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(57) Abstract: A method of performing Raman spectroscopy can include guiding a Raman pump beam with an optical fiber, where
the Raman pump beam inducing fluorescence in the optical fiber. The beam and the fluorescence are coupled to a photonic integrated
circuit (PIC) via the fiber. The beam is used to excite a sample in optical communication with the PIC via evanescent coupling and
induces Raman scattering in the sample. The Raman scattering is collected via the PIC, and the Raman pump beam as well as the
fluorescence is filtered out from the Raman scattering via the PIC.
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SYSTEMS AND METHODS FOR RAMAN SPECTROSCOPY

CROSS-REFERENCE TO RELATED APPLICATIONS

[1001] This application claims priority to U.S. Provisional Application No. 62/691,073 filed June 28, 2018,
titled “SYSTEMS AND METHODS FOR RAMAN SPECTROSCOPY OF CHEMICAL AND
BIOLOGICAL SPECIES USING PHOTONIC INTEGRATED CIRCUITS?, the entire disclosure of which

is incorporated herein by reference.

STATEMENT OF GOVERNMENT SUPPORT

[1002] This invention was made with Government support under Grant No. ECCS-1709212 awarded by

the National Science Foundation. The Government has certain rights in the invention.

BACKGROUND

[1003] A Raman spectrometer or Raman spectrophotometer is a device that optically probes the vibrational
rotational, and low-frequency modes of a solid, liquid, or gaseous chemical or material. Raman
spectroscopy is a technique for accurately quantifying the chemical structure of an unknown substance.

Raman spectroscopy typically involves first illuminating a sample with a single frequency laser in the
visible or near-infrared wavelength region. A fraction of the light scattered by the sample is converted to
a higher optical frequency (anti-Stokes shifted), and another fraction is converted down to a lower optical
frequency (Stokes shifted), with these frequencies corresponding to the intrinsic energy levels of the
substance being sensed, as shown in FIG. 1. By comparing the measured spectrum to a database of known
Raman spectra, the composition of single chemicals or mixtures of chemicals in the gas, liquid, or solid
phase can be determined with high precision.

[1004] A conventional Raman spectrometer system may comprise several distinct sub-systems, including:

(1) a single-frequency excitation source, such as a laser; (2) an optical filter that suppresses amplified
spontancous emission at wavelengths above and below the laser wavelength; (3) an optical probe or region
where the light interacts with the analyte or unknown chemical of interest; (4) a dichroic mirror or optical

filter that removes the light from the excitation source, letting the Stokes or anti-Stokes scattered light pass;

and (5) a spectrum analyzer or spectrometer that measures the intensity of the Raman shifted light as a
function of frequency or wavelength.

[1005] The waveguide-enhanced Raman spectroscopy (WERS) technique has recently been demonstrated
for detecting chemical and biological species in tightly confined single-mode waveguides on a chip.

However, practical implementations of this technology require fiber-coupled light to be delivered to the
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chip, but the presence of the silica fiber produces significant background noise in the form of fluorescence
and Raman scattering from the fiber material.

[1006] Additionally, the pharmaceutical industry has traditionally relied on batch manufacturing to
produce molecules of interest. The high fixed costs and low flexibility associated with the use of large,
multi-use vessels have recently driven a shift towards new ways of chemical production, such as continuous
manufacturing, where the production process is performed all at once along tubes and smaller vessels, and
single-use technologies, which rely on disposable, smaller-volume equipment. Yet conventional analytical
tools, which typically allow for the measurement of one sample at a time and whose cost prevents single

usage, are hardly adapted to this new manufacturing paradigm.

SUMMARY

[1007] In some aspects, a photonic integrated circuit (PIC) for Raman spectroscopy includes a
semiconductor substrate and an optical port integrated with the semiconductor substrate. The optical port
receives a Raman pump beam from an optical fiber. The PIC also includes a first filter, integrated with the
semiconductor substrate and coupled to the optical port, to transmit the Raman pump beam and to reject
fluorescence induced in the optical fiber by the Raman pump beam. The PIC further includes a sample
waveguide, integrated with the semiconductor substrate and coupled to the first filter, to receive the Raman
pump beam, to excite a sample in optical communication with the sample waveguide with at least a portion
of the Raman pump beam via evanescent coupling, and to receive a scattering signal from the sample in
response to the portion of the Raman pump beam.

[1008] In some aspects, a PIC for Raman spectroscopy includes a semiconductor substrate and an optical
port integrated with the semiconductor substrate. The optical port receives a Raman pump beam and
fluorescence induced by the Raman pump beam from an optical fiber. The PIC also includes a directional
coupler, integrated with the semiconductor substrate and having a first port, a second port, and a third port.
The directional coupler receives the Raman pump beam at the first port and outputs the Raman pump beam
at the second port. The PIC further includes a sample waveguide integrated with the semiconductor
substrate and coupled to the second port. The sample waveguide guides the Raman pump beam and the
fluorescence in a first direction, and excites a sample in optical communication with the sample waveguide
with the Raman pump beam via evanescent coupling. The sample waveguide also receives a scattering
signal from the sample in response to the excitation, and guides the scattering signal in a second direction
opposite from the first direction, and can then couple the scattering signal to a detector.

[1009] Some aspects are also directed to a bioreactor having a PIC disposed therein. Some aspects are
also directed to a Raman spectroscopy system that includes a PIC as disclosed herein, and further includes

an optical unit removably coupled to the PIC. The optical unit includes a light source coupled to the optical
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port via the optical fiber to launch the Raman pump beam into the optical fiber. The optical unit further
includes a detector coupled to the second filter and to receive and detect the scattering signal transmitted
by the second filter.

[1010] In some aspects, a method for Raman spectroscopy includes receiving a Raman pump beam via an
optical fiber, which also includes receiving fluorescence induced in the optical fiber by the Raman pump
beam. The method further includes transmitting, via a first filter, the Raman pump beam, including
rejecting, by the first filter, the fluorescence induced in the optical fiber by the Raman pump beam. The
method also includes receiving the Raman pump beam in a sample waveguide and exciting a sample in
optical communication with the sample waveguide with at least a portion of the Raman pump beam via
evanescent coupling. The method also includes receiving, via the sample waveguide, a scattering signal
from the sample in response to the portion of the Raman pump beam, and transmitting, via a second filter,
the scattering signal while blocking transmission of the remaining portion of the excitation beam.

[1011] In some aspects, a method for Raman Spectroscopy includes receiving, from an optical fiber, a
Raman pump beam and fluorescence induced by the Raman pump beam in the optical fiber. The method
also includes guiding, via a sample waveguide, the Raman pump beam and the fluorescence in a first
direction, and exciting a sample in optical communication with the sample waveguide with the Raman
pump beam via evanescent coupling. The method further includes receiving, via the sample waveguide, a
scattering signal from the sample in response to the excitation, and guiding, via the sample waveguide, the
scattering signal in a second direction opposite from the first direction.

[1012] It should be appreciated that all combinations of the foregoing concepts and additional concepts
discussed in greater detail below (provided such concepts are not mutually inconsistent) are contemplated
as being part of the inventive subject matter disclosed herein. In particular, all combinations of claimed
subject matter appearing at the end of this disclosure are contemplated as being part of the inventive subject
matter disclosed herein. It should also be appreciated that terminology explicitly employed herein that also
may appear in any disclosure incorporated by reference should be accorded a meaning most consistent with

the particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[1013] The skilled artisan will understand that the drawings primarily are for illustrative purposes and are
not intended to limit the scope of the inventive subject matter described herein. The drawings are not
necessarily to scale; in some instances, various aspects of the inventive subject matter disclosed herein may
be shown exaggerated or enlarged in the drawings to facilitate an understanding of different features. In the
drawings, like reference characters generally refer to like features (e.g., functionally similar and/or

structurally similar elements).
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[1014] FIG. 1 is an example energy diagram depicting changes in frequency of Raman scattered light that
correspond to different molecular energy levels.

