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We present a platform for parallel production of standalone,
untethered electronic sensors that are truly microscopic, i.e.,
smaller than the resolution of the naked eye. This platform
heterogeneously integrates silicon electronics and inorganic micro-
light emitting diodes (LEDs) into a 100-μm-scale package that is
powered by and communicates with light. The devices are fabri-
cated, packaged, and released in parallel using photolithographic
techniques, resulting in ∼10,000 individual sensors per square
inch. To illustrate their use, we show proof-of-concept measure-
ments recording voltage, temperature, pressure, and conductivity
in a variety of environments.

sensor | microscopic | microfabrication

The smallest objects resolvable by the unaided human eye are
∼100 μm in size. This limit sets a boundary between the fa-

miliar and the microscopic, the visible and invisible worlds.
Driven by the expanding Internet of Things (1) and the growing
deployment of implantable biomedical devices (2), researchers
have created small, stand-alone, wireless electronic sensor plat-
forms at sizes within an order of magnitude of this limit (3–16).
Beginning with initial work on Smart Dust almost two decades
ago (3, 4), these platforms contain silicon-based integrated cir-
cuits that are powered by and communicate through various
combinations of radio frequency (RF) (5–11), batteries (6, 9, 10),
ultrasound (12, 13), and light (14–16), but further progress has
been slowed by challenges such as the size of RF antennas or the
limits of assembly techniques such as wire bonding or wafer dicing.
If such devices could be made even smaller and manufactured
fully in parallel, with no dicing or manual assembly required, it
would dramatically extend the range of possible applications. Such
a microscopic sensor platform would be 1) nearly invisible, 2)
more than 100× cheaper due to the increased number of devices
per unit area, 3) deployable in ultrasmall environments, and 4)
much less invasive when used as an implanted device.
Here we present a platform for building devices that match

this description: microscopic, standalone, all-photolithographic
optical wireless integrated circuits (OWICs). We combine sili-
con electronics with photovoltaics and light-emitting diodes us-
ing methods of planar heterogeneous integration, packing, and
assembly. We produce OWICs as small as 0.00005 mm3, more
than a 10,000-fold reduction in volume from the mm3 scale
typical of current remotely monitored wireless technologies. The
resulting OWICs are truly microscopic in size, visible to the
naked eye at best as a tiny, undifferentiated speck.

Results and Discussion
Fig. 1A shows a complete, standalone, 8 μm × 75 μm × 175 μm
OWIC on the back of a penny; it is only visible under a microscope.
The mode of operation is schematically illustrated in Fig. 1B. When
the device is illuminated: 1) Si photovoltaics provide power to

the circuit, 2) n-type metal oxide semiconductor (NMOS) elec-
tronics and/or input electrodes sense a signal from the environ-
ment, and 3) a microLED communicates out the signal using
light. The 2 μm-thick photovoltaics occupy less than (50 μm)2, and
the 900-nm-thick microLED mesa used for communication
occupies about (10 μm)2.
We choose optical input-output (I/O) because the relevant

optoelectronic components can readily be miniaturized to the
microscale and read out remotely using far-field, free-space
coupling. In contrast, devices based (50 μm)2 on RF at this
size (17–20) are fundamentally limited to near-field coupling,
requiring readers and power sources to be within less than a
millimeter of the sensors (12). Ultrasound is also emerging as a
promising approach, but to date the apparatus is specialized and
the sensors have not been miniaturized to truly microscopic
scales (12, 13). In contrast, far-field optics is an extraordinarily
well-developed and ubiquitous technology for coupling light into
and out of small systems.
Fabricating OWIC sensors requires a diverse set of micro- and

nanofabrication methods, as illustrated in Fig. 2 and described
below (see SI Appendix for more details). One of the most
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challenging fabrication steps is the incorporation of microLEDs.
There has been extensive work to integrate silicon and GaAs
components in the past (21–24), including elastomer stamp
transfer (21). We developed an alternative method illustrated
schematically in Fig. 2 A–D that builds on this previous work
while having favorable advantages for our fabrication process by
1) avoiding the need for using breakaway tethers to the pre-
fabricated microLEDs (21, 24), and 2) not requiring adhesion
layers on the transfer substrate prior to transfer (21, 24). The
latter in particular would both increase topography and limit the
temperature budget in subsequent processing.
The microLED integration process is shown in Fig. 2 A–E.

