

including at least one channel having several layers of PBG layers 5 1 which are configured to

initially reject the pump laser, that is, to reject the illumination light by

illuminating waveguide 39 but allow excitation light to selectively pass through each channel

to a respective detector (e.g., 35, 35x) . For example, the illustrated embodiment includes four

channels (two of which are shown in FIG. 3, all of which are shown in FIG. 4A), each of

which are optically isolated from one another by a metal shield or other suitable cladding 47

so that excitation light may be directed to a respective sensor element (e.g., 35, 35x) .

[0099] The top layer contains reaction cell 32 with an illuminating waveguide 39 below. As

illustrated, a device channel may be created with a series of dielectric posts 49 with high

index of refraction, which posts provide lateral confinement of pump laser light from the

illuminating waveguide to the region about the reaction cell, and may allow higher light

density than a simple fused silica layer without PBG layers for the same pump intensity.

[ooioo] Even though the index mismatch of the waveguide and cladding may prevent most

light from escaping towards the sensor (by total internal reflection), a one-dimensional (1-D)

PBG layer 51 that passes emission wavelengths but attenuates pump lines may be added for

better SN . For example, the 1-D PBG layer may reject λι but allow λ2 and λ3 to pass to the

photodetectors below. The 1-D PGB layer may include one or more semiconductor-based



structures of miniature band-stop filters. PBG filters are especially suitable for use with the

systems and devices of the present invention as they are much easier to manufacture and use

with other circuits, and is far more compact than conventional filters.

[ooioi] In the next level down, two more PBG stacks 53 are shown side-by-side, which pass

different wavelengths, hence create wavelength specificity. These are essentially band-pass

filters. The illustrated embodiment is a four color system including the two stacks shown in

FIG. 3 (e.g., stacks 53, 53x), and two more stacks with different spectral properties are

directly behind. In the illustrated embodiment, the PBG stacks are configured to pass

different excitation light of different wavelengths in the range of approximately 100 nm to 1

µιη. For example, stack 53 may be configured to allow excitation light of wavelength λ2 to

pass but reject light of wavelength λ3, while stack 53x may be configured to allow excitation

light of wavelength λ3 to pass but reject light of wavelength λ2. The illustrated embodiment

includes four stacks, which in various embodiments may be sufficient to pass sufficient light

with out further guides, however, one will appreciate that one, two, three, four or more PBG

stacks may be utilized to provide the desired number of channels.

[00102] Optionally, metal attenuators 47' or other suitable cladding may be added adjacent to

the stacks to prevent crosstalk, or vertically-oriented 1-D broadband PBG layers can be added

that reflect and guide light toward the respective sensor elements 35, 35x of the detector.

[00103] Turning now to FIG. 4A, detector 35 is may be a quad-photo-diode (QPD) detector

having electrically separated quadrants serving as each sensor element (e.g., 35, 35x, 35y and

35 ) which measures respective signals. Preferably, each sensor element is aligned directly

below a corresponding PBG stack (e.g., 53, 53 ) thereby forming respective optic channels.

Each sensor element may determine when excitation light passes through a respective PBG

stack (e.g., 53, 53 , etc.).

[00104] Alternatively, the detector may be a position sensitive diode such as a PIN diode

junction that provides the relative location of the each photon pulse as it lands on the

detector. For example, detector 35a may have a generally square configuration including a

relatively thick intrinsic semiconductor (I) between an upper p-type semiconductor (P) and n-

type semiconductor regions (N) positioned at the four lower corners of the detector.



Depending upon the proximity to the respective corner n-type regions (e.g., Ii, I2, 13, 14) , one

may determine through which PBG stack (e.g., 53, 53x, etc.) excitation light passes.

[00105] Alternatively, a Bragg filter/dielectric stack/PBG can be used with a single mode fiber

and can be used to filter out (e.g., reflect) the input light from the laser while letting the

emission light through to the detector. One will appreciate that ZMW emissions have a wide

distribution of angles, and that multi-layer dielectric filters can tolerate only a narrow

distribution of angles. The fluorescent dipole is very small and thus the emissions occupy a

very small phase space volume, and it may be efficiently coupled into a single-mode

waveguide, and grating filters can be implemented in single-mode filters. Accordingly, a

coupling between a ZMW and a single-mode waveguide may include an in-line Bragg filter

to screen out the excitation light.

[00106] For example, a Bragg grating between the ZMW and the detector may simply acts as

an interference element to make spatially unique patterns on a ID or 2D detector, in a manner

similar to that shown in FIG. 34 (discussed below), which assumes a point source and the

optical path length variation to cause the interference. One would appreciate that one

generally wants collimated light at the grating, and thus a microlens may be provided to

direct light from the ZMW to the Bragg grating, and in turn, the detector. Optionally, the

Bragg grating might be at an angle so that the 00 pump spot is dumped off the detector array

and only higher order peaks of the pump are measured and all orders of the dyes.

Integrated Readout Buses, Detector Absorption, etc.

[00107] Integrated sequencing systems and devices require compact and efficient illumination

methods to operate at high resolution for low cost sequencing. One limitation is the rejection

of source illumination. To effectively reject the source illumination, a method for filtering

the frequencies of the source and passing the frequencies of the excitation light or emission

need to be incorporated. Various aspects of the present invention relate to methods of using

the detector optical properties to perform this filtering to enable compact and low cost

sensors.



[00108] Various aspects of integrated sequencing sensors utilizing illumination confinement to

small molecular volumes has been described in the above-mentioned '235 and '916

applications. A cross-section of an exemplary integrated device 33c is shown in FIG. 5 and

includes a substrate 54 that may be provided with patterned photodetectors 35c which can be

single devices or an array of 1 or 2 dimensions of arbitrary resolution. These photodetectors

are arranged with conductive readout busses 56 which generally are opaque to radiation.

These metal conductors are arranged in an insulating layer. In the illustrated embodiment,

the insulating layer is made from an oxide dielectric and transmissive to optical radiation

frequencies and may function as the illuminating waveguide 39c. Such an integrated device

may contain a sequencing layer which is made from very small volume optical cavities or

reaction cells 32c arranged over the photodetectors 35c. These reaction cells may be made

within a top layer 58 which is generally opaque and biocompatible with any required surface

treatments to facilitate the sequencing chemistries.

[ 1 ] The detector layer has a spectral range where it can operate. As an example, the

optical absorption coefficient for silicon is shown in FIG. 6 . This represents the coefficient in

the exponential decay of normal directed incident photons at each wavelength into the

material. It is easily shown from this curve that longer wavelength photons can pass through

the material if the material thickness is thin enough. A source of radiation may be chosen to

match with an engineered material thickness of substrate to be fully transmitted through the

photo detector and substrate. If a standard fluoroscopic dye material is used and the emission

and excitation frequencies are carefully chosen to straddle the absorption profile of this

engineered wafer, the short wavelength tail of the emission distribution could fall within the

detector absorption band while the excitation frequency can be placed in the transmissive

region. This is shown in FIG. 7 using the silicon absorption curve as example.

[ooiio] The effectiveness of this approach is increased by maximizing the Stokes shift of the

dye and operating in a region where the thickness of the wafer can be manufacturable. For a

silicon based detector, this is in the 1100-1200 nm region.

[ooiii] An alternative to wafer thickness tuning of the transmission edge is to use a buried

detector or a back illuminated detector with a thick substrate. Another alternative is to use a

signal collection photodiode on the front surface and an emission drain photodiode on the



back surface. In this approach, the deeper penetrating source photons may be captured and

drained to the external circuit while the less penetrating signal photons are captured by the

front surface detector and stored.

Doped Fused Silica, Microprism

[00112] Dispersion prisms were critical to the performance many existing systems, while

dichroic optics are increasingly used for wavelength selectivity. Various aspects of the

present invention allow for the integration of dispersion optics into the a semiconductor chip,

preferably combining reaction cell with the dispersive element(s). Dispersive elements allow

for the spatial separation of different wavelengths of light, allowing for the detection of more

than one fluorophore in one optical analysis element.