[1015] FIG. 2 illustrates an example system including an optical unit and multiple photonic integrated
chips (PICs). Specifically, the system constitutes an example sensing platform with an optical control unit
housing the fiber-integrated optical components and inexpensive/replaceable silicon nitride photonic chips
that can be placed in multiple single-use bioreactors or in series for continuous-flow measurements. Each
photonic chip can be in a different bioreactor. In some cases, two or more photonic chips can be in the
same bioreactor, and the sensing regions of each respective photonic chip can be functionalized in the same
way, or differently. Optical multiplexers and de-multiplexers can include commercially available MEMS-
based optical switches.

[1016] FIG. 3A is an example photonic integrated chip (PIC) with an on-chip Raman sensing probe to
efficiently collects backwards scattered Raman light, eliminating the need for on-chip filtering of the laser
signal and suppressing the background fluorescence and Raman light generated in the input/output optical
fibers. The Raman sensing probe includes a 2x1 component, such as a directional coupler, for controlling
light flow.

[1017] FIG. 3B is an example PIC similar to FIG. 3A but including a Raman sensing probe using a 2x2
component for controlling light flow, as well as an additional sensing region and an additional output
waveguide.

[1018] FIG. 4 is a microscope image of different kinds of visible/near-infrared optical filters and
waveguides fabricated on a silicon nitride photonics platform.

[1019] FIG. 5 is a scanning ¢lectron micrograph images of a SisN4 waveguide distributed Bragg reflector
fabricated at MIT for filtering out the laser wavelength. The inset plot illustrates the transmission
characteristics of the waveguide that enable its operation as a notch filter.

[1020] FIG. 6A is a perspective view of an example flow-integrated Raman spectroscopic sensor/chip
showing details of analyte flow and optical coupling. The rigid casing of the sensor and the tight seal
created by an O-ring can enable spectroscopic sensing of pharmaceuticals at high temperatures and
pressures.

[1021] FIG. 6B is another perspective view of the sensor of FIG. 6A.

[1022] FIG. 6C illustrates multiple sensors/chips similar to that in FIG. 6A arranged in tandem, with the
sample outflow of a first chip being the sample inflow into the next chip, and so on.

[1023] FIG. 7A illustrates an example Raman chip integrated with a small format Sartorius 250mL ambr
disposable bioreactor.

[1024] FIG. 7B illustrates a Sartorius bioreactor workbench that can house up to 24 reactor setups

including a reactor integrated with a Raman chip as illustrated in FIG. 7A.
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DETAILED DESCRIPTION

[1025] All combinations of the foregoing concepts and additional concepts discussed in greater detail
below (provided such concepts are not mutually inconsistent) are part of the inventive subject matter
disclosed herein. In particular, all combinations of claimed subject matter appearing at the end of this
disclosure are part of the inventive subject matter disclosed herein. The terminology used herein that also
may appear in any disclosure incorporated by reference should be accorded a meaning most consistent with
the particular concepts disclosed herein.
[1026] Aspects of the Raman spectroscopy chips disclosed herein encompass small scale, modular,
scalable design while reducing fluorescence (due to optical fibers for light delivery) from optical coupling
to external light sources, and yet achieving higher SNR than conventional, free-space Raman spectrometers.
An unreactive, bio/chemi-compatible exterior permits for use in a wide variety of environments, from harsh
chemical settings to sensitive biological environments. Further, a simple optical design that embeds or
integrated most components in a semiconductor substrate, while employing simple fiber-optic filter
operation or filter-free, wavelength-independent operation (e.g., see FIGS. 3A-3B, explained in more
details later), is easily and cost-cffectively reproduced and tweaked for flexible use.
Example System Design Aspects
[1027] As disclosed herein, on-chip photonic spectroscopy can be used for chemical sensing in biological
and/or chemical environments. On-chip photonic spectroscopy can be implemented with on-chip sensing
and spectral filtering to overcome the fiber fluorescence challenge associated with WERS. Additionally,
on-chip photonic spectroscopy can be used in a system that comprises multiple low-cost sensing probes and
is fully compatible with continuous manufacturing and single-use technologies.
[1028] Aspects disclosed herein can leverage mature photonics capabilities to miniaturize Raman
spectroscopy, a gold-standard technique for selectively identifying and quantifying biological and chemical
species in complex environments. Chip-integrated, real-time Raman sensors as disclosed herein can enable
faster and more efficient production of pharmaceuticals with continuous manufacturing and single-use
technologies. In addition to size reduction, this can provide several benefits, including:
a. Improved robustness (there are no free-space optical components requiring re-
alignment due to integration with a semiconductor substrate).
b. Better reliability (high chip-to-chip uniformity).
c. Enhanced light-matter interaction at the surface of the chip due to evanescent coupling
means sensitivities >100 times higher than free-space Raman spectrometers are
possible.

d. Large cost reduction by utilizing existing high-volume silicon CMOS tools.
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¢. The sensors’ chemical and biological sensing capabilities leverage multiple
technologies in integrated photonics, such as tunable light sources, tunable filtering,
and tunable detection, to enable biological and chemical monitoring.

f.  Waveguide-enhanced Raman scattering (WERS) in single-mode optical waveguides

g. On-chip filtering of background noise from fiber fluorescence.

h. Chip-scale photonic packaging capabilitics. The packaged photonic chip can have
epoxy-bonded fibers and can be simply dropped into aqueous cell-cultures or
integrated in tubing for real-time monitoring of chemical constituents (illustrated in
FIGS. 6A-6C, 7A-7B, described in greater detail later).

[1029] A single optical control unit/module can be connected via optical fibers to one or many photonic
chips/sensing probes (e.g., as illustrated in FIG. 2, described in greater detail later) that are placed in
difficult-to-reach production environments. The optical control unit can house components such as a laser,
spectrometer, free-space filters, and optical multiplexer/de-multiplexers, while the photonic chip can
include integrated spectral filters (e.g., for suppressing background fiber fluorescence) and a sensing region
where the tightly confined optical mode interacts with neighboring chemical species. The system can also
filter out background fluorescence and Raman background light generated in the optical fibers to and/or
from the chip.

[1030] In the Raman sensing system disclosed here (e.g., the system 200 in FIG. 2Error! Reference
source not found.), light from a single optical control unit can be delivered to photonic chips (via optical
fiber), where it is spectrally filtered and exposed to chemicals and biological species that are in direct
contact with the chip surface. The resulting Raman scattered light is efficiently coupled back into the
waveguide and co-propagates with the excitation laser light towards a second filter (e.g., a distributed Bragg
grating notch filter) that rejects the laser signal. The remaining Stokes-shifted Raman light then travels via
a second optical fiber back to the optical control unit, where it is filtered again and then analyzed using a
commercial spectrometer with cooled linear CCD array or similar detector.

[1031] The photonic chips can be made using a reliable silicon nitride photonic fabrication process and a
custom process design kit (PDK). An example process flow can include a single electron-beam lithography
write step to reliably define optical components with dimensions below 50 nm (e.g., including, but not
limited to, filters, directional couplers, edge couplers, slot waveguides, strip-to-slot converters, and/or the
like) and post-processing to both expose waveguide regions to chemical/biological species, and to define
etched waveguide facets for robust edge-coupling and fiber integration. Delivering light to/from the
photonic chip via optical fiber (in-between the free-space notch and laser-line filters) produces significant

background fluorescence and background Raman from the silica fiber. On-chip filters to suppress this
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background fluorescence and background Raman (e.g., see FIGS. 4-5, described in greater detail later) and
further boost the detection sensitivity.