First, GaAs LED heterostructures were epitaxially grown by a
commercial vendor using metal-organic chemical vapor de-
position (MOCVD) on an Al0.9Ga0.1As etch stop layer which was
itself grown on a thick GaAs substrate. MicroLEDs are then
fabricated using standard photolithography and semiconductor
processing. Polymethyl methacrylate (PMMA) is then spun onto
the substrate and cured (Fig. 2A). The substrate is then sub-
merged into a citric acid and hydrogen peroxide mixture (Fig.
2B), which selectively removes the GaAs substrate with negligi-
ble etching of the Al0.9Ga0.1As etch-stop layer. The PMMA
serves as a protective coating for the microLEDs during this
etch step. The etch-stop layer is then selectively removed with
dilute hydrofluoric acid (Fig. 2C). The polymer film containing
microLEDs is then (Fig. 2D) transferred to a silicon-on-insulator
(SOI) substrate. Prior to transfer, dopants were diffused and
activated in the device layer of the SOI to form a p–n junction.
Activating the dopants prior to transfer avoids exposing the
microLEDs to damaging high temperatures. The PMMA film is

then etched away via reactive-ion etching (RIE) and the micro-
LEDs are pinned to the substrate with conformal oxide (Fig. 2E).
Since there is a uniform silicon p–n junction everywhere on the

SOI substrate—with dopants already activated during the earlier
high-temperature anneal—this method enables the subsequent fab-
rication of electronics in alignment with the transferred microLEDs
(Fig. 2 E–G). By etching to the appropriate layers in this p–n
junction and making electrical contact, we produce photovoltaics
and n-channel vertical metal-oxide-semiconductor field-effect
transistors (MOSFETs). A subsequent photolithography step is
used to electrically connect the Si electronics and the GaAs
microLEDs. This LED-first approach simplifies the transfer
process by not requiring alignment of the microLEDs to preex-
isting microscale components. Further, this fully parallel het-
erogeneous integration results in OWICs with sizes and densities
that would be unattainable with other interconnect techniques
such as wire bonding.
In the final fabrication steps, the devices are encapsulated in

SU-8 and SiO2 and prepared for release. Openings are made in
the buried oxide layer of the SOI substrate around the OWICs
using RIE, leaving the thermal oxide under the OWICs to serve
as a bottom encapsulation layer. Thin aluminum strips are then
patterned to temporarily hold the OWICs during later process-
ing steps. SU-8 is then patterned on top of OWICs to serve as a
top encapsulation layer as shown schematically in Fig. 2F. An
optical image of an OWIC prior to xenon difluoride (XeF2)
etching is shown in Fig. 2H with components labeled.
The silicon substrate underneath the OWICs is then etched

away with XeF2, which has high selectivity against etching of
the encapsulation layers, protecting the silicon electronics of
the OWICs. At this point, OWICs are completed and held to the
substrate only by aluminum release tags, as illustrated schemat-
ically in Fig. 2G. Fig. 2J shows optical images of various OWIC
designs following XeF2 etching.
The integration, packaging, and assembly of OWICs takes

place in massive parallel, producing thousands of devices per
square inch (Fig. 2I). Approximately 3 million OWICs could fit on
a single commercial 8-in. wafer, making the price per sensor less
than 1 cent assuming standard complementary metal oxide semi-
conductor (CMOS) foundry manufacturing costs (25). Designs are
also not limited to one configuration on each substrate. The
OWICs platform can be customized for many possible applica-
tions; any silicon-based circuit or sensor consisting of p–n junc-
tions and NMOS electronics can be realized.
The completed OWICs, held only by the release tags, can

easily be released from the bulk substrate and placed/dispersed
as detailed in Fig. 3. One method involves releasing OWICs into
solution. The aluminum release tags are designed to be selec-
tively etched in dilute tetramethylammonium hydroxide without
damaging the OWICs. The OWICs can then be diluted into
water allowing for many modes of delivery including syringe in-
jection, polymer embedding, and aerosolization (Fig. 3 A–C) that
would be impossible for larger sensors (26–28). Alternately,
OWICs can be directly removed from the substrate using a glass
micropipette and precisely placed onto a target substrate (Fig. 3
D–J). This method closely resembles that used in standard,
commercially available, pick-and-place machines. For biological
applications requiring devices to be inserted into tissue, Fig. 3 K–
N details a pair of micromachined silicon microneedles that can
controllably deliver devices into tissue (see SI Appendix for more
details). Fig. 3N demonstrates these microneedles being used to
insert an OWIC sensor into the brain tissue of a mouse, as dis-
cussed further below.
The function of voltage-sensing OWICs is shown in Fig. 4. The