[00113] With reference to FIG. 5, various components of system 30c may be integrated into a

semiconductor chip. For example, reaction cell 32c, detector 35c, illuminating waveguide

39c and electronic components (e.g., readout busses 56 may be formed directly on substrate

54, various aspects of which will be discussed in further detail below.

[00114] In accordance with the present invention, heavy metals or semiconductors may be

doped into fused silica or standard silicon oxide to create an index of refraction gradient,

essentially creating a microprism 61, as shown in FIG. 8. This doped region, mounted near a

reaction cell would disperse the light at different angles by wavelength, essentially converting

the spectral difference to an angular difference (or in the Fourier plane, a transition).

Generally, this device would be on the order of a couple of microns dimensionally.

s] Optionally, a collimator 63 may be provided adjacent the reaction cell 32a

micromirror or a micromirror be fabricated adjacent to or under the reaction cell collimate the

outgoing beam and simplify the action of the microprism to be acting on parallel rays.

[00116] Various dopants, gradients, size ranges (nanometers to microns), as well as various

structures (e.g., various micromirror configurations, microlens configurations) may be

utilized with the present invention. One will also appreciate that laser illumination may be

provided via an illumination waveguide above microprism or through chip.



Processes for Producing Filters

[00117] Other aspects of the present invention are directed to the use of multi-layer optical

filters over photodetectors for improved spectral selection and rejection. In particular, a

compact molecular sequencing detection system can benefit from the rejection of source

excitation radiation that would reduce the sensitivity of the fluorophore signal. The

effectiveness of the filter is dependent on the incident angle of the illumination.

[00118] Described herein are methods to pattern multi-layer filters below the surface, as well

as methods to pattern these materials on a non-planar surface to reduce the distribution of

incident angles from a wide angle illumination source.

[ 11 ] Methods for the patterning of thin films for optical filtering on semiconductor

substrates is well known in the art. Techniques for patterning these films at the atomic level

are performed on commercial devices. Multi-layer devices are effective at narrow band

rejection or transmission of light. In particular, dichroic filters are important as they pass a

narrow band of light while reflecting the out of band wavelengths. These filters do not absorb

out of band spectra and do not heat as much. They are however very sensitive to incident

angle variations.

[00120] In the case of local dye emitters located close to the photodetectors, the emission

profile is generally broad in solid angle extent (up to Lambertian). By placing a

hemispherically patterned optical filter in proximity to the source (prior to significant

scattering or reflection), each ray of light will he normally incident on the filter surface. By

patterning hemispherical filters near these emitters, high performance filters can be utilized

for high performance sensing applications like single molecule spectroscopy without the need

for large free-space optics.

[00121] FIG. 9(a) to FIG. 9(m) illustrate a set of semiconductor processing steps enable this

device. The set of filters is patterned on the surface of substrate 54, which may be a 6" fused

silica substrate (see FIG. 9(a)). A sacrificial deposition (SD) is applied, for example by a

Ti/Chrome/DC sputter in an otherwise conventional fashion (see FIG. 9(b)), and a poly etch

back and surface clean may then be applied is an otherwise conventional fashion (see FIG.



9(c)). Non critical lithography may be used to form a protective dome (PD) to protect areas

of the substrate to remain intact (see FIG. 9(d)). An anisotropic silica etch is performed

which leaves the protected areas intact and etches the unprotected areas with significant

sidewall ingress (see FIG. 9(e)) to form hemispherical cavities. One will appreciate that

various suitable anisotropic etch chemistries may be used, and may be wet or dry to create the

desired shape.

[00122] The mask may then be removed by conventional ash and clean techniques (see FIG.

9(f)), and the thin film filter is processed with standard vapor deposition techniques to

provide a combination thin film deposition for filter. Conventional PVD/CVD techniques

may be used to deposit a thin film (TF)(see FIG. 9(g)). Conventional lithography techniques

may again be used to provide protection within the hemispheres formed.

[00123] The filters within the hemispheres are protected as the filter material removed from

the top silica surface (see FIG. 9(j)). An index matched planarization layer (PL) is deposited

into the hemispheres for optical performance and surface planarization (see FIG. 9(k)). The

planarization layer may be a hard layer such as PECVD oxide, or depending on desired

optical properties. A chemical polishing step is used for a clean flat surface (see FIG. 9(1)).

One will appreciate that conventional CMP or etch back techniques may be used to provide a

flat topography. Follow on steps to complete the device can he made on this layer. In

particular, a reaction cell array (e.g., a ZMW array) can be patterned with a metal pattern

above this glass using proven processes to provide a top layer 58 (see FIG. 9(m)) into which

the reaction cells 32 may be formed (see FIG. 9(n)). One will appreciate that PVD deposition

may be used to deposit aluminum or other metals to form the top layer.

[00124] It is important to note that the steps described above are compatible with follow-on

steps following a conventional CMOS device fabrication. One will appreciate that this filter

layer and ZMW device can be grown monolithically above a CMOS imaging array to

develop an integrated lab on a chip biosensor in a standard commercial foundry.



Coupling of Fiber Optics

[00125] One problem that arises in collection systems for ZMW observation is that it is

difficult to raise the number of observed reaction cells beyond a limit imposed by available

microscope objectives. Since the emission signal is weak it is necessary to collect over as

large a numerical aperture as possible and then to relay the collected light with free-space

optics to the camera pixel array with the appropriate magnification, for example,

approximately 60X. Objectives with magnification and large numerical aperture (NA) have a

limited field of view and vice versa. There is an interrelationship between the lens NA, focal

length (which relates to magnification), optical quality (which relates to the usable portion of

the field of view) and the number of resolvable points within its field of view.

[00126] One solution is to use a tapered fiber bundle array to help collect the emission from

the reaction wells with a single fiber dedicated to each single reaction cell. The most practical

use of such an array would be to use a large field of view objective at a small magnification

to convey the light from the system chip to the input face of the fiber bundle. A minimum

spacing for the fibers is around 3 microns. Current ZMW spacing of the type described in the

above mentioned '235 and '916 applications is 1.33 microns so that only a magnification of

2.5 or 3X is necessary. Such a lens could cover a larger field of view than current objectives.

The individual fibers have large acceptance numerical apertures near 1 and will therefore be

efficient receivers of the light signal. The objective lens must also have a large NA so as not

to lose light along the way, but since the fibers would act like light buckets imaging quality

tolerances could be much looser than currently required. Once conveyed to the far end of the

bundle the light would be handled in a conventional manner, for example, it may be separated

into different spectral components and imaged onto the camera pixels.

[00127] Because the fibers can be tapered up to a much larger size and/or spacing the

magnification step is taken care of without the need for high tolerance optics and alignments.

The size of the fibers at the far end can be chosen to optimize these steps. Another way to use

the fiber bundle is to place the reaction cells directly on them. In this case the whole tapered

fiber bundle assembly becomes a part of the system chip. Alternatively, plates of fused fiber

may be prepared where the fibers are oriented perpendicular to the plate faces. Such plates

may be made much more economically. The fibers in these plates will act to conduct the



reaction cell emission from one side to the other where a tapered fiber bundle could be

positioned to further conduct the light to its far end where the individual ZMW signals are

appropriately sized and spaced for relay to the camera.

[00128] Because of the guided nature of the solution the form of the collection array at the

reaction cells does not have to correspond to the form of the array imaged on the camera. For

example a linear array of reaction cells could be reformed by appropriate arrangements of the

fibers in the bundle into a 2D array, or a circularly symmetric pattern could be reformed into

a rectangular array, etc. The light conducting elements do not have to be glass fibers but may

be hollow tubes with reflective internal surfaces.

