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(57) Abstract: Methods, systems, and devices are disclosed for implementing an ultra-sensitive micro-Raman spectrometer based on
high confinement nanometer-scale photonic structures, which can enhance the sensitivity while maintaining an extremely compact
size. In one aspect, a portable, ultra-sensitive, chip-scale system for performing sensing and identification on liquid and gaseous
samples based on Raman spectroscopy is disclosed. The disclosed chip-scale system can be especially useful for biosensing includ -
ing glucose sensing and monitoring (e.g., finding concentrations of glucose in complex body fluids like blood, urine, or saliva). For
example, in implementations for glucose monitoring, the disclosed technology can make an impact that not only provides relief from
the typical required "finger prick" for blood sampling, but also provides an easy-to-use device that diabetics and other people in need
of glucose monitoring (and eventually other types of monitoring) can use.
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NANOQPHOTONIC RAMAN SPECTRGOSCOPY BIOSENSORS
PRIORITY CLAIM AND RELATHED PATENT APPLICATIONS
{8601} This patent document claims the benefit of U.S. Provisional Application No.
61/826,978 eatiticd “NANOPHOTONIC RAMAN SPECTROSCOPY BIOSENSORS” and

filed May 23, 2013, the disclosure of which is incorporated by reference as part of the

spacification of this document.
TECHNICAL FIELD
{8602} This patent document generally relates to biosensor technologies based on

optical scusing.
BACKGROUND

16663} A biosensor is an analytical tool that can detect a chemical, substance, or
organism using a biologically sensitive component coupled with a transducing clement to
convert g detection event into a signal for processing and/or display. Biosensors can use
biclogical materials as the biologically sensitive component, e.g., such as biomolecules
meluding enzymes, antibodies, nucleic acids, etc., as well ag hiving cells. For example,
molecular biosensors can be configured to use specific chemical properties or molecular
recognition mechanisms to identify target agenis. Biosensors can vse the transducer clement
to ransform a signal resulting from the detection of an analyte by the biologically sensitive
component into a different signal that can be addressed by optical, electronic or other means.
For example, the transduction mechanisms can include physicochemical, electrochemical,

optical, piczoelectric, as well as other fransduction means.

{6004} Analyte testing and monitoring deviees play a highly important role tn modern
diagnosis and management of health-related issues. An analyte, or component (in clinical
chemistry), is a substance or chemical constituent that is of interest in an analytical
procedure. For example, a sample of humean blood, urine, and/or saliva can be tested for
ghucose, fructosaming, hematocrit, hemoglobin blood oxygen saturation, lactates, iron, pH,
cholesterel, Hver enzymes {¢.g., aspartate anunctransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP) / gamma ghutamy! transferase {(GGT), lactate

debhydrogenase (LDH), bilirubin, etc.), hormones, and other compounds.
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SUMMARY

[8005] Techniques, systems, and devices are disclosed for optically detecting or
sensing a thud to obtain Raman scattering signals from one or more substances in the fhad.
The disclosed technology can be implemented for various biosensing applications, devices or
systems, including an ultra-sensitive chip-scale Raman spectrometer based on high
confinement nanometer-scale photonic structares, e.g., which enhances the sensitivity while

maintaining an extremely compact size.

8006] In one aspect, a biosensor system for opticaily detecting a fluid is provided to
melade a base unit including a substrate, and a waveguide for guiding light, an optical filter
coupled to the waveguide to receive light from the waveguide, and an optical detector
coupled to receive light from the optical filter; a sensing unit coupled to the base unit and
structured to include a containment region capable of contaning a fluid and including a
waveguide resonator optically coupled to the waveguide of the base unit at an interface and to
direct light from the waveguide into the containment region o interact with the fluid; and a
ceherent Hght source optically coupled to the base unit and configured to omit a light beam at
a wavelength capable of Raman scattering when incident on the fluid inchiding the substance.
The waveguide is optically coupled to receive the emitted light beam from the coherent light
source to carry the emitted light beam to an interface with the sensing unit to collect Raman
scattered light travelling 1n the oppostie direction from the tnterface, the optical filter is
coupled to the waveguide to receive and filter the collected Raman seatiered hight, and the
optical detector is coupled to the optical filier to detect a Raman spectrum of the collected
Raman scattered light. In some troplementations, the waveguide resonator is structured as a
slot wavegnide resonator to inerease an optical field of the emitted Hght beam interacting

with the floid to enhance the Raman scattered light.

18667 In another aspect, an optical-fluid biosensor system to detect an analyte ina
fhind includes a fixed unit formed of a substrate material and structured to inchude a recessed
region, a detachable unit capable of attaching to the fixed unit at the recessed region and
structured to include a detection region capable of containing a fluid including a substance,
and a coherent light source optically coupled to the fixed unit and configured to omit a light
beam at a wavelength capable of Raman scattering when incident on the substance. The
fixed unit inchades a waveguide optically coupled to the coherent light source to carry the
emitted Hght beam to an wterface with the recessed region and collect Raman scattered light

travelling in the opposite direction the nterface, an optical filter coupled to the waveguide 1o

2.
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filter the collected Raman scattered light, and an optical detector coupled to the optical filter
{o detect a Raman spectruim of the collected Raman scattered light. The detachable unit
ncludes a second substrate material including a second recessed region forming the detection

region to contain the fhnd, and a slot waveguide resonator to enhance the Raman scattered

(]

light generated based on the presence of the substance in the fhiid.

18008] In another aspect, a biosensor systen for optically sensing a fluidic sample is
provided to include a fixed anit including a substrate that inchides a first region for detecting
an optical signal containing Raman fingerprint of the fluidic sample and a second region
nchuding a recessed arca for receiving a disposable unit, a coherent hight source configured to

10 emit a probe light at a wavelength capable of causing Raman scattering when incident on the
floidic sample, and a waveguide optically coupled to receive the probe light from the
coberent light source to carry the probe light to a coupling imterface; and a disposable chip
unit structured to be removeably attached to the fixed unit by fitting into the recessed arca of
the fixed unit, the disposable chip melading a sensing unit optically coupled to the fixed unit

15 o receive the probe light and capable of receiving a fluidic sample including the analyte.
The sensing unit focludes a waveguide structure configured to contine and guide the probe
light to cause Raman scattering interaction between the confined probe light and the analyte
through cither evanescent coupling or divectly contact and to collect Raman scattered light
from the avalyte; an optical coupler coupled between the waveguide structure and the

20 coupling interface jo the fixed unit to couple the probe light to the waveguide structure
through the coupling interface; and collect the collected Raman scattered light from the

waveguide structure.

[{B009] In another aspect, an optical-fluid biosensor system to detect an apalyte in a

fluid includes a base unit formed of a substrate, a sensing unit coupled to the base unit and

Nl
W

stractured to include a containment region capable of containing a fluid including a
substance, and a coherent Hght seurce optically coupled to the base unit and configured to
emit a Hight beam at a wavelength capable of Raman scattering when incident on the
substance. The base unit includes a waveguide optically coupled to the coherent hight source
{0 carry the emitted light beam to an interface with the sensing unit and collect Raman

30 scattered light travelling n the opposite direction from the mterface, an optical filter coupled
to the waveguide to filter the collected Raman scattered light, and an optical detector coupled
to the optical filter to detect a Raman specirumn of the collected Raman scattered light. The

sensing unit includes a slot waveguide resonator optically coupled 1o the waveguide at the
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mterface and to enhance the Raman scattered light generated based on the presence of the

substance in the fhud.

{B8016] In yet another aspect, a biosensor system for optically detecting a fluidic
sample mehides a sensing unit formed on a substrate to receive a probe light and stroctured to
include a containment region capable of receiving and containing the fluidic sample including
a substance. This sensing unit also includes: a waveguide structare configured to confine and
guide the probe Hght to cause Raman scattering interaction between the confined probe hight
and the fluidic sample through cither evanescent coupling or direct countact and to collect
Raman scattered light generated from the fluidic sample. The waveguide strocture is
optically coupled to an interface to guide the coliected Raman scattered light from the fhudic
sample to the interface. The bissensor system further includes a base unit formed on the
substrate and coupled to the sensing unit. This basc unit also includes: a waveguide optically
coupled to a coherent hight source to carry an cmitied probe light from the coherent light
source to the intertace with the sensing unit and to receive the collected Raman scattered Hight
ravelling in the opposite direction to the emitted probe light from the sensing vnit at the
imterface; an optical filter coupled to the waveguide and tunable 1o select and filter out the
received Raman scattered light; and an optical detector coupled to the optical filter to

generate 8 Raman spoctrum of the substance based on the outputs of the optical filter.