sensor is remotely powered with a 532-nm laser, which is coupled into
a microscope objective to achieve full field-of-view illumination. This
light drives the n photovoltaics (PVs) in series, each of which outputs
at approximately their open-circuit voltage Voc. For sufficient input

Fig. 1. Microscopic OWICs. (A) Optical micrograph of a voltage-sensing
OWIC on the back of a penny. It is essentially invisible to the naked eye.
(B) Schematic of OWIC in operation. Optical communication and optical
power are combined with electronics into a fully integrated, microscopic
sensor package.

9174 | www.pnas.org/cgi/doi/10.1073/pnas.1919677117 Cortese et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
2,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1919677117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1919677117


www.manaraa.com

optical power, the total applied voltage nVoc driving the circuit is
relatively constant, providing isolation from noise/variations in the
illumination conditions (see details in SI Appendix, Fig. S11).
The voltage from the PVs drives the series combination of the

MOSFET and the microLED (Fig. 2H). The resulting output light,
centered at 840 nm, is then collected into the microscope objective
and monitored using a silicon photodetector (SI Appendix, Fig. S6).
The objective was 5 mm away in these experiments to maximize
the signal, but longer working distances were also routinely used.
The measured power output of the microLED versus the

voltage across its input electrodes is shown in Fig. 4B. Changes in
the input voltage modulate the MOSFET current, which changes
the amount of light output. This peaks around zero bias, with a
normalized change of SV = ðdP=dV Þ=P= 2.3× 10−3=mV. The
voltage sensitivity SV is comparable for different OWICs, with
10% variations typical. For small voltage changes (∼+/−100 mV),
the measured voltage is thus given by

ΔV ðtÞ= 1
SV

�
ΔPðtÞ
P

�
,

where ΔP=P is the measured percentage change in the output
optical signal at a given time (more details on calibration are
available in SI Appendix).
Note that the measured voltage depends on normalized

changes in the output light, not the absolute magnitude of the
signal itself. In addition, variations in the input light do not
significantly affect the drive, as discussed above. This makes the

accurate measurement of short-term voltage changes fairly ro-
bust against the details of the optical path and also gradual
changes in the illumination/collection conditions.
The device shown has a voltage resolution of 8 μV Hz−1/2

when operated under continuous illumination, operates at
speeds greater than 10 kHz, and consumes ∼60 μW of power. To
reduce power consumption, it can be measured at low duty cycles,
albeit with a correspondingly degraded noise performance. Fig. 4C
shows a voltage-sensing OWIC operated with a 30% duty cycle,
reducing the average power to 18 μW. For 1-μW average power,
the voltage sensitivity is still less than 0.1 mV Hz−1/2. While the
voltage resolution of these proof-of-concept sensors is more than
adequate for many applications, it is not sensitive enough to de-
tect, e.g., neural activity. However, more sophisticated circuits can
be incorporated in future generations to improve resolution (15).
See SI Appendix, Fig. S10 for more details on the noise spectra.
Fig. 4D shows a voltage-sensing OWIC used to measure local

conductivity of water in a sealed microfluidic channel, relevant
for applications including single-cell sorting (29) and desalina-
tion of sea water (30). When a known fixed current is run
through the microfluidic channel, the voltage drop across the
OWIC is directly proportional to the solution conductivity. Fig.
4D shows real-time optical recordings of a voltage-sensing
OWIC in a sealed 50 μm × 200 μm polydimethylsiloxane chan-
nel initially containing a low concentration solution of potassium
chloride (KCl). Small volumes of higher concentration KCl are
subsequently added to a nearby reservoir and diffuse into the
channel. Measured conductivities of 2.2, 17.7, and 165.9 mS cm−1

