WO 20047100327 A2 |00 00 DO O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

(43) International Publication Date
18 November 2004 (18.11.2004)

A O

(10) International Publication Number

WO 2004/100327 A2

HO01S

(51) International Patent Classification’:

(21) International Application Number:
PCT/US2004/006659

5 March 2004 (05.03.2004)
English

(22) International Filing Date:
(25) Filing Language:

(26) Publication Language: English

(30) Priority Data:
60/452,268
60/453,185

(71) Applicant (for all designated States except US): CALI-
FORNIA INSTITUTE OF TECHNOLOGY [US/US]J;
1200 East California Boulevard, Pasadena, CA 91125 (US).

Us
UsS

5 March 2003 (05.03.2003)
10 March 2003 (10.03.2003)

(72) Inventors; and

(75) Inventors/Applicants (for US only): SCHERER, Axel
[DE/US]; 1900 Catalina Street, LLaguna Beach, CA 92651
(US). LONCAR, Marko [YU/US]; 8 Brastow Avenue
#1R, Somerville, MA 02143 (US).

(74) Agent: FELDMAR, Jason, S.; Gates & Cooper LLP,
Suite 1050, 6701 Center Drive West, Los Angeles, CA
90045 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG,
PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM,
ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), Euro-
pean (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR,
GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, SK,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

[Continued on next page]

(54) Title: PHOTONIC CRYSTAL LASER SOURCES FOR CHEMICAL DETECTION

(57) Abstract: A system, method and apparatus provide the ability to de-

OBTENIR LASER A
STRUCTURE CRISTALLINE
PHOTONIQUE

1000
_f_

INTRODUIRE ANALYTE
DANS CAVITE LASER

| 1002

| 1004

POMPER CAVITE

DETECTER SUBSTANCE
CHIMIQUE AU MOYEN
D'UNE EMISSION

1006
_j'-

tect a chemical in an analyte. To detect the chemical, the invention utilizes
alaser having an open cavity. A photonic crystal lattice structure having a
defect defines a suitable geometry for such a cavity. The analyte is intro-
duced directly into a high optical field of the cavity. Thereafter, the cavity
is pumped and an emission from the laser is used to detect the presence
of the chemical in the analyte.
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PHOTONIC CRYSTAL LASER SOURCES FOR CHEMICAL DETECTION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit under 35 U.S.C. Section 119(e) of the

following co-pending and commonly-assigned U.S. provisional patent application(s),
which is/are incorporated by reference herein:

[0002] Provisional Application Serial No. 60/452,268, filed on March 5, 2003, by
Marko Loncar and Axel Scherer, entitled “Photonic Crystal Laser Sources for
Chemical Detection,” attorneys’ docket number 176.17-US-P1 (CIT-3855-P); and
[0003] Provisional Application Serial No. 60/453,185, filed on March 10, 2003, by
Marko Loncar and Axel Scherer, entitled “Photonic Crystal Laser Sources for

Chemical Detection,” attorneys’ docket number 176.17-US-P2 (CIT-3855-P2).

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

[0004] The invention was made with Government support under Grant No. BES-
011949; ECS-9912039 awarded by the National Science Foundation. The

Government has certain rights in this invention.

BACKGROUND OF THE INVENTION
1. Field of the Invention.

[0005] The present invention relates generally to chemical detection, and in
particular, to a method, apparatus, and article of manufacture for detecting chemicals

using photonic crystal laser sources.

2. Description of the Related Art.
[0006] (Note: This application references a number of different publications as
indicated throughout the specification by one or more reference numbers within

brackets, e.g., [x]. A list of these different publications ordered according to these
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reference numbers can be found below in the section entitled “References.” Each of
these publications is incorporated by reference herein.)

[0007] Various prior art techniques have been used to detect and determine the
presence of a chemical in an analyte. An example of one such technique is the use of
a semiconductor laser that is pumped such that the laser emission is projected into the
analyte. The amount of refraction, emission, or spectra that is observed may then be
used to determine the chemical composition within the analyte. However, such
measurements may be inaccurate, require substantial amounts of analyte to perform
the analysis, and may not provide sufficient sensitivity for detecting a particular
substance.

[0008] Another example of a measurement technique is spectroscopy. Spectroscopy
(such as infrared absorption spectroscopy [IR], or Raman spectroscopy) is a method
often used to detect and identify substances (e.g., gases, liquids, or solids) such as
toxic or explosive materials. To identify an unknown substance, the spectra (e.g., the
wavelength and intensity) of light (that has been absorbed, emitted, or scattered) from
the molecules of the unknown substance are measured. In this regard, the spectra of
light provide a “fingerprint” that can be used to identify the molecules.

[0009] Spectroscopy utilizes the absorption, emission, or scattering of
electromagnetic radiation by atoms or molecules (or atomic or molecular icons) to
qualitatively or quantitatively study the atoms or molecules, or to study physical
processes. To measure spectral reflectance, a variety of different types of
spectrometers may be used. In this regard, spectrometers often record a spectrum on a
detector at a focal plane after a light ray/beam proceeds through a series of lenses,
apertures, stops, and diffraction gratings.

[0010] The construction of compact spectroscopic tools for the optical analysis of
ultra-small (~10'18 liter) sample volumes remains an important goal in the
development of integrated microfluidics systems. Miniaturization of appropriate light
sources and detectors can enable very compact and versatile “laboratory on a chip”

devices, in which many analytical functions can be monolithically combined. One of
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the device integration platforms which is ideally suited to enable such integration of
ultra-small and efficient optical components is the membrane based planar photonic
crystal, defined in high refractive index contrast materials by standard lithography and
semiconductor fabrication processes. A photonic crystal is a fabricated material with
a spatially periodic dielectric constant, for example, a dielectric slab with a lattice of
holes etched in it. Some lattice types can exhibit a photonic bandgap, a range of
wavelengths of light for which propagation through the material in certain directions
is not allowed. A defect in the lattice, for example, a missing hole, can give rise to
localized modes with wavelengths within the photonic bandgap, thus acting as an
optical cavity.