[1032] A single optical control unit can be connected in parallel to many low-cost sensor chips (e.g., see
FIG. 2). The optical control unit can include an optical multiplexer/de-multiplexer (¢.g., the multiplexer
246, the demultiplexer 238) that directs laser light to each low-cost sensor chip one-at-a-time. Despite this
happening serially, the time to acquire a single spectrum on each probe can be on the order of seconds,
which is orders of magnitude faster than the acquisition and sample preparation times of conventional
analytical techniques. For cell-culture applications, such as on a Sartorius ambr250 24-bioreactor
workstation as shown in FIG. 7B, each disposable bioreactor can include a sterile, miniature probe 710
attached to the inner wall before cell-culturing. In continuous-flow manufacturing applications, it can be
valuable to obtain information about the chemical concentrations along the distance of the tubing and so
connecting many of the Raman-sensors in-line with the flow-tubing may provide real-time data during
production (see FIG. 6CError! Reference source not found.). Furthermore, tethering many inexpensive
probes to a single unit can dramatically reduce the overall price per sensor.

[1033] With such a Raman spectroscopy system, the data acquisition process can be automated. The
acquired data can be fed back into existing controls for pharmaceutical production. This means that one can
find out during which minute of the day an abnormality occurred in processing, or at what exact time cells
began producing a compound of interest and take appropriate actions immediately. Distributed
spectroscopic sensor networks can paint a more complete picture of the pharmaceutical production process,
providing information for more efficiently and more reliably developing new drugs.

Example Raman Spectroscopy Systems

[1034] FIG. 2 illustrates an example Raman spectroscopy system 200 that includes a set of photonic
integrated chips (PICs) 210a-210n, useful for performing Raman spectroscopy as described herein.
Explained hereon with respect to the PIC 210a for simplicity, each such PIC can include a semiconductor
substrate 202 on which one or more components can be embedded. The substrate 202 can be formed of
any suitable materials such as, for example, silicon nitride, titanium dioxide, silicon carbide, silicon, indium
phosphide, combinations thereof, and/or the like. The substrate 202 at least in part can be formed of a
material that is optically transparent at the Raman pump beam wavelength(s) and at the Raman scattering
wavelength(s) to reduce propagation loss.

[1035] The PIC 210a can also include an optical port 204 integrally formed with or on the substrate 202
for coupling to an optical fiber 240a, which can deliver a Raman pump beam from an excitation source
(e.g., the laser 232, described below) to the PIC 210a. The port 204 can include any suitable connector for
coupling the fiber 240a such as, for example, screw-type, clip type, snap type, push-pull type, and/or the
like.
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[1036] Coupled to the port 204 is a first filter 212 (illustrated here as a “laser line filter”) that is integrated
with the substrate 202. This filter 212 can also be integrated into or coupled the end of the fiber 240a
coupled to the port 204. The filter 212 can transmit the Raman pump beam received from the fiber 240a
and reject fluorescence induced in the fiber 240a by the Raman pump beam. In other words, the filter 212
can transmit light at the wavelength of the Raman pump beam and attenuate or reflect light at other
wavelengths, excluding the fluorescence as the Raman pump beam and the fluorescence traverse the filter
212. The fluorescence can arise, for example, due to the Raman pump beam interacting with the silica
materials of the fibers and can swamp or hide the Raman signal from the sample. As an example, the center
wavelength of the filter 212 can be about the same as the wavelength of the Raman pump beam. The
suppression of other wavelengths can be high as possible/permissible, such as, for example, up to 60 dB,
or greater than 60 dB. The width of the passband of the filter can be wide enough to accommodate for
shifts or variation in the laser wavelength, while narrow enough to cut off fluorescence and/or other
spontaneous emission. In some cases, the width of the passband can be up to 5 nm, or greater than 5 nm.
[1037] The PIC 210a can include a sample waveguide (not shown, illustrated and described in greater
detail with respect to FIGS. 3A-3B) underlying the sensing region 216, such as, for example, a single-mode
optical fiber. The sample waveguide can be coupled to the filter 212 and also be integrated with the
substrate 202. The waveguide receives the filtered Raman pump beam from the filter 212 and, by virtue of
its proximity to the sensing region 216, excites a sample disposed on the region 216 and in optical
communication with the sample waveguide with at least a portion of the Raman pump beam via evanescent
coupling. The sample in the sensing region 216, or the vicinity thereof, can generate a scattering signal
(e.g., due to Raman scattering) in response to the Raman pump beam, at least a portion of which is received
by the waveguide. This scattering is isotropic; that is, unless occluded, the scattering signal propagates in
all directions from the sample. At least a portion of the scattering signal evanescently couples into the
waveguide and propagates along the waveguide in the same direction as the remainder/rest/remainder
portion of the Raman pump beam and/or in the opposite direction as the Raman pump beam.

[1038] The PIC 210a also includes a second filter 214 (illustrated here as a “notch filter”) that is integrated
with the substrate 202. The filter 214 can also be integrated into or coupled to an optical fiber coupled to
the PIC 210a. The second filter 214 is coupled to the sample waveguide and received the remainder portion
of the Raman pump beam as well as the portion of the scattering signal. The second filter 214 can operate
as a notch filter which blocks light at the wavelength(s) of the Raman pump beam and transmits light at
other wavelengths, including the Raman signal wavelength(s). In this manner, the filter 214 can transmit
the scattering signal to a detector, such as the spectrometer 242 via the fiber 240b for spectroscopic detection.
As an example, the notch band of the filter 214 can be about the same as the wavelength of the Raman

pump beam to achieve suppress as high as possible/permissible, such as, for example, up to 60 dB, or
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greater than 60 dB. The width of the notch band of the filter 214 can be wide enough to fully or substantially
reject the laser, while narrow enough to prevent more than minimal or acceptable loss of the (useful)
scattering signal. In some cases, the width of the notch band can be up to 5 nm, or greater than 5 nm.
[1039] As also illustrated in FIG. 1, the system 200 also includes an optical unit/module 230 that can be
removably coupled to the PICs 210a-210# such as by, for example, engaging/disengaging the connectors
on the PICs for the fibers 240a, 240b. The optical unit 230 can also encompass an integrated chip-type
architecture. The optical unit 230 includes a light source 232 (shown here as a laser) that couples to the
optical port 204 via the optical fiber 240a and generates the Raman pump beam. The light source 232 can
be coupled to an optical isolator 234 that permits one-way transmission of the Raman pump beam (the
source 232 and the isolator 234 can be modular fiber-coupled components or combined in a single fiber-
coupled component). The light source 232 launches the Raman pump beam into the optical fiber 240a. The
optical unit 230 can also (optionally) include a filter 236 that can be similar to the filter 212, and function
to remove any amplified spontancous emission and/or other artifacts arising during the Raman pump beam
generation on the optical unit itself.

[1040] On the detection side, the optical unit 230 can include a detector 242 (shown here as a spectrometer)
for detecting the Raman scattering signal. Also illustrated is a (optional) filter 244 that can be similar to
the filter 214 and transmits light at wavelengths other than that of the Raman pump beam.

[1041] When the optical unit 230 is to be employed with multiple PICs, it can also incorporate a de-
multiplexer 238 between the source 232 and the PICs 210a-210#, and a multiplexer 246 between the
scattering signal outputs of the PICs 210a-210n and the detector 242. The de-multiplexer 238 and the
multiplexer 246 can include, for example, MEMS-based optical switches for temporal multiplexing and de-
multiplexing. They can also be implemented as wavelength-based devices for sending Raman pump light
at different wavelengths to different PICs 210a-210x. (Raman pump light at different wavelengths can be
generated by tunable light source, such as a tunable laser; a broadband light source, such as a
superluminescent diode; or multiple light sources, such as lasers lasing at different wavelengths.)