Fig. 2. Parallel fabrication of OWICs. (A) Prepatterned GaAs microLEDs grown on an Al0.9Ga0.1As etch-stop layer are embedded in spun-on PMMA. The GaAs
substrate and the Al0.9Ga0.1As etch stop are then selectively etched (B and C). The PMMA containing GaAs microLEDs is then (D) transferred onto (E) an SOI
substrate containing a p–n junction. PMMA is then removed via dry etching and microLEDs are pinned to the substrate with a thin conformal oxide layer. (F)
Silicon photovoltaics, vertical MOSFETs, and electrical interconnects are then patterned photolithographically along with SU-8 and SiO2 encapsulation layers
for packaging. (G) The substrate silicon below the device is then selectively etched away with OWICs only tethered to the substrate with thin aluminum
release tags. (H) Optical image of an OWIC sensor with components labeled (before substrate etching). (I) Image of a chip containing thousands of integrated
OWICs. (J) Image of various OWIC sensors suspended by breakaway tags after the substrate beneath them was etched away.
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closely match the values 2.1, 17.8, and 142.7 mS cm−1 of the input
solutions measured with a commercial instrument. The average
power consumption of the OWIC was ∼10 μW. The average
input power of light incident on the photovoltaics was ∼80 μW,
indicating an optical power link efficiency of ∼12% (or 0.2% if
considering the 6 mW delivered to the full field of view).
Fig. 5 shows the operation of temperature-sensing OWICs.

They are composed of silicon photovoltaics in series with a GaAs
microLED in a package 8 μm × 65 μm × 100 μm (Fig. 5A). The
dependence of power output on temperature is shown in Fig. 5B
and is given by

ΔTðtÞ= 1
ST

�
ΔPðtÞ
P

�
,

where ST = 2 × 10−2/K and varies from device to device by
less than 5%. This is due to the well-known decrease of Voc

with increasing temperature predominantly caused by the
temperature dependence of the intrinsic carrier density and
silicon’s band gap (31). As was the case for voltage-sensing
OWICs, the output signal is relatively insensitive to input
power variations for intensities at or above 300 nW μm−2

(SI Appendix).
Fig. 5C shows a temperature-sensing OWIC in operation:

current pulses are run through a nearby resistor producing quick
Joule heating that is recorded by the OWIC. The sensitivity in
this measurement is 3 mK Hz−1/2 averaged over a bandwidth of
1 kHz. Power requirements for operation are comparable to the
voltage-sensing OWICs described above (details in SI Appendix).
These OWICs can also probe thermal conductivity and heat

capacity at the microscale. Fig. 5D shows optical recordings from
temperature-sensing OWICs in different environments, including
air at atmospheric and low pressure (800 mTorr) and water. At time
0, an average light intensity of ∼100 nW μm−2

—500-nW μm−2 peak
intensity power with 20% duty cycle—is turned on to both power

Fig. 3. Manipulation and delivery Modes. (A–C) OWICs can be released in solution for subsequent (A) syringe injection, (B) embedding in a flexible polymer,
or (C) aerosolization onto a substrate. (D–J) Dry pick-and-place of OWICs using a glass micropipette. Schematic and optical images of (D and E) a glass mi-
cropipette coming into contact with an OWIC that is still tethered to the bulk substrate with aluminum release tags, (F and G) applying vacuum to remove the
OWIC from the bulk substrate, and (H and I) releasing the OWIC in a precise location and orientation on another substrate. (J) OWICs placed precisely into the
Cornell logo on a glass slide. (K–N) Method for inserting OWICs into tissue with controlled position and orientation using a pair of custom microneedles that
can slide with respect to one another. Schematic of the insertion process: (K) the pair of microneedles holds the OWIC as it is inserted into tissue, (J) the top
microneedle and its extruded post push the OWIC to a particular location, and (M) the microneedles are removed from tissue leaving the OWIC. (The
microneedles are detailed in SI Appendix, Supplementary Materials.) (N) Optical image of an OWIC inserted into the brain of a living mouse using the custom
microneedles (Left) and image of the device after the microneedles has been removed (Right).

