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Fig. 1 Fundamental problem in the area of brain-machine interface: interaction between neurons and diodes. (a) Fundamental unit in

the neural system (“brain”) is a single neuron; (b) fundamental unit in the information system (“machine”) is a semiconductor

diode; (¢) semiconductor diodes are utilized to modulate and detect neural activities: i. An electrically driven light-emitting diode

(LED) can emit light to stimulate neural activities via optogenetics; ii. Under illumination, a photodiode (PD) can generate

photoelectric signals to stimulate neural activities; 1. A photodiode can capture fluorescence signals generated from neurons

expressing photosensitive protein, thus detecting neural activities; iv. The optical emission from an LED can be altered by the

electrophysiological activities of neurons, which can be used for neural signal detecting
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Fig. 2 Colocalized, bidirectional optogenetic modulation of neural activities with a wireless dual-color micro-LED probe"".
(a) Schematic view of probe inserted into target brain area to perform dual-color neural activation and inhibition; (b) schematic of

cellular scale depiction of probe’s photo-modulation function: a red LED regulates cation channel ChrimsonR for depolarization,

while a blue LED regulates anion channel stGtACR2 for hyperpolarization; (c) exploded view of dual-color LED probe made

from vertically stacked blue and red thin-film micro-LEDs assembled on a flexible polyimide (PI) substrate, with a filter for
spectrally selective reflection and transmission; (d) optical images of a micro-LED probe, showing dual-color LED can be
independently controlled to realize blue and red emissions; (e) experimental photographs and simulated results illustrating blue

and red light propagation in a brain phantom; () images of a micro-LLED probe integrated with a wireless circuit for independent

control of red and blue emissions; (g) cell activity traces presenting bidirectional spike activation and inhibition with alternating

red and blue illuminations; (h) representative variations of dopamine signals in response to stimulation by red and blue LEDs;

(i) representative heat maps showing real-time preference and aversion behavior following red or blue stimulation for mice co-

expressing stGtACR2 and ChrimsonR; (j) photograph showing three free-moving mice implanted with wireless probes
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Fig. 3 Thin-film silicon diodes for optoelectronic excitation and inhibition of neural activities™”. (a) Image of a freestanding Si film

(thickness of ~2 um) transferred onto a flexible substrate; (b) optical illumination generates polarity-dependent electrical signals
by p'n Siand n p Si film diodes; (c) electrical signals can depolarize (left) and hyperpolarize (right) neuron membrane potentials;
(d) photoelectric signals from p n Si and n"p Si films activate and inhibit neural activities; (e) a multichannel recording probe is
guided into mouse brain to sample extracellular activities by illuminating Si films attached on the mouse cortex with a 473 nm
laser; () p'n Si and n"p Si films selectively elicit (top) and suppress (bottom) electrical signals on mouse cortex; (g) cartoon
diagram illustrating the modulation of mice ’s peripheral nervous, with light illuminating Si films attached on sciatic nerve;
(h) compound muscle action potentials (CMAPSs) are recorded by EMG recording electrode inserted into hindlimb-related

muscles under pulsed light with various intensities
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Fig. 4 Wireless optoelectronic probe for monitoring calcium fluorescence signal in the deep brain””. (a) Schematic exploded-view

illustration of a wireless, injectable, ultrathin photometry probe with a InGaN micro-LED and a GaAs photodevice at flexible

substrate, where thin-film filters serve as wavelength-selective coatings; (b) conceptual illustration of microprobe system for Ca*"

fluorescence sensing; (c) left image is optical micrograph of injectable photometry probe and right image is magnified colorized

SEM image of probe tip; (d) photo of wirelessly operated probe system; (e) photograph of a mouse implanted with fluorescent
probe; () injection schematic of virus AAV-DJ-CaMKII-GCaMP6{ (green) into BLA and fluorescence photo of brain-area

section expressed with calcium fluorescence indicator; (g) heatmap (upper) for Ca*" fluorescence signals recorded by wireless

device before and after shock, aligned with trace plotted as mean (curves) + standard deviation (shading around curves) (lower)
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Fig. 5 A semiconductor diode is utilized to optically sense biological activities”™”. (a) Schematic of a thin-film and red-emitting micro-

-
F-N

LED attached onto human skin for wireless optical sensing of biophysical signals based on its conductance dependent photon-
recycling (PR) effect; (b) operational principle of the sensor, showing that the micro-LED’ s photoluminescence (PL)
intensity is dependent on its load resistances in different working conditions: short-circuit, open-circuit, and connected to
different resistances (R,>>R,); (c) schematic illustration of optoelectronic sensing of galvanic skin response (GSR);
(d) microscopic images of micro-LED’s PL emission, showing different PL intensities of micro-LED under basal and deep
breath conditions of a subject; (e) scheme showing optical readout of bioelectrical signals based on photon recycling of a
semiconductor diode; (f) typical current-voltage characteristic measured for a red-emitting micro-LLED; (g) absolute (red) and

relative (blue) PL intensities in response to a voltage change of 1 mV , as a function of applied voltage
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Abstract