[0011] High quality optical cavities with mode volumes far below a cubic
wavelength may be used to obtain very high optical field intensities from ultra-small
laser sources. Until recently, the applications of planar photonic crystals have been
restricted to large-scale integration of optical wavelength division multiplexing
(WDM) components for telecommunications. Compact lasers, detectors, modulators,
waveguides and prisms have been fabricated and demonstrated in semiconductor slabs
of silicon, GaAs or InGaAsP [1]. These devices have been used to generate,
concentrate and route light efficiently within nanophotonic chips. Discrete planar
photonic crystal nanocavities with high quality factors and small mode volumes have
also been applied to cavity QED experiments [2]. These take advantage of the strong
overlap between a spectrally narrow light emitter placed into the intense
electromagnetic fields of a high finesse optical nanocavity.

[0012] However, to date, photonic crystal cavities have not been used to provide
sensitive detection of chemicals. Further, prior art spectroscopy has many limitations
including requiring the use of large amounts of analyte and a lack of sensitivity in

determining the presence of certain chemicals.
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SUMMARY OF THE INVENTION

[0013] The invention provides the ability to utilize photonic crystal lasers that
permit the introduction of analyte within the peak of the optical field of a lasing mode.
Accordingly, the unique design of the laser cavity geometry (i.e., comprising photonic
crystal) in combination with the ability to place the anlayte directly into the cavity
provides the capability to conduct high-resolution spectroscopy with single-molecule
sensitivity. In this regard, the nanocavity lasers of the invention may be used .to

perform spectroscopic tests on femtoliter volumes of analyte.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:

[0015] FIG. 1A illustrates a magnified view of an unconventional cavity geometry in
accordance with one or more embodiments of the invention;

[0016] FIG. 1B illustrates the calculated field distribution of a photonic nanocavity
laser sensor followed by two dipole modes supported in the cavity in accordance with
one or more embodiments of the invention;

[0017] FIG. 2A illustrates the Q factor of HQ mode (p/a=25%) on the refracive
index of an analyte in accordance with one or more embodiments of the invention;
[0018] FIG. 2B shows the dependence of the eigen-frequency of the lasing mode in
accordance with one or more embodiments of the invention;

[0019] FIG. 3 illustrates the measured laser spectra of a phontonic nanolaser sensor
when filled with air, methanol, and IPA in accordance with one or more embodiments
of the invention;

[0020] FIG. 4 shows the position of the resonances from six different lasers after
immersion in air, isopropyl alcohol (IPA) and methanol in accordance with one or

more embodiments of the invention,
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[0021] FIG. S illustrates both the structure and accompanying spectra of three
optical cavities fabricated within a common photonic crystal slab in accordance with
one or more embodiments of the invention;

[0022] FIG. 6 illustrates the interrogation of the wavelength shift in a laser (blue)
with a cavity enhanced detector in accordance with one or more embodiments of the
invention,;

[0023] FIG. 7 illustrates a schematic diagram of how the MSL process is used to
create nanofluidic chips in accordance with one or more embodiments of the
invention;

[0024] FIG. 8A illustrates a schematic diagram of a nanoliter pump in accordance
with one or more embodiments of the invention;

[0025] FIG. 8B is a graph illustrating the pump throughput as a function of actuation
frequency in accordance with one or more embodiments of the invention;

[0026] FIG. 9 is a device illustrating a fluidic channel arranged in a circle, with
inputs and outputs, and permits the user to pump fluid in a closed loop in accordance
with one or more embodiments of the invention; and

[0027] FIG. 10 is a flow chart illustrating the detection of a chemical in accordance

with one or more embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0028] In the following description, reference is made to the accompanying
drawings which form a part hereof, and which is shown, by way of illustration, several
embodiments of the present invention. It is understood that other embodiments may
be utilized and structural changes may be made without departing from the scope of

the present invention.

Overview
[0029] One or more embodiments of the invention define photonic crystal lasers that

permit the introduction of analyte within the peak of the optical field of the lasing
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mode. Accordingly, the invention provides a novel cavity design combined with the
introduction of analyte into the cavity.

[0030] Photonic crystal lasers may be with different ambient organic solutions.
Further, nanocavity lasers can be used to perform spectroscopic tests on sub-femtoliter
volumes of analyte, and photonic crystal lasers may be used for high-resolution
spectroscopy with single-molecule sensitivity. In addition to precise measurement of
the index of refraction, the high optical field in the laser sensor cavities may be used
for Raman spectroscopy and absorption spectroscopy. In contrast to larger laser
cavities, the photonic crystal lasers support only one or two modes and do not suffer
from problems with mode-hopping associated with larger semiconductor lasers.
[0031] Compact and robust chip-based spectroscopy systems may be built
monolithically by integrating laser sources with filtered detectors in planar photonic
crystal slabs. Sensors produced in this manner may be integrated with microfluidic
systems that can deliver and react picoliter volumes of analyte. Further, similar lasers
may be used for the visible and near-IR wavelength ranges from 600-1000nm as well
as wavelength ranges from 2000 to 10,000nm by applying different materials systems

and scaling the described geometry with the wavelength.

Technical Rationale

[0032] Embodiments of the invention use planar photonic crystal cavities in the
development of chemical sensors, with high spectral resolution and excellent
sensitivity to changes in the absorption or refractive index of their surrounding. By
combining an unconventional cavity geometry with optical gain at 1550nm, ultra-
small sensor elements may be defined that can emit a very narrow spectrum. Since
these are lithographically defined, such sources can easily be integrated into large
arrays to perform biological and chemical analysis on extremely small reagent
volumes with outstanding sensitivity.

[0033] FIG. 1A illustrates a magnified view of an unconventional cavity geometry in

accordance with one or more embodiments of the invention. As illustrated, the cavity
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is based on fractional edge dislocations 102 and distribution of Eampl in the case of
High-Q mode (see detailed description below). Further, as illustrated, a single defect
104 is used in the cavity design.

[0034] FIG. 1B illustrates the calculated field distribution of a photonic nanocavity
laser sensor (i.e., for the magnified view of FIG. 1A) followed by two dipole modes
supported in the cavity: mode profile 106 and polarization 108.

Laser Design

[0035] As described above, embodiments of the invention define a novel cavity
geometry. The cavity geometry utilized to sense/detect the chemicals in an analyte is
based on a single defect triangular lattice planar photonic crystal [2-11]. In addition to
the introduction of a smaller hole 104 to define the optical cavity, a fractional edge
dislocation 102 is introduced by extending the length of one of the rows of holes to
break the symmetry of the optical cavity.