9176 | www.pnas.org/cgi/doi/10.1073/pnas.1919677117 Cortese et al.
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and heat the device. As the device heats, the temperature is
monitored in real time with millisecond resolution. The response
is fit with an exponential with time constant τ = C/G, where C and
G are, respectively, the effective thermal conductance and heat
capacity of the sensor and its environment. This time also sets the
fastest response time for the sensor, which, based on the above
equation, scales as the square of the size of the sensor. A 100-μm
OWIC sensor is therefore 100× faster than a millimeter-
scale device.
The initial rate of heating dT/dt and steady-state temperature

change ΔT allow us to determine C and G separately: C = Pabs/
(dT/dt) and G = Pabs/ΔT where Pabs is the absorbed power. For
example, in air, the inferred heat capacity is C ∼ 10−7 J K−1 and
thermal conductance G ∼ 25 μW K−1, consistent with the known
size of the OWIC sensor and the thermal conductance of air (SI
Appendix). When the OWIC is surrounded by water, the tem-
perature change is smaller due to the higher thermal conductivity
of water, in agreement with simple estimates (SI Appendix).
In the future, we envision that temperature-sensing OWICs

can be used to probe a variety of small samples, e.g., 100-μm-
sized microcrystals of quantum materials to measure their heat
capacity and thermal conductance. Such measurements are dif-
ficult now because of the large thermal mass of traditional sen-
sors obscuring the signal from the sample itself.

Temperature-sensing OWICs can additionally be used to
monitor the pressure of a gas environment, since at small scales
the effective thermal conductivity of gases varies with pressure
(32). Fig. 5E shows the output light power and extracted ΔT from
a temperature-sensing OWIC inside a sealed vacuum chamber.
As pressure changes, the steady-state temperature change is
optically recorded from the outside of the chamber through a
high-vacuum window. Using this OWIC sensor, we measure
pressure with a sensitivity of approximately ΔP/P = 10−3 at 10-Hz
bandwidth over the range shown. The device is operated with low
duty cycle, consuming an average power of 10 μW, and it oc-
cupies a space no larger than a grain of dust. These wireless,
optical recordings of pressure have many potential applications
in micro-electromechanical systems, microelectronics, and
laboratory-on-a-chip systems where devices are often hermeti-
cally sealed in vacuum and a method of remotely monitoring
pressure in the microscale environment is desirable (32, 33).
OWICs also hold great potential as embedded sensors in living

organisms. An in vivo multiphoton three-dimensional (3D) im-
age of the temperature-sensing OWIC in a living mouse brain is
shown in Fig. 5F. Both the device and surrounding vasculature of
the brain are clearly visible. The custom silicon microneedles
detailed in Fig. 3 K–N were used to insert and deliver the OWIC,
in this case to a depth of 160 μm in the brain. The cross-section

Fig. 4. Voltage-sensing OWICs. (A) Image of released voltage-sensing OWICs. (B) Characteristics of optical power output as a function of voltage applied to
the input electrodes. (C) A 20-mV input voltage pulse (black) and the corresponding optical recording from the voltage-sensing OWIC (red) operated under
continuous and pulsed input power. Regions are shown with a gray background when the light providing power to the OWIC is on. (D) Local solution
conductivity as measured optically from a voltage-sensing OWIC inside of a sealed 50 μm × 200 μm microfluidic channel containing a KCl solution. As higher
concentrations of KCl diffuse into the microfluidic system and a known current is supplied through the channel, the OWIC measures the transitions from low
to high conductivity, closely matching measurements with an external commercial probe (blue box). (Inset) Optical image of the OWIC in the microfluidic
channel.

Cortese et al. PNAS | April 28, 2020 | vol. 117 | no. 17 | 9177
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of the insertion assembly is 45 μm × 95 μm, allowing for mini-
mally invasive delivery. Furthermore, no tethered components
remain following removal of the silicon microneedle. After sur-
gery, a transparent cranial window (Fig. 5F) was installed to al-
low optical imaging and monitoring of the OWIC sensor, a
standard method for chronic optical measurements.
The OWIC was then used to monitor local temperature

changes in vivo. Understanding local temperature changes in the
brain is important in, e.g., optogenetics applications, where

excessive optically induced heating can damage tissue. As shown
in Fig. 5G, an external pulsed laser both intentionally self-heats
and powers the temperature-sensing OWIC. This measurement
allows for monitoring 1) the response time of the OWIC-tissue
system, 2) the steady-state temperature change, and 3) the
in vivo temperature resolution, all from a distance of ∼5 mm.
We measure a resolution of 7 mK Hz−1/2 and temperature
changes as fast as 103 K s−1 monitored with periodic sampling at
800 Hz. We find a thermal time constant of 10 ms, consistent

