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(57) ABSTRACT

Disclosed are dielectric cavity arrays with cavities formed
by pairs of dielectric tips, wherein the cavities have low
mode volume (e.g., 7¥10™> A°, where XA is the resonance
wavelength of the cavity array), and large quality factor Q
(e.g., 10° or more). Applications for such dielectric cavity
arrays include, but are not limited to, Raman spectroscopy,
second harmonic generation, optical signal detection, micro-
wave-to-optical transduction, and as light emitting devices.
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NANOCAVITIES, AND SYSTEMS, DEVICES,
AND METHODS OF USE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This applications claims priority to U.S. Provi-
sional Application No. 62/876,068 ftitled “SYSTEMS,
DEVICES, AND METHODS USING NANOCAVITIES”,
filed Jul. 19, 2019, the entire disclosure of which 1s incor-
porated by reference.

STATEMENT OF SUPPORT

[0002] This invention was made with Government support
under Grant No. FA9550-14-1-0052 awarded by the Air
Force Oflice of Scientific Research. The Government has
certain rights in the mmvention.

BACKGROUND

[0003] Optical nanocavities with small mode volume
(V. and high quality factor (Q) can greatly increase
light-matter interaction and have a wide range of applica-
tions. There 1s hence a continuous need to further decrease
V. #and/or increase Q to open new possibilities tor appli-
cations of optical nanocavities, including nanocavity lasers,
cavity quantum electrodynamics, single-molecule spectros-
copy, and nonlinear optics. Though there has been some
progress, both theoretical and experimental, 1n optical cavity
design and its applications, the Q and V_. ot these optical
cavities have not yet reached values that can outperiorm
competing technologies. As an example, growing interest 1n
quantum technology and ultrasensitive sensing down to
single molecules can require even larger () and/or smaller
Vs than offered by conventional approaches 1t optical
cavities are to be employed.

SUMMARY

[0004] A dielectric cavity array 1s disposed 1in contact with
a sample generating a Raman scattering signal 1n response to
a Raman pump beam. The dielectric cavity array includes a
plurality of tips, and a plurality of cavities, each cavity being
defined by a pair of tips of the plurality of tips, having a
mode volume from about 107> A° to about 10~ A°, and
having a quality factor from about 10° to about 10°. Each
cavity concentrates the Raman pump beam in 1ts vicinity,
and enhances the Raman scattering signal generated by the
sample 1n i1ts vicinity.

[0005] A system for Raman spectroscopy includes a light
source to generate a Raman pump beam to excite a sample,
where the sample generates a Raman scattering signal in
response to the Raman pump beam. The system also
includes a dielectric cavity array disposed in contact with the
sample, including a plurality of tips and a plurality of
cavities. Fach cavity 1s defined by a pair of tips of the
plurality of tips and has a mode volume from about 107> A°
to about 10~ A° and a quality factor from about 10° to about
10°. Each cavity concentrate the Raman pump beam in its
vicinity, and enhances the Raman scattering signal generated
by the sample its vicimty.

[0006] A system for second harmonic generation and
detection includes a light source to generate a light beam
having a wavelength from about 1100 nm to about 2200 nm,
and a dielectric cavity array including a plurality of tips and
a plurality of cavities. Each cavity 1s defined by a pair of tips

Feb. 23, 2023

of the plurality of tips and has a mode volume from about
10~* A7 to about 10~ A° and a quality factor from about 10°
to about 10°, to generate a second harmonic frequency light
from the light at each cavity. The system further includes a
photodetector array coupled to the dielectric cavity array and
including a plurality of photodetectors, each photodetector
in optical commumnication with a corresponding cavity, to
generate a photocurrent in response to the second harmonic
light beam generated at the corresponding cavity.

[0007] A system for detecting a light beam 1ncludes a first
clectrode, a first dielectric tip coupled to the first electrode,
a second electrode, a second dielectric tip coupled to the
second electrode. The first dielectric tip and the second
dielectric tip collectively define a first cavity having a mode
volume from about 107> A° to about 10~ A° and a quality
factor from about 10° to about 10° to interact with the light.
The system also includes a circuit coupled to the first
clectrode and the second electrode to generate an output
signal 1n response to the modulation of a tunneling current
across the first cavity between the first electrode and the
second electrode by the light beam.

[0008] A system for transducing microwave energy to
optical energy includes a resonator to store a microwave
photon, and a doubly resonant optical cavity to recerve a first
optical photon at a first wavelength. The resonator includes
a microwave cavity defined by a pair of tips. The microwave
cavity has a mode volume from about 107> A> to about 10™®
7>, and has a quality factor from about 10° to about 10° to
convert, 1n the microwave cavity, the microwave photon and
the first optical photon into a second optical photon at a
second wavelength shorter or longer than the first wave-

length.

[0009] A system includes a light source, which i turn
includes a first substrate composed of a p-type semiconduc-
tor material and including a first plurality of tips. The light
source also includes a second substrate composed of an
n-type semiconductor material and including a second plu-
rality of tips. The first substrate and the second substrate are
arranged such that the first plurality of tips and the second
plurality of tips align to define a plurality of cavities, each
cavity having a mode volume from about 107> > to about
10~ A and a quality factor from about 10° to about 10°. The
light source also includes a first electrode electrically
coupled to the first substrate and a second electrode electri-
cally coupled to the second substrate. The system further
includes a power source coupled to the first electrode and the
second electrode, to apply power to the first electrode and
the second electrode. Carrier recombination in the plurality
of cavities 1n response to the application of power generates
a light beam.