Photodiode Surface Plasmon Resonance

[ 12 ] Existing systems for optical detection of real-time single-molecule DNA sequencing

have several other problems. First, multiplexing is partially limited by the physical

limitations of optical resolution (which affects the density with which reaction wells can be

placed on a chip and still be distinguished). Autofluorescence also limits multiplexing. In

addition, when using fluorophores as the detection label, photodamage, may occur, affecting

the achievable sequencing read-length. Finally, speed of data acquisition is often limited

when using CCD cameras as detectors, and it can be difficult to distinguish a true nucleotide

incorporation from a branching event.

[00130] FIGS. 10A and 10B illustrate this aspect of the invention. In accordance with the

present invention, a polymerase 63 may be fixed to the detector 35, for example, a

photodiode in which the amount of current flowing through the device depends on the

amount of incident light. In various embodiments, the nucleotides may be labeled with a

metal nanoparticle or a core-shell surface-enhanced Raman scattering particle 65, and for the

incident illumination use a wavelength that is at or near the plasmon resonance of the

nanoparticle. When the nucleotide (N) is incorporated into the polymerase, the nanoparticle

will be very close (within several nm) of the photodiode. A plasmon resonance will be

excited in the nanoparticle, which will change the electromagnetic field in the vicinity of the

photodiode. In this way, the presence of the nanoparticle will either enhance or reduce the



baseline level of photocurrent in the photodiode (e.g., from original photocurrent Io t

differential photocurrent Io .

[00131] In various embodiments, one could use nanoparticles of different size, shape or

material to distinguish between the four different nucleotides. Since there is no fluorescence

involved, there would be less possible photodamage. Furthermore, the density of photodiode

detectors would be limited by semiconductor fabrication methods rather than by optical

resolution, enabling greater multiplexing. Finally, data acquisition from a photodiode may be

faster than it is with a CCD camera, thus enabling fast polymerase dynamics to be captured

more easily.

[00132] Four nucleotides could be distinguished by using different sizes/shapes/compositions

of metal nanoparticles or by using different types of SERS-active nanoparticles. In addition,

different excitation lasers that excite plasmons preferentially in certain nanoparticles could

be pulsed, and the detection of photocurrent in the photodiode could be gated to these pulses.

[00133] One will appreciate that various types of nanoparticle may be used to label the

respective nucleotides, various wavelengths of light may be employed, various

materials/structures may be used to fabricate the photodiode, and/or various filtering coatings

may be laid down on the photodiode. In addition, since scattering is a coherent affect, the

incident light may be modulated for heterodyne detection to decrease the background noise

level.

Integrated Sensing and Reactor Cell

[00134] Other aspects of the present invention are directed to a design of an integrated sensing

and reaction cell where the contents of the emitted optical signal are directed to the sensing

element. As described above, the reaction cell is a chamber with extremely low volume as

described in the above-mentioned ' 15 and '916 applications, and known as a zero mode

waveguide (ZMW). This reaction cell creates a stimulus illumination volume small enough

to isolate a single nucleotide tagged with a fluorophore during chemical incorporation.

During this time, the illumination signal is emitted from reaction cell 32 in a Lambertian

distribution as shown in FIG. 11. To capture this light, reflective or refractive elements



capable of directing this light into a reduced solid angle or a detector capable of gathering the

light over this hemispherical surface area can be incorporated to enhance the amount of light

that is captured.

[00135] A typical imaging pixel cross-section is shown in FIG. 12. A typical CMOS pixel

consists of a microlens, a color filter, dielectric stacks, metal interconnects and a photodiode.

The photodiode element is located in the silicon substrate and is 4.5 microns below the top of

the sensor surface in this example. A microlens is added to many pixel designs to direct light

towards the optically sensitive collection area of the pixel and away from the metal

interconnects. Scattering and reflection can occur in the regions above the photodiode and the

metal interconnects disadvantageously reducing sensitivity.

[00136] In accordance with various aspects of the present invention, a pixel designed for

intimate contact with the source signal is described. The microlens array is replaced with

light guiding methods to confine and direct all light coming from the wide distribution angles

of the source to the photoactive area of the pixel. These approaches also reduce the leakage

out of the pixel through reflection and scattering to other pixels which would result in

crosstalk. A method for fabricating the ZMW arrays directly on the unpassivated CMOS

imaging array is presented herein in addition to a method to align the two devices after

manufacture. Utilizing a metal cladding tunnel from the nitride passivation layer to the pixel

for a reflective path as well as a total internal reflective path utilizing differences in refractive

index is also described.

[00137] With reference to FIG. 13, a design utilizing a metal tunnel created above photodiode

35 is created to reflect incoming light to the photodiode is shown in a cross section. Metal

interconnects and busses 56 are located in the areas between pixels at lower metal layers

creating cones of in coming illumination that are funneled by the metal. At dimensions

smaller than the wavelength of light, the transverse-magnetic (TM) polarization at the metal

surfaces attracts the light to the metal dielectric interface forming a plasmon-polariton that

propagates near the metal surface. This can lead to losses especially in less conductive metals

(i.e. tungsten versus aluminum). The transverse-electric (TE) polarization efficiency is much

higher.



[00138] One method of fabricating such cones utilizes planar metal layers and vias placed at a

pitch much less than the wavelength of light, which creates a Faraday cage to confine

electromagnetic (EM) waves within the cone, directing light to the detector as shown in FIG.

14A and FIG. 14B.

[ 13 ] In various embodiments, a set of interconnected metal structures may be formed by

the overlapping of a metal ring with an oxide step. In this fashion detailed in FIG. 15(a) to

(g), metal rings of increasing radius are stacked on dielectric spacers to build the metal cone

67. The oxide steps and metal thicknesses are designed to allow for full step coverage of the

lattice. These same dielectric layers are utilized to insulate the metal vias and busses (e.g., 56)

on these same layers around the optical cones. It is noted that photoresist patterning is

designated "PP" in these Figures.

[00140] The use of a higher refractive index plug (such as silicon nitride (n = 2.04) can be

used to create a region with total internal reflection. When interfaced with silicon dioxide

(n=1.46), total reflection occurs for angles less than 30°. The critical angle of reflection may

be calculated from Snell 's Law.

Eq. (1) c = cos 1(ndaddinf n core)

[00141] In accordance with the present invention, a combination of upper level metal cladding

and lower level nitride plugs can be used to direct light to a pixel with high angles of

incidence as shown in FIG. 16. The higher efficiency of coupling with nitride plugs can be

used to advantage if the incident angles can be reduced from the wide angles output from the

reactor chip. By designing the more lossy metal layers to direct light to the lower layers and

reduce the angles of incidence, this hybrid approach will yield higher efficiencies. In addition

it is further disclosed that high density bussing can be achieved by placing metal lines

adjacent to the nitride plug with reduced feature design rules.

[00142] Several approaches to an integrated monolithic manufacture of the reaction cell and

pixel sensing cells may create a self contained structure that contains all the emitted light to

the cell. Three exemplary fabrication methods are shown in FIG. 17(a) to (i).



[00143] In various embodiments, the reactor cell is grown on top of the imager oxide layer, as

shown in FIG. 17(a) to (c). This is similar to the existing fabrication techniques in which a

thin layer of aluminum is sputtered on a Si02 substrate. Features are formed with a sub-

micrometer immersion lithography system (For example, like the ASML XM 1950) and

etched. These low temperature processes can be performed after the standard CMOS imaging

device is fabricated.

[00144] In an alternative approach, the oxide above the top metal layer is removed and the

reactor aluminum layer is deposited directly on the remaining layers, as shown in FIG. 17(d)

to (f). The pixel shield and reactor layer are conformally merged with the reactor aperture

located within the flat oxide layer.