[0036] The prior art experimentally describes the advantages of such a structure, and
have shown that it supports modes with both high Q [9] and small Vimoge [12]. As
used herein, Q refers to the figure of merit of a resonator defined by the average
energy stored in the resonator divided by the energy dissipated per cycle. In this
regard, the higher the reflectivity of the surfaces of an optical resonator, the higher the
Q and the less energy loss from the desired mode.

[0037] When defined within InGaAsP (Indium Gallium Arsenic Phosphide)
membranes, low-threshold room temperature lasers have also been defined [8]. The
cavity design is shown in FIG. 1B and it can be seen that the energy of the mode is
mostly confined to the central defect hole 104. In order to increase the interaction
between light and the material within that hole, a larger defect hole diameter is
preferred. However, increasing this hole reduces the gain provided by the light
emitting quantum wells within the laser cavity and thereby increases the threshold of

the laser. Therefore, a trade off between the optical overlap with the analyte cavity
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and the optical gain is needed. Such a problem may be addressed using numerically
modeling.

[0038] The laser cavity may be defined using 3-D finite-difference time-domain
modeling. The thickness of the slab with refractive index of 3.4 was d=0.75a, where a
is the lattice parameter of the photonic crystal. The size of the holes which define the
planar photonic crystal mirror surrounding the cavity was r=0.3a. A single defect
donor cavity 104 in a triangular lattice photonic crystal without the fractional edge
dislocation 102 is known to support two doubly-degenerate, linearly polarized, dipole
modes [13] with rather modest quality factors of several hundred.

[0039] However, as the photonic crystal lattice is stretched by introducing a
fractional dislocation, these modes start to interact, the degeneracy between them is
lifted, and the quality factor of one of these modes is increased to over 6000. This
optical Q can be separated into the vertical component (Quvert), which accounts for all
out-of-plane losses from the cavity, and the lateral component (Qiat), which accounts
for in-plane losses. The highest Q that can be achieved within a planar photonic
crystal cavity is usually limited by Qver, since Qi can be arbitrarily increased by
lithographically adding more photonic crystal layers around the photonic crystal defect
[13]. It is of interest to determine the change in this Q as the cavity is back-filled with
reagents.

[0040] FIG. 2A illustrates the Q factor of HQ mode (p/a=25%) on the refracive
index of an analyte in accordance with one or more embodiments of the invention.
From FIG. 24, it may be observed that the highest Q (of above 6000) that may be
achieved in the modeled cavity design occurs at an ambient refractive index n=1, and
this value deteriorates as the refractive index of the ambient surrbunding the photonic
crystal cavity is increased. This decrease in Q is a result of the weaker vertical
confinement of light by total internal reflection, and can be compensated for by
increasing the thickness of the photonic crystal slab.

[0041] Another important figure of merit for evaluating the performance of a laser

spectrometer is the gain provided by the active material to the lasing mode. As the
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defect hole diameter is decreased and the amount of dislocation is increased, a better
overlap between the optical cavity mode and the quantum wells, and a decrease in the
laser threshold may be expected. However, it is important in spectroscopy
applications that the defect hole is large in order to obtain the desired interaction
between optical cavity field and the reagent. Therefore, re.r=0.15a and p=0.25a may
be used as a laser sensor design.

[0042] As described above, lasers may be immersed into solvents in order to
investigate the properties of the analyte. Therefore, it is important to investigate the
effects that refractive index of analyte (n>1) has on the eigen-frequency and Q of the
laser resonance. FIG. 2B shows the dependence of the eigen-frequency of the lasing
mode. It can be seen that Q values over 1000 can be achieved even when the laser is
immersed in an analyte with refractive index nanayte=1.4. It may also be seen that the
frequency of the resonant mode, as well as the band edges of the PBG (photonic
bandgap), depend linearly on the refractive index of the analyte. From linear fits of
the dependence of the resonant frequency on the refractive index of the analyte
(Manaiyte), the sensitivity of the cavity may be estimated. Accordingly, the wavelength
shift of the resonance should be approximately AA~266.An for the cavity geometry
used in the example (FIG. 1). The magnitude of the shift depends on the precise cavity
geometry used and must be re-calibrated for each laser.

[0043] Ifit is assumed that the cavity is embedded in a typical polymer (n~1.4) and
below the lasing threshold, a change in refractive index that is still observable from
cavity Q values would be An~0.002. That would provide a wavelength shift of
AX~0.54nm. On the other hand, once optical gain is introduced into the cavity, as in
the case of the a laser spectrometer, the linewidth of emission is significantly
narrowed, and therefore much higher sensitivities of An<<0.001 can be measured even
in cavities with modest Q factors.

[0044] To demonstrate the above, photonic crystal nanolasers can be fabricated from
InGaAsP quantum well material. Optical gain provided by four 9nm thick,

compressively strained quantum wells, may then be placed in the center of a 330nm
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thick InGaAsP slab. The emission from the quantum wells is in the range of
1300nm<).<1600nm, and these can be embedded within a free standing membrane,
patterned with a photonic crystal lattice as shown in FIG. 1B. The precise emission
wavelength can be controlled either by scaling the lattice parameter, or by changing
the size of the defect hole 104 introduced into the lattice to form the cavity. The
structures can then be tested using micro-photoluminescence approach, and optically
pumped at room temperature with 30ns pulses of 3us periodicity (Apump=830nm).
Further details of fabrication procedure and experimental methods can be found in

Reference [8].

Chemical Sensing

[0045] Embodiments of the invention utilize low-threshold laser cavities as
chemical sensors. The porous cavity design of the invention permits the introduction
of analyte directly into the high optical field of the laser cavity. When the overlap
between that introduced analyte and the optical field generated in the laser cavity is
optimized, the sensitivity of a fabricated nanocavity sensor can be maximized.
Moreover, the ultrasmall mode volume of the lasers permits the sensitivity to optical
changes within sub-femtoliter volumes. Photonic crystal nano-cavities can support
high optical fields with very small mode volumes (Vmode), and such structures may be
ideal for the analysis of reagent volumes below 10""® liters. This enables the sensing
and analysis of individual organic molecules or self-assembled quantum dots, and
offers a unique opportunity to achieve strong interaction between light and molecules
on a nano-scale level.