[0010] AIll combinations of the foregoing concepts and
additional concepts discussed 1n greater detail below (pro-
vided such concepts are not mutually inconsistent) are
contemplated as being part of the imnventive 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. 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The skilled artisan will understand that the draw-
ings primarily are for illustrative purposes and are not
intended to limit the scope of the mventive subject matter
described herein. The drawings are not necessarily to scale;
in some 1nstances, various aspects of the inventive subject
matter disclosed herein may be shown exaggerated or
enlarged 1n 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).

[0012] FIG. 1A illustrates a top view of a dielectric cavity
array with dielectric tips that define cavities with mode
volumes of about 1072 A° to about 10~ A° and quality factors
of about 10° to about 10°.

[0013] FIG. 1B illustrates a perspective view of the dielec-
tric cavity array of FIG. 1A.

[0014] FIG. 2 illustrates a system for Raman spectroscopy
using a dielectric cavity array like the one i FIG. 1.
[0015] FIG. 3A illustrates an on-chip system for Raman
spectroscopy using a dielectric cavity array like the one 1n
FIG. 1.

[0016] FIG. 3B illustrates an example light/optical coupler
for use with the system of FIG. 3A.

[0017] FIG. 3C illustrates another example light/optical
coupler for use with the system of FIG. 3A.

[0018] FIG. 3D illustrates yet another example light/opti-
cal coupler for use with the system of FIG. 3A.

[0019] FIG. 4A illustrates a top view of dielectric cavity
array for second harmonic generation.

[0020] FIG. 4B illustrates a side view of a system {for

second harmonic generation using the dielectric cavity array
of FIG. 4A.

[0021] FIG. SA illustrates a setup for detecting a light
beam.
[0022] FIG. 5B illustrates how an optical signal can aflect

a tunneling barrier for the setup of FIG. 5A.

[0023] FIG. 6A 1s a plot illustrating a rectified form of the
optical signal of FIG. 5A.

[0024] FIG. 6B 1s a plot illustrating a detection signal
generated by the setup of FIG. 5A responsive to the optical

signal of FIG. 6A.

[0025] FIG. 6C 1s a plot illustrating a detection signal
generated by the setup of FIG. 5A responsive to a pulsed
optical signal.

[0026] FIG. 7 illustrates a device for optical switching.

[0027] FIG. 8A illustrates a side view of a device for
detecting a light beam using a dielectric cavity array.

[0028] FIG. 8B illustrates a top view of the device of FIG.
S8A.
[0029] FIG. 9A1llustrates a system for combining a micro-

wave photon with an input optical photon to generate an
output optical photon.

[0030] FIG. 9B illustrates an energy level diagram for
combining a microwave photon with an input optical photon
to generate an output optical photon.

[0031] FIG. 9C 1s a plot illustrating frequencies for the
microwave photon, mput optical photon, and output optical
photon illustrated 1n FIGS. 9A and 9B.

[0032] FIG. 10 illustrates a side view of a light emitting
device within a dielectric cavity array.

[0033] FIG. 11 illustrates another setup for a dielectric
cavity array operating as a light emitting device.
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[0034] FIG. 12 1llustrates yet another setup for a dielectric
cavity array operating as a light emitting device.

DESCRIPTION

[0035] Aspects disclosed herein can be generally directed
to optical nanocavities (also referred to simply as “cavities”™
sometimes), and applications thereof.

Dielectric Tip Enhanced Raman Spectroscopy

[0036] FIG. 1 illustrates photonic crystal/photonic crystal
cavity array 100, formed i a substrate 102. The photonic
crystal includes holes 104. The array 100 also includes light
concentrator cavities 116 within the umit cell/cavity center.
Each photonic crystal unit cell/cavity 116 can be defined
and/or otherwise bound by an opposing pair of dielectric tips
112. The mode volume of each cavity 116 can be about 10~
2>, about 107> 2>, about 107> 2>, about 10™* A>, about 107>
A°, about 107° A°, where A is the wavelength of light,
including all values and sub-ranges 1n between. The quality
factor Q of each cavity 116 can be about 10°, about 10°,
about 10%, about 10°, about 10°, about 10’, including all
values and sub-ranges 1n between.

[0037] Without being limited by any theory in particular,
introducing the cavities 116, into a PhC cavity array such as
the array 100, can achieve a small mode volume (e.g.,
7*%107> N>, where M is the resonance wavelength of the cavity
array ), simultaneously with very high Quality Factor Q (e.g.,
10°). The array 100 can achieve ~10* times local field
enhancement by virtue of its compact, nanophotonic struc-
ture, and can function as a very sensitive sensor for a sample,
at the single-sample molecule level. Specifically, Surface-
enhanced Raman spectroscopy (SERS) 1s a technique that
enhances Raman scattering by rough metal surfaces or
nanostructures via the plasmonic effect. Raman scattering 1s
proportional to the fourth power of the local field enhance-
ment (Q/V). The enhancement factor of up to 10"°~10""
obtained by the array 100 can allow for detection of Raman
scattering from single molecules. Concentrating a Raman
excitation/pump beam 1n this manner in the vicinity of the
light concentrator cavity 116 can result 1n an increased
Raman scattering signal from a sample in the vicinity of the
cavity, 1n response. The volume defined by the light con-
centrator cavity 116 where the Raman excitation 1s concen-
trated can be, for example, within which the intensity of the
Raman excitation 1s at least about half 1ts maximum value.