[1042] FIG. 3A illustrates a PIC 310 useful for Raman spectroscopy. Unless noted otherwise, similarly
named components may be structurally and/or functionally similar to those describes for the PIC 202a. The
PIC 310 can interface with external optical components, such as those described for the optical unit 230,
for receiving a Raman pump beam and for spectroscopic detection.

[1043] The PIC 310 includes a semiconductor substrate 302 that includes an optical port 304 integrated
with the substrate 302. The optical port 304 receives a Raman pump beam and fluorescence induced by
the Raman pump beam from an optical fiber (not shown) and can operate in a manner similar to the optical

port 204.
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[1044] The PIC 310 also includes a wavelength selective, multi-port optical component 314, shown here
as a directional coupler 314 with a first port 316a, a second port 316b, and a third port 316¢. The coupler
314 can have, as a non-limiting example, a bandwidth greater than about 100 nm and exhibit an extinction
ratio up to about 65 dB, with an insertion loss of <1 dB (in addition to any loss (¢.g., about 3 dB) incurred
by collecting at one output port, such as the third port 316¢). The coupler 314 can be integrated with the
substrate 302 and is wavelength selective in the sense that it has different splitting ratios at the Raman pump
and Raman signal wavelengths. The Raman pump beam and the fluorescence can be coupled via the port
314 into the first port 316a. By virtue of the wavelength selectiveness of the coupler 314, at least half of the
Raman pump beam (e.g., 50%, 90%, or 99%) is output at the second port 316b, where a sample waveguide
318 is coupled to the second port 316b. The fluorescence from the fiber is also coupled to the sample
waveguide 318 via the second port 316b.

[1045] The sample waveguide 318 is illustrated here in spiral form, which can increase the interaction
between the waveguide and a sample while reducing or minimizing the surface area of the substrate that is
associated with, and given over to, the waveguide 318. The waveguide 318 guides the Raman pump beam
and the fluorescence in a first direction along the waveguide, i.e., away from the second port 316b. The
Raman pump beam can excite a sample in optical communication (e.g., overlaying or flowing past) with
the waveguide 318 via evanescent coupling. The resulting scattering signal can be received by the
waveguide 318, and some portion thereof is coupled into the waveguide 318 and propagates in a second
direction along the waveguide 318 that is opposite to the first direction, i.¢., towards the second port 316b.
(The waveguide 318 may guide some Raman-scattered light in the first direction too.) In other words, at
least some of the collected Raman signal counter-propagates along the waveguide 318 toward the
directional coupler 314.

[1046] The scattering signal that propagates in the second direction can then be received (at the second
port 316b) and then output (by the third port 316¢) by the coupler 314 to an output waveguide 320.
Depending on the directional coupler’s wavelength selectivity, 50%, 90%, 99% or more of the scattering
signal is coupled out of the third port 316¢, with the remainder coupled out of the first port 316a. In this
manner, any remaining portion of the Raman pump beam and the fluorescence that propagates in the sample
waveguide in the first direction is never returned to the second port 316b and is effectively filtered out
without the use of any filter components like those in the PIC 210a. The output waveguide 320 similarly
does not include any filter components, but nevertheless provides at its output the desired scattering signal,
which in turn can be provided to a detector (¢.g., the detector 242) via appropriate coupling means. The
effective rejection of the Raman pump beam and the fluorescence can be on the order of up to 65 dB, or

higher than 65 dB.
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[1047] FIG. 3B illustrates a PIC 310 that uses more of the Raman pump light than the PIC 310 thanks to
a fourth port 316d” on the directional coupler 314 that is coupled to an additional/second sample waveguide
318D (the first sample waveguide is reference no. 318a here). The coupling ratios for the coupler 314” can
be changed by changing one or more of the gap, width, or length of the coupling region, of the waveguide,
or both. In this setup, the first sample waveguide 318a receives (i.c., the directional coupler 314° couples)
a first portion (e.g., 50%) of the Raman pump beam and a first portion of the fluorescence, while the second
sample waveguide 318b receives the remainder (e.g., 50%) of the Raman pump beam and a
second/remainder portion of the fluorescence. This ensures that all of the Raman pump beam excites the
sample (neglecting insertion loss, attenuation, etc.). During operation, both waveguides 318a, 318b excite
the sample and receive counter-propagating scattering signals. The directional coupler 314 couples the
(first) scattering signal from the first waveguide 318a and the (second) scattering signal from the second
waveguide 318b through the output waveguide 320° to output 322°, which may be coupled to a detector
(not shown). Again, because the scattering signals propagate in the opposite direction as the Raman pump
beam and fluorescence from the input fiber, they are not present at the output 322°.  The effective rejection
of the Raman pump beam and the fluorescence can be on the order of up to 65 dB, or higher than 65 dB.
In this manner, signal collection from the sample can be increased by the PIC 310° relative to the PIC 310
which can lose half the Raman pump beam at the directional coupler 314. In the PIC 310°, on the other
hand, the entire Raman pump beam can be consumed and used to excite the sample.

[1048] As noted above for the PIC 210a, one or more PICs 310 and/or 310° can be removably coupled to
an optical unit including excitation and detection components, such as the optical unit 210. As an example,
the input ports 304, 304” can be coupled to the optical unit 210 via the demultiplexer 238, and the outputs
322,322’ can be coupled to the optical unit via the multiplexer 246.

[1049] FIG. 4 illustrates example fabrication of different components of the PICs 210a, 310, 310 on a
silicon nitride photonics platform/substrate. Waveguides 410 are wrapped in a bow-tic manner and can
provide an alternative design to the spiral form of the waveguides 318, 318a, 318b. The notch filters 412
are in a substantially linear configuration, and the filters 214, 244 can be designed and/or laid out in this
manner. The laser-line filters 414 are in an elongated looped configuration, and the filters 212, 236 can be
designed and/or laid out in this manner. The resonant filters 416 form a series of circular loops and can be
used to design the filters 212, 214 described herein.

[1050] FIG. 5 shows detail of an example, silicon waveguide distributed Bragg reflector for filtering out
the laser wavelength (e.g., similar to the operation of the filters 214, 244) via reflection while permitting
the Raman scattering signal to propagate. This example design is a comb-like configuration.

[1051] FIGS. 6A and 6B illustrate a Raman sensing system 600 with a replaceable (and optionally
disposable) PIC 610 (¢.g., similar to the PICs 210a, 310, 310°) useful in fluid tight settings with controlled
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sample flow. The sensing system 600 includes and/or is couplable to a housing 604 that provides a fluid
tight compartment for the various components within. As illustrated in FIGS. 6A-6B, an opening 614 can
provide for optical coupling of the PIC 610 to external components (e.g., for coupling the fibers 240a, 240b).
A sample holding region 606 within the housing is in optical communication with the PIC 610 and holds
the sample during analysis. A sample input port 616 is formed on the surface of the housing 604 and is
coupled to the sample holding region 606 to permit inflow of the sample for analysis with the PIC 610. At
the other end of the sample holding region 606 (best illustrated in FIG. 6B) a sample output port 612 is
formed on the surface of the housing 604 and is coupled to the sample holding region 606 to permit
outflow/circulation of sample.

[1052] FIG. 6C illustrates multiple Raman sensing systems 600a-600#, each with a different PIC (not
shown), that can be used for multi-point measurements on the same sample. As illustrated in FIG. 6C, the
sample can be input into the Raman sensing system 600a via its sample input port, and then output via its
sample output port and into the sample input port of the Raman sensing system 600b, and so on. Multiple,
redundant measurements can be made possible when each of the Raman sensing systems 600a-6007 and
PICs is configured the same way (e.g., has the same filter characteristics). Additionally, different
measurements on the same sample can be made possible when each of the Raman sensing systems 600a-
600n is configured differently (¢.g., employs different excitation wavelengths).