18611} In some implementations, the coherent Hght source is a laser external 1o the
biosensor system and configured to emit the probe light at 8 wavelength capable of Raman

scattering when incident on the fluidic sample including the substance.

[B8013] In some implementations, the coherent Hight source is a pump laser formed on
the substrate and configured to emit the probe Hght at 2 wavelength capable of Raman
scattering when incident on the fluidic sample including the substance.

18013) In some implementations, the coherent Hght source is a pump laser gencrating
the probe hight of a first wavelength.

{8814} In some implementations, the biosensor systemn includes one or more
additional lasers, cach of which is toned to a specific Raman wavelength of interest to cause
stimulated Raman emission from the substance at the specific Raman wavelength of interest.
16815] In some implementations, the biosensor system includes a coherent anti-

Stokes Raman spectroscopy (CARS) that finther includes a second laser to generate a Stokes
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beam of a second wavelength and a third laser to generate a probe beam at a third

wavelength, wherein the pump laser.

{8016} I some mmplementations, the waveguide structure includes a slot waveguide
configured to enhance the Raman scattering interaction by focusing the probe Hght strongly

nside and in close proximity of the slot region of the slot waveguide.

{8017} In some implementations, the waveguide structure forther inchudes 2 ring
resonator optically coupled to the slot wavegiide to enhance the Raman scattering interaction
by cnabling a long interaction length between the probe light and the analyte while

matntaiming the compact size of the sensing unit.

8018} In some implementations, the ring resonator is 3 sloited ring resonator
configured to tfurther enbance the Raman scattering nteraction by focusing the probe Hght

strongly inside and in close proximuty of the slot region of the slotted ring resonator.

{8819] In some implementations, the fixed unit further includes one or both of CMOS

clectronics and a display.

8029} In some implementations, the fixed unit further includes a processing unit to
process the collected Raman scattered Hght to deterroine the Raman spectrum of the analyte,
This processing unit can include: (1) an optical filier coupled to the wavegumde and
configured to filter out the collected Raman scattered light; (2) a tuning mechanism thermally
coupled to the optical filter 1o tune the optical response of the optical filter to match a set of
targeted Raman wavelengths; and (3) an optical detector coupled to the optical filter to
generate 3 Raman spectnum of the analyte based on the outputs of the optical filter.

18621 In some implementations, the optical filter inchades a ving resonator, the
tuning mechanism inclades a micro-heater, and the optical detector inchades a photodiode.
(8822} In some implementations, the substrate includes at least one of silicon, silicon
oxide, sthcon oxynitride (SION), aluminum oxide (ALGs), titanium dioxide {Ti(0,), or silicon
nitride (SiN).

18623] In some implementations, the waveguide structare inchudes a bigh-index
material of at feast one of silicon nitride (SiN), silicon carbide (8iC), titanium oxide (Ti0n),

aluminum oxide (AL Os), silicon, and diamond.

5



10

36

WO 2014/190331 PCT/US2014/039457

{8024} In some implementations, the disposable chip onit is capable of detaching
from: the fixed unit after used for detecting the analyte, and the fixed unit is reconfigured to

receive a new disposable chip after the used disposable chip bas becn removed.
[B025] In some implementations, the analyte is ghicose.

16826} In some implementations, the fluidic sample mcludes one of! tears, saliva,

grine, and blood.

18027} In yet another agpect, a biosensor system for optically detecting a fluidic
melades: a base unit including a subsirate, and a waveguide for guiding light; a sensing vt
coupled to the base unit and structured to inchude a containment region capable of containing
a fhuid and including a slot waveguide optically coupled to the waveguide of the base vunit at
an jnterface and to direct light from the waveguide into the containment region to fnteract
with the fluid; and a coherent light source optically coupled to the base unit and configured to
cmit a light beam at a wavelength capable of Raman scattering when incident on the fluid
ncluding a substance. The slot waveguide s configured to celiect Raman scatiered hight
generated in and around the slot waveguide. The waveguide 1s optically coupled to receive
the emitted light beam from the coherent light source to carry the emitted light beam to an
wterface with the sensing unit and to receive a portion of the collected Raman scattered light
which travels in the opposite direction to the emitted hight bearn from the interface. The slot
waveguide resonator 18 structured to increase an optical field of the emitted hght beam

mteracting with the fhiid to enhance the Raman scattered light.

[B028] In yet another aspect, an opto-thuidic biosensor system for detecting an analyte
i 3 fluidic sample is disclosed. This epto-fluidic biosensor system includes: a base unit
formed on a substrate; a cohorent light source optically coupled to the base unit and
configured to emit a probe light at a wavelength capable of Raman scattering when incident
on the analyie; and a sensing unit coupled to the base unit to receive the probe Hght and
structured to include a containment region capable of receiving and containing a fhudic
sample including an analyte. The base unit ncludes the following components: (1}
waveguide optically coupled to the coherent light source to carry the enitied probe hight to an
nterface at the sensing unit and coliect Raman scattered light travelling in the opposite

s

direction from the interface; (2) an optical filter couplad fo the waveguide and is tumable to

select and filter out the collected Raman scattered light; and (3) an optical detecter coupled 1o

the optical filter to generate a Raman spectrum of the analyte based on the outputs of the

6-
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optical filter. Separately, the sensing unit includes a waveguide stractore configured to
confine and guide the probe light o cause Raman scaitering interaciion between the confined
probe Hght and the analyte throngh either evanescent coupling or directly contact and to

collect Raman scattered light from the analyte. The wavegiide structure is optically coupled

5 to interface to guide the collected Raman scattered light from the waveguide structure to the
waveguide through the interface.
{6629} In some tmplementations, the coherent light seurce is built onte the base unit,
18038 In some mmplementations, the sensing unit further includes a microfluidic
channel structured to carry the fluidic sample to the containment region.

16 [6431] The above and other aspects of the disclosed technology and their
implementations are described in greater detail in the drawings, the description and the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS
{88321 FIG. 1 shows a schematic of an exemplary high-index waveguide surrounded
15 by low-index cladding.
{8633} FIG. 2A shows a schematic of an exemplary slot waveguide.
18034} FI1G. 2B shows an cxemplary cross-section computer simulation of the

electromagnetic field intensity distribution in the slot waveguide.
8035} FIG. 3A shows a scanning clectron microscopy (SEM) image of an cxemplary
20 silicon slotted micro-ring resonator used io the exemplary chip-scale sensing systems and

techniques, and the inset image showing the zoom-in view of a section of the exemplary slot

waveguide.
{8036} FIG. 3B shows a cross-sectional SEM image of the exenmplary slot waveguide.
{88371 FIG. 3C shows an illustrative plot of a simulated and calculated optical mode

o]
wh

profiie for the exemplary slot waveguide in FIG. 3B with analyte prescut around and inside
the slot.

{8038} FIG. 4 shows a schematic of an excmplary integrated sensing platform of the
disclosed technology.

18839 FIG. 5 shows a schematic of an exemplary fully integrated biosensing systom

30 comprising a fixed unit and a disposable chip.
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{8044} FIG. 6A shows a schematic of an exemplary chip-to-chip waveguide coupling
scheme between a fixed chip and a disposable chip.
{8041} FIG. 6B shows a plot of the misalignment tolerance between the exemplary
coupled waveguides in FIG. 6A, wherein the coupling loss is plotted as a function of the
5 misalignment between the two chips.
{8042} FIG. 7A shows a schematic of an exemplary slot waveguide capable of optical
rapping of nanoparticles within the slot waveguide.
{6043 FI1G. 7B shows an 5EM 1mage of an exemplary 100 mm slot waveguide used
1 excmplary opto-fhiidic implementations.
10 (i644) FIG. 8 shows a photo image of an exemplary gas cell affixed to the silicon
photonic chip and an associated SEM tmage of an exemplary silicon slotted micro-ring
resonator used in the gas sensing region.
[B045] Like reference symbols and designations in the various drawings mdicate ke

elements.