[0038] In some cases, the cavity 116 as disclosed herein
may be structurally and/or functionally similar to that dis-
closed 1n “Selif-Similar Nanocavity Design with Ultrasmall
Mode Volume for Single-Photon Nonlinearities”, Choi et al.,
Phys. Rev. Lett. 118, 223603, the entire disclosure of which
1s incorporated herein by reference. Alternatively, a cavity as
disclosed herein may be structurally and/or functionally
similar to that disclosed in “Design of Photonic Crystal
Cavities for Extreme Light Concentration”, Hu et al., ACS

Photonics 2016, 3, 1647-16353, the entire disclosure of which
1s 1incorporated herein by reference.

[0039] FIG. 1 also illustrates an example sample molecule
120 to be analyzed that can be present in or in the vicinity
of the cavity 116 during a Raman spectroscopic analysis of
the sample. The sample 120 can be freely moving (e.g.,
undergoing Brownian motion), or spatially limited to be in
the vicinity of the cavity 116 in any suitable manner such as,
for example, adsorption (including physisorption and/or
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chemisorption), trapping (including dipole trapping, optical
trapping such as via optical tweezers, and/or the like),
self-association, by virtue of high concentration, and/or the
like. When optical tweezers are used, the tip 112/cavity 116
structure can also enhance the intensity of the trapping light
beams, further facilitating trapping of the molecules of
interest. Also illustrated in FIG. 1 1s an excitation/pump
beam 130 for Raman excitation of the sample 120 that 1s
concentrated in the area near the cavity 116, thereby increas-
ing the probability and/or magnitude of a response from the
sample 120. The sample 120 can generate a detectable
Raman scattering signal in response, even for a single
sample molecule 1n the vicinity of a single cavity 116.
[0040] FIG. 2 illustrates a side view of an example system
200 for Raman spectroscopy. In this setup, a dielectric cavity
array 210, which may be structurally and/or functionally
similar to the array 100 1n FIG. 1, 1s immersed 1n a solution
220 that includes the sample (also referred to using the
reference character ‘220’) of interest to be analyzed. For
example, the sample 220 can be dissolved, suspended, or
sedimented on the surface of the array 100. A light source
230 (e.g., a laser) emits a Raman pump beam 240, which
interacts with the array 210 and the sample 220, the inter-
action being enhanced due to the dielectric trip design as
explained for FIG. 1. The emanating Raman signal 250, also
enhanced due to the dielectric tip design, 1s detected by
detector 260 such as, for example, a photodetector, a spec-
trometer, and/or the like. The molecules of the sample 220
can be present near the cavities due to (random) Brownian
motion, or can be trapped near the cavity, such as by
chemical tethering, adsorption (e.g., for gases), dipole trap-
ping/optical tweezers, and/or the like.

[0041] FIG. 3 illustrates an example photonic chip 300 for
Raman spectroscopy having a substrate 305, and that
includes a dielectric array 310 integrally formed with the
substrate. The array 310 can be structurally and/or function-
ally similar to the array 100. The chip 300 can be 1n contact
with a sample such as, for example, immersed 1n a solution
370 including the sample, similar to the setup in FIG. 2. The
array 310 1s coupled to an mput waveguide 320 that can be
integrally formed with the substrate. The mput waveguide
320, 1n turn, can receive the pump Raman beam from a light
coupler 325. FIGS. 3B-3D illustrate different example light
couplers 325 that can be employed, such as a tensed optical
fiber (FIG. 3B), a tapered optical fiber (FIG. 3C), a grating
coupler (FIG. 3D), and/or the like.

[0042] Referring again to FIG. 3A, The pump Raman
beam 330 propagates along the waveguide 320, and the
resulting Raman scattering signal 340 from the sample
propagates along an output waveguide 350 to an on-chip
detector 360 such as, for example, a photodetector, a spec-
trometer, and/or the like. In some cases, the component 350
can be an optical coupler (e.g., a fiber optic coupler) to
transmit the signal 340 to an ofl-chip detector. The output
waveguide 350 can be mtegrally formed with the substrate

305.
Dielectric Tip Enhanced Second Harmonic
(Generation
[0043] Silicon semiconductor devices find use 1n several

important technologies, including integrated optics (e.g.,
passive optical devices) and photodetectors (e.g., active
devices). Silicon 1s considered the most versatile substrate
for such devices due to mature complementary metal-oxide-
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semiconductor (CMOS)-based technologies. However, the
1.12 eV (~1100 nm) bandgap of silicon makes 1t challenging
to implement active devices such as photodetectors on the
same substrate as passive devices. Specifically, the most
common wavelength in optical communication systems 1s
about 1530 nm, since most optical fibers have low or
minimal loss at this wavelength. Photons at 1550 nm wave-
length, however, cannot be detected by silicon-based
devices since they cannot overcome the bandgap 1n silicon
to affect signal generation. In contrast, because 775 nm
photons have suilicient energy to overcome the bandgap of
silicon and can be absorbed by silicon, enabling photode-
tection of these photons by silicon photodetectors. This
suggests that an all-silicon device could guide photons at

1550 nm and detect them 11 they could be frequency-doubled
to 775 nm.