[1053] FIG. 7A illustrates an example PIC design 710 (e.g., each similar to the PICs 210a, 310, 3107)
useful for sample immersion measurements. In such setups, the PIC 710 is immersed in the sample, with
the sample waveguide bordering or interfacing with an external surface of the PIC’s semiconductor
substrate (e.g., the substrate 202, 302) exposed to the sample. The exposed, external surface can include a
coating to prevent adhesion of the sample, to maintain a sterile environment by preventing microbial growth,
and/or the like. The coating can include a fluorinated polymer, aluminum oxide, and/or the like.

[1054] Accordingly, aspects disclosed herein can be directed to bioreactor devices, such as the bioreactor
720 illustrated in FIG. 7A, that have a PIC 710 (e.g., similar to the PICs 210a, 310, 310”) disposed therein
such as for, for example, for monitoring the microenvironment of the bioreactor. FIG. 7B illustrates a series
of bioreactors similar to the 720 each including the photonic chip 710 disposed therein.

[1055] Aspects disclosed herein can also be directed to continuous flow systems, such as flow cytometry
for example, where a PIC (e.g., similar to the PICs 210a, 310, 310%) can be positioned inline with flow for
continuous sample analysis.

[1056] Example Raman Spectroscopy Methods

[1057] Aspects disclosed herein can also be directed to methods for Raman spectroscopy using, for
example, a PIC similar to the PIC 210a. The method can include receiving a Raman pump beam (e.g.,

generated by the light source 232) via an optical fiber (e.g., the fiber 240a), which also includes receiving
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fluorescence induced in the optical fiber by the Raman pump beam. The method further includes
transmitting, via a first filter (e.g., the filter 212), the Raman pump beam, and rejecting, by the first filter,
the fluorescence induced in the optical fiber by the Raman pump beam. The method also includes receiving
the Raman pump beam in a sample waveguide (¢.g., the waveguide 318, 318a, 318b) and exciting a sample
in optical communication with the sample waveguide with at least a portion of the Raman pump beam via
evanescent coupling. The method also includes receiving, via the sample waveguide, a scattering signal
from the sample in response to the portion of the Raman pump beam, and transmitting (e.g., to the detector
242), via a second filter (¢.g., the filter 214), the scattering signal while blocking transmission of the
remaining portion of the excitation beam.

[1058] The method can also encompass pumping a sample into (e.g., via the sample input port 610) a
sample holding region (e.g., the sample holding region 606) in optical communication with the sample
waveguide prior to exciting the sample. The method can also encompass pumping out (¢.g., via the sample
output port 612) the sample after exciting the sample.

[1059] Aspects disclosed herein can also be directed to methods for Raman spectroscopy using, for
example, a PIC similar to the PIC 310, 310°. The method includes receiving, from an optical fiber (¢.g., at
the port 304, via the fiber 240a), a Raman pump beam and fluorescence induced by the Raman pump beam
in the optical fiber. The method also includes guiding, via a sample waveguide (¢.g., the waveguide 318,
318a, 318b), the Raman pump beam and the fluorescence in a first direction and exciting a sample in optical
communication with the sample waveguide with the Raman pump beam via evanescent coupling. The
method further includes receiving, via the sample waveguide, a scattering signal from the sample in
response to the excitation, and guiding, via the sample waveguide, the scattering signal in a second direction
(c.g., towards the second port 316b, 316b”) opposite from the first direction, and towards a detector (e.g.,
the detector 242).

[1060] The method can also encompass guiding, via a second sample waveguide (¢.g., the waveguide 318b,
where the waveguide 318a is a first waveguide), a second portion of the Raman pump beam and a second
portion of the fluorescence in the first direction (i.e., away from the fourth port 318d). The method can also
include exciting the sample in optical communication with the second sample waveguide with the second
portion of the Raman pump beam via evanescent coupling, and receiving a second scattering signal from
the sample in response. The second scattering signal is guided in the second direction (i.c., towards the
fourth port 318d), and then guided towards the detector.

[1061] Aspects disclosed herein can also be directed to methods for Raman spectroscopy using, for
example, a PIC similar to the PIC 210a, 310, 310°. The method can include guiding a Raman pump beam
with an optical fiber (¢.g., the fiber 212), the Raman pump beam inducing fluorescence in the optical fiber.

The method can further include coupling the Raman pump beam and the fluorescence to a photonic
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integrated circuit (PIC, similar to the PIC 210a, 310, 310°) via the optical fiber. The method can also
include exciting a sample in optical communication with the PIC with the Raman pump beam via
evanescent coupling, such that the Raman pump beam inducing Raman scattering in the sample. The
Raman scattering is collected via the PIC, and the Raman pump beam and the fluorescence are filtered, also
via the PIC, from the Raman scattering. In some cases, the coupling can include coupling the Raman pump
beam and the fluorescence to a filter (e.g., the filter 212) of the PIC (e.g., the PIC 210a) that transmits the
Raman pump beam and rejects the fluorescence. In some cases, the filtering can include guiding the Raman
scattering propagating along a second direction (e.g., towards the second port 318b and/or the fourth port
318d) opposite to a first direction of propagation of the Raman pump beam and the fluorescence.
Example Features
[1062] An example on-chip photonic Raman spectroscopy system can detect chemical and biological
species while simultancously suppressing the fluorescent light and Raman scattered light produced from
the optical fibers. The example system may include one or more of the following features:
(1) A chip-scale Raman sensing probe with the following discrete elements (e.g., see FIG. 2):
a. A fiber-to-chip coupling region, wherein light from the optical fiber (e.g., the fiber
240a) is transmitted to a single-mode photonic waveguide.
b. An on-chip filter (e.g., the filter 212) after the fiber-to-chip coupling region that serves
to transmit the laser wavelength and block light at wavelengths above and below the

laser wavelength.

°

A waveguide sensing region (¢.g., the region 216 having a sample waveguide) after the
first on-chip filter, wherein evanescent light from the waveguide mode scatters with
chemicals of interest and is collected back by the waveguide.
d. Anon-chip filter (¢.g., the filter 214), after the waveguide sensing region, that transmits
light at wavelengths above or below the laser wavelength and blocks light in a
wavelength band that includes the laser wavelength.
e. A chip-to-fiber coupling region, wherein light from the single mode photonic
waveguide is transmitted to an optical fiber (e.g., the fiber 240b).
(2) A chip-scale Raman sensing probe with the following discrete elements (¢.g., see FIGS. 3A-
3B):
a. A fiber-to-chip coupling region, wherein light from the optical fiber is transmitted to a
single-mode photonic waveguide.
b. A 4-port optical component (such as an adiabatic 2x2 directional coupler or a 2x2
multi-mode interferometer, see the coupler 314”), which couples light from the fiber-

to-chip coupling region to two output waveguides via the top input (e.g., the port 316a).
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Alternatively, this component can be a 3-port device (such as a 2x 1 directional coupler
or 2x1 multi-mode interferometer, see the coupler 314) that couples light from fiber-
to-chip coupling region to the single output waveguide via the top input (e.g., via the
ports 316a, 316b).

One (¢.g., a region associated with the waveguide 318) or two waveguide (¢.g., a region
associated with the waveguides 318a, 318b) sensing regions after the 2x2 or 2x1
component, wherein evanescent light from the waveguide mode scatters with
chemicals of interest that is collected in the waveguide and propagates in the opposite
direction as the light from directional coupler. The Raman light then travels back to
the 2x2 or 2x1 directional coupler, where some of the light travels to the bottom input
waveguide.

A waveguide (e.g., the output waveguide 320, 320°) that connects the bottom input of
the 2x2 or 2x1 directional coupler to a chip-to-fiber optical coupling region, wherein

light from the single mode photonic waveguide is transmitted to an optical fiber.

(3) A Raman spectroscopy system (¢.g., see FIGS. 2, 3A-3B) that includes:

a.