[0046] The introduction of absorbing or fluorescing molecules into such cavities
may also have a large influence on the optical signature, and in turn the high fields
obtained can be used to excite nonlinear effects and can be used for spectroscopy on
the cavity contents. Further, when properly designed, room temperature lasers can
operate within an analyte, and changes in refractive index of the material within the

laser cavity can be optically detected. For example, FIG. 3 illustrates the measured
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laser spectra of a phontonic nanolaser sensor when filled with air, methanol, and IPA.
[0047] The simplest method of optically sensing ambient material uses the laser
spectrum to determine the cavity length and thus the refractive index of a reagent
within the cavity. This method uses the wavelength shifts in the laser spectrum when
the laser is immersed into a solution or exposed to a material to measure its refractive
index. In this method, the sensitivity of the sensor depends on the smallest change in
refractive index that can be optically detected. In passive devices, this is related to the
width of the cavity resonance Fabry-Perot peak which in turn is determined by cavity
quality Q, and can be as small as ~0.2nm in the presented cavity design.

[0048] However, a laser linewidth can be much narrower than the Fabry-Perot cavity
peak, and even smaller shifts in the lasing wavelength can be detected by taking
advantage of the spectral narrowing from stimulated emission above the laser
threshold. To test the influence of a change in ambient refractive index on the laser
spectrum of a cavity, photonic crystal lasers may be back-filled with isopropyl alcohol
and methanol.

[0049] FIG. 4 shows the position of the resonances from six different lasers after
immersion in air, isopropyl alcohol (IPA) and methanol. It can be seen that
wavelength shifts of up to 67nm can be observed when a cavity is immersed in IPA.
This red-shift corresponds to a change in refractive index from 1.0 to 1.377, and yields
roughly 1nm spectral shift for a 0.0056 change in refractive index. When IPA is
replaced with methanol (n=1.328), the laser resonance experiences a blue shift of
~9nm, which is again in good agreement with predicted shift of ~13nm from
theoretical predictions (FIG. 2B).

[0050] The dependence of the cavity resonance wavelength on the lithographic laser
geometry, particularly the lattice constant and the dislocation in the photonic crystal
cavity may also be demonstrated. Resonances experience red shifts of ~80nm when
the periodicity is changed from a=446nm (dashed lines) to a=460nm (solid lines).
Such shifting confirms that it is possible to lithographically adjust the emission

wavelength to ensure an overlap of the cavity resonance peak with the InGaAsP
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quantum well emission gain curve even when the cavities are immersed in a reagent.
[0051] Laser threshold curves before and after immersion into alcohol are also
presented in FIG. 4. After immersion, the laser threshold power for the cavity
measured was reduced since the emission wavelength was shifted to match the
maximum gain of the quantum wells. However, the differential quantum efficiency of
the immersed cavity is slightly lower, which may reflect the lower laser cavity Q after

immersion.

Dense Integration of Laser Sensors

[0052] Structures may also be tested with different defect hole radii (rsef) within the
same photonic crystal slab in order to explore the integration multi-wavelength
photonic crystal lasers with lithographically predetermined spectra. These devices are
particularly interesting as compact multi-wavelength light sources, but are also useful
if many reactions have to be monitored at the same time. Individual reactions can be
observed in laser cavities which have predetermined sﬁectral signatures, and optically
read by observing changes in the collective spectrum of a multiwavelength laser array.
[0053] FIG. 5 illustrates both the structure and accompanying spectra of three
optical cavities fabricated within a common photonic crystal slab with lattice constant
a=446nm and r=134nm. The fabricated structure consists of three cavities integrated
within the same PPC mirror. Defect holes are indicated by arrows, and their size
increases from right to left. The sizes of the defect holes which define the optical
cavities were varied from rsmar=74nm, rmi¢=85nm and rvig=97nm, and a detailed view
of one of the cavities is shown in the inset. The distance between the three cavities is
10 lattice periods or ~4.5 um. To measure these lasers, the cavities were pumped
individually, and well-confined spectra were obtained from each of these cavities. The
lasing wavelength of these cavities can be tuned from 1420nm (for rvig) to 1550nm
(for rsman). FIG. 5 also illustrates the resonances detected in each cavity. Mode
experience blue-shift as the size of the defect hole increases. Positions of the pump

beams are also shown.

12



WO 2004/100327 PCT/US2004/006659

10

15

20

25

[0054] By using adjacent resonator cavities, the integration of light sources with
detectors is also possible, since InGaAsP quantum well material can be used both for
the generation of light, as well as for the detection of light. Filtered photonic crystal
nanocavity detectors can be included to monitor the output of adjacent laser diodes, as
long as the detector resonance wavelength coincides with the lasing wavelength. By
monitoring the intensity of the detector signal, it is possible to observe small changes
in the laser emission wavelength. The invention demonstrates both the integration of
multiple laser cavities that can be back-filled with analyte and used as refractive index
probes, as well as their interrogation with wavelength-matched photonic crystal

nanocavity detectors which can be fabricated in very compact tandem sensor systems.

Photonic Crystal Laser Chemical Detection Use

[0055] The narrow emission lines from laser cavities with small mode volumes
(~10'17-1O']8 liters) provide excellent opportunities for chip-based integration of
optical spectroscopy systems. Such lasers may be operated in various solvents.
Further, shifts in the refractive index of the ambient material surrounding the laser
cavities can be measured by monitoring the laser spectrum. Small changes in the
refractive index or absorption can be detected within femtoliter volumes of reagent,
and such devices can be integrated into large arrays to permit the simultaneous
analysis of many reagents. However, the problems of reading out the signals for
compact monitoring and sensing systems are still formidable. Nonetheless, if on-chip
read-out of the signals is possible, and if such lasers can be demonstrated in spectral
ranges where direct excitation of molecular absorption and dye fluorescence are
possible, the proposed photonic crystal laser may provide an unsurpassed
spectroscopic capability in both size and resolution.

[0056] Embodiments of the invention also present methods for on-chip integrated
readout and analysis, as well as laser spectrometers with materials systems that will
allow shorter wavelength operation. Since InGaAsP can serve both as a laser gain

material as well as a material for light detection, it is possible to develop and use
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compact and integrated spectroscopy systems for detection of chemical and biological
molecules. Such systems may be similar in principle to optical communications opto-
electronic integrated circuits (OEICs), but do not suffer from the severe requirements
of high speed and low insertion loss needed by telecommunications systems.