[00145] In another alternative approach, the surface of the CMOS sensor is planarized using a

standard chemical mechanical polish (CMP) step, as shown in FIG. 17(g) to (i). This exposes

the top layers of the metal pixel shield with the Si0 2 optical pixel path in a flat plane. A

ZMW metal layer is sputtered onto this layer creating a self contained optical cavity. The

reactor aperture is patterned. The use of self assembled multi-chip modules is also disclosed

where known good die of the lower yielding component are impressed upon a wafer of the

second constituent device.

[00146] Using one known approach, a silicon dioxide pattern is placed on the top surface of

the acceptor device, as shown in FIG. 18(a) to (c). This layer is hydrophilic and identified as

"H" areas in the Figure. Contrasting areas of hydrophobic surrounding areas remain between

and adjacent the "H" regions. One approach is in the preparation of an excessively

hydrophobic surface on the conductor and light shield by treating an aluminum surface with

nitric acid. The nitric acid treatment has been shown to alter the surface properties and

increase hydrophobicity. After patterning these contrasting areas on both acceptor and donor

components, subsequent positioning these components in near alignment with a small amount

of liquid shown in as gray ovals, surface tension self aligns these components. It has been

shown that alignment accuracy of less than 400 nm is possible and occurs within 100 msec.

The liquid evaporates and the devices are bonded with Van der Waals forces.



[00147] In various embodiments, the use of nanoscale optical spacers self align to hydrophilic

regions using surface tension in a liquid interface. These optical spacers can provide added

optical distance, illumination pathways, filtering, steering or focusing. This enhanced

integrated photonics assembly is shown in FIG. 19(a) to (d). An optical processing layer may

be comprised of individual elements or a patterned array of optical elements equivalent to the

sensing and reacting pitch.

[00148] In these hybrid assemblies, with or without optical spacers, options for fully enclosed

optical cavities are disclosed and illustrated in FIG. 20(a) to (c). It should be noted that an

illumination waveguide is added to these figures. These waveguides are placed close to the

zero mode waveguides to couple evanescent waves but isolated from transmission of this

spatially decaying field from the sensing or reflective elements.

[ 14 ] In FIG. 20(a), a discrete optical element used to focus energy to the pixel is shown.

This element can be fabricated as a Fresnel, classical, spherical or holographic element with

higher performance than traditional photoresist based microlenses. This will direct energy

from a high incident angle range onto the proximal pixel. The optical element may also

contain antireflection or spectral filtering materials or layers.

[00150] In FIG. 20(b), the optical spacer contains an optical aperture with reflective elements

to contain the optical energy within the horizontal pixel extent. In addition, the use of a

higher index material such as silicon nitride (shown in pink) may be patterned to enhance

directed energy to the lower pixel regions through total internal reflection. In this drawing,

two example ray traces with reflections off the metal and nitride layers is shown to direct the

energy downward to the pixel and contain it within the horizontal pixel extent.

[00151] In FIG. 20(c), a zero mode waveguide made from optically transmissive material is

shown. The evanescent wave is determined by the relative location of the illumination

waveguide and the well. The addition of a very thin metal layer may also be added to enhance

chemical performance without introducing significant optical effects (like scattering and

plasmon resonance). To contain the emitted optical energy, the top layer contains reflective

elements to redirect the energy within the horizontal pixel extent. An optional spacer or focus



element is shown as the middle stacked layer that is aligned to continue optical reflective

paths towards the photodetector.

Mulitplexed Homodyned and Heterodyned Pixels

[00152] Turning now to FIG. 1 and FIG. 22, the need to discriminate between the signals of

multiple tagged nucleotides with a single photo detector with a priori knowledge of the

illumination wavelength energy and arrival time is addressed. This provides a means to

incorporate a single photodetector to monitor the process of a chemical reaction with multiple

reagent tags as is done in the single-molecule real-time (SM T) sequencing cell.

[00153] With a single photodetector, a savings in cost, complexity and size will be realized. In

one embodiment, an integrated pixel matched to the SMRT cell can be developed where the

removal of free space optics will enhance photonic sensitivity. In the specific case where free

space optics is removed, reduced spectral effects for absorption, angular reflection to spectral

distribution, etc. are reduced and the implementation of a polychromatic stimulus is favorable

for increased discrimination.

[00154] A schematic of the system is shown in FIG. 2 1. In this system, an active illumination

source is used to stimulate the target. The target emission and reflected stimulus signal is

incident on an imaging array. The imaging array contains a multitude of pixel sensing

elements arranged in a repeating pattern to code the received image.

[00155] If the active imaging system is used with polychromatic multi spectral illumination, a

system that can utilize this illumination is shown in FIG. 22. In this system, a controller is

added that can sequence the illumination wavelength with varying power or pulse widths.

Multiple wavelengths can be simultaneously activated or pulses can overlap or be discretely

enabled. Knowledge of the current or predicted illumination of each wavelength can be

provided to the imaging array. Alternatively, the illumination can be controlled based on

feedback from the imaging array.

[00156] A pixel design is provided that is able to discriminate multiple signals by

synchronizing with a modulated or pulsed stimulus light. The light stimulus may be



monochromatic or polychromatic and the pulses may be simultaneous or time division

multiplexed. Inventions for systems responding to each type of stimulus are disclosed.

[00157] An imaging device is provided containing pixels that can discriminate between

multiple signals by synchronization with the stimulus source, arranged in an array and

containing circuitry to address, process, and synchronize the device.

[00158] A pixel containing a photodiode that is sensitive to polychromatic light is attached to

multiple integrating nodes. These nodes can all be connected simultaneously or can be

individually selected during the frame time. The frame time is the period between pixel

interrogations where the contents are recorded externally.

[ 15 ] The photodiode may be connected to each integrating storage node via transfer gates.

Charge is accumulated in the photodiode until the transfer gate is asserted. Charge flows to

the storage node via charge repulsion, thermal diffusion and node fringing fields.

[00160] If the signals from each reactant can be separated in time within a frame period, by

switching rapidly to each storage node in the pixel cell signal separation can be gained. An

example representation of a pixel layout capable of collecting up to four simultaneous or

sequential signals is shown in FIG. 23. At the end of the frame time, local determination of

the most likely reactant can be made with amplitude comparators and this in-pixel processing

feature is disclosed herein.

[00161] A method in accordance with the present invention provides increased accuracy in

detecting a longer duration signal pulse via synchronized high speed sampling of the slower

pulse within an imaging frame time. By knowing the sampling onset and duration, local

averaging of the noise before, during and after the sample can be measured. This is similar to

existing methods used with lock in amplifiers and algorithms like discrete saturation

transforms to increase the detectivity of low signal to noise pulses.

[00162] An example of this is shown in FIG. 24. In this figure, a signal of only 0.6 electrons

is embedded in an environment with one electron of background signal. This signal is

sampled 6 times per frame. The left half of the frame contains a signal during an



incorporation event and the right half of the chart does not contain any tagged signal. The

tagged signal is not apparent in the data series.

[00163] The signal is only active when there is an emitting signal (such as an incorporating

nucleotide) and a pulse of stimulus: light. By pulsing the stimulus during the frame and

measuring the local standard deviation, during both the active and inactive stimulus events,

the embedded signal can be extracted from a very noisy environment with a signal to noise

ratio of less than 1. This is shown in FIG. 25. In this figure, the local standard deviations

during the active illumination periods are combined (shown in the white trace) and compared

against the inactive illumination periods (shown in the aqua trace). Clear discrimination of

the incorporating period and the time when no incorporation is occurring is shown.

[00164] Interleaved sampling can extend this discrimination to n-varieties of signals. The

samples corresponding to the variety of emitter sensitive to the stimulus during that frame

will provide higher signal and the other stimuli will provide background samples. With this

method, if incorporation is occurring in one of four varieties as an example, 25% of the

samples will contain signal data and the balance provide background data Also disclosed are

methods to utilize the phase shift of a carrier sinusoid to extract signals in extremely noisy

environments. This method essentially creates a homodyne with an inherent low pass filter to

reduce noise.