Fig. 5. Temperature-sensing OWICs. (A) Image of released, temperature-sensing OWICs. (B) Characteristics of optical power output as a function of tem-
perature. (C) Measurement of small, rapid temperature changes caused by a resistive element placed next to the temperature sensor (see SI Appendix,
Supplementary Materials). (D) Optical recordings from OWICs in water (blue), air (red), and vacuum (black) after a fixed intensity input power was turned on
at time 0. Dashed line is an exponential fit to the response in air. (E) Steady-state temperature from a temperature-sensing OWIC sensor in a sealed vacuum
chamber for various pressures. (Inset) Raw optical recording of power output at 3.4 Torr for low duty-cycle input power. (F) A 3D reconstruction of the
implanted OWIC and vasculature in the mouse brain. Blood vessels labeled with fluorescein and imaged by three-photon microscopy with 1,320-nm excitation
(red). Implanted OWIC visualized by label-free third harmonic generation by the same 1,320-nm beam (yellow). The device is nominally 160 μm into the brain.
(Right) Image of mouse after insertion with a transparent cranial window installed for imaging. (G) Optical recording of temperature from the OWIC sensor
monitored in vivo as the input power was used to heat the device and surrounding tissue. A temperature noise floor of 7 mK Hz−1/2 in an 800-Hz bandwidth is
observed. Dashed line indicates exponential fit of data. (H) Long-term optical measurements of steady-state temperature change as a function of average
input power (adjusted through duty cycle) for 9 and 16 d after insertion. Linear fits shown in dashed lines.
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with expectations from the heat capacity and thermal conduc-
tivity of the device and the surrounding media. Such rapid
measurements would not be achievable with macroscale tem-
perature sensors and their larger heat capacities.
The above results only hint at the possibilities of microscopic,

optical wireless electronic sensors in biological systems. Extensive
further work will be required to fully address biocompatibility,
expected device lifetime, depth of light penetration, and other
challenges specific to each targeted application. For example, any
future applications in vivo will have to address signal degradation
due to absorption and scattering, likely with completely intensity-
independent I/O such as pulse-position modulation (15). But, the
possibility of recording temperature, voltage, etc. using a wireless
sensor no larger than a large cell has the potential to be broadly
impactful.
The OWIC platform described here pushes wireless sensors to

the truly microscopic scale. The sensors are first generation and
proof of concept, but the platform can readily be expanded to
include more complex NMOS and CMOS circuitry in the future.
Improved design and efficiency will also lead to more broadly
applicable OWICs. Specifically, lower power consumption, im-
proved communication protocols, and even longer read distances
could result from exploring pulsed low duty-cycle power schemes
(15), differential, radiometric measurement of two different
wavelength microLEDs (34), and narrow-wavelength, collimated
vertical-cavity surface-emitting lasers (35), respectively. Potential
future applications include wireless neural recording with a
sensor so small as to avoid scarring, to heat-capacity measure-
ments of samples too small to be otherwise measured, to wireless
sensors providing quantitative information inside of microfluidic
systems. We emphasize that OWICs are a general platform for
microscopic I/O, and any of the plethora of microscale electronic

sensors fabricated using standard lithographic techniques can
readily be integrated.

Materials and Methods
The AlGaAs/GaAs heterostructure used for producing transferrable LEDs was
epitaxially grown by MOCVD by a commercial vendor (Matrix Opto. Co.,
Ltd). The SOI substrate used for fabrication of microelectronics was pro-
duced by a commercial vendor (Ultrasil Corporation) and consists of a <100>
p-type (boron doped) 2-μm device layer and a 500-nm buried oxide layer on
a thick silicon handle. Other than the microLED transfer method described
above, standard semiconductor processing was used for the patterning of
microLEDs and silicon electronics. In all optical measurements, a wavelength
of 532 nm was coupled into a microscope and used to power OWICs. The
output OWIC signal centered at 840 nm was then collected into the micro-
scope objective, selectively filtered, and focused onto a photodetector that
was read out using a digital oscilloscope. Detailed methods are provided in
SI Appendix. All animal experiments and housing procedures were
conducted in accordance with Cornell University Institutional Animal Care
and Use Committee guidance.

Data Availability Statement. All data for this paper are available in the main
text and SI Appendix.
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