[0057] Since the lasers described herein are intended for biochemical sensing by
backfilling the defect hole in the photonic crystal cavity with reagent, absorption and
Raman spectroscopy can also be conducted for the analysis of chemicals within the
nanolaser cavity. Moreover, since the optical field intensity is optimized to be highest
in the center of the microfabricated hole containing the reagent, the optical field
generated in the laser cavity can be used to optically trap materials (quantum dots,
metallic particles, and even large molecules) of higher refractive index than the

solvent surrounding the cavity.

On-Chip Laser Interrogation

[0058] The simplest method for using the proposed laser to analyze reagents is to
measure the refractive index, which in turn can be monitored by the emission
wavelength of the laser. Without integration, this measurement requires a
spectroscopic read-out system with a high spectral resolution, typically obtained from
a grating-based spectrometer. Apart from the large volume and complexity of such
systems, it is more difficult to obtain high resolution with low insertion loss from light
scattered from the top surface the photonic crystal laser than to tap into the in-plane
lasing mode within the photonic crystal. Therefore, integration of detectors and lasers
can be of great interest for active materials systems. It is possible to design tandem
laser/detector systems to determine the laser wavelength.

[0059] FIG. 6 illustrates the interrogation of the wavelength shift in a laser (blue)
with a cavity enhanced detector. A cavity-enhanced photodetector with a modest Q
value is lithographically tuned to the emission wavelength of the emitting laser. In
many respects, the filtered detector uses a similar nanocavity as the laser, except that it

is reverse biased. A photo-induced signal proportional to the optical power coupled
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into the detector resonance peak is thus obtained. In a digital system, the detector
cavity can be tuned to the lasing frequency and any change in laser wavelength
detunes the two wavelengths and turns off the detector signal with a very high
contrast.

[0060] The invention may utilize a detection approach in which small changes in
laser frequency (from A1 to A2) are converted into readable changes in detector current
(from I; to I). For such a system, the contrast obtained is related to the cavity Q of
the detector. After a simple calibration, a change in measured electrical detector
signal can be related to a corresponding shift in lasing wavelength, a change in the
laser cavity length and thus a change in the refractive index within the cavity. In this
measurement, it is assumed that the laser power is constant, that the detector window
and the emission frequency of the laser and the detector overlap, and that the detector
window remains constant during the measurement. These assumptions can be
satisfied within an appropriately designed microfluidic or gas monitoring system, as
detailed below.

[0061] Laser/detector tandem systems may also be built, integrated within the same
photonic crystal slab containing active InGaAsP nanocavities, in which lasers are
either optically or electrically pumped, and detector signals are electronically read out.
A simple system can measure the refractive index and operate in either liquid or
gaseous environments at room temperature, with excellent sensitivity provided by the
ultra-small mode volumes of the cavities and the narrow spectrum of the laser. This
system may be designed for optimal coupling of light from the laser into the detector,
both lithographically aligned to ensure minimal insertion loss.

[0062] The detector can be designed without a void within its optical cavity,
rendering its resonance frequency much less sensitive to ambient changes in the
refractive index, and the measurement resolution is ultimately governed by the
linewidth of the laser source, determined by the spectral narrowing through stimulated

emission.
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Changing the Spectral Range of Photonic Crystal Lasers

[0063] Spectroscopy for chemical detection of biological analysis is typically
performed in the UV/Visible and the mid-IR wavelength ranges. This is a result of
the availability of sources, detectors, and fluorescent dyes, but is also determined by
the energy ranges at which bonds and molecular vibrations of molecules are excited.
The 1.55 pum range, although convenient from the availability of efficient laser
material, is not usually considered to be an interesting range for direct absorption
measurements. Apart from some exceptions, such as sugars and acetylene which
absorb in the near-IR, and the generally undesirable absorption of light in aqueous
solutions due to the OH” excitation peak at 1.41 pm, the 1.2-2.1 ym window provided
by the InGaAsP lasers (of the present invention) may only have few applications in
direct absorption measurements. On the other hand, the determination of the
refractive index may be a very selective sensing approach even at such wavelengths.
[0064] Photonic crystal lasers of the invention may be used in materials systems
other than InGaAsP. Further, a cavity enhanced detector in shorter wavelength ranges
may also be provided. An additional benefit from reducing lasing wavelength is the
improvement of the Raman excitation efficiency of molecules, which is typically
inversely proportional to the pump wavelength. Lower wavelengths are therefore
desirable from the point of view of higher efficiency Raman peak generation, but also
provide cavities with smaller absolute mode volumes. For example, a shift from
1550nm (InGaAsP/InP) to 690nm (InGaP/InGaAlP/GaAs) corresponds to an over 10-
fold reduction in sampling mode volume of the reagent in the cavity (to significantly
below 107 liters). This geometric factor in turn can lead to an increased sensitivity to
single molecules within that volume.

[0065] The present cavity design, with Q values up to 7000, may permit the
definition of optically pumped lasers in visible light emitting materials systems. Tests
have confirmed that carriers in InGaP/InGaAlP quantum wells, lattice matched to

GaAs, suffer from only modest surface recombination, which permit the definition of
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ultra-small and highly efficient photonic crystal lasers in the 600-700nm wavelength
range.

[0066] Laser sources in the InGaN/GaN/AlGaN materials system may also be used,
emitting in the blue and green (350nm<)\<500nm). While photonic crystal cavities in
InGaN/GaN quantum wells may be defined, the vertical confinement of light may be
limited by the relatively small refractive index contrast available between InGaN and
AIN. To provide good confinement of an optical mode, anisotropic and isotropic
selective etching methods may be used to enable the definition of blue optically
pumped InGaN laser cavities, with sampling volumes as small as 10™"® liters.

[0067] One key advantage of such a sensor application is that it is not necessarily
desirable to electrically pump the laser sources. Optical pumping, through elastomeric
fluid channels and the solvents inside, may be the most convenient method for
actuating the lasers. Further, electronic circuitry may be required for measuring the
photovoltaic or photocurrent detector response, and problems with carrier mobilities,
heating, light re-absorption, Auger and surface recombination are far less significant
in the filtered detectors than in low-threshold lasers. Accordingly, the invention uses
small mode volumes and the high fields in the laser cavities to analyze ultra-small

reagent volumes.