DETAILED DESCRIPTION

i
RN

8046} Techniques, systems, and devices are disclosed for optically detecting or
seusing one or more biolegical, chemical, biochemical or other substances 1o obtain Raman
scattering signals from such one or more substances. The specific examples provided use a
fluid as a sample that contains the one or more substances to be detected. The disclosed

20 technology can be wmplemented in various configurations incloding a biosensor system for
optically detecting a fluid that is configured to include a base unit to direct probe light to the
target sample and to detect signal hight from the target sample and a sensing unit that holds
the target sample and to provide the optical interaction between the probe Hight and the target
sample. In some implerentations, the base unit includes a substrate, and a waveguide for

25 guiding light, an optical filter coupled to the waveguide to receive light from the waveguide,
and an optical detector coupled to receive lght from the optical filter. The sensing unit is
coupled to the basc unit and is structured to include a containment region capable of
containing & fluid and inchuding a waveguide resonator optically coupled to the waveguide of
the base unit at an intertace and to direct light from the waveguide into the containment

30 region to mteract with the fleid. A light source, such as a coherent Hght source {e.g., a laser),
is optically coupled to the base voit and configured to cmit a light beam at & wavelength

capablc of Raman scattering when incident on the fluid including the substance. The
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waveguide 1s optically coupled to receive the emitted light beam from the light scurce to
carry the emitted light beam to an tnterface with the sensing unit {0 collect Raman scatiered
tight travelling in the opposite divection from the intertace. The optical filter is coupled to the

waveguide to receive and filter the collected Raman scattered light, and the optical detector s

(]

coupled to the optical filter to deteet 2 Raman spectrom of the collected Raman scattered
light. As disclosed below, the waveguide resonator may be a slot waveguide resonator to
merease an optical ficld of the emitted light beam interacting with the fluid to enhance the
Raman scattered light. Such and other structures can be designed to provide a sensitive
micro-Raman specirometer based on high confinement nanomeier-scale photonic stractures,

10 ec.g., which enhances the sensitivity while maintaining a compact size.

{88471 Compact and sensitive Raman spectrometers can be ased to provide optical
detection of minute amounis or traces of substances in a wide range applications, including
medical diagnostics devices and uses. Consider the example of glucose testing for diabetes
patients where the data of patent blood ghucose levels is important to treatment and health
15  maintensnce of diabetes patients. The consequences of inadequately monitoring diabetes
resulted in 4.8 mitlion deaths in 2012 alone. 1t is also projected that the global prevalence
will fucrease from 366 million people affected with diabetes (201 1) to 552 million by 2030.
The accurate monttoring of blood glucose levels is necessary to ensure that it is within the
normal range of 803-120 mg/dL {(e.g., 4.4-6.6 mM), otherwise variations of blood ghucose
20 levels can result in and expedite the onset of major health problems such as heart and kidney
problems and blindness. Diabetics need an accurate, quick and reliable test platform that is

as minimally invasive and low cost as possible.

{8048 (iven the widespread of diabetes, glucose monitoring devices account for

about 853% of the entire biosensor market, significant research has been undertaken to
. BEE

Nl
W

demonstrate innovative approaches in ghicose monitoring. Among the most prevalent
monitoring devices, many conwnercial devices involve “finger prick” to extract a suall
amount of blood from a finger to monitor the evolution of HoO; resulting from the oxidation
of ghicose with glacose wadase. However, this approach has inconveniences such as
deterring patients from regular monitoring and those factors tend to reduce the frequency of
30 tests of patient blood glucose levels, This lack of proper momitoring of the blood glicose
levels can lead to poor or lack of patient blood ghicose levels that would adversely affect

paticnt health or well-being.
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{8049} Raman spectroscopy 1s a molecular spectroscopy technique that is sensitive to
analytc composition. Molecules have mdividual Raman fingerprinds, so their composition
and concentration can be measured even in coraplex mixtures, without separate chemical
markers. The Raman signature of ghicose, and any other molecule of intevest, 1s unique and
can easily be isolated from the envivonment. The Raman spectroscopy based detection
techuique is extremely promising for the detection of analytes in general in g “dirty” medium
{e.g., such as body fluids) without the need for pre-filtering. While Raman signals have the
ability to identify oniquely analytes from which they are emitted, they are typically weak and
their detection suffers from a fimdamental tradeoff between the size of the scusing platform
and the associated detection sensitivity. The weak Raman signals typically require a seusor

to have long interaction lengths.

18658] Generally in Raman spectroscopy, a sample is excited by a powerful laser, and
generated Raman light is collected, filtered from the pump laser, and routed to a spectrometor
{in free-space optics) to collect the Raman signal at several wavelengths., Raman scattering
can be an extremely weak signal (c.g., less than 1 in 10° pump photons are converted to a
Raman photon} if the Raman measurements are not conducted under desived conditions.
Raman detection tends to be performed by using powerful lasers, long miegration times,
cooled detectors, and bulky and expensive optics in various existing Raman measurement
systems. Surface-enhanced Raman spectroscopy (SERS) can enbance the Raman signal but

has #s own Umitations for practical diagnostic instrumentation or applications,

[8051] Some implementations of existing ghucose bioseusing technologies use Raman
spectroscopy in a photonic crystal hollow core™) fiber and have shown capabilities of
detecting glucose concentrations from 530 mg/dL with ~25% error. This technique usually
uses a high numerical apertare (NA) lens to couple laser light into the fiber and colloct the
Raman signal. The detection sensitivity can be limited duc to this lens coupling feature and
other factors.

{8052} Hence, there 1s a need for achieving a Raman signal based testing platform
that is sensitive, flexible, reliable, and affordable while being casy-to-use. The disclosed
technology can be implemented for a range of applications including providing the
capabilitics of meeting this need.

18053] In one aspect, a portable, ultra-sensitive, chip-scale system for performing

sensing and identification on lguid and gaseous samples based on Raman spectroscopy is

-10-
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disclosed. The disclosed chip-scale system can be especially useful for biosensing including
glucosc sensing and monitoring {(¢.g., finding concentrations of glucose in complex body
fluds like blood, urine, or saliva). For example, o implementations for ghacose monitoring,
the disclosed technology can make an mpact that not only provides relief from the typical
required “finger prick” for blood samphing, but also provides an casy-to-use device that
diabetics and other poople in need of ghicose monitoring (and eventually other types of
monitoring) can use. While the following discussion tends to be described in the context of
biosensing such as glucose monitoring, the disclosed ultra-sensitive chip-scale Raman
spectroscopy can be conveniently applied for gas sensing, general chemical identification,
and quality control (e.g., Raman spectroscopy has been able to demonstrate the difference

between brand-name and generic acetaminophen).

[8054] In some implementations, the disclosed chip-scale sensing system/platform is
based on photonic resonator devices that enhance the Raman sigeals and the associated
detection sensitivities by orders of magnitude. More specifically, the diselosed technology
inciudes an ultra-sensitive micro Raman spectrometer that is based on high confinement
nanometer-scale photonic structures that are contigured to enhance the Raman signals and the

associated detection sensitivity while maintaining an extremely compact size.

[8055] In some implementations, the disclosed chip-scale sensing system/platform
uses a special type of waveguide, a “slot waveguide,” to enbance the seusitivity of detection.
In the example of a glocose sensor, a slot waveguide can focus Hght extremely strongly and
precisely at the location of the glocose sample. o some tmpiementations, the disclosed chip-
scale sensing system/platform also incorporates a ring resenator waveguide to decrease the
size of the sensing platform based on Raman spectrometer while maintaining the interaction
length between probe light and the analytes, such as glucose sample, by reeycling the probe
light. In somc embodiments, the ring resonator is configured as a slotied waveguide to
enhance the seusitivity of the biosensing system/platform and to enable long interaction
lengths while keeping the device compact. Hence, the disclosed technology provides

sohutions to overcome the tradeoff between size and sensitivity in Raman spectrometer.

{8056} In some mplementations, the disclosed chip-scale sensing systeovplatform
can be fully portable {e.g., size of fully packaged device can be configaredtobe <3 cm x 3
cm) and can include both a fixed analysis unit {¢.g., comtaining a fixed chip, electronics and
display) and one or more disposable sensing “chips”™ or “strips” receiving biclogical fluid

samples, including but not hmited to blood, saliva, and urine. Some exemplary advantages of

Sil-



16

ot
o

o]
RN

36

WO 2014/190331 PCT/US2014/039457

the disclosed bissensing system/platform include low cost. For example, the cost of the fixed
chip can be estimated to be of a few dollars and the cost of the disposable chip to be less than
a dollar. Additionally, the disclosed biosensing systenvplatform can be configured 1o be

compact, €.¢., on the order of a few mm”, and with little power consumption (~1 mW).

18057] Exemplary implementations of the disclosed chip-scale sensing
system/platform are described below, e.g., based on integrated waveguide structures and
resonators. The disclosed technology demonstrates the high sensitivity of exemplary slot
waveguide structures, the ability to use the exemplary slot waveguides for fluidic sensing,
and the ability to obtain spectra with high resolution and sensitivity using the disclosed nano-

photonic ring resonator stroctures.