One or more of the chip-scale Raman sensing probes (e.g., the PIC 210a, 310, 310%)
described immediately above.
One or more single-mode optical fibers (e.g., the fibers 240a, 240b) that connect and
deliver light to/from the optical control/unit described immediately below with each
Raman sensing probe.
An optical control unit / module with the following elements:

1. A single-frequency light source (e.g., the source 232), such as a 780 nm

continuous-wave laser (or a laser at any other wavelength)

ii. (optional) An optical isolator (¢.g., the isolator 234), after the single-frequency
light source (either a separate module or one integrated with the single-
frequency light source)

iii. (optional) A polarization control module (not shown) that corrects for small
polarization differences between the output laser and the desired optical
polarization of the photonic chip’s waveguide

iv. (optional) A free-space or fiber-integrated optical filter (sometimes called a
‘laser-line filter’, e.g., the filter 236), that has high transmission at the laser
wavelength and low transmission at wavelengths above and below the laser
wavelength. This can suppress amplified spontancous emission that is a large

source of background noise in Raman spectroscopy systems
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v. (optional) An optical demultiplexer (e.g., the demultiplexer 238), comprising
ong or more optical switches, that directs light from the one laser source to one
or many optical fibers that are each connected to the photonic chips.

vi. (optional) An optical multiplexer (e.g., the multiplexer 246) that receives as
input one fiber from each of the photonic chips and directs the light to a single
optical fiber output.

vil. (optional) A free-space or fiber-integrated optical filter (sometimes called a
‘notch-filter’, e.g., see the filter 244) that has high transmission at wavelengths
above and below the laser wavelength and low transmission at the laser
wavelength.

viii. A spectrometer (e.g., the detector 242) that receives the Raman-scattered
optical signal(s) and measures the intensity at each wavelength of interest
corresponding to the Raman-scattered optical signal.

(4) The fiber terminations at the chip-coupling region may be:

a. flat-cleaved, allowing for low-loss coupling to low-index-contrast waveguides due to
reduced mode-ficld diameter mismatch;

b. tapered and lensed;

¢. in alinear fiber array made of flat-cleaved fibers mounted in v-grooves;

d. tapered and pitch-reduced (e.g., forming a Pitch Reducing Fiber Optical Array); and/or

¢. coupled to a mode-converting interposer chip.

(5) A chip-scale Raman sensing probe as above with coupling regions that comprise one or more
of:

a. inverse tapered couplers at the edge of the chip;

b. sub-wavelength grating couplers at the edge of the chip; and/or

c. fiber grating couplers that direct light upwards out of the chip to a fiber.
(6) A Raman sensing probe, as above, with optical filters that are composed of:

a. Ring or disk resonators,

b. Periodic Bragg reflectors (DBRs), and/or

c. Contra-directional couplers.

(7) A chip-scale Raman sensing probe as above fabricated using silicon nitride, titanium dioxide,
silicon carbide, silicon, indium phosphide, or any other material that is optically transparent in
the wavelength region of interest, as the waveguiding material.

(8) A chip-scale Raman sensing probe with sensing region as above with a thin layer of material

on the top for coating, anti-stick, and sterilization (autoclave or gamma-ray) purposes.
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(9) A chip-scale Raman sensing probe with a thin layer of material on the top of the sensing region

as immediately above where the thin layer of material is:
a. A fluorinated polymer like PTFE or Teflon; or
b. Aluminum oxide Al,Os.

(10) A Raman spectroscopy system as above where the sensing probe(s) is (are) integrated in
one (¢.g., the bioreactor 720 in FIG. 7A) or more bioreactors (¢.g., the multi-bioreactor setup
in FIG. 7B)

(11) A Raman spectroscopy system as above where the sensing probe(s) is (are) integrated in
ong or more continuous-flow environments (¢.g., the arrangement of Raman sensing systems
600a-6007 in FIG. 6C).

(12) A Raman spectroscopy system as above, where there is an additional optical polarization
controller (not shown) to control the polarization state of light before it is launched into the
optical fibers.

(13)  Fibers as above that are polarization-maintaining single-mode fibers.

Example Applications

[1063] Examples of the systems and PICs disclosed herein (e.g., with respect to FIGS. 2-7) can include
small and inexpensive sensing/Raman spectroscopy devices to be integrated in pharmaceutical production
environments. One application can be for small-volume cell-cultures and bioreactors (e.g., see FIGS. 7A-
7B) where the chip-integrated sensors can provide real-time, in-situ monitoring of metabolic processes,
feed-material depletion, and reaction product formation. Another application can be flow-integrated, in-line
monitoring of active pharmaceutical ingredients in continuous manufacturing environments (¢.g., see FIG.
6C).

[1064] With respect to pharmaceutical use, generally, the production of critical ingredients for
pharmaceuticals is traditionally performed using ‘batch-production” methods in large, multiple-use
stainless steel vessels. The traditional batch-production methods require labor-intensive cleaning and
sterilization of the steel vessels between production runs and stop-and-go processes that bottleneck
production speed. Recently, overall trends towards personalized medicine, more potent drugs, and rapidly
growing markets for therapeutic proteins (such as antibody-based products) is driving demand for smaller
production volumes, increased process flexibility, and faster production times. This has ignited interest
from the pharmaceutical industry in two key areas: (1) single-use technologies (SUTs), where tubing,
vessels, sensors, etc. are disposable and guaranteed to be sterile prior to use, and (2) continuous-flow
manufacturing techniques, where an entire pharmaceutical production line is performed using flow-

reactions and without any stops.
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[1065] Single-use technologies, despite being disposable, have also been shown to have a positive
environmental impact, as the cleaning and sterilization process of stainless-steel vessels is environmentally
worse than the solid-waste generation from SUTs. Continuous production of pharmaceutical ingredients
would dramatically reduce production facility sizes, significantly reduce the amount of time to produce
pharmaceutical ingredients (in some cases from months to days), increase process flexibility, increase
reliability, and reduce overall waste, process contamination, and environmental impacts. For this reason,
there has been a growing interest and trend towards these SUTs for pharmaceutical production, and
regulatory bodies such as the US FDA have been strongly encouraging pharmaceutical companies to
transition towards continuous manufacturing techniques. However, moving to these technologies alone is
not enough to meet the growing demands facing pharmaceutical production environments. It is envisioned
that the pharmaceutical facility of the future should have continuous production, 100% single-use
equipment, closed processing, and “Ballroom™ processing. Closed processing refers to never exposing
pharmaceuticals or chemicals to the environment (to prevent contamination and increase yield). “Ballroom™
processing refers to having all equipment in one central room rather than multiple facilities (with larger net
space).

[1066] To realize these breakthrough pharmaceutical production techniques, process analytical
technologies (PATs) should find ways of becoming integrated with single-use technologies and continuous-
flow environments. Real-time monitoring of reaction progress is encouraged by the US FDA and
international organizations as a way of promoting GMP (“Good Manufacturing Practices™ and QbD
(“Quality by Design™) processes. Recently, the rapid progress towards SUTs and continuous manufacturing
has generated a large demand for improved sensors beyond what is currently available. For disposable
bioreactors and continuous-flow production environments, companies are looking for technologies that can
provide real-time information on temperature, pH, dissolved oxygen, cell density, viable cell density
nutrients, and metabolite concentrations. A reason for this demand is that current ‘gold-standard” analytical
techniques involve batch-testing and long sample prep and wait times (such as hours per sample for
chromatography methods). Furthermore, existing commercial sensors that can be integrated with single-
use technologies include: (1) electrochemical sensors, which have high false-positive rates and relatively
poor selectivity, and (2) optical sensors, which are currently single-wavelength sensors with poor selectivity
or expensive and relatively large spectroscopic probes. Without better sensing techniques integrated into
future bioproduction facilities, it may be difficult to detect abnormal events during production, optimize
new processes, or avoid stop-test-and-go situations that are currently prevalent in the industry.