Decoration of Molecules and Optical Tweezing

[0068] Laser sensors may also be used to conduct fluorescence, luminescence and
absorption sensing of single molecules after their decoration with fluorescent dyes,
self-assembled quantum dots, or a nanometallic plasmon particles. Photonic crytsal
lasers that can emit in the near near-IR, may be used for fluorescence purposes, as
efficient two-photon absorption and fluorescence dyes have been developed for high
resolution biological imaging. If specific molecules of interest are tagged with such
dyes, visible signals can be observed when the decorated molecules enter the laser

cavity.
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[0069] Self-assembled PbSe and PbS quantum dots can also be used to decorate
molecules of interest, and serve as luminescence indicators (i.e., as indicators for
whether the molecules of interest are in the cavity that is then used to perform optical
spectroscopy). Similarly, lasing in the cavity can be quenched if molecules tagged
with absorbing nanoparticles, such as plasmon scatterers are introduced into the
nanocavity.

[0070] The large optical field within the center of the laser sensor cavity can also
hold samples in place during the analysis through optical tweezing, as long as the
material of interest has a higher index of refraction than the ambient solvent. Thus,
nanoparticles will be attracted to the center of the optical cavity and kept in place
through the optical field. This provides the opportunity to place reagents into the
optical cavity, and to hold them in place while performing spectroscopic observation
of a reaction between that reagent and molecules of interest. It also provides a
mechanism for scavenging single molecules of interest in very dilute solutions and
concentrating these in the optical nanocavities — artificially improving the
concentration sensitivity of the sensor systems.

[0071] The ultra-small mode vcglumes of the lasers result in high spontaneous
emission coupling efficiencies (of approximately 80%), which translates into efficient
pumping of the lasing mode by the quantum wells providing gain. This spontaneous
emission coupling efficiency supports very high modulation rates, and presents the
opportunity to perform pulsed measurements on delicate organic samples, avoiding
bleaching and chemical deterioration of the molecules of interest.

[0072] When a metallic nanoparticle is introduced into an optical laser cavity, two
effects may combine to generate extremely high electromagnetic fields. The small
mode volume of the laser cavity ensures high optical fields, and these in turn excite
plasmon modes in appropriately designed gold or silver nanoparticles. The high fields
from the surface plasmon particles in turn provide Raman signatures of molecules
attached to the metal colloids similar to those found in surface enhanced Raman

spectroscopy (SERS), a technique which has long held the promise for single

18



WO 2004/100327 PCT/US2004/006659

10

15

20

25

molecule spectroscopy. Further, SERS may be integrated into a laser cavity, to

observe Raman effects at very high optical fields.

Laser Tuning, Self-Modulation and Switching
[0073] Since the above-described lasers can be operated after back-filling with a

variety of materials, it is possible to insert photorefractive materials into the cavity.
This presents the opportunity for switching, tuning and modulation. Accordingly, in
embodiments of the invention, optically active polymers may be inserted, that have
fairly low refractive indices and can be introduced into the cavities by spinning,
dipping and subsequent electrostatic poling if required, into the nanocavities.

[0074] Of particular interest is the self-modulation or Q-switching of the nanolasers
with photorefractive material. In such a device, the high field intensities and the
efficient modal overlap between electromagnetic field and nonlinear polymer may
assist in defining small active devices in which the lasing mode and cavity Q are tuned
to modulate above and below lasing threshold.

[0075] Since the cavity may only support one or two modes, self-modulation with
good contrast can be measured, since energy is not simply swapped from one mode to
another. Another technological opportunity arises from the coincidence of recently
developed high quality and very fast optically active polymers, such as chromophores,
and the unconventional laser design. Fast self-modulating lasers may be designed as
well as ultra-fast optical switches for bit-switching in communications and optical

computing systems using the nanocavities.

Integration with Microfluidics

[0076] Ultra-small laser cavities lend themselves to the rapid integration with
microfluidic systems. Fluidic “circuits” may be fabricated that can be used to

manipulate and react sub-picoliter volumes on a chip. Valves and pumps may also be
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used in a multi-layer soft lithography (MSL) process within RTV silicone elastomer,
that has been demonstrated for cell sorters, enrichment chips and multi-well reaction
chips with over 1000 monolithically integrated valves. Embodiments of the invention
integrate the optical spectroscopy tools within fluidic circuits. Valves, which may be
based on pneumatic actuation, provide dead volumes of ~1 picoliter, and can be
actuated millions of times, and shift register addressing techniques may use the
lithographic geometry of the pneumatic channels to leverage 18 input lines into over
1000 operations on the fluidic chips.

[0077] Since the introduction of the first microfabricated electro-kinetic analytical
device in 1991 [14], much work has been focused on using electrokinetic forces to
separate ionic species such as peptides and DNA fragments through capillary
electrophoresis [15-20]. Gradually, it has become apparent that the true potential of
microfabricated devices lies in the ability to integrate a complete analysis system ““on
chip”.

[0078] The invention provides such a complete analysis system in a microfabricated
device that may perform more than just separation and detection. This “lab on a chip”
may integrate functionalities such as sample handling, mixing, incubation, sorting,
transportation, recovery, and automation. Thus, other means for controlling fluid flow
within microfabricated devices have been considered. Dielectrophoresis [21,22] and
pressure switching [23] may be used to create valveless switches for separation of
particles and cells within microchannels. Spatially fixed temperatures zones may also
allow incubation at various regions in the microchannels {24]. Multiple ports and
plugs dispense and dilute reagents for enzymatic reactions [25,26]. These advances in
integrated analysis systems provided the opportunity for chips that can perform
enzymatic assays [27,28], immunoassays [29,30], polymerase chain reaction [24,32]
and cell sorting [21,29].

[0079] However, realizing the lab on a chip vision requires a high degree of
integration of these individual elements. A major obstacle hampering progress has

been the lack of scalable plumbing. While electrokinetic flow and direct pressure
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manipulation are suitable for simple devices, they do not scale well to more
complicated devices. This problem may be solved through active integrated
nanofluidic valves and pumps using multilayer soft lithography [30]. These valves
allow for the manipulation of nanoliters and even picoliters of fluid [22] and are
scalable to Large Scale Integration (LSI) densities [31].