[0044] FIG. 4A illustrates the general concept of using a
dielectric tip array 410 (e.g., structurally and/or functionally
similar to the array 100) for upconverting an iput signal/
photon 420 1nto an output signal/photon 430 at the dielectric
tips of the array 400. Without being limited by any theory in
particular, the mput signal can be upconverted to the output
signal via a nonlinear optic process. Maternals with optical
nonlinearities can be used as a substrate for the array 410,
such that the input light signal, when passed through the
material of the array, 1s converted to 1ts harmonics. For
example, 1n silicon-based integrated optics circuits, the array
400 can be used for second harmonic generation to up-
convert two near-infrared (NIR) 1350 nm photons into a

visible-light 775 nm photon. Second order nonlinearity of
silicon can be induced by the electric field bias, so called

DC-Kerr effect.

[0045] FIG. 4B 1illustrates a second harmonic generation
(SHG) and detection system 400. The system 400 includes
the array 410 as a first SHG layer for up-converting incident
photons to generated SHG photons 430. The array 410 can
also include any suitable material for inducing second order,
nonlinear behavior, such as lithium mobate for example. In
some cases, the system 400 can include an electric field
generator 412 to apply a direct current (DC) electric field to
the array 410 via electrodes 414a, 414b, to induce the
nonlinear behavior via the DC Kerr effect. The system 400
can also include a light source to generate the incident
photons such as, for example, to generate a light beam
having a wavelength of about 1000 nm, about 1200 nm,
about 1500 nm, about 1800 nm, about 2200 nm, about 2300
nm, including all values and sub-ranges 1n between.

[0046] The system 400 also includes a second photode-
tection layer/array 415 for detecting the photons 430. The
photodetection layer can include one or more detection units
450 such as, for example, a detection unit corresponding to
cach dielectric tip cavity of the array 410. In this manner,
SHG photons generated at each cavity can be specifically
and sensitively detected. As FIG. 4B 1llustrates, each detec-
tion unit 450 can be formed as a p-1-n junction including a
set of electrodes 440a, 440b. During operation, generation
of the SHG photon 430 at a dielectric tip can include a
photocurrent 1n the detection umt 450 corresponding to that
dielectric tip, which in turn can be detected via a detection
circuit 460 of the system 400 or external to the system 400
that reads out the current and/or voltage from each detection
circuit 460 of the detection layer 415.
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Dielectric Tip Enhanced Field Emission

[0047] A dielectric nanotip/nanocavity, such as the tip
112/cavity 116 design 1illustrated in FIG. 1, can enhance an
incident optical field significantly. By way of background, 1n
conventional detectors, dynamics of carriers (electrons,
holes, or both) are limited by some physical process, for
example, carrier recombination happening on the order of
nanoseconds (GHz). A tunneling process between dielectric
tips on a nanometer scale, however, can be on the order of
temtoseconds (~1 PHz). By virtue of this relatively quicker
response, the bandwidth of a detector formed with the
tip/cavity design 1llustrated in FIG. 1 can be much higher
than conventional approaches. In some cases, the bandwidth
of such a detector may be limited only by the tunneling
process. In some cases, the SNR of the detector can be a
factor 1n determining bandwidth, which may 1n such cases
be about 1 THz or greater.

[0048] FIG. SA illustrates a single setup 500 that includes
a pair of tips 520a, 52056 defining a cavity 530 for optical
detection. A detector may include multiple such tips and

associated cavities. The setup 500 may be part of an on-chip
circuit, such as illustrated in FIG. 3.

[0049] The setup 300 includes electrodes 510a, 5106 to
generate a tunneling current between the tips 510a, 5105,
such as via a voltage or current source coupled to the
clectrodes 510a, 5105. An optical signal 5340, which may be
free-space or delivered via a waveguide (e.g., similar to the
input waveguide 320), can perturb the tunneling current,
which 1n turn can be detected via a detection circuit 540. The
modulation of the tunneling current 1s frequency dependent,
1.e., the modification 1n the tunneling current due to the
optical signal $50a present at time t=t,, 1n the cavity 530 (or
in the vicinity thereof) 1s different than due to the same
optical signal 3505, at time t=t, (also shown 1n FIG. 5B) The
output signal of the detection circuit 360 1s then character-
ized by a signal pulse envelope that 1s modulated by the
optical frequency of the optical signal 540. When the optical
signal 540 includes ultrafast optical pulses, the resulting
tunneling current can be an AC current in the THz range
(e.g., detectable by the detection circuit 560) , and accord-
ingly usetul for ultrafast detection of the optical signal 540,
1.¢., for forming ultratast opto-electronic detectors.

[0050] FIG. 5B generally illustrates how the tunneling
barrier 1s determined both by the work function of the
dielectric tips 520a, 5205, and the voltage induced by the
optical signal 540. Vanations 1n the optical signal 550a then
vary the height of the tunneling barrier. The lett plot in FIG.
5B shows the tunneling barrier for the optical signal 5504 as
being low enough to provide a detectable tunneling current.
The right plot in FIG. 5B shows how the optical signal 55056
raises the height of the tunneling barrier to the extent that no
tunneling current exists.

[0051] FIGS. 6A-6C illustrates how ultrafast rectified
photo-detection, 1.e. detection circuit 560, can be accom-
plished by coupling an additional RC circuit to the elec-
trodes 520a, 52054. For ultrafast optical pulses, the frequency
of the detection signal can be >100 THz. The detection
circuit 560 can carry out detection of the optical signal by
accumulating/integrating the tunneling current (e.g., by
employing an RC circuit) and measuring the voltage gen-
erated from accumulated charges. For example, FIG. 6A
illustrates the rectified optical signal. FIG. 6B 1llustrates the
detection signal based on integrating the tunneling current
responsive to the rectified optical signal. FIG. 6C illustrates
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when the optical signal 1s a pulsed signal. In this case, the
peaks created from tunneling can changing based on the
optical signal’s envelope.