[00165] After determination of the most likely reactant, the amplitude and species

identification can be read out from each pixel in the array up to each frame period. A layout

of an example smart pixel is shown in FIG. 23, for example, a pixel with multiple parallel

processing elements and additional conditioning and logical circuits to compare each

component and perform data reduction.

[00166] Further aspects of the present invention discriminate species based upon frequency

differences is disclosed. In this case, each species can be identified by an unique modulation

frequency. The signal is recovered with a local mixer circuit embedded in each transfer node

of the pixel. A compact low voltage circuit without lumped parameter inductance designed

for CMOS device implementation is shown in FIG. 26 and is known commonly as the Gilbert

mixer. This down converting mixer takes two inputs, the photodiode output and a local



oscillator signal broadcast to all pixels. The top transistor (Ml) operates in the linear region

while M2 operates in saturation. The current flow through Ml and M2 is therefore equal.

[00167] In various embodiments, system designs may utilize multiple illuminants that rely on

the separation of dye absorption regions for maximum discrimination. By separating the dye

absorptions, each dye can be tuned to the stimulus wavelength with maximum efficiency. As

an example four commercial dyes are detailed in the table below. There are four stimulus

wavelengths used and the relative responses for each wavelength are tabulated. In all cases,

the contrast in absorption is nearly 4:1 or greater. Using this approach, there is a one to one

response from the dye to its corresponding stimulus with low contamination from other dyes.

[00168] The absorption of each illuminant by these four dyes is shown in FIG. 27. In this

figure, the cross talk is shown by the reduced power peaks underneath each curve for the

matched dye. The 488 nm absorption of Alexa488 is shown in the blue curve. Absorption of

Alexa532 of nearly 29% of the. energy is shown in red. The longer wavelength excitations

have considerably less absorption cross talk.

Vertical Detector

[ 1 ] The current excitation/detection side of many current systems is generally very

complex with numerous lenses, dichroics, holographic phase masks and other elements that

are expensive, difficult to keep in proper alignment and increase the time-between-failures

due to their sheer number. Here we combine the waveguide illumination of the ZMW with a

photonics band gap rejection layer and one novel wavelength-sensitive "pixel" per ZMW to



measure emission. Registration issues between ZMW, optics and camera are removed by the

introduction of this single rigid solid state device.

[00170] Various aspects of the detectors may be improved in accordance with the present

invention. With reference to FIG. 28, a reaction cell may be provided in a cladding layer

such as an Al/AlOx layer (1) with or without a micromirror. Micromirrors are described, for

example in U.S. Patent Application No. 12/567,526 which is incorporated by reference herein

in its entirety for all purposes. In the event that waveguide problems arise, such problems

may be compensated for with microlens in photonic band gap (PBG) layer (3). A fused silica

(fusi) waveguide (2) with Al metal layer on top and a PBG layer (3) below, potentially with

high index PBG "bulge" into fusi to collimate emission (e.g., microlens or '^lens" (2.1)). A

1-D photonic band gap sandwich (3) of complex layers of low and high index material may

be designed to block pump lines and pass emission lines. Wavelength sensitive single-pixel

detector with (e.g., (4)) or without grounded metal "mini Faraday" shielding (4.1) may be

configured reduce ZMW-to-ZMW crosstalk.

[00171] In some cases, the waveguide (2) is a single mode fiber for delivering illumination

light. While the waveguide is shown spaced away from the ZMW, in some cases, the

waveguide can be adjacent to the ZMW. The photon band gap, or dielectric stack (3) can

also be disposed within a single mode core, and can be configured so as to reject stray

illumination light to keep it from the detector below, acting as an in-line Bragg filter to screen

out excitation light. Having a single mode fiber as part of the detection optics is made

possible because the fluorescent dipole in the ZMW is generally very small, and thus the

emissions from the fluorophores occupy a very small space in phase volume. This results in

a relatively high efficiency of coupling the emitted light into a single mode waveguide.

[00172] In some cases there can be two different PBG layers or dielectric stacks, one in the

path of the illumination light acting as a perpendicular coupler, and the other acting to pass

emitted light, and reflect any stray illumination light back up into the ZMW, or back up into

the first PBG layer to couple back into the path of the illumination light.

[00173] Turning now to FIG. 29, a standard PIN junction (5) may have two or more I-N

junctions at different depths. A variation of this design can be produced to have color-



specific low-concentration dopants at varying depths to enhance regional absorption. Long

wavelength photons that penetrate deeply into the I region, cause significant current from N2

in addition to current from surface-proximal NI (e.g., (5.1)), whereas short wavelength

photons are absorbed quickly as a function of depth, and the primary measured current is

from Nl, with little from N2 (e.g., (5.2)). This device allows for one detector or pixel to

distinguish multiple wavelengths, and therefore detect multiple different fluorophores.

[00174] Other aspects of the present invention are directed to the provision of thermoelectric

(TE) pad arrays near the solution surface, or even in the aluminum metal that forms the

ZMW, and other, cooling, pads below the detector to reduce dark current (6) (see, e.g., FIG.

30). Although this may cause significant thermal stresses in the composite chip, it may be

desired for implementation for at least two reasons: 1) thermal stability which is critical for

proper enzymatic function, buffer stability, and corrosion so the TEs could serve to reduce

the local temperature due to, e.g., laser-induced heating; and 2) even a slight temperature

decrease for the detector region would benefit signal to noise.

Spectral Dispersion

[00175] The following describes a family of spectral disambiguation solutions relevant to

"integrated" optical platforms, in which free air optics arc miniaturized and condensed into a

single monolithic device. These devices and methods allow for obtaining information from

multiple fluorophores from a single integrated analysis element.

[00176] With reference to FIG. 31,the fundamental concept is to convert emission profiles per

channel from being isotropic ("Normal") in to spatially unique ("Unique") and project these

onto a multi-pixel array. Put differently, these are techniques to create a unique pattern on

the detector depending on the color of light.

[00177] In some embodiments, emission from each channel is restricted using four photonic

band gap stacks, as shown in FIG. 32, each only allowing one channel through to a spatially-

sensitive sensor ("quad photodiode" or "position sensitive diode"). Each element of the PBG

stack will have the feature not only that it will only allow light through of the color for which

the detector is assigned, the elements will reflect back the wavelengths that are not passed



through. The reflected photons can bounce back off of the bottom of the cladding layer and

again encounter the PBG stack. If the photon is not allowed through that element, it is

reflected again. This feature provides for recycling of detected photons, which can be very

useful in these types of systems where the number of photons to be measured can be low, and

improvements in photon capture efficiency are important. In some embodiments a can,

reflective tunnel, or cladding tunnel is provided around the PBG stack. The can comprises a

set of reflective walls around the PBG stack which receives light from a particular ZMW.

The can will have a spherical, square, or any other suitable profile, and can have straight or

curved walls. The walls can comprise any reflective material including metals or dielectric

stacks. Because the walls are reflective, they are also part of the path of some of the light

rays emitted from the ZMW. The reflection of the walls of the can provide a further increase

in efficiency of use of the photons reflected from the PBG stack as described above.

[00178] Thus, in some aspects, the invention provides an integrated device for measuring

optical signals from an array of optical sources over time, the device comprising an array of

elements, each element comprising: a top layer comprising an optical source that emits two or

more optical signals, each optical signal comprising different wavelengths; a middle layer

comprising a spectral diversion element comprising a PBG stack having two or more photon

band gap (PBG) elements, each PBG element configured to allow light of a different

transmission wavelength range through the element and to reflect light that is not in the

transmission wavelength range; and a bottom layer comprising a detector; wherein each PBG

element transmits light onto a different detection region of the detector, whereby the identity

of the optical signal can be identified by the regions of the detector onto which light is

transmitted. Generally the integrated device is configured such that some of the reflected

light from one PBG element is reflected into another PBG element through which it is

transmitted, thereby increasing the efficiency of photon detection compared to where no

reflected light is detected.