[0080] Multilayer soft lithography (MSL) is a micromachining technique that
exploits the elasticity and the surface chemistry of silicone elastomers in order to
create monolithic valves within nanofluidic devices [30]. This technique is based on
the rapid prototyping and replica molding techniques of soft lithography. A
monolithic chip can be made of multiple layers of elastomeric channels, each layer
having been cast from a microfabricated mold.

[0081] FIG. 7 illustrates a schematic diagram of how the MSL process is used to
create nanofluidic chips. In a typical two-layer system (as illustrated in FIG. 7), the
bottom layer 702 consists of fluidic channels where the sample will be introduced and
manipulated. The top layer 704 has control channels by which the valves will be
pneumatically actuated. When pressurized air or nitrogen 706 is introduced into a
control channel 704, the thin membrane between the two channels 702 and 704 is
deflected downward, sealing off the fluidic channel 702. In this way, a leakproof
active valve 708 with moving parts (illustrated in the fluidic circuitry 710) is created.
The simplicity and flexibility in multilayer soft lithography allows for a high degree of
integration of these plumbing units.

[0082] Multiplexing schemes have been developed to allow individual addressing of
these valves. FIG. 8A illustrates a schematic diagram of a nanoliter pump in
accordance with one or more embodiments of the invention. Three valving control
channels 802 cross a single fluid channel 804. By actuating the valves in phase, fluid
is pumped through the chip. The graph illustrated in FIG. 8B shows the pump
throughput as a function of actuation frequency.

[0083] These valves and pumps may be used to make a variety of chips, including

an integrated fluorescence activated cell sorter [32,33], a rotary pump [34], and a 12

21



WO 2004/100327 PCT/US2004/006659

10

15

20

25

nanoliter PCR machine [35]. The technology may be used to make highly integrated
chips with thousands of valves and hundreds of individually addressable chambers
[31]. It may also be succeésfully applied to large scale screening of protein
crystallization growth conditions, a major hurdle in structural genomics projects [36].
[0084] Embodiments of the invention provides new chip components that
implement the basic tools for biology, and these components enable the development
of true lab-on-a-chip devices for the life sciences.

[0085] Thus, as described above, embodiments of the invention provide for the
fabrication of highly functional analysis and sensor systems. By using microfluidics,
reagents or analytes can be moved from sensor to sensor, surfaces can be selectively
functionalized, and calibration tests can be performed, all on one monolithic chip with
transparent fluid flow channels and little or no worries about materials compatibility
between the fluidic and the opto-electronic platforms. As the fluidic capabilities
improves, the need for on-chip monitoring and sensing rapidly increases. The present
invention enables the performance of excitation spectroscopy, Raman spectroscopy,
refractive index determination, and absorption spectroscopy on few molecules within

a well-characterized optical cavity.

Highly Integrated Plumbing

[0086] The Multilayer Soft Lithography process described above may be applied to
the fabrication of integrated valves. Higher functionality is also attainable by
integrating many valves on a single chip. Perhaps the most simple multi-valve
construction is of a peristaltic pump: three consecutive valves [30]. These pumps can
achieve throughputs of a few nanoliters per second, sufficient for most if not all lab on
a chip applications. The next level of integration can be seen in the rotary mixing chip
[34]. This device, illustrated in FIG. 9, has the fluidic channel arranged in a circle,
with inputs and outputs, and permits the user to pump fluid in a closed loop. This
device has three fluid input/output ports and approximately 10 valves. Even this low

level of complexity results in a device with many applications. For example, such a
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device may be used for rapid mixing [34], acceleration of chemical kinetics [32], and

as an ultra-low volume PCR machine [35].

Logical Flow
[0087] FIG. 10 is a flow chart illustrating the detection of a chemical in accordance

with one or more embodiments of the invention. At step 1000, a photonic crystal
laser is obtained. The geometry of the cavity of the laser is based on a photonic
crystal lattice structure having a defect. As described above, the defect may be a
single defect hole in the photonic crystal lattice structure. Further, the lattice structure
may rely on altering the length of one or more holes in the lattice structure to break the
symmetry of the geometry of the cavity. Such an alteration effectively provides a
fractional edge dislocation.

[0088] At step 1002, an analyte is introduced directly into the high optical field of
the laser cavity. The analyte may be introduced by immersing the cavity into the
analyte. Alternatively, the analyte may be introduced by integrating the cavity with a
microfluidic system.

[0089] At step 1004, the laser cavity is pumped. The presence of the chemical in the
analyte may then be detected based on the emission from the laser. The presence of
the chemical may be detected by measuring a refractive index of the analyte by
determining a wavelength shift in the emission from the laser when the analyte is
introduced into the laser cavity. Alternatively, the detection may be based on
absorption spectroscopy where the cavity of the laser provides a predetermined
spectral signature (configured for a particular chemical) and the detection is based on
whether and what wavelength of light is emitted from the cavity. In yet another
embodiment, multiple laser cavities may be densely integrated, with each cavity
configured for a different predetermined spectral signature such that many reactions
can be simultaneously monitored. The analyte is introduced into all of the cavities

which are pumped to determine the presence of the chemical in the analyte.
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[0090] A cavity enhanced photodetector may also be used to receive the emission
from the laser. The photodector may be provide/covert the received emission into an
electrical signal (e.g., current or voltage) that is proportional to light within a
resonance range. The electrical signal may then be used to determine the length of the
cavity and a refractive index within the cavity to detect the chemical.

[0091] In addition to the above, a molecule within the analyte may be highlighted
using a dye (e.g., flourescent dye). A visible signal may then be observed when the
molecule approaches the cavity of the laser and the resulting emission may be
evaluated accordingly.