{8858] In some embodiments, the disclosed chip-scale sensing system/platform is
hased on nanometer-size waveguides. These waveguides, similarly to optical fibers, confine
and guide light, bot are configured and operate at chip scales. For example, the disclosed
waveguides can have cross-sectional dimensions typically of 500 nm wide by 500 nm high,
and can have lengths of 2 fow tens of microns ot fonger. These waveguides have a bigher
mdex of refraction than their surroundings, allowing the confinement of light inside the

waveguide.

16059 Oue topiementation of the disclosed chip-scale sensing platforo is based on g
special type of wavegiide, a “slot waveguide,” that is configured to enhance the sensitivity of
detection by focusing probe light extremely strongly and precisely at the location of the
analyic {¢.g., glucose sample). FIG. 1 shows a schematic of an exemplary high-index of
refraction (or “high-index”) waveguide 102 surrounded by low-index of refraction {or “low-
mdex”) cladding 104. The waveguide structure is defined on a silicon substrate 106, A slot
waveguide is similar to a rogular waveguide cxcept that a “slot”™ is defined in the middle of
the high-index waveguide and through the entire length of the waveguide by removing the

corresponding portion of the high-index material from the high-index waveguide.

{8064} FI1G. ZA shows a schematic of an exemplary slot waveguide. As shown in
FIG. 24, the slot waveguide is composed of two regions 202 of high-index material ()
separated by a narrow gap {(“the slot”™) 204 of low-index material (n). Some typical vahies of
the slot waveguide dimensions wy, w, and & are ~200 nm, 100 nm and 500 nm, respectively.
In some embodiments, the siot width wy is ~50 nm or smaller but are greator than the size of

the analytes o be studied. The illustrated slotted waveguide can confine Hight exwemely
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strongly in the low index region 204, thereby creating high optical field intensities in the
slotted region. In some implementations, the high-index material of the slot waveguide can
nchude but s not Hmited to: silicon niiride {SiN), silicon carbide (81C), titanium oxide

(Ti0y), aluminom oxide {ALOs), silicon, and dlamond.

{8061} FIG. 2B shows an exemplary cross-section computer stmmtation of the
electromagnetic field intensity distribution in the slot waveguide. As can be seen in FIG, 2B,
high field intensities (red) are confined within the low index of refraction slot region 206

where sensing takes place.

8062} As deseribed above, other Raman spectrometers typically require a sensor to
have long tnteraction lengths to mitigate the weak Raman signal, thereby leading to large
sensor dimensions. o some implementations, the disclosed chip-scale sensing platform uses
a Ting resonater waveguide to decrease the size of the Raman spectrometer while maintaining
the interaction length between probe light and the analytes, such as glacose, by
ecirculating/recycling the light. A ring resonator is a waveguide that s wrapped around
itself to form a ring.  In some embodiments, the proposed ring resonator is also slotied ina
manner similar to the slotted waveguide deseribed i conjunction with FIGs. 2A and 2B. In
such designs, the high ficld intensitics can be created and confined within the slotted region

of the slotted ring resonator.

18063) FIG. 3A shows a scanning electron microscopy (SEM) image of an exemplary
silicon slotted mwicro-ring resonator 302 used in the exemplary chip-scale sensing systems and
techniques. The inset image of FIG. 3A shows a zeom-in view of a section of the exeraplary
slot wavegnide 302, wherein the low-index slot region is clearly shown through the middie of
the waveguide. Note that FIG. 3A also shows a straight waveguide 304 in close proximity to
slotted ring resonator 302, in which red arrows show direction of light propagation. Light
travehing foside waveguide 304, which can also be a slotted waveguide, will couple 1o the
ring resonator 302 for certam wavelengths (e.g., those resonant wavelengths of the ring
resonator), and this coupled hight will circulate in the resonator 302 when the wavelength 4y
of the light satisties the relation miy = 2nRngy where m is an integer, R is the ring radius, and
ey is the effective index of refraction of the resonator 302, The number of times fight
circolates typically depends on the quality factor O of the ring resonator. Hence, a ring
resonator resulis in an effective interaction “length” over which light-matter interactions can
take place that is mouch fonger than the actual circumfercnce of the resonator. For example,

an effective interaction length of 1 ¢m can be achieved using a 10 ym radivs ring resonator
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that has a quality factor ((J) of 10,000, The slotted ring resonator 302 combined with a slot
waveguide 304 (as shown in FIG. 3A) forms a nano-photonic sensing structure which
enhances the sensitivity and enables tong interaction longths while keeping the sensing device
compact. FIG. 3B shows a cross-sectional SEM image of the exemplary slot waveguide, 1.¢.,
the ring resonator 302, In this example, the average width of the slot 306 is less than 50 nm.
FIG. 3C shows an illostrative plot of a simulated and calculated optical mode profile for the
excnplary slot wavegnide in FIG. 3B with analyte present around and mside the slot. The
ithustrative plot of FIG. 3C shows that there is 8 high concentration of electromagnetic field in

the slot rogion due to the slot confinement effect.

6064 The disclosed nano-photonic sensor can be developed on a material platform
that (1) 1s transparent (¢.g., lossless) at visible wavelengths, for example, near wavelengths of
500 nm and 800mm (c.g., for achieving high sensitivity}; and (2) exhibiis low luminescence
{£.g., 0 as not to drown the Raman signal and render the latter undetectable). The disclosed
nano-photonic sensor can employ a wide range of materials for the platform. In some
examples, the materials can include silicon oxynitride (Si0ON), siticon carbide (SiC), titanium

dioxide {Ti0;)}, and sihcon oitride (SiN), aluninum oxide (ALOs), silicon, and diamond.

{8065} FIG. 4 shows a schematic of an exemplary integrated sensing platform of the
disclosed technology. As can be seen in FIG. 4, the excmplary integraied sensing platform
includes an optical pump sigoal {c.g., laser light) of wavelength 2,unpy generated from an on-
chip laser 404 (e.g., a laser diede lasing at 8 wavelength of around 450 nm}. The pumyp signal
Apump Propagates from left to right in a single-mode bus waveguide 404 and travels to the
scusing region 406 of the exemplary sensing platform. The sensing region 406 includes a slot
waveguide 408 coupled to a slotted ring vesonator 410, Slot waveguide 408 and slotted ring
resonator 410 have been deseribed in conjunction with FIGs. 2A-2B and 3A-3C. As
described above, the slotted ring resonator 410 can significantly increase the effective
imteraction length between the punp signal Aump aod the analyte in the sensing region 406
while maintaining the small size of the sensing region and the overall sensing platform. In
particular, when sensing fonction is based on Raman signals, a small size Raman
spocirometer is realized. In the embodiment shown, slot waveguide 408 is extended beyond
sensing region 406 and coupled with the single-mode bus waveguide 404 through
waveguide converter 412, In certain fmplementations, slot waveguide 408 may be entirely
situated within the seosing region 406. Also, both the slot region in slot waveguide 408 and

the slot region in slotted ring resonator 410 may be in divect contact with the sample so that
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the analytes can interact with the confined pump signal in these slots either through
cvanescent coupling (e.g., the analytes located in close proximity slightly above the slots) or

in directly contact with the confined pump signal by penctrating inside the slois.

{8066} For the sensing function, the pump signal Apy.,, amplified by the slotted
resonator 4190, interacts with the analyte (e.g., cyclohexane, glucose) surrounding the siot
waveguide 408 and slotted ring resonator 410 in the sensing region 406, and Raman signal is
generated through the Raman scattering interaction (e.g., shown in orange and labelied as
“Raman generation”). The Raman signal can include Raman fingerprint of the analyie,
which inchudes nultiple Raman shifted wavelengths Araman = Apump + A4, Some of this
Raman optical signal can n tam be captured by the slotted resonator 410, and subsequently
coupled into the slot waveguide 408, Some of the captored Raman optical signal 414 (shown
as a small yellow arrow pointing to the left) propagates down the slot waveguide 408 and the
single-mode bus waveguide 404 from right to oft in the opposite direction to the purap sigoal

ARraman {Shown as a large blue arrow pointing to the right).

18067} For the detection function, the exemplary integrated sensing platform further
melades 4 ring resonator filter (or the “Apuman filter”) 416 coupled n close proximity to
single-mode bus waveguide 404, Raman signal 414 can be filtered out {e.g., selected) from
multipic optical signals propagating out of the sensing area 406 from right to loft using ring
resonator filter 416 and routed to au optical detector 418 such as a photodiede. Jnsome
implementations, the ring resonator filter 416 may be based on standard channel wavegaide
and not as a slot waveguide where the primary function of the ring resonator filter 416 may
be for selecting the Raman signal 414, The cxemplary integrated sensing platform may
further inchude an integrated tuning micro-heater 420 integrated above the ring resonator
filter 416 to tune the optical response of the ring resonator filter 416 to match different
Raman wavelengths 4., + Ah. This approach s used for optical tuning ring resonator filter
416 to select and thus couple out nwltiple Raman wavelengths dpum, — A%, This ting
resonator filter 416 can re-route the Raman signal 414 into the detection waveguide 422
which guides the Raman signal 414 towards the optical detector 418, Hence, a spectinum
mclhuding Raman fingerprint of a given analyte, such as glucose can be obtained using a
single-point detector and thermal tuning of the ring resonance.