[ 17 ] The efficiency of reflection of light back into the PBG stack for photon recycling can

be improved by providing a can corresponding to each optical source, e.g. ZMW, comprising

walls of reflective material disposed in the middle layer, the can configured to reflect some

light reflected by the PBG stack back to the PBG stack.



[00180] In other embodiments, optical path length (OPL) differences may create unique

interference patterns for coherent emission from a single dye, as shown in FIG. 33. Two

example paths have lengths ζ and ζ + δ from source to array. If that difference in distance is

an integer multiple of the wavelength of light (λ), then constructive interference occurs and

the measured intensity (7) at that pixel is high; conversely, if δ ~ ηλ/2 then destructive

interference causes the measured intensity at that pixel to be zero. In this manner, the

measured pattern is related to the color of light. FIG. 34 illustrates this effect for two colors.

In some cases a reflective can is created around each pixel in the region from the bottom of

the cladding layer to the pixel array. The can comprises a set of reflective walls around the

pixels which receive light from a particular ZMW. The can have a spherical, square, or any

other suitable profile, and can have straight or curved walls. The walls can comprise any

reflective material including metals or dielectric stacks. Because the walls are reflective, they

are also part of the path of some of the light rays emitted from the ZMW. Thus, the presence

of these walls can contribute to the constructive and destructive interference and thus can be

used to control the way that colored light can be directed to different pixels at different

intensity.

[00181] In some cases, a reflective can is disposed around multiple pixels disposed over a

plurality of ZMWs, where each of the pixels detects light from more than one ZMW. Here,

the destructive and constructive interference from the signals can be used to identify position

as well as identifying wavelength.

[00182] With reference to FIG. 35, a holographic medium may be inserted between the source

and array, which controls the relative phase of light and creates highly non-linear interference

patterns as a function of color. The pattern at the array is two dimensional, such that a full 2-

D pixel array is essential for collecting as much light as possible while resolving the

underlying pattern. However, at a minimum, a 1-D array "stripe" or a 2-D "pie-slice" might

contain sufficient information distinguish multiple colors. Further, the pixel density must be

sufficient to distinguish colors that lack significant spectral separation.



Stacked Junctions to Resolve Dye Spectra

[00183] Some aspects of the present invention are directed to methods to resolve the color of

an emitted photon from a dye with a vertically stacked photodetector. The absorption depth

in silicon is dependent on wavelength and can be excited to provide this spectral filtering.

Silicon photodetectors have been used extensively in many applications. The photon is

generally absorbed in a depleted region fanned by a reverse biased diode that is exposed to

incoming light. The photoelectron is stored for readout. An important aspect is to generate a

depletion region deep enough to gather the absorbed photons within a diffusion length of the

extent. The absorption depth is dependent on the wavelength of the incident photon. Longer

wavelengths are absorbed deeper in the material up to the point in the infrared where silicon

is transparent.

[00184] By designing a photodetector with distinct regions of detector based on depth, spectral

separation can be realized. Although similar sensors have been described, for example, in

U.S. Patent No. 6,91 1,712 which describes a stacked diode that is fabricated in standard

CMOS processes. Methods according to the present invention leverage the principles that

determination of four distinct colors from marker dyes is an easier task than traditional

imaging color fidelity and a reduced set of diodes can be exploited. For example, with two

stacked depletion regions sharing a common node, four spectral signatures can be determined

based on the ratio of these two measurements. It is apparent that the depth separation can be

used to resolve the color of the photon by designing the detector depletion widths to fall

between these mean absorption depths.

[00185] For example, and with reference to FIGS. 41(a)-(d), a sacrificial top layer may be

utilized to etch a basic detector into a mesa structure as shown. The processing for this

detector may be performed in a modified CMOS process.

[00186] An intrinsic region (i) is grown on top of the p-type starting material (p). N-type

regions (n) are placed at two (or more) different depths in the starting material layer (p). One

way to accomplish this is to grow the lower (n) layer during the intrinsic layer deposition and

the upper (n) layer diffused on the finished layer. Another approach would be to implant the

lower (n) layer and diffuse the upper (n) layer on the finished intrinsic coat. The entire



structure can then be masked and the intrinsic area around the pixel etched to the p-type

substrate (stop) layer, as shown in FIG. 41(b). A mesa structure results with an upper n-layer

suspended above the substrate (p). The CMOS circuitry can be patterned using relatively low

temperature processes (e.g., below 1000°C) to form the switching and amplification

processing adjacent to the mesa. Finally a p+ contact diffusion is provided to the common

photodiode cathode. The n-regions and the p+ contact may be metallized (see, e.g., FIG.

41(c) and bussed to the external I/O pads (see, e.g., FIG. 41(d).

[00187] Such a circuit may provide depth based photoelectron detection. The intrinsic layer

is a high impedance path and isolating the field lines from each n-type pickup may be tuned

via doping. An alternative layout is to use a graded n-type doping instead of an intrinsic

layer. Such increasing resistance provides a field which can separate electrons based on

depth.

CMOS Pixel for Detection of Fluorescent Lifetimes

[00188] Some aspects of the invention relate to methods of distinguishing different

fluorophores by their unique decay lifetimes. These tend to be relatively high speed events,

and the devices of the invention are highly multiplexed. The determination of high speed

events at high resolution can be hampered by the need to distribute high speed clocks across a

large array. However, as described herein, taking advantage of high speed drift regions in

CMOS pixel circuits, the signature of short term events such as fluorescent decay can be

made to discriminate between different tag data without clock distribution issues.

[ 18 ] The detection of molecules has been successfully performed using fluoroscopic dye

and nanoparticle tags attached to the reactant molecules. In applications like DNA

sequencing, the identification of a DNA nucleotide is important to determine the sequence of

the polymer. As shown in FIG. 36, different fluorophores can respond to a stimulus with

different turn on and decay constants. Detection schemes that can utilize decay lifetimes to

identify the species are in wide application in several applications. However, the present

methods for determining the lifetime of the decay are not readily transferable to high

resolution and high speed sequencing architectures.



[ 1 ] In accordance with the present invention, a CMOS pixel is configured to determine

different species of chemical tags by means of processing high speed lifetime decay

signatures. This pixel uses a high field to drive photocharge down a drift region. This charge

is frozen by inhibiting the field and is stored in a set of analog storage devices (i.e., charge

transfer gates). These regions can be interrogated to determine the relative or absolute decay

rates to determine the species of illumination.

[ 1 1] Also disclosed are novel methods of utilizing charge binning to improve the SN of

fluorophore time signatures and variable time resolution customized at the time of use for

specific lifetime profiles to gain maximum discrimination.

[00192] A solid state sensor uses photoconversion of photons to charge carriers to sense the

optical signal. These charge carriers are generally integrated in a capacitance element within

the pixel that can be formed by a depletion region in a reverse biased junction. These charges

can be controlled by electro-dynamic or magnetic forces that can be applied by the supporting

circuitry. In various embodiments, a charge transfer device such as a CCD, the charge

packets are serially transferred from one location to another by applying various potentials to

gates in the proximity to the charge packet.

[00193] There are two main mechanisms of charge mobility in imaging devices. Diffusion

causes charged particles to move from areas of higher concentration to lower concentration

areas. These particles also drift when under the influence of electric or magnetic fields. The

equations describing the charge flow (current density) for each of these effects are described

by:

Eq. (2) Jdiffusion = qD(dn/dx)

Eq. (3) J drift = σΕ

[00194] In various embodiments, a device uses the drift current mechanism to rapidly

transport incident photocurrent through a narrow depletion region during all or a portion of

the exposure time. The applied electric field causes the charged particles to move with a

velocity that can be used to determine the arrival time of the particle based upon the distance

traveled in a given time period. The distance traveled can be varied by controlling the



applied voltage. It is disclosed that the applied voltage can be varied during the exposure

time to extend the event duration or apply additional resolution the a smaller portion of the

entire event.