[1067] Raman spectroscopy in particular is capable of selectively identifying active pharmaceutical
ingredients by probing the unique spectral ‘fingerprint’ for each molecular structure. Raman spectroscopy

is used for in-line and real-time monitoring. Miniaturized, low-cost Raman sensors as disclosed herein can
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be deployed in both R&D and production environments. The current testing process for one such
environment can generally be as follows:

a. A robotic arm (or human) uses a clean syringe to take a small amount of liquid out of each of the
24 bioreactors at a fixed time interval (maybe once every 4-6 hours) and place it in a 96-well (or
smaller equivalent) plate. This is because opening the top and introducing a syringe can be a
contamination risk.

b. A person or robot moves the plate over to a separate PAT in the lab (often a mass-spectrometer or
liquid chromatography tool), and marks or remembers which sample corresponds to which
bioreactor.

¢. Results are returned in a few hours from a large benchtop tool that measures each sample one-at-
a-time.

d. The operator analyzes this data.

¢. This information is then used to determine which bioreactors are performing well and which
bioreactors need additional feed material, a pH change, etc.

[1068] However, by this time it is typically too late to make any changes to the current batch and so the
information is used to inform the next set of experiments or cell-cultures. This iterative process influences
development worth upwards of $4M / year for every table-top sized 24-reactor workstation (cell-growth
and fermentation is a $30B/year market). There is hence a need for (1) more information about reactions
occurring in their small cell-cultures, (2) selective identification of common molecules like glucose, acetate,
and ethanol and small-concentration byproducts, and (3) techniques for obtaining this information that are
low-cost and ideally disposable (for sterility).

[1069] Raman spectroscopy is capable of selectively identifying active pharmaceutical ingredients by
probing the unique spectral ‘fingerprint” for each molecular structure. It can be used for in-line and real-
time monitoring. Existing Raman spectrometers, however, are unable to meet the demands of process
monitoring for SUTSs, since the unit cost is prohibitively high (~$30-40k per portable Raman spectrometer)
and a human operator tests each bioreactor one-at-a-time. Integrating a chip-scale Raman sensor such as
disclosed herein in each small-volume bioreactor or cell-culture vessel can overcome some of these
challenges. Having many small, accurate, and low-cost spectroscopic sensors providing real-time data in
parallel would improve automation of the growth process, increase efficiencies (less wasted resources from
failed batches), and reduce time-to-development for new pharmaceuticals and drugs.

[1070] Likewise, continuous-flow manufacturing of pharmaceuticals is a new technique for quickly and
efficiently producing pharmaceuticals that requires new tools and techniques for analysis. In batch-
production, samples could be taken to a lab and tested on several highly accurate (albeit high-cost and often

slow) instruments. To prevent stops like this in a continuous manufacturing environment, real-time
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measurement tools can be integrated with flow-tubing and provide sufficient chemical information. In
addition, each point in the process that requires monitoring needs its own dedicated measurement tool
(rather than one tool in a stop-test-and-go batch environment). To address these needs, future sensors should
be low-cost (for monitoring at many points in the process), operated in parallel (to simplify analysis and
feedback given large amounts of data), and capable of reliable detection.

[1071] Currently, spectrophotometric process analytical tools in the pharmaceutical industry are a
$185M/year market. The systems, PICs, and methods disclosed herein can augment existing spectroscopic
analytical tools and can be used in areas where PATs were previously unable to be applied.

Conclusion

[1072] While various inventive embodiments have been described and illustrated herein, those of ordinary
skill in the art will readily envision a variety of other means and/or structures for performing the function
and/or obtaining the results and/or one or more of the advantages described herein, and each of such
variations and/or modifications is deemed to be within the scope of the inventive embodiments described
herein. More generally, those skilled in the art will readily appreciate that all parameters, dimensions,
materials, and configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or applications for
which the inventive teachings is/are used. Those skilled in the art will recognize, or be able to ascertain
using no more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented by way
of example only and that, within the scope of the appended claims and equivalents thereto, inventive
embodiments may be practiced otherwise than as specifically described and claimed. Inventive
embodiments of the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combination of two or more such features, systems,
articles, materials, kits, and/or methods, if such features, systems, articles, materials, kits, and/or methods
are not mutually inconsistent, is included within the inventive scope of the present disclosure.

[1073] Also, various inventive concepts may be embodied as one or more methods, of which an example
has been provided. The acts performed as part of the method may be ordered in any suitable way.
Accordingly, embodiments may be constructed in which acts are performed in an order different than
illustrated, which may include performing some acts simultaneously, even though shown as sequential acts
in illustrative embodiments.

[1074] All definitions, as defined and used herein, should be understood to control over dictionary
definitions, definitions in documents incorporated by reference, and/or ordinary meanings of the defined

terms.
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[1075] The indefinite articles “a” and “an,” as used herein in the specification and in the claims, unless
clearly indicated to the contrary, should be understood to mean “at least one.”

[1076] The phrase “and/or,” as used herein in the specification and in the claims, should be understood to
mean “either or both” of the elements so conjoined, i.c., elements that are conjunctively present in some
cases and disjunctively present in other cases. Multiple elements listed with “and/or” should be construed
in the same fashion, i.¢., “one or more” of the elements so conjoined. Other elements may optionally be
present other than the elements specifically identified by the “and/or” clause, whether related or unrelated
to those elements specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”,
when used in conjunction with open-ended language such as “comprising” can refer, in one embodiment,
to A only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally including other
clements); etc.

[1077] As used herein in the specification and in the claims, “or” should be understood to have the same
meaning as “and/or” as defined above. For example, when separating items in a list, “or” or “and/or” shall
be interpreted as being inclusive, i.¢., the inclusion of at least one, but also including more than one, of a
number or list of elements, and, optionally, additional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will refer
to the inclusion of exactly one element of a number or list of elements. In general, the term “or” as used
herein shall only be interpreted as indicating exclusive alternatives (i.e. “one or the other but not both™)

<

when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of.”
“Consisting essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of
patent law.

[1078] As used herein in the specification and in the claims, the phrase “at least one,” in reference to a list
of one or more elements, should be understood to mean at least one element selected from any one or more
of the elements in the list of elements, but not necessarily including at least one of each and every element
specifically listed within the list of elements and not excluding any combinations of elements in the list of
clements. This definition also allows that elements may optionally be present other than the elements
specifically identified within the list of elements to which the phrase “at least one™ refers, whether related
or unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least one of A
and B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer,
in one embodiment, to at least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally including more than

one, B, with no A present (and optionally including elements other than A); in yet another embodiment, to
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at least one, optionally including more than one, A, and at least one, optionally including more than one, B
(and optionally including other elements); etc.

[1079] In the claims, as well as in the specification above, all transitional phrases such as “comprising,”

2% <¢ 2% <¢ 3 <Cr

containing,” “involving,” “holding,

9 ¢

“including,” “carrying,” “having, composed of,” and the like are
to be understood to be open-ended, i.¢., to mean including but not limited to. Only the transitional phrases
“consisting of” and “consisting essentially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office Manual of Patent Examining Procedures, Section

2111.03.
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CLAIMS

1. A photonic integrated circuit (PIC) for Raman spectroscopy, the PIC comprising:

a semiconductor substrate;

an optical port, integrated with the semiconductor substrate, to receive a Raman pump beam from
an optical fiber;

a first filter, integrated with the semiconductor substrate and coupled to the optical port, to transmit
the Raman pump beam and to reject fluorescence induced in the optical fiber by the Raman pump beam;

a sample waveguide, integrated with the semiconductor substrate and coupled to the first filter, to
receive the Raman pump beam, to excite a sample in optical communication with the sample waveguide
with at least a portion of the Raman pump beam via evanescent coupling, and to receive a scattering signal
from the sample in response to the portion of the Raman pump beam; and

a second filter, integrated with the semiconductor substrate and coupled to the sample waveguide,

to transmit the scattering signal and to block the remaining portion of the excitation beam.