[8068] While the excmplary integraied sensing platform in FiQG. 4 uses both a siot
waveguide (408) and a slotied ring resonator (410) in the sensing structure 1o achieve high

sensitivity, other implementations of the exemplary integrated sensing platform can use
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different sensing structures. In one implementation, the sensing structure in the sensing
platform uses a slot waveguide combined with a solid (un-slotied) ring resonator. In another
implementation, the sensing structure in the sensing platform uses a slot waveguide without
using a ring resonator. In yet another implementation, the sensing structure in the sensing
platform uses a sohid waveguide and a solid ring resonator {i.¢., no slotling used in the
sensing structure). Still other variations to the above described mmplementations may be used

i the sensing structure.

[866Y] Lab-on-a-chip devices are able to integrate fluidic, ¢lectrical, and optical
capabilitics onto a planar platform and perform high throughput measurements. One of the
main challenges for transitioning to commercial products, however, is that many such
demonstrations are not casily separated from the lab enviromment. For example, some
existing lab-on-a-chip devices still require macroscale laboratory equipment or the attention
of skilled laboratory techuicians to operate such as expensive microscopes te perform the

medsurements or act as a detector.,

18078 The disclosed biosensing platform can be configured o a fully portable lab-
on-a-chip device, ¢.g., a size of fully packaged device based on the disclosed technology camn
be configured to be < 3 cm x 3 em. More specifically, a disclosed fully integrated sensing
system can include a fixed analysis unit (also referred to as a “fixed unit”) and disposable
sensing “chips” or “strips™ for receiving biological fhiids, such as blood, saliva, and/or urine
{cach of which is also referred to as a “disposable chip™). The fixed onit can be configured to
contain a display, CMOS electronics, and a fixed chip comprising the sbove-described ring
resonator filter, the optical detector and the on-chip laser. The disposable chip can be
configured to contain the above-described sensor unit. FIG. 5 shows a schematic of an
exemplary full integrated biosensing system comprising a fixed unit 502 and a disposable
chip S04, In particular, FIG. § illustrates how the disclosed disposabie chip fits in the fixed

ut.

{6671} In the example in FIG. §, fixed unit $02 includes a fixed chip S06 wherein
imdividual components on fixed chip 506 such as the laser, the filter and the detector have
been described asbove in conjunction with FIG. 4. Fixed umt 502 also includes a display 508,
for example, for showing the measured glucose kevels, and a CMOS controller 510 for
processing the measurcd Raman signals and controlling the display S08, as well as other
electronic components on the device. Fixed unit 502 also has a recessed chip receiving arca

512 configured with dimensions substantially the same as disposable chip 504, Disposable

-16-
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chip 504 includes a straight waveguide and a slotted ring resonator which have been

described above in conjunction with FIG. 4.

{8072} The top schematic in FIG. 5 shows the fixed unit 502 and disposable chip 504
prior to the latter being “snapped” onto the fixed onit 502. The bottom schematic 1n FIG. §
shows the fixed unit 562 and disposable chip 504 after the latter is snapped onto the fixed
anit 502, Both fixed unit 502 and disposable chip 504 can include an optical coupler, such as
optical coupler 514. After the disposable chip s snapped onto the fixed unit, a fully
imtegrated biosensing system is realized. A fluidic sample, such as glucose sample 516 (or
other fluidic samples n other implermentations) can be dropped onte the sensing region of the
disposable chip 504 before or after the “snapping” action. Note that the sample is confined
within the disposable chip S04, therefore does not contaminate the fixed unit 502, Hence,
after the current disposable chip 504 is used and discarded, the fixed unit 502 is ready to

receive a new disposable chip 504,

{8073} After integration of the detection and sensing units, laser light generated from
the fixed unit 502 is coupled to the disposable chip 504 using the optical couplers present on
both chips that have high telerance to mismatch of the coupling facets. This coupling can be
enabled by placing two waveguides (i.e., one coupler from the fixed chip and the other
coupler from the disposable chip) with strong evanescent ficld in close proximity. The
evanescent field from one waveguide o another can be configured to be efficiently coupled.
Exemplary simulations on the coupling mechanism demonstrates that this evancscent

coupling is extremely robust to misalignmenis as discussed below.

{8874 The disclosed integrated biosensing platform can nclode efficient coupling
between the waveguide in the fixed chip 506 and the waveguide in the disposable chip S04
with extremely high tolerance to misalignment {c.g., up to a fow wum). This property can
enable snapping the disposable chip onto the fixed unit in the exemplary system shown in
FIG. 5. The disclosed techniques can be based on evanescent coupling between the two

waveguides.

[8875] FIG. 6A shows a schematic of an exemplary chip-to-chip waveguide coupling
scheme between a fixed chip and a disposable chip similar to those shown in FIG. 5. Inthe
example of FIG. 6A, both the waveguide 602 on the fixed chip unit and the waveguide 604
on the disposable chip can be made of 5iN, each can have dimensions measuring 400 man %

200 nm in the cross-section and sarrounded by silicon dioxide. The separation between the
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two chips can determine the degree of misalignment. FIG. 6B shows a plot of the
misalignment tolerance between the exemplary coupled waveguides in FIG. 6A, wherein the
coupling loss is plotted as a function of the misalignisent between the two chips. As
ustrated i FIG. 6B, if the chips are misaligned by over 5 mim, 4 small loss less than 2 dB is

gxpected.

18876} The disclosed biosensing system {e.g., the fixed chip 506 and the disposable
chip 504) can be configured to be extremely compact, ¢.g., on the order of a fow mm?, and
with very little power consumaption (~1 mW)}. In some tmplementations, the size of the fully
integrated biosensing system shown in FiG. 5, can be less than 3 cm X 3 em. This size of the
system allows ease of insertion and removal of the disposable chip. In other
implementations, the size of the fully integrated biosensing system in FIG. 5 can be much

smaller than 3 em X 3 cm.

18677} The disclosed chip-scale sensing platform when implemented as a glucose
sensing system provides significantly smaller dimensions and better sensitivity in glocose
sensing (e.g., ~20 mg/dL) and with less than 10% error (see Table 1). The enhanced
sensitivity in such biosensors is at least due to the high optical confinement in the employed
slot wavegnides, which have cross-sectional aveas orders of magnitude smaller than optical
fiber. The size of the sensing area of the exemplary biosensors can be significantly smaller
than existing Raman spectroscopy at least duc 1o the use of the ring resonators. 1t 1s noted
that while the disclosed integrated waveguide system may have higher optical losses than
optical fibers in some examples, the high optical confinement of the waveguides results in
greater sensitivity. Table 1 shows expected performances of the disclosed chip-scale glucose

system as compared to other glucose sensing approaches.

Table 1. Expected performance of the exemplory chip-scale approach, e.g., as compaved to other approsches,
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Maodeling of the Disclosed Chip-Scale Raman Spectrameter

18078 The disclosed chip-scale sensing system described in FIG. 4 can be modeled
using modeling parameters which can nclade the dimensions of the slot waveguides and the
ring resonators ander the consideration of the optical field interaction and device size
tradeoft, sensing area dimensions, among other. Excmplary implementations of the chip-
scale sensing system modeling include analytical modeling and computer sinnilations, and
design of an optical coupler to enable high tolerance to mismatch of the fixed and disposable
chip facets. In onc embodiment, the system modeling mcludes analysis and detormination of
material choices for the sensing platform for the wavelength range of interest {e.g., visible
wavelengths generated by the pump laser and near infrared wavelengths generated by Raman

signals}, so that optical losses (e.g., intrinsic material losses and other losses resulting from
fabrication) in the system are muinimal. In oue taplementation, the system modeling includes
analysis of the fabrication and calibration of an exemplary biosensing platform using a
relatively high power (e.g., 10 -100 mW) and measuring the Raman signature with
cyclohexane and glacose. The modeling can also include analysis of the optical coupler for

maximum tolerance to misalignments between the fixed and disposable chip facets.

{88791 The exemplary sensing system based on Raman spectrometer shown in FIG. 4
can be modeled using analytical tools and computer simulations to guide the desigos of the
system that when fabricated, is able to achicve desired perforraances, such as fow optical
Iosses and zero to low luminescence in the target material platforms (e.g., SiC, SiN, SiON or
Ti3;). The excmplary sensing system based on Raman spectrometer can cover an
approximate arca of a fow munt” and can be used to detect multiple analytes, such as

cyclohexane and ghicose fhmdic concentrations.