[ 1 5] By determining both the drift and the diffusion components, systematic variations in

doping density, chip temperature and mobility are cancelled to improve the accuracy and

uniformity of the array measurements.

[ 1 ] A typical electron drift velocity is determined by the temperature, the total doping and

the electron's effective mass. At low electric fields, the majority of electron collisions are

with acoustic phonons and impurities. At high electric fields, the number of collisions is

more temperature dependent and the carriers interact more with nonpolar optical phonons and

the electron reaches velocity saturation. This value has been derived from measured data and

numerical simulations and is described by:

Eq. (4) v = ((2.4 x l(f)/(l + 0.8em 0)) *m/s

[00197] For example, at 30°C, the saturation velocity is about 100,000 m/s. If a drift region is

designed with a length of 50 microns, the electrons will traverse this distance in 500

picoseconds. If the region is divided into 10 equal lengths, the time resolution of pulses

traveling along the drift region is 50 picoseconds.

[00198] In addition to the drift channel, a means to capture the time signature of this signal is

disclosed. In one example, an adjacent set of capacitors is placed next to the drift channel

and the signal is transferred laterally at the end of the exposure time. This is shown in FIG.

37. A typical operation of this pixel requires that synchronization with the stimulus signal is

used as gate to start the drift. A transfer gate between the photodetector and the depletion

drift region is shown that can be used for this gating. The voltage across the drift region can

be varied to reduce the electron velocity. The resolution per equal spaced stage is therefore

L/vd where L is the stage length and vd is the drift velocity. The voltage across the drift

region needs to be stopped to freeze the waveform at a specific time after the stimulus to

capture the waveform (if a fluorophore is present).



[ 1 ] Soon after the waveform is frozen, it is transferred to the storage nodes across the

transfer gates. It is disclosed that many pulses can be summed in the storage nodes to

increased sensitivity. For example, a fluorophore used to determine the incorporation of a

reactant into a polymer can be active for a much longer time than the pulse decay duration

(i.e., 50 milliseconds). If the pulse decay response were 10 nanoseconds and a stimulus with

high repetition rate were used, up to 5 million pulses could be applied to each incorporation

event and stored in the drift region elements (up to the charge storage capacity).

[00200] In another embodiment, segmentation of the drift region can be performed with MOS

gates above the region. The elements can then be sequentially read out similar to standard

CCD readout methods (i.e., to a floating diffusion transimpedance amplifier). This prevents

the diffusive mixing of the pulse after it is frozen. This method does not allow for the

sequential missing of multiple stimulus response to increase sensitivity.

[00201] It is disclosed that this method performs temporal filtering of the stimulus as the

stimulus in inhibited during the decay time. Typically, the stimulus signal is transferred

down the drift region ahead of the decay signal and does not mix. This temporal filtering

provides an effective method of optical filtering of a sequence without the need for optical

filters. This method is compatible with standard IC fabrication flows, as is shown graphically

in FIG. 38. It is disclosed that the timing of the pixel can be set to allow for the stimulus

signal to completely transfer to the drift region to maximize the resolution of the decay pulse.

[00202] The detection of this stimulus at the end of the drift region may automatically

synchronize the detector elements-with the source-and gate the transfer of the signal to the

storage nodes. This active feedback provides a higher level of synchronization and will result

in higher fidelity data with less jitter.

[00203] Various methods of operating the device may continuously operate the drift region

until a high intensity pulse is detected at the end of the drift region (signifying a stimulus

pulse). The transfer of the decay signal (received just after the stimulus in the drift region) is

then performed and the system reset for the next event. This disclosed method eliminates the

need for electrical communication and synchronization of the stimulus with each optode



element and significantly increases the temporal uniformity of each element while reducing

the complexity of the system.

[00204] The drift detection elements can be combined in the charge domain to further increase

the signal to noise ratio at the expense of the temporal resolution.

[00205] The real time monitoring of these storage elements can be used to detect the presence

of a fluorophore onset and the end of the event to assist in kinetic analysis of the

incorporation. The storage nodes can be actively monitored and the ratio of the signals used

to make real time analysis of the tagged species while the event is occurring. Using these

methods, the full incorporation signal is integrated in a single sample to dramatically increase

the sensitivity of the measurement and reduce the device readout bandwidth. The samples

are processed to produce a single output signal with the tag species identification. This

method provide for the decoupling of output bandwidth with in-pixel temporal resolution.

[00206] By making the drift length much greater than the photodetector length, the maximum

temporal sensitivity is gained as the charge transport across the photodetector is minimized.

[00207] With increased time resolution and samples, multiple superimposed decay waveforms

can be captured and deconvolved. As shown in FIG. 39, a combination of fluorophore

example decays or simultaneously input to the drift optode. Each has a specific decay

signature independent of the intensity. This combination can be made to study simultaneous

events to increase the data density or to use multiple fluorophore combinations to increase the

available number of tags per dye set. A system designed with this invention can be made to

resolve multiple simultaneous events with high accuracy within an optode that is called in the

10 micron scale. An array of these drift optodes can be designed to provide a massive

multiplex of sequencing data without any optical filtering.

[00208] The foregoing descriptions of specific exemplary embodiments of the present

invention have been presented for purposes of illustration and description. They are not

intended to be exhaustive or to limit the invention to the precise forms disclosed, and

obviously many modifications and variations are possible in light of the above teachings.

The exemplary embodiments were chosen and described in order to explain certain principles



of the invention and their practical application, to thereby enable others skilled in the art to

make and utilize various exemplary embodiments of the present invention, as well as various

alternatives and modifications thereof. It is intended that the scope of the invention be

defined by the Claims appended hereto and their equivalents.



WHAT IS CLAIMED IS:

1. An integrated device for measuring optical signals from an array of optical

sources over time, the device comprising an array of elements, each element comprising:

a top layer comprising an optical source that emits two or more optical signals, each

optical signal comprising different wavelengths;

a middle layer comprising a spectral diversion element; and

a bottom layer comprising a detector sensitive to spatial distributions of light;

wherein each spectral diversion element diverts each of the two or more optical

signals onto different regions of the bottom layer, whereby the identity of the optical signal

can be identified by the relative spatial light intensity across the detector.

2 . The integrated device of claim 1 wherein the optical source comprises a zero

mode waveguide and the optical signals are emitted from fluorescent labels corresponding to

a chemical or biochemical reaction occurring within the zero mode waveguide.

3 . The integrated device of claim 2 wherein the chemical or biochemical reaction

comprises nucleic acid synthesis.

4 . The integrated device of claim 1 wherein the spectral diversion element

comprises an optical grating or holographic element.

5 . The integrated device of claim 1 wherein the spectral diversion element

comprises a Bragg grating disposed at an angle to the normal to the central ray of the emitted

light.

6 . The integrated device of claim 26 wherein the pixels are in a linear array.

7 . The integrated device of claim 26 wherein the pixels are in a two dimensional

array.

8. The integrated device of claim 1 wherein the four different optical signals are

emitted from each optical source.



9 . The integrated device of claim 8 wherein the detector has four pixels, each

corresponding to one of the four optical signals whereby the spectral diversion element

diverts each of the colors to a different element.

10. The integrated device of claim 1 wherein the spectral diversion element

comprises a lens.

11. The integrated device of claim 10 wherein the lens is cylindrically

symmetrical and diverts different wavelengths of light at different angles from the center of

the lens resulting in a circularly symmetric pattern on the detector for each set of

wavelengths.

1 . The integrated device of claim 11 wherein the detector comprises one central

pixel and one or more pixels comprising a circular ring around the central pixel.

13. A pixel comprising a photodiode having at least a first and a second transfer

gate, wherein the pixel is configured such that the photodiode sends charge to one transfer

gate for a first period of time, then send charge to a second transfer gate for a second period

of time before the remaining charge from the pixel is unloaded.