Significance The human brain as along with the entire nervous system comprises one of the most sophisticated biological systems,
which has been the result of billions of years of evolution. Currently, our understanding of complex brain functions and structures is
still at a rudimentary stage. Neural activities are closely associated with animal behaviors, including sensing, motion, emotion,
learning, and memory, and are closely related to various neurological disorders and diseases. The modulation and detection of neural
activities at the cellular, circuit, and behavior levels with high precision and spatiotemporal resolution have been the key objectives for
advanced brain-machine interfaces, and they have substantial impacts on both fundamental neuroscience studies and medical
therapeutics. Over the past few decades, progress has been made in the development of a kaleidoscope for materials, devices, and
systems for neural modulation and sensing using electrical, optical, thermal, acoustic, and magnetic signals.

In the past few years, research has been primarily focused on the development of microscale implantable optoelectronic devices
for advanced optical neural interfaces. In this review, we provide an overview of our recent efforts, focusing on the fundamental
elements of brain-machine interfaces, that is, neurons and diodes. We demonstrate that semiconductor diodes that can realize the
conversion of electrical and optical signals, which can function as an interface to interact with biological signals, realizing the detection
and regulation of neural activities (Fig. 1).

Progress Our discussion is divided into the following four parts:
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(1) Light-emitting diodes (LEDs) can generate light signals and optogenetically modulate neural activity (Fig. 2). We developed a
wireless, dual-color optogenetic probe for the manipulation of bidirectional neuronal activity. The flexible probe comprises vertically
assembled, thin-film microscale LEDs, which have colocalized red and blue emissions and enable chronic in vivo operations with
desirable biocompatibility. In synergy with the co-expression of two spectrally distinct opsins (ChrimsonR and stGtACR2), red or
blue irradiations deterministically activate or silence the neurons. In a mouse model, the probe interferes with dopaminergic neurons in
the ventral tegmental area, thereby increasing or decreasing the dopamine levels. Such bidirectional regulation further generates
rewarding and aversive behaviors and interrogates social interactions among multiple mice.

(2) Silicon-based photodiodes can convert light into electrical signals by activating and inhibiting neural activity (Fig. 3). Thin-
film monocrystalline silicon p-n diodes can establish polarity-dependent positive or negative photovoltages at the semiconductor/
solution interface. Under laser illumination, the silicon-diode optoelectronic interfaces enable the deterministic depolarization or
hyperpolarization of cultured neurons as well as upregulated or downregulated intracellular calcium dynamics. Moreover,
optoelectronic interfaces can be mounted on nerve tissue to either activate or silence neural activities in peripheral and central nervous
tissues, as demonstrated in mice with exposed sciatic nerves and somatosensory cortices. Finally, these thin-film silicon devices
naturally dissolve in biological environments and exhibit desirable biocompatibility.

(3) An implantable photodiode can detect fluorescence signals in the brain (Fig. 4). An injectable fluorescence photometer
powered by a wirelessly operated circuit integrates a miniaturized LED and a photodiode on a flexible needle, which is suitable for
injection into the deep brain of mice. The system enables wireless stimulation and recording of fluorescence associated with
genetically encoded calcium indicators, with unique capabilities for visualizing neuronal activity. The ultrathin geometry and
compliant mechanics of these probes enable minimally invasive implantation and stable chronic operation. In wvivo studies involving
freely moving animals have demonstrated that this technology enables high-fidelity recording of calcium fluorescence in the deep brain,
with measurement characteristics that match or exceed those associated with fiber photometry systems.

(4) A semiconductor diode can sense the electrical signals of neurons (Fig. 5). An LED simultaneously absorbs and emits
photons, thus enabling wireless power harvesting and signal transmission. Additionally, owing to its strong photon-recycling effects,
its photoluminescence (PL) emission exhibits a superlinear dependence on external conductance. These unique mechanisms can be
exploited to optically monitor instantaneous biophysical signals, such as galvanic skin response, demonstrating that such an
optoelectronic sensing technique outperforms a traditional tethered electrically-based sensing circuit, particularly in terms of the
footprint, accuracy, and sensitivity. Furthermore, we envision that such a photon-recycling mechanism can be leveraged for the

optical detection of the electrophysiological signals of neurons on a large scale.

Conclusions and Prospects In this review, we introduce the interplay between the semiconductor diode (one of the fundamental
elements of electronics) and the neuron (the fundamental element of neurology) and highlight our recent work in the past few years.
We summarize our results of the design and fabrication of advanced semiconductor diodes for biological integration. These thin-film,
microscale light-emitting diodes (LEDs) and photodetectors can integrate with biological cells, tissues, and organs to modulate and
sense neural signals. Representative studies include the use of optoelectronic devices for optogenetic stimulation, wireless electrical
stimulation, fluorescence detection, and biological sensing. These advanced bio-integrated optoelectronic devices offer broad
potential for fundamental neuroscientific studies and clinical applications.

Key words optical devices; semiconductor diodes; micro-LEDs; optogenetics; neuromodulations; fluorescence detection
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