{8088] In some embodiments, the modeling attempts to find an optimal balance
between the amount of seositivity, throughput, and size and is based on the expected Raman
signal discussed below. For example, an exemplary device with a larger amouomt of
evanescent ficld in the fluidic channel facilitated by smaller waveguide dimensions can give
rise to a higher sensitivity but may also lead {0 a larger footprint. This excmplary design can
cnable the coverage of the entive surface of a fow mn’ platform with the waveguide
stractures. Modeling of the excmplary platform (e.g., waveguide dimensions, coupling gaps}

at the purop light and Raman wavelengihs can be performed.

-19-
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Theorv of Raman Sisnal Generation in the Exemplary Platform

8081 Spomntancous Raman spectroscopy in a waveguide can be considered as an
automatically phase-matched ¥ process which depends on pump Hght intensity, The
generated Raman (also referred to as “Stokes signal™) power £ is proportional to both the

faser pump intensity .., and the Raman cross-section of the excited molecule such that:

Pl

A~

Eump ©

Mote that the cross-section parameter is denoted by ¢ to ndicate that it is a “lumped” factor
to include, among others, the density of molecules and the scattering solid angle. Given that
in the exemplary sensing region, interactions between the pump laser and the analyies {c.g.,
glucose} oceurs over some length 7 and over a cross-sectional avea 4, and assuming that the
exemplary waveguiding system has Hnear optical losses ¢, P, can be written as:
.
-2 _p
2047 7

A~
o]
p——

S

where 77 is the optical confinement factor which measures how nwuch the optical field
overlaps the sensing region, and P, 18 the laser pump power. The [ factor can reflect the
fact that using slot waveguides increases light-matter interactions. The use of a ring
esonator can further enhance the generation of the Raman signal by a factor #/z, where # is
the finesse of the resonator.

Fabrication of the Raman Glocose Sensor

8082} In some implementations, a microlithography fabrication process can be used
to define all of the coroponents of the sensing platform. For example, after determining the
optimal material to use, a thin filn of this material can be deposited on top of a thermally
oxidized Si wafer which can then be patterned ioto the waveguides and sensing areas
{(including the ring resonators) using, for example, deep ultraviolet (DUV) lithography and

reactive ion plasma eiching. In some implementations, both the regular waveguides and the

slot waveguides can be patterned at the same time.
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Exemplary Binplementations of the Raman Glucose Sensor

[B883] In some implementations, cyclohexane and varied concentrations of glucose in
water can be characterized. For example, the on-chip Raman generation structure can be
pumped with a frequency-doubled Yiterbium fiber amplifier seeded with an external cavity
diode laser, providing a tunable laser operating near the fraditional Raman pump wavelength
of 532 nm. The short wavelength enhances Raman scattering interaction, while the tunable
laser allows for easy tuning divectly onto the ring resonance. Light backscattered from the
Raman generation structure can be separated from the pump light with a dichroic
beamsplitter and coupled into a spectrometer, where the full Raman spectrum can be
collected.  In some embodiments of the disclosed biosensing system, the laser can be a 6453
nm, | mW diode laser. In some exemplary blosensing systems, a spectrometer is not needed.
Instead, the excmplary systems can contain a single point detector, and the spectra can be
chtained using integrated thermal tuning of the filicring ring resonance position as described

i conjunction with FI1G. 4.

{8084} In some mplementations, several analytes can be pipetted directly onto the
sensing chip. Cyclohexane has a large Raman cross-scction and well-defined Raman peaks,
making it a uscfud calibration sample for the exemplary biosensing systems. Ghicose, while
physiologically relevant, typicaily has a much smaller Raman signal. Thus, dilutions of
glocose {¢.g., in water) can be used 1o fest for the scositivity of the exemplary systen. The
exemplary system can also be implemented in “dirty” environments, for example, by
imtroducing small amounts of fructose into the glucose dilutions or spiking blood serum with

glucose, and detecting only the peaks corresponding to glucose in the resulting spectra.

[BO&5] In some implementations of the disclosed biosensing system, calibrations can
be performed using prepared glucose solutions with known concentrations {¢.g., ranging from
a low concentration less than 20 mg/dL. to 2 high concentration higher than 600 mg/dL) so as
to achieve an error less than 15%. The disclosed technology can be implemented using a
variety of biological fluids, e.g., including tears, saliva, wine and/or blood, e.g. which can
also be used to calibrate target measurement range and efror.

[388s] In some implementations, fluidic samples can be mtegrated with siot
waveguides in a disclosed integrated biosensing sysiem. For example, fluidic sample can
penctrate into the slot and interact strongly with the spatially confined optical field in the

proposed sensor. Sub-micron sized nanoparticles (e.g., ~75 nm) as well as DNA may be
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optically trapped and transported vsing the proposed slot waveguides. In some
implementations, for example, fluidic solutions containing the nanoparticles (and DNA) were
flowed through a microfluidic chanuel onto the slot waveguide structures where the
successful optical trapping was observed, thereby confirming the presence of the
nanoparticles (and BNA}Y in the ~100 nm slot. FIG. 7A shows a schematic of an exemplary
slot waveguide capable of optical trapping of nanoparticles within the slot waveguide. FIG.
7H shows an SEM image of an exemplary 100 rum slot waveguide used in exenplary opto-
fhidic implementations.

B087] Slot waveguides exhibit high sensitivity for sensing, which can provide
enhanced Raman signal in the disclosed devices. Exemplary implementations were
performed which showed the use of slot waveguides with a slotted ring resonator as a high
sensitivity gas sensing platform, as exemplified in FIG. 8. FIG. 8 shows a photo image of an
excnplary gas cell affixed 1o the silicon photonic chip (¢.g., in which the dotied line shows
the path of the Hght through the waveguide and the circle denotes the approximate location of
the slotted ring resonator) and an associated SEM image of an exeraplary silicon slotted
micro-ring resenator used in the gas sensing region. The SEM tmage also includes an inset
mmage showing a zoom-in view of a small scction of the siotted ring resonator, with the red
arrows showing direction of light propagation along the straight bus waveguide. The
exemplary device showed high sensitivity based on measuring small (2.g., 107 index of
refraction changes i the slotied ring region caused by the presence of gases. As deseribed
above, the slot waveguide geometry combined with a slotted ring resonator increased the
mteraction between the optical field and the gas due to the high optical field tntensitics

resulting from the slotted waveguide structures.

[B0&8] As mentioned above, a single point detector combined with thermal tuming of
the ring resonance has the ability to obiain a spectrum without using a separate spectrometer.
Excrplary implementations of an on-chip spectrophotometry for bio-analysis can be
performed to measure the response of a single ring resonator and are able to demonstrate the
ability to extract absorption of the swrrounding fhud through spectral measurement. For

cxample, the presence of fluid does not deteriorate the optical response of the ring.

8089} The disclosed technology uses microfabricated waveguides and slot
waveguides to enhance the generated Raman signal from a liquid or gas surrounding the
waveguides. A filier or spectrometer can also be infegrated monolithically with the Raman

enhancement structures, such as slot waveguide and slotted ring resonator to create 8 Raman
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spectroscopy platform completely on-chip. Additional information on slot waveguides is
described in the US Patent 7,519,257, entitled “Waveguide Structure for Guiding Light in
Low-Index Material,” by inventors Michal Lipson, ot al., the disclosure of which s

meorporated by reference.