[0052] FIG. 7 illustrates another setup/device 700 {for
dielectric tip enhanced field emission. The device 700 1is
formed as a three port device with an 1input optical port 720,
a control optical port 730, and an output optical port 740.
The device 700 also includes a pair of tips forming a cavity
(collectively, 710), which can be structurally and/or func-
tionally similar to that described for FIG. 1. During use,
when there 1s no control field/optical signal 760 applied at
the control port 720, any optical signal applied via the input
port (e.g., the signal 750) 1s ofl-resonant with respect to the
cavity 710. Thus, the signal 750 1s retlected from the cavity,
and there 1s no, or negligible, light transmitted through the
output port 740. However, when the control signal 760 1s
applied, either field emission (see illustration 740a) or
nonlinearity (see illustration 74056) can change the resonance
frequency of the cavity 710, which can be greater than the
linew1dth of the resonance of the cavity 710. Thus, the cavity
1s now 1n resonance with respect to the mcoming light signal
750 from the input port 720, which 1s now transmitted to the
output port 740. Said another way, the control field/signal
760 can control the transmission of light from the 1nput port
720 to the output port 740. The device 700 can then function
as an optical switching device, similar to how a transistor
performs 1n the electrical domain. Due to the fast response
of the cavity 710 to the control signal 760, ultrafast optical
switching can be achieved when, for example, the control
signal 760 includes ultratast optical pulses.

[0053] Similarly, the device 700 can prevent or switch
OFF the transmission of the signal 750 by the control field
76-. In this configuration, the input field 750 1s resonant with
the device, yielding an output field at the output port 740.
Said another way, the presence of the control field 730
changes the cavity resonance to be ofl-resonant with the
input signal 750. This 1n turn reduces the transmission of the

device 70.

[0054] FIGS. 8A and 8B show top and side views, respec-
tively, of an example on-chip device 800, such as for light
detection and/or switching, that incorporates the tip-elec-
trode design of FIG. 5A. The device 800 includes multiple
tips, and corresponding cavities (collectively, 810), that are
coupled to each electrode 850a, 8505. An input waveguide
820 can deliver an mput optical signal (not shown). The
device 800 also includes an impedance-matching region 830
coupled to, and continuous with, the waveguide 820, which
includes a gradual introduction of the tip/cavity design of
FIG. 5A. The impedance-matching region 830 reduces
reflection of the signal from the device 800. The impedance
matching region 830 can approximately match the imped-
ance of signal collection region 840 to the impedance of
input waveguide 820 using adiabatic mode conversion. The
device 800 then includes a signal collection region 840 that
in turn includes the fully formed tips/cavities 810, as well as
the electrodes 850a, 8505. The number of cavities can be
selected based on, for example, the extent of adiabatic mode
conversion desired. The device 800 exhibits reduced optical
reflection and optical loss, enabling low power operation.

Dielectric Tip Enhanced Microwave-to-Optical
Transduction

[0055] Superconducting qubits have several desirable
properties, such as for making fast single/two-qubit gates.
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The rotations between the different energy levels of a single
qubit are typically mduced by microwave (MW) pulses.
However, large energy losses and thermal excitation at MW
frequencies 1n optical fibers have impeded development and
incorporation of superconducting qubits into large scale
quantum networks. Specifically, such networks require the
use of optical fibers for signal transmission, since these
typically have much lower losses (e.g., about 0.14 dB/km)
when compared to electrical signals propagating through
coaxial cables (e.g., about 0.1 dB/m), but the use of MW
frequencies 1n such opftical fibers 1s challenging as noted
above.

[0056] FIG. 9A illustrates a device/system 900 for MW
transduction, where a MW photon of an incident MW signal
905 1s combined or summed with an optical photon and
converted 1nto, or used to generate, another optical photon
using a dielectric optical cavity 930 disposed within a
dielectric tip/cavity 910, which can structurally and/or func-
tionally similar to that illustrated for FIG. 1. FIG. 9B
illustrates an energy level diagram, and shows how the
combination of the microwave photon, having energy hf, ..,
and the mput optical photon, having energy hfl, enables a
transition to a higher energy level, upon which the device
900 can release the output optical photon hf2 to return to the
baseline energy level. In some cases (not shown), the
interaction between the microwave photon and the input
optical photon can be subtractive, such that the output
photon attains a lower energy level than the imnput photon.
FIG. 9C illustrates the frequency relationship between the
MW photon, the input optical photon, and the output optical
photon.

[0057] Referring again to FIG. 9A, the device 900 can be
configured as a MW resonator that can store MW photons.
The device/resonator 900 defines a microwave cavity 910
between a pair of tips (also referred to with reference
number 910), which 1n turn can have a dielectric optical
cavity (e.g., a doubly resonant optical cavity) 930 disposed
in 1t. While a single microwave cavity 1s shown here, 1n
come cases, the device 900 can include multiple cavities
similar to the cavity 910, each formed by its corresponding
pairs of tips, and each having a corresponding optical cavity
disposed 1n 1t.