14. The pixel of claim 13 wherein the pixel further comprises a third transfer gate

and a fourth transfer gate wherein after the second period of time, charge is sent to the third

transfer gate for a third period of time, then charge is sent to the fourth transfer gate for a

fourth period of time before the charge from the pixel is unloaded.

15. A system comprising:

an excitation light source that emits a first wavelength range for a first excitation time,

then emits a second wavelength range for a second excitation time, the excitation light source

providing excitation light to a sample:

a sample having a first fluorophore that is excited by the first wavelength range, and a

second fluorophore that is excited by the second wavelength range; and



a pixel comprising a photodiode having at least a first transfer gate and a second

transfer gate, wherein the pixel is configured such that the photodiode sends charge to the

first transfer gate for a first collection time, then send charge to the second transfer gate for a

collection time before the charge from the pixel is unloaded;

wherein the system is configured such that the first excitation time corresponds to the

first collection time and the second excitation time correlates to the second collection time,

whereby the emission from the first fiuorophore can be distinguished from the emission from

the second fiuorophore.

16. The system of claim 15 wherein the light source further emits a third

wavelength range for a third excitation time, then emits a fourth wavelength range for a

fourth excitation time, wherein the sample further comprises a third fiuorophore that is

excited by the third wavelength range, and a fourth fiuorophore that is excited by the fourth

wavelength range, and the photodiode further comprises a third transfer gate and a fourth

transfer gate, wherein the pixel is configured such that the photodiode sends charge to the

third transfer gate for a third collection time, then send charge to the fourth transfer gate for a

collection time before the charge from the pixel is unloaded, wherein the system is further

configured such that the third excitation time corresponds to the third collection time and the

fourth excitation time correlates to the fourth collection time, whereby the emission of each

of the four fluorophores can be distinguished.

17. The system of claim 16 wherein the excitation light comprises a first laser that

emits the first wavelength range and a second laser that emits the second wavelength range, a

third laser that emits the third wavelength range, and a fourth laser that emits a fourth

wavelength range.

18. A method comprising:

illuminating a sample with a first wavelength range for a first excitation time, then

illuminating the sample with a second wavelength range for a second excitation time;

wherein the sample comprises a first fiuorophore that is excited by the first

wavelength range, and a second fiuorophore that is excited by the second wavelength range;

and



directing emitted light from the sample to a single pixel that measures light for a first

collection time and then measures light for a second collection time, such that the pixel

separately stores charge related to each of the collection times whereby the charge related to

each of the collection times can be separately read out;

wherein the first excitation time corresponds to the first collection time and the

second excitation time correlates to the second collection time, whereby the emission from

the first fluorophore can be distinguished from the emission from the second fluorophore.

19. An integrated device for measuring optical signals from an array of optical

sources over time, the device comprising an array of elements, each element comprising:

a top layer comprising an optical source that emits two or more optical signals, each

optical signal having a different rate of signal decay;

a middle layer capable of transferring light from the top layer to the bottom layer; and

a bottom layer comprising a detector having a single pixel;

wherein the pixel measures the characteristic photonic emission lifetime of each of the

two or more different optical signals, allowing the pixel to distinguish the identity of each of

the optical signals.

20. The integrated device of claim 19 wherein at least one of said optical sources

comprises a zero mode waveguide.

2 1. The integrated device of claim 19 wherein at least one of said optical sources

comprises a chemical or biochemical reaction, and the two or more optical signals are from

fluorescent labels whose fluorescence is indicative of the occurrence of that reaction.

22. An integrated device for measuring optical signals from an array of optical

sources over time, the device comprising an array of elements, each element comprising:

a top layer comprising an optical source that emits two or more optical signals, each

optical signal having a different rate of signal decay;

a middle layer capable of transferring light from the top layer to the bottom layer; and

a bottom layer comprising a detector having a single pixel;



wherein the pixel measures the characteristic absorption depth of each of the two or

more different species' signals, allowing the pixel to distinguish the identity of each of the

optical signals.

23. The integrated device of claim 22 wherein the optical source comprises a zero

mode waveguide.

24. The integrated device of claim 22 wherein the optical source comprises a

chemical or biochemical reaction, and the two or more optical signals are from fluorescent

labels whose fluorescence is indicative of the occurrence of that reaction.

25. The integrated device of claim 22 wherein the pixel is a stacked diode.

26. The integrated device of claim 1 wherein the detector includes multiple

proximal pixels.

27. The integrated device of claim 1 wherein the detector includes a single

position sensitive pixel or a position sensitive diode.

28. A optics collection and detection system comprising:

a reaction cell;

an illumination light source providing illumination light to the reaction cell at a first

wavelength λ ΐ ;

a detector for detecting excitation light at a second wavelength λ2; and

a photon band gap (PBG) layer disposed between the reaction cell and the detector,

wherein the PBG layer rejects light at the first wavelength λ ΐ but allows light at the second

wavelength λ2 travel toward the detector.

29. A optics collection and detection system according to claim 28, further

comprising:



a plurality of detectors for detecting excitation light, wherein one of said detectors

detects light at the second wavelength λ2, and another of said detectors detects light at a third

wavelength λ3;

a plurality of PBG stacks, each disposed between the PBG layer and a respective

detector, wherein one of said PBG stacks is rejects light at the third wavelength λ3 but allows

light at the second wavelength λ2 to travel toward said one detector, and wherein another of

said PBG stacks allows light at the second wavelength λ2 but allows light at the third

wavelength λ3 to travel toward said other detector.

30. A optics collection and detection system according to claim 29, wherein the

system includes four detectors, each formed by a sensor quadrant of a quad photodiode

(QPD), and four PBG stacks, wherein each PBG stack is optically aligned with a respective

sensor quadrant.

31. A optics collection and detection system according to claim 29, wherein each

detector is formed by a respective region of a PIN diode.

32. A optics collection and detection system and method according to claim 28,

further comprising a doped region in which a heavy metal or a semiconductor is doped into

fused silica or silicon oxide adjacent the reaction cell to provide an index of refraction

gradient to disperse emission light at different angles leaving the reaction cell.

33. A method of fabricating optics collection and detection system comprising:

providing a substrate;

applying a first lithographic protection mask to form a protective dome (PD)

applying an anisotropic etch to form a hemispherical cavity;

applying thin film deposition to form a filter;

applying a second lithographic protection mask to protect the hemispherical cavity;

applying a planarization layer;

applying a top layer; and

etching the top layer to form a reaction cell above the hemispherical cavity;

wherein a hemispherical filter is formed adjacent a bottom surface of the reaction cell.



34. A method of DNA sequencing comprising:

affixing a polymerase to a photodiode;

labeling a nucleotide with a metal nanoparticle;

exciting a plasmon resonance in the metal nanoparticles;

monitor the level of baseline current in the photodiode.

35. An integrated device for measuring optical signals from an array of optical

sources over time, the device comprising an array of elements, each element comprising:

a top layer comprising an optical source that emits two or more optical signals, each

optical signal comprising different wavelengths;

a middle layer comprising a spectral diversion element comprising a PBG stack

having two or more photon band gap (PBG) elements, each PBG element configured to allow

light of a different transmission wavelength range through the element and to reflect light that

is not in the transmission wavelength range; and

a bottom layer comprising a detector;

wherein each PBG element transmits light onto a different detection region of the

detector, whereby the identity of the optical signal can be identified by the regions of the

detector onto which light is transmitted.

36. The integrated device of claim 35 wherein some of the reflected light from one

PBG element is reflected into another PBG element through which it is transmitted, thereby

increasing the efficiency of photon detection compared to where no reflected light is detected.

37. The integrated device of claim 36 wherein for each optical source there is a

can comprising walls of reflective material disposed in the middle layer, the can configured

to reflect some light reflected by the PBG stack back to the PBG stack.
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