16096] In the disclosed ntegrated sensing systems, waveguides and associated
structures can be made with microfabrication technology. Exemplary waveguide materials
can include, but are not Hmited to, silicon carbide epitaxially grown on silicon or silicon
carbide, titanium dioxide, aluminum nitride, or alomdoum oxide deposited in thin films on
silicon dioxide via sputtering or plasma-enhanced chemical vapor deposition (PECVD).
Vaveguides can be exposed to the analyte on top of the wavegnides or can be undercut by
etching the boried silicon or silicon dioxide layer. Raman signal enhancement can occouwr in
the cxemplary systems in cither a slot waveguide or a sloited ring resonator. An exemplary
sensing device can be pumped from one end of the device with a laser source and Raman
light is collected while travelling in the opposite direction to the pump light. In other
exemplary embodiments of the device, other photonic devices may be included, such as a
ring resonator 1o filter the Raman signal from the pump light, integrated detectors, and laser
sources. Fhudic samples to be analyzed may be introduced to the waveguide sensing
stracture using either microflaidic channels or simply by dropping the liguid onto the

waveguide sensing structure,

8891} Some exemplary advantages of the disclosed biosensing systems include low
cost of manufacturing. It is estimated that the cost of fabrication of the disposable chip
condaining the sensor can be negligible. For example, assuming mass production, the cost
could be on the order of a few cents. This low cost is due to the number of chips fabricated
per wafer can be over tens of thousands, the materials and fabrication (single mask) required
for the disposable chip can be compatible with standard microfabrication processes, and the
minimum feature size on the disposable chip is approximately 80 nm (e.g., slot waveguide),
compatible with current DUV hithography. Moreover, the cost of the fixed chip can be
estimated to be of a few dollars. For example, this exemplary estimated cost inchides the
packaging (c.g., cstimated to be approximately 40-60% of the component). The laser and the
single point detector can be bonded on the chip and can be expected 10 have extremely low
cost, e.g., of less than $1 per die. Both a highly sensitive detector and a | mW laserata
wavelength of 645 nm are widely available on the market at a fow dollars per fully packaged

part.
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8892} The disclosed technology addresses the need for rapid, specific and sensitive
detection of glucose levels using on-chip Raman spectroscopic analysis. This transtormative
platform can revolutionize glucose detection by enabling Us rapid, low-cost and siople

measurement. For example, the disclosed technology can have impact on diabetic patients

(]

through quick, accurate and pain-free monitoring of their blood glucose levels and will
significantly and positively affect their quality of life. The impact of the disclosed sensing
platforms can also have applications bevond the sensitive, reliable and rapid detection of
ghicose. For example, the disclosed sensing platforms can be easily modified and calibrated
for other sensing applications such as the detection of nucleic acids, proteins, Hpids,

10 carbohydrates, toxins, among others.

8493} The present technology disclosed in this patent document identifics a material
platform (¢.g., using transparent diclectric waveguide} that will have minimal background
luminescence and optical propagation losses. The disclosed tochnology alse describes design
and engineering processes to produce and implement the nano-photonic structures, including
15 anslytical calculations and computer simulations to determine optimsl parameters {(e.g.,
waveguide dimensions, slot width, ete.) for guiding and detecting optical signals, and for the
generation of the Raman signal. Moreover, the disclosed technology deseribes
implementations of the photonic structures and the sensing device, e.g., using pump powers
of 10-100 mW, and measure and calibrate the Raman signature in samples {c.g., cyclohexane

20 (CsHio) and ghucose) of different concentrations using the proposed slot waveguides.

{8694} While the disclosed embodiments described herein are primarily based on
ghicose monitoring to facilitate vnderstanding of the underlying concepts, it is understood

that the disclosed embodiments can also include monttoring of other analytes.

{8895] While this patent document and attached appendix coniain many specifics,

o]
RN

these should not be construed as lmitations on the scope of any invention or of what may be
claimed, but rather as descriptions of features that may be specific to particular embodiments
of particular inventions. Certain foatures that are deseribed n this patent document and
attached appendix in the context of separate embodiments can also be mmplemented in
combination in a singlc embodiment. Conversely, various features that are described in the
30 context of a single embodiment can also be implemented in muidtiple embodiments separately
or in any suitable subcombination. Moreover, although features may be described above as

acting in certain combinations and cven nitially claimed as such, one or more features from a

24
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claimed combination can in some cases be excised from the combination, and the ¢laimed

combination may be directed to a subcombination or variation of a subcombination.

{6096 Similarly, while operations are depicted in the drawings in a particalar order,
this should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illusirated operations be performed, to achieve
desirable results. Moreover, the separation of various system components in the
embodiments described in this patent document and attached appendix shoold not be

understood as roquiring such separation in all embodiments.
{6097} Only a few implementations and examples are described and other
mplementations, enhancements and variations can be made based on what is described and

itlustrated in this patent document and sttached appendix,
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CLAIMS
What ts clatmed is:

1. A biosensor system for optically detecting a fluid, comprising:

a base unit including a substrate, and a waveguide for guiding light, an optical filter
coupled to the waveguide to receive hight from the waveguide, and an optical detector
coupled to receive light from the optical filter;

a sensing unit coupled to the base unit and structured to include a containment region
capablc of containing = fluid and mcluding a slot waveguide resonator optically coupled to
the waveguide of the base unit at an interface and to divect light from the waveguide into the
containment region to interact with the fluid; and

a coberent light source opticaily coupled (o the base unif and configired to emit 3
light beam at a wavelength capable of Raman scattering when incident on the fluid including
the substance,

wherein the waveguide is optically coupled to receive the emitted light beam from the
coherent Hght source to carry the emitted Hght beam to an interface with the sensing unit to
collect Raman scattered light travelling in the opposite divection from the interface, the
optical filter is coupled to the waveguide to receive and filter the collected Raman scattered
light, and the optical detector is coupled to the optical filter to detect a Raman specirum of the
collected Raman scattered light, and

wherein the slot wavegoide resonator 1s structured to increase an optical ficld of the

cmitied fight beam interacting with the fluid to enhance the Raman scattered light.

2. The system of claim 1, wherein the base unit further includes one or both of CMOS

glectronics and a display.,

3 The systern of claim 1, further conprising 2 processing unit to process detected
Raman spectra obtained from the optical detector to determine at least one parameter of the
substance in the fluid.

4, The system of claim 1, wherein the system is configured to have a portable size

)

mclading 3 em » 3 cm or smaller.
5. The system of claim 1, wherein the substrate inchudes at least one of silicon, silicon

oxide, silicon oxynitride (SiON), alumimumn oxide (Al;04), titanium dioxide (Ti02), or silicon

L)y

pitride (SIN).
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6. The system of claim 1, wherein at Jeast one of the waveguide or the slot waveguide
resonator includes at least one of silicon carbide epitaxially grown on silicon (Si) or silicon
carbide (810}, titantum dioxide (TH0;}), aluminum sitride (AIN), or aluminum oxide (AbUs)
deposited i thin films on silicon dioxide (510;).

7. The syster of claim 1, wherein the base unit and the sensing unit further inclade an
optical coupler to couple the evanescent field of Hght at the interface between the waveguide

and the slot waveguide resonator.

8. The system of claim 1, wherein the cohererd light source is in the base unit.
9. The system of claim 1, wherein the sensing onit further includes a microthndic

channel structured o carry the fluid to the containment region.

10. The system of claim 1, wherein the containment region is in a cavity of the sensing
unit,
1. The system of claim 1, wherein the base anit is structured to include a recessed

region, and the sensing unit is configured as a detachable unit capable of attaching to the base
unit at the recessed region.

12, The system of claim 1, wherein the optical filter is tunable to selectively couple
different Raman spectral components at different Raman signal wavelengths within the

collected Raman scattered light to the optical detector,

13. The system of claim 12, wherein the optical filter is 8 tunable optical resonator filter.
14.  Thesystem of elaim 12, wherein the optical filier is a tunable optical ring resonater
filter.

15 The system of claim 12, further including a heater coupled to the optical filter to tune

the optical filier,

i6. The systern of ¢laim 12, wherein the waveguide in the base unit and the slot

waveguide resonator in the sensing unit arc transparcnt at visible wavelengths.

17 A biosensor system for optically sensing a fluidic sample, comprising:

a fixed unit including a substrate that inclodes a first region for detecting an optical
signal containing Raman fingerpring of the fluidic sample and a sccond region configured to
receive a disposable unit, a coherent light source configured to emit a probe lightat a

wavcicngth capable of causing Raman scattering when incident on the fluidic sample, and a
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waveguide optically coupled to receive the probe hight from the coherent light source to carry
the probe Hght to 3 coupling interface; and
a disposable chip unit structured to be removeably attached to the fixed unit by fitting

mio the second region of the fixed unit, the disposable chip including a sensing unit optically
coupled to the fixed unit to receive the probe Hight and capable of receiving a fluidic sample
including the analyte, the sensing unit including:

a waveguide structure configured to contine and guide the probe light to cause
Raman scattering tnteraction between the confined probe light and the analyte through either
cvanescent coupling or direct contact and to coliect Raman scattered light from the analyte;
and

an optical coupler coupled between the waveguide structure and the coupling
mterface in the fixed unit to couple the probe light to the waveguide structure through the
coupling interface and {o collect the collected Raman scattered fight from the waveguide

structure.

18, The system of claim 22, wherein the waveguide structure includes a slot waveguide
configired o cnhance the Raman scattering interaction by focusing the probe Hght mside and

m close proximity of the slot region of the slot waveguide.

19. The syster of claim 23, wherein the waveguide structure further includes a ring
resonator optically coupled to the slot waveguide 10 enhance the Raman scattering interaction
by enabling a long interaction length between the probe light and the analytc while
maintaining the compact size of the scnsing unit.