[0058] FIG. 9A 1llustrates that the device 900 includes
three electromagnetic (EM) modes overall: a MW mode
920, an optical input mode 940, and an optical output mode
950. A photon 1n input mode 940 can be converted nto a
photon 1n the output mode 950 by employing a MW photon
of the MW signal 905, such as through second order
nonlinearity (¢~) of the material of the optical cavity 930.
The mncorporation of the dielectric tip/cavity 910 1n the
device 900 can enhance the interaction of the microwave
photon and the input mode photon.

[0059] The internal conversion efficiency of this process 1s
given by

nI:4C/(1 +C‘)2, C:‘4H lgE/KZKMW

where n, 1s the number of the photons 1n the input mode 940,
g 15 the coupling coefficient proportional to the three modes
(MW mode, mnput mode, and output mode), K, and K, ,,are
the dissipation rates of the output mode and the device cavity
modes, respectively. Generally, there can be two challenges
in converting a single MW photon 1nto a single optical
photon. First, a MW mode 1s typically several orders of
magnitude larger in wavelength than an optical mode, Iim-
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iting mode overlap and consequently the coupling coeffi-
cient, g. Second, a typical MW cavity 1s usually made of
metal or lumped elements, which are lossy, limiting the
quality factor (Q,,,=®,,+/K,,+w) to on the order of 10
Incorporatmg the dielectric tip/cavity 910 leads to higher
conversion efficiency through a larger coupling coefficient g
and smaller MW dissipation rate K,,., leading to an
increased quality factor Q,,. For transduction, tips can be
added to the cavity with larger volume, since the mode
overlap can be the relevant figure of merit. Without being
limited by any theory in particular, a mode overlap factor
can be increased, relative to the optical cavity being dis-
posed elsewhere 1n the device 900 (e.g., 1n a hole of the
lattice structure of the device 900). The mode overlap factor
can 1ncrease from

)
A

1n such a setup to

Vefr MW (PLMW ]3
(PLMWT A
Hyrw

in the setup of FIG. 9, where A,,,{A) is the wavelength of
the microwave (optical) field, V g,y 18 the effective mode
volume of the microwave mode, n,,y 1s the refractive index
of the material of the MW cavity at the microwave fre-
quency.

L ™

Dielectric Tip Enhanced Light Emitting Sources

[0060] FIGS. 10-12 generally illustrate light emuitting
devices/sources that include a dielectric tip/cavity structure
as generally 1llustrated in FIG. 1. By way of explanation,
FIG. 10 1llustrates a single light emitting device 1000 that
includes a p-type doped region 1010, an n-type doped region
1030, and a depletion region 1050. Electrodes 1070a, 10705
couple of the regions 1010, 1030 respectively to deliver
power. FIG. 10 further illustrates how, for photo-emission,
electrons 1040 and holes 1020 1n the doped regions 1010,
1030 combine at the depletion region 1050 to generate a
photo-emission 1060. The emission 1060 can generally be
incoherent 1n nature, with each electron-hole recombination
resulting 1n a photon emission, such that multiple photons
can be emitted from the depletion region 1050 upon multiple
recombinations. The emission 1060 can, in some cases, be
substantially similar to that of LEDs. The angular distribu-
tion of the emission 1060 (e.g., from an NA of about 0.5 to
an NA of about 1, including all values and sub-ranged 1n
between) can be manipulated and/or adjustable, such as by
the inclusion of beam forming elements on the device 1000,

by the design of the device 1000 itself, etc.

[0061] The photo-emission rate can be based on the local
optical density of states (LDOS) at the point where recom-
bination happens, 1.e., 1n the depletion region 1050. The
L.DOS 1s proportional to the strength of the light field of the
cavity at that position. When a dielectric tip/cavity design as
1llustrated in FIG. 1 1s employed (1.e., with the regions 1010,
1030 forming the dielectric tips and the depletion region
being defined by the cavity), it enhances the field strength at
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the dielectric cavity/depletion region and the carriers 1020,
1040 can recombine at a faster rate (especially when in a
vacuum setting), resulting 1n an eflicient light source.
[0062] FIG. 11 illustrates a light emitting device 1100 that
includes alternating/interspersed n- and p-type layers/sub-
strates 1110, 1120 respectively. The substrates 1110, 1120
cach define multiple dielectric tips, and pairs of tips 1130,
one on each substrate, align to define cavities (also referred
to as 1130). A first electrode (not shown) can be coupled to
the n-type layers 1110 and a second electrode (not shown)
can be coupled to the p-type layers 1120. A power source
(not shown) coupled to the electrodes can apply power to the
clectrode, which 1n turn drnives carriers i the layers 1110,
1120 to recombine in the region of the cavities 1130,
resulting 1n generation of a light beam at each cavity 1130.
The device 1100 can function as a multi-light source, or the
light generated at each cavity 1130 can be optically com-
bined to yield a single light beam. When the device 1100 1s
a multi-light source, the voltage connected to each light
emitting region can be adjusted to control emission at each
cavity 1130 individually (See FIG. 12) such as to, for
example, tune at least some of the sources/cavities 1130 to
different emission wavelengths.

[0063] FIG. 12 illustrates a light emitting device 1200 that
includes a light generation layer 1220 including alternating
n-type regions 1230 and p-type regions 1240. The layer
1200 may be structurally and/or functionally similar to the
device 1100 include dielectric tips/cavities formed between
the regions 1230, 1240 (not visible in the side-view shown
in FIG. 12). The device 1200 also includes a control layer
1210 that includes a first set of control lines 1250 for the
n-type regions 1230, and a second set of control lines 1260
for the p-type regions. Application of power through the
control lines 1250, 1260 results in carrier recombination in
the dielectric cavities of the layer 1220 and result 1n photo-
emission 1270.