[0092] Also, the laser may be tuned to provide for the detection of chemicals. In
this regard, a liquid crystal may be in the cavity. An external voltage may be applied
to orient the crystal a particular way. This orientation effectively tunes the laser to a

particular output that can be evaluated/analyzed.
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Conclusion

[0129] This concludes the description of the preferred embodiment of the invention.
In summary, there are many opportunities which present themselves once one has the
opportunity to pump and probe sub-femtoliter sample volumes. The present invention
presents lasers that may only support one or two modes, whose frequency can be
precisely designed. Accordingly, it is possible to avoid the mode-hopping problems
commonly associated with larger micro-cavity semiconductor lasers. The invention
also provides for a tool-kit to make monolithic sensors using photonic crystal
nanocavity lasers, that may result in the radical reduction of size of spectroscopic
systems. The flexibility afforded by the ability to emit, confine, direct and monitor

light within planar photonic crystals enables the definition of ultra-small, robust
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optical interrogation systems which can be integrated with modern microfluidics.
[0130] The foregoing description of the preferred embodiment of the invention has
been presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications

5  and variations are possible in light of the above teaching. It is intended that the scope
of the invention be limited not by this detailed description, but rather by the claims

appended hereto.
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WHAT IS CLAIMED IS:

1. A system for detecting a chemical comprising:

a laser having a cavity;

a photonic crystal lattice structure having a defect that defines a geometry of
the cavity;

an analyte that is introduced directly into a high optical field of the cavity;,

an emission from the laser that is used to detect a presence of a chemical in the

analyte.

2. The system of claim 1, wherein the defect is a single defect hole in the

photonic crystal lattice structure.

3. The system of claim 1, wherein the photonic crystal lattice structure
further relies on altering a length of one or more holes in the lattice structure to break

a symmetry of the geometry of the cavity.

4. The system of claim 1, wherein the analyte is introduced by immersing

the cavity into the analyte.

5. The system of claim 1, wherein the analyte is introduced by integrating

the cavity with a microfluidic system.

6. The system of claim 1, wherein the presence of the chemical is
detected by measuring a refractive index of the analyte by determining a wavelength
shift in the emission from the laser when the analyte is introduced into the high optical

field of the cavity.
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7. The system of claim 1, wherein the cavity of the laser provides a
predetermined spectral signature for a particular chemical and the detecting step is

based on a wavelength of light emitted from the cavity.

8. The system of claim 7, wherein multiple laser cavities are densely
integrated, with each cavity having a different predetermined spectral signature and

many reactions can be simultaneously monitored.

9. The system of claim 1, further comprising a cévity enhanced
photodetector configured to receive the emission from the laser, wherein:

the photodector provides an electrical signal proportional to light within a
resonance range; and

the electrical signal may be used to determine a length of the cavity and a

refractive index within the cavity to detect the chemical.

10.  The system of claim 1, further comprising a dye used to highlight a
molecule within the analyte, wherein a visible signal is observed when the molecule

approaches the cavity of the laser.

11. A method for detecting a chemical comprising:

obtaining a photonic cryStal laser wherein a geometry of a cavity of the laser is
based on a photonic crystal lattice structure having a defect;

introducing an analyte directly into a high optical field of the cavity;

pumping the cavity; and

detecting a presence of a chemical in the analyte based on an emission from

the laser.

12. The method of claim 11, wherein the defect is a single defect hole in

the photonic crystal lattice structure.
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13. The method of claim 11, wherein the photonic crystal lattice structure
further relies on altering a length of one or more holes in the lattice structure to break

a symmetry of the geometry of the cavity.

14.  The method of claim 11, wherein the analyte is introduced by

immersing the cavity into the analyte.

15 The method of claim 11, wherein the analyte is introduced by

integrating the cavity with a microfluidic system.

16.  The method of claim 11, wherein the step of detecting a presence of the
chemical comprises measuring a refractive index of the analyte by determining a
wavelength shift in the emission from the laser when the analyte is introduced into the

high optical field of the cavity.

17. The method of claim 11, wherein the cavity of the laser provides a
predetermined spectral signature for a particular chemical and the detecting step is

based on a wavelength of light emitted from the cavity.

18.  The method of claim 17, wherein multiple laser cavities are densely
integrated, with each cavity having a different predetermined spectral signature and

many reactions can be simultaneously monitored.

19. The method of claim 11, wherein the detecting step further comprises
receiving the emission from the laser into a cavity enhanced photodetector, wherein:
the photodector provides an electrical signal proportional to light within a

resonance range; and
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the electrical signal may be used to determine a length of the cavity and a

refractive index within the cavity to detect the chemical.

20.  The method of claim 11, further comprising:
highlighting a molecule within the analyte using a dye, and
observing a visible signal when the molecule approaches the cavity of the

laser.

21.  An apparatus for detecting a chemical comprising:

means for obtaining a photonic crystal laser wherein a geometry of a cavity of
the laser is based on a photonic crystal lattice structure having a defect;

means for introducing an analyte directly into a high optical field of the cavity;

means for pumping the cavity; and

means for detecting a presence of a chemical in the analyte based on an

emission from the laser.

22.  The apparatus of claim 21, wherein the defect is a single defect hole in

the photonic crystal lattice structure.

23.  The apparatus of claim 21, wherein the photonic crystal lattice
structure further relies on altering a length of one or more holes in the lattice structure

8

to break a symmetry of the geometry of the cavity.

24.  The apparatus of claim 21, wherein the analyte is introduced by

immersing the cavity into the analyte.

25.  The apparatus of claim 21, wherein the analyte is introduced by

integrating the cavity with a microfluidic system.
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26.  The apparatus of claim 21, wherein the step of detecting a presence of
the chemical comprises measuring a refractive index of the analyte by determining a
wavelength shift in the emission from the laser when the analyte is introduced into the

high optical field of the cavity.

27.  The apparatus of claim 21, wherein the cavity of the laser provides a
predetermined spectral signature for a particular chemical and the detecting step is

based on a wavelength of light emitted from the cavity.

28.  The apparatus of claim 27, wherein multiple cavities are densely
integrated, with each cavity having a different predetermined spectral signature and

many reactions can be simultaneously monitored.

29.  The apparatus of claim 21, wherein the detecting step further comprises
receiving the emission from the laser into a cavity enhanced photodetector, wherein:

the photodector provides an electrical signal proportional to light within a
resonance range; and

the electrical signal may be used to determine a length of the cavity and a

refractive index within the cavity to detect the chemical.

30.  The apparatus of claim 21, further comprising:
highlighting a molecule within the analyte using a dye, and
observing a visible signal when the molecule approaches the cavity of the

laser.
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FIG. 2A
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FIG. 10

OBTAIN LASER WITH
PHOTONIC CRYSTAL
STRUCTURE

1000
_f_

INTRODUCE ANALYTE INTO
LASER CAVITY

| 1002

1004
pumpcavity

DETECT CHEMICAL BASED
ON EMISSION

1006
I

PCT/US2004/006659



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