20. The system of claim 24, wherein the ring resonator is a slotted ring vesonator
configoered to further enhance the Raman scattering interaction by focusing the probe Hght

strongly inside and in close proximity of the slot region of the sloted ring resonator.
25y A £ g

21, The system of claim 22, wherein the fixed unit further inclodes one or both of CMOS
ciectronics and a display.
22, The system of claim 22, wherein the fixed unit further includes a processing unit to
process the collected Raman scattered Hght to determine a Raman spectrum of the collected
Raman scattercd hght.
23. The system of claim 22, wherein the processing umit inchades:

an optical filker coupled to the waveguide and configured to filter out the collected

Raman scattergd fight; and
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an optical detector coupled to the optical filter 1o generate a Raman spectrum of the

analytc based on the outpuis of the optical filter.

24, The system of claim 23, wherein the optical filter inchudes a ring resonator.
25. Thesystem of claim 23, wherein the processing unit firther includes a tuning

mechanism coupled to the optical filter 10 tume the optical response of the optical filter to

match a set of targeted Raman wavelengths.

26. The system of claim 25, wherein the funing mechanism inchudes a micro-heater.
27.  Thesystem of claim 23, wherein the optical detector includes a photodiode.
28.  The system of claim 22, wherein the substrate includes at least one of silicon, silicon

oxide, silicon oxynitride (SiON), alomimnn oxide (Al;Os), titanium doxide (Ti0y), or silicon
nitride (SiN}.

29, The system of claim 22, wherein the waveguide structure includes a high-index
material which inchides at jeast one oft silicon nitride (SiN), silicon carbide (SiC), titaniom
oxide (TiQy), shuminum oxide (ALO4), silicon, and diamond.

30. The system of claim 22, wherein the disposable chip unit 1s capable of detaching from
the fixed unit after used for detecting the fluidic sample, and wherein the fixed unit 18

reconfigured to receive & new disposable chip after the used disposable chip has been

removed.
31 The system of ¢laim 22, wherein the analyte is glucose.
32, The system of claim 22, wherein the fluidic sample includes a sample of tears, saliva,

grine, or blood.

33. A bicsensor system for optically detecting a flaidic sample, comprising:

a sensing unit formed on a substrate to receive a probe light and stractured to
include a containment region capable of receiving and containing the fluidic sample including
a substance, the sensing unit including:

a waveguide structure configured to contine and guide the probe light to cause

Raman scattering interaction between the confined probe light and the fhadic sample
through either evanescent coupling or direct contact and to collect Raman scattered
Hight generated from the thadic sample,

wherein the waveguide structure is optically coupled to an interface to guide

the collected Raman scattered light from the fluidic sample to the interface; and

229-
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a base unit formed on the substrate and coupled to the sensing unit, the base onit
mcluding:

a waveguide optically coupled to 2 coberont light source to carry an emitted
probe light from the coberent light source to the interface with the sensing umit and to
receive the collected Raman scattered light travelling in the opposiie direction to the
emitted probe light from the sensing unit at the interface;

an optical filter coupled to the waveguide and tunable fo select and filter out
the received Raman scattered light; and

an optical detector coupled to the optical filter to generate a Raman spectrum

of the substance based on the outputs of the optical filter.

34, Thesystem of claim 33, wherein the waveguide structure inchudes a slot wavegoide
configured to enbance the Raman scattering tnteraction by focusing the probe light strongly

mside and 1o close proximity of the slot region of the slot waveguide.

35. The system of claim 34, wherein the waveguide structure further includes a ring
resonator optically coupled to the slot waveguide to enhance the Raman scattering interaction
by enabling a long interaction length between the probe light and the analyte while
maintaimng the compact size of the sensing onit.

34. The systern of claim 35, wherein the ring resonator s a slotted ring resonator
configured to further enhance the Raman seattering interaction by focusing the probe hight
strongly nside and in close proximity of the slot region of the slotied ring resonator.

37. The system of claim 33, wherein the base unit further includes one or both of CMOS3
glectronics and a display.,

38. The systern of claim 33, wherein the optical filter includes a ring resonator.

39. The system of claim 33, wherein the base nit further includes a tuning mechanism
thermally coupled to the optical filier to tune the optical response of the optical filter to match

a sct of targeted Raman wavelengths.

44, The syster of claim 39, wherein the tuning mechanism inclhudes a micro-heater.
41, The system of claim 33, wherein the optical detector includes a photodiode.
42. The system of claim 33, wherein the subsirate includes at least one of silicon, silicon

oxide, silicon oxyuitride (5I0ON), aluodoom oxide (ALOs), titanium dioxide (Ti0y), or silicon

nitride (SIN).
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43, The system of claim 33, wherein the waveguide structure includes a high-index
material which includes at least one of: silicon nitride (SiN), silicon carbide (8i0), titanium

oxide (Ti(0y), alomivum oxide (ALGy), silicon, and diamond.

21
44, The system of claim 33, wherein the base onit and the sensing anit further inclode an
optical coupler o couple the cvanescent ficld of light at the interface between the waveguide

structure and the waveguide.

45. The system of claim 33, wherein the coherent light source is configured in the base
unit,
46. The system of claim 33, wherein the sensing unit further inchudes a microfhuidic

channel structured o carry the fluidic sample to the containment region.

47.  The system of claim 33, wherein the base unit is structured to include a recessed
region, and the sensing unit is configured as a detachable unit capable of attaching to the base

unit at the recessed region.

48. The system of claim 33, wherein the coherent light sovurce is a laser external to the
bioscnsor system and configured to emit the probe light at a wavelength capable of Raman

scattering when incident on the fluidic sample focluding the substance.

49, The system of claim 33, wherein the coherent light soarce is a pump laser formed on
the substrate and configured fo cmit the probe light at a wavelength capable of Raman

scattering when incident on the fluidic sample mcluding the substance.

50. The syster of claim 33, wherein the coherent light source is a pump laser generating

the probe light of a first wavelength.

51. The system of claim 50, further comprising one or more additional lasers, cach of
which is tuncd to 8 specific Raman wavelength of interest to cause stimufated Raman

emission from the substance at the specific Raman wavelength of interest.

52.  The system of claim 50, wherein the biosensor system includes a coherent anti-Stokes
Raman spectroscopy (CARS) that further comprises a second laser to generate a Stokes beam

of a second wavelength and a third laser to generate a probe beam of a third wavelength,

33, A biosensor system for optically detecting a fluid, comprising:
a base unit including a substrate, and a waveguide for gmding light;
a sensing onit coupled to the base unit and structured to include a containment region

capable of containing a fluid and inchuding a slot waveguide optically coupled to the
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waveguide of the base unit at an interface and to divect light from the waveguide into the
containment region to interact with the fluid; and

a coherent light source optically coupled to the base unit and counfigured to emit a
light beam at a wavelength capable of Raman scattering when incident on the thud including
a substance,

wherein the slot waveguide is configured to collect Raman scatiered Hght generated in
and around the slot waveguide;

wherein the waveguide 1s optically coupled to receive the emitted light beam from the
coherent Hight source to carry the emitied light beam to an interface with the sensing onit and
te receive a portion of the collected Raman scattered light which travels in the opposite
direction to the emitted light beam from the interface; and

wherein the slot waveguide resonator is structured to increase an optical field of the

emitted fight beam interacting with the fluid to enhance the Raman scattered light.

54. The system of claim 53, wherein the biosensor system further comprises: an optical
filter coupled to the waveguide to receive and filter the portion of the collected Raman
scattered light; and an optical detector coupled to the optical filter to receive the filtered

Raman scattered light and detect a Raman spectrinm within the filtered Raman scattered Hght.

55. The system of claim 53, wherein the coherent light source is a pump laser to generate

a first wavelength.

56. The system of claim 55, further comprising one or more additional lasers, cach of
which is tuned to a specific Raman wavelength of interest to cause stimulated Raman

emission from the substance at the specific Raman wavelength of interest.

57.  Thesystem of claim 55, wherein the biosensor system includes a coherent anti-Stokes
Raman spectroscopy (CARS) that further comprises a second laser to generate a Stokes beam
of a second wavelength and a third laser to generate a probe beam of a third wavelength,
wherein the pump laser.

58, The system of claim 53, wherein the slot waveguide includes a straight slot
waveguide and a slotted ring resonator coupled to the straight slot waveguide.

59. The systern of claim 53, wherein the base unit and the sensing unit further include an
optical coupler to couple the evanescent field of Hght at the interface between the waveguide

and the slot waveguide resonator.
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