[0064] Light field enhancement via inclusion of a dielec-
tric tip/cavity can provide several benefits over conventional
devices, including more eflicient carrier to photon conver-
s1on due to 1increased density of carriers in the cavity region,
and due to the Purcell effect.

Conclusion

[0065] All parameters, dimensions, materials, and con-
figurations described herein are meant to be exemplary and
the actual parameters, dimensions, materials, and/or con-
figurations will depend upon the specific application or
applications for which the inventive teachings 1s/are used. It
1s to be understood that the foregoing embodiments are
presented primarily by way of example and that, within the
scope of the appended claims and equivalents thereto, inven-
tive embodiments may be practiced otherwise than as spe-
cifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature,
system, article, matenial, kit, and/or method described
herein.

[0066] 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 meth-
ods are not mutually inconsistent, 1s included within the
inventive scope of the present disclosure. Other substitu-
tions, modifications, changes, and omissions may be made
in the design, operating conditions and arrangement of
respective elements of the exemplary implementations with-
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out departing from the scope of the present disclosure. The
use ol a numerical range does not preclude equivalents that
fall outside the range that fulfill the same function, 1n the
same way, to produce the same result.

[0067] Also, various inventive concepts may be embodied
as one or more methods, of which at least one example has
been provided. The acts performed as part of the method
may 1n some stances be ordered 1n different ways. Accord-
ingly, in some mnventive implementations, respective acts of
a given method may be performed in an order different than
specifically illustrated, which may include performing some
acts simultaneously (even 1f such acts are shown as sequen-
tial acts 1n illustrative embodiments).

[0068] All publications, patent applications, patents, and
other references mentioned herein are incorporated by ret-
erence 1n their entirety.

[0069] All definitions, as defined and used herein, should
be understood to control over dictionary definitions, defini-
tions 1n documents incorporated by reference, and/or ordi-
nary meanings ol the defined terms.

[0070] The indefinite articles “a’ and “an,” as used herein
in the specification and in the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least

22

once

[0071] The phrase “and/or,” as used herein 1n the speci-
fication and 1n the claims, should be understood to mean
“e1ther or both” of the elements so conjoined, 1.e., elements
that are conjunctively present 1n some cases and disjunc-
tively present in other cases. Multiple elements listed with
“and/or” should be construed 1n the same fashion, 1.e., “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 unre-
lated to those elements specifically identified. Thus, as a
non-limiting example, a reference to “A and/or B”, when
used 1 conjunction with open-ended language such as
“comprising” can refer, n one embodiment, to A only
(optionally including elements other than B); in another
embodiment, to B only (optionally including elements other
than A); 1n yet another embodiment, to both A and B
(optionally including other elements); etc.

[0072] 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 1n a list, “or” or “and/or” shall be interpreted as being
inclusive, 1.e., 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 ol,” 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 (1.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 1n
the claims, shall have 1ts ordinary meaning as used in the
field of patent law.

[0073] 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
clement selected from any one or more of the elements in the
list of elements, but not necessarily including at least one of
cach and every element specifically listed within the list of
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clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
may optionally be present other than the elements specifi-
cally 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-limit-
ing 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, 1n one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); 1in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); i yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
clements); etc.

[0074] In the claims, as well as 1n the specification above,
all transitional phrases such as “comprising,” “including,”
“carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, 1.e., 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 1n the United States Patent

Oflice Manual of Patent Examining Procedures, Section
2111.03.

What 1s claimed 1s:

1. A dielectric cavity array disposed in contact with a
sample generating a Raman scattering signal in response to
a Raman pump beam, comprising;:

a plurality of tips; and

a plurality of cavities, each cavity of the plurality of

cavities defined by a pair of tips of the plurality of tips
and having a mode volume from about 10 =" A° to about
107° A° and a quality factor from about 10° to about
107, to concentrate the Raman pump beam in the
vicinity of each cavity, and to enhance the Raman
scattering signal generated by the sample 1n the vicinity
of each cavity.

2. The dielectric cavity of claim 1, wherein the mode
volume is from about 107* A° to about 107> A°.

3. The dielectric cavity of claim 1, wherein the quality
factor is from about 10° to about 10°.

4. A system for Raman spectroscopy, comprising:

a light source to generate a Raman pump beam to excite
a sample, wherein the sample generates a Raman
scattering signal in response to the Raman pump beam:;

the dielectric cavity array claim 1 disposed in contact with
the sample, to concentrate the Raman pump beam 1n the
vicinity of each cavity, and to enhance the Raman
scattering signal generated by the sample 1n the vicinity
of each cavity; and

a detector to detect the Raman scattering signal.

5. The system of claim 4, wherein the sample 1s adsorbed
on a surface of the dielectric cavity array.

6. The system of claim 4, wherein the sample 1s trapped
on a surface of the diclectric cavity array.

7. The system of claim 4, further comprising a substrate
having the dielectric cavity array and the detector embedded
or integrated therein, the substrate further comprising:

an input waveguide, mtegrated into the substrate and in
optical communication with the light source and the
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dielectric cavity array, to deliver the Raman pump
beam to the dielectric cavity array.

8. The system of claim 7, wherein the substrate turther
COmMprises:

an output waveguide, embedded 1n the substrate 1n optical
communication with the dielectric cavity array and the
detector, to guide the Raman scattering signal to the
detector.