2. The PIC of claim 1, wherein the sample waveguide is in optical communication with the sample

via an external surface of the semiconductor substrate.

3. The PIC of claim 2, wherein at least a portion of the external surface that is in optical
communication with the sample waveguide includes a coating comprising at least one of a fluorinated

polymer or aluminum oxide.

4. The PIC of claim 1, further comprising:

a housing to provide a fluid-tight compartment within;

a sample holding region within the housing in optical communication with the sample waveguide
to hold the sample;

a sample input port formed on the surface of the housing and coupled to the sample holding region
to permit inflow of the sample into the sample holding region; and

a sample output port formed on the surface of the housing and coupled to the sample holding region

to permit outflow of sample from the sample holding region.

5. The PIC of claim 4, wherein the PIC is a first PIC, and wherein the sample output port of the first
PIC is couplable to a sample input port of a second PIC.
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6. A bioreactor having the PIC of claim 1 disposed therein.
7. A continuous flow device having the PIC of claim 1 disposed inline with a continuous sample flow.
8. A Raman spectroscopy system, comprising:

the PIC of claim 1; and
an optical unit removably coupled to the PIC, the optical unit including:

a light source, coupled to the optical port via the optical fiber, to launch the Raman pump
beam into the optical fiber;

a detector, coupled to the second filter, to receive and detect the scattering signal

transmitted by the second filter.

9. The system of claim 8, wherein the PIC is a first PIC of a set of PICs coupled to the optical unit,
the optical unit further including:
an optical demultiplexer circuit to couple the light source to the optical port of each PIC; and

an optical multiplexer circuit to couple the detector to the second filter of each PIC.

10. A photonic integrated circuit (PIC) for Raman spectroscopy, the PIC comprising:

a semiconductor substrate;

an optical port, integrated with the semiconductor substrate, to receive a Raman pump beam and
fluorescence induced by the Raman pump beam from an optical fiber;

a directional coupler, integrated with the semiconductor substrate and having a first port, a second
port, and a third port, to receive the Raman pump beam at the first port and to output the Raman pump beam
at the second port;

a sample waveguide, integrated with the semiconductor substrate and coupled to the second port,
to guide the Raman pump beam and the fluorescence in a first direction, to excite a sample in optical
communication with the sample waveguide with the Raman pump beam via evanescent coupling, to receive
a scattering signal from the sample in response to the excitation, and to guide the scattering signal in a
second direction opposite from the first direction; and

an output waveguide, integrated with the semiconductor substrate and coupled to the third port of

the directional coupler, to guide the scattering signal to a detector.
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11. The PIC of claim 10, wherein the directional coupler includes a fourth port, wherein the sample
waveguide is a first sample waveguide that receives a first portion of the Raman pump beam and a first
portion of the fluorescence, wherein the scattering signal is a first scattering signal,

the PIC further including a second sample waveguide, integrated with the semiconductor substrate
and coupled to the fourth port, to guide a second portion of the Raman pump beam and a second portion of
the fluorescence in the first direction, to excite the sample in optical communication with the second sample
waveguide with the Raman pump beam via evanescent coupling, to receive a second scattering signal from
the sample in response to the excitation with the second portion of the Raman pump beam, and to guide the
second scattering signal in the second direction,

wherein output waveguide guides the second scattering signal to the detector.

12. The PIC of claim 10, wherein the sample waveguide is in optical communication with the sample

via an external surface of the semiconductor substrate.

13. The PIC of claim 10, further comprising:

a housing to provide a fluid-tight compartment within;

a sample holding region within the housing in optical communication with the sample waveguide
to hold the sample;

a sample input port formed on the surface of the housing and coupled to the sample holding region
to permit inflow of the sample into the sample holding region; and

a sample output port formed on the surface of the housing and coupled to the sample holding region

to permit outflow of sample from the sample holding region.

14. The PIC of claim 13, wherein the PIC is a first PIC, and wherein the sample output port of the first
PIC is couplable to a sample input port of a second PIC.

15. A system, comprising:
the PIC of claim 10;
an optical unit removably coupled to the PIC, the optical unit including:
a light source coupled to the optical port via the optical fiber, to launch the Raman pump
beam into the optical fiber;
a detector coupled to the output waveguide, to receive and detect the scattering signal

transmitted by the output waveguide.
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16. The system of claim 15, wherein the PIC is a first PIC of a set of PICs coupled to the optical unit,
the optical unit further including:
an optical demultiplexer circuit to couple the light source to the optical port of each PIC; and

an optical multiplexer circuit to couple the detector to the output waveguide of each PIC.

17. A bioreactor having the PIC of claim 10 disposed therein.

18. A continuous flow system having the PIC of claim 10 disposed inline with a sample flow.

19. A method of Raman spectroscopy, comprising:

receiving a Raman pump beam via an optical fiber, including receiving fluorescence induced in the
optical fiber by the Raman pump beam;

transmitting, via a first filter, the Raman pump beam, including rejecting, by the first filter, the
fluorescence induced in the optical fiber by the Raman pump beam;

receiving the Raman pump beam in a sample waveguide;

exciting a sample in optical communication with the sample waveguide with at least a portion of
the Raman pump beam via evanescent coupling;

receiving, via the sample waveguide, a scattering signal from the sample in response to the portion
of the Raman pump beam;

transmitting, via a second filter, the scattering signal while blocking transmission of the remaining

portion of the excitation beam.

20. The method of claim 19, further comprising pumping a sample into a sample holding region in
optical communication with the sample waveguide prior to said exciting; and

pumping the sample out of the sample holding region after said exciting.

21. A method of Raman Spectroscopy, comprising:

receiving, from an optical fiber, a Raman pump beam and fluorescence induced by the Raman
pump beam in the optical fiber;

guiding, via a sample waveguide, the Raman pump beam and the fluorescence in a first direction;

exciting a sample in optical communication with the sample waveguide with the Raman pump
beam via evanescent coupling;

receiving, via the sample waveguide, a scattering signal from the sample in response to the

excitation;
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guiding, via the sample waveguide, the scattering signal in a second direction opposite from the
first direction; and

guiding the scattering signal to a detector.

22. The method of claim 21, wherein the sample waveguide is a first sample waveguide that receives
a first portion of the Raman pump beam and a first portion of the fluorescence, and wherein the scattering
signal is a first scattering signal, the method further comprising:

guiding, via a second sample waveguide, a second portion of the Raman pump beam and a second
portion of the fluorescence in the first direction;

exciting the sample in optical communication with the second sample waveguide with the second
portion of the Raman pump beam via evanescent coupling;

receiving, via the second sample waveguide, a second scattering signal from the sample in response;

guiding, via the second sample waveguide, the second scattering signal in the second direction; and

guiding the second scattering signal to the detector.

23. A method of Raman spectroscopy, the method comprising:

guiding a Raman pump beam with an optical fiber, the Raman pump beam inducing fluorescence
in the optical fiber;

coupling the Raman pump beam and the fluorescence to a photonic integrated circuit (PIC) via the
optical fiber;

exciting a sample in optical communication with the PIC with the Raman pump beam via
evanescent coupling, the Raman pump beam inducing Raman scattering in the sample;

collecting the Raman scattering with the PIC; and

filtering, via the PIC, the Raman pump beam and the fluorescence from the Raman scattering.

24, The method of claim 23, the coupling including coupling the Raman pump beam and the

fluorescence to a filter of the PIC that transmits the Raman pump beam and rejects the fluorescence.

25. The method of claim 23, the filtering including guiding the Raman scattering propagating along a

second direction opposite to a first direction of propagation of the Raman pump beam and the fluorescence.
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