9. The system of claim 7, wherein the detector 1s inte-

grated with the substrate.

10. The system of claim 7, wherein the sample includes a
liguid medium, and wherein the substrate 1s configured for
submersion 1n the liquid medium.

11. A system for second harmonic generation and detec-
tion, comprising;

a light source to generate a light beam having a wave-

length from about 1100 nm to about 2200 nm;

a dielectric cavity array including a plurality of tips and a
plurality of cavities, each cavity of the plurality of
cavities defined by a pair of tips of the plurality of tips
and having a mode volume from about 107> A to about
10~ X° and a quality factor from about 10° to about
10°, to generate a second harmonic frequency light
from the light at each cavity; and

a photodetector array coupled to the dielectric cavity array
and including a plurality of photodetectors, each pho-
todetector 1n optical communication with a correspond-
ing cavity of the plurality of cavities, to generate a
photocurrent in response to the second harmonic light
beam generated at the corresponding cavity.

12. The system of claim 13, further comprising a detection
circuit coupled to the photodetector array, to generate a
current measure, a voltage measure, or both, based on the
photocurrent.

13. A system for detecting a light beam, comprising:
a first electrode;

a first dielectric tip coupled to the first electrode;

a second electrode;

a second dielectric tip coupled to the second electrode,
wherein the first dielectric tip and the second dielectric
tip collectively define a first cavity having a mode
volume from about 107* A° to about 10 A° and a
quality factor from about 10° to about 10° to interact

with the light; and

a circuit, coupled to the first electrode and the second
clectrode, to generate an output signal in response to
the modulation of a tunneling current across the first
cavity between the first electrode and the second elec-
trode by the light beam.

14. The system of claim 13, wherein the circuit 1s further
configured to apply a voltage bias to the first electrode and
the second electrode to generate a rectified form of the
output signal.

15. The system of claim 13, wherein the circuit includes
an RC component to integrate the output signal.

16. The system of claim 13, further comprising:

a first set of dielectric tips coupled to the first electrode
and including the first dielectric tip;

a second set of dielectric tips coupled to the second
clectrode and including the second dielectric tip,
wherein the first set of dielectric tips and the second set
of dielectric tips collectively define a set of cavities
including the first cavity;
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a waveguide optically coupled to the set of cavities for

delivering the light beam to the set of cavities.

17. A system for transducing microwave energy to optical
energy, comprising;:

a resonator to store a microwave photon; and

a doubly resonant optical cavity to receive a first optical

photon at a first wavelength,

wherein the resonator includes a microwave cavity

defined by a pair of tips, the microwave cavity having

mode volume from about 107* A° to about 10™® A° and

a quality factor from about 10° to about 10°, to convert,

in the microwave cavity, the microwave photon and the

first optical photon 1nto a second optical photon at a

second wavelength shorter or longer than the first

wavelength.

18. The system of claim 17, wherein the microwave cavity
1s a {irst microwave cavity, and wherein the resonator defines
a plurality of microwave cavities including the first micro-
wave cavity, each microwave cavity of the plurality of
microwave cavities being defined by a corresponding pair of
t1ips.

19. The system of claim 17, wherein a mode overlap
between an optical mode of the optical cavity and a micro-
wave mode of the resonator 1s increased relative to a mode
overlap between the optical mode of the optical cavity and
the microwave mode of the resonator when the optical
cavity 1s disposed 1n a hole of the resonator, by a factor based
on a ratio of a mode volume of the microwave mode to cube
of a wavelength of the microwave photon.

20. A system, comprising:

a light source, including;:

a first substrate composed of a p-type semiconductor
material and including a first plurality of tips;

a second substrate composed of an n-type semiconduc-
tor material and including a second plurality of tips,
the first substrate and the second substrate arranged
such that the first plurality of tips and the second
plurality of tips align to define a plurality of cavities,
each cavity having a mode volume from about 1072
A> to about 107 A° and a quality factor from about
10° to about 10°;

a first electrode electrically coupled to the first sub-
strate;
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a second electrode electrically coupled to the second
substrate; and

a power source coupled to the first electrode and the
second electrode, to apply power to the first electrode
and the second electrode, wherein carrier recombina-
tion 1n the plurality of cavities in response to the
application of power generates a light beam.

21. The system of claam 20, the light source further
including:
a first plurality of p-type substrates including the first

substrate and electrically coupled to the first electrode;
and a

a second plurality of n-type substrates including the

second substrate and electrically coupled to the second
electrode,

the first plurality of p-type substrates interspersed with the
second plurality of n-type substrates.

22. A device for optical switching, comprising:

a substrate including a cavity defined by a pair of tips, the
cavity having a mode volume from about 107% A° to
about 10~ A° and a quality factor from about 10° to
about 10°;

a control port optically coupled to the cavity, to receive
and apply a control signal to the cavity to change a
resonance Ifrequency of the cavity;

an mput port optically coupled to the cavity, to receive
and apply an input optical beam to the cavity; and

an output port optically coupled to the cavity, such that
when, based on the control signal:

the cavity 1s 1n resonance with the input optical beam,
the mput optical beam 1s transmitted through the
cavity and received at the output port as an output
optical beam; and

the cavity 1s off-resonant with the mput optical beam,
the input optical beam 1s reflected at the cavity and
not transmitted through to the output port.

23. The device of claim 22, wherein the control port, the
input port, and the output port are formed on the substrate.

24. The device of claim 22, wherein the control signal
includes ultrafast optical pulses.
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