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Abstract

Biological systems respond to and communicate through biophysical cues, such as electrical,
thermal, mechanical and topographical signals. However, precise tools for introducing localized
physical stimuli and/or for sensing biological responses to biophysical signals with high
spatiotemporal resolution are limited. Inorganic semiconductors display many relevant electrical
and optical properties, and they can be fabricated into a broad spectrum of electronic and photonic
devices. Inorganic semiconductor devices enable the formation of functional interfaces with
biological material, ranging from proteins to whole organs. In this Review, we discuss
fundamental semiconductor physics and operation principles, with a focus on their behaviour in
physiological conditions, and highlight the advantages of inorganic semiconductors for the
establishment of biointerfaces. We examine semiconductor device design and synthesis and
discuss typical signal transduction mechanisms at bioelectronic and biophotonic interfaces for
electronic and optoelectronic sensing, optoelectronic and photothermal stimulation and
photoluminescent in vivo imaging of cells and tissues. Finally, we evaluate cytotoxicity and
highlight possible new material components and biological targets of inorganic semiconductor
devices.

Inorganic semiconductors display a diverse spectrum of physical properties and thus can be
fabricated as device platforms for a variety of applications!~8, for example, for electronics,
photonics and energy conversion. Compared with polymers and metals, semiconductors are
especially applicable for electronic and photonic biointerface studies because they can be
configured into multifunctional devices (for example, sensors, modulators and switches)
with desired properties (for example, amplification, fast signal transduction and low power

consumption)®-$.

10 guch as improved

Organic semiconductors also possess several relevant features®-
mechanical compliance, easier solution processability and intrinsic stretchability through

molecular designs, compared with inorganic semiconductors and metals. However, inorganic
materials offer certain advantages, in particular, diverse signal transduction mechanisms at a

biointerface. High charge carrier mobilities in inorganic materials and correspondingly fast
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responses and high sensitivity in inorganic devices enable more accurate probing of complex
biological dynamics than can be achieved by organic materials. Moreover, high-performance
inorganic semiconductors can be precisely fabricated into various architectures at the
nanoscale, matching the size of subcellular and molecular components. Compared with
organic electronics and optoelectronics, inorganic devices usually require lower operation
voltages, allowing easier device passivation in physiological fluids. Finally, the operation of
inorganic semiconductor devices typically does not involve mobile ions in the interior of a
device, and therefore, dry-state device physics and semiconductor surface control can be
readily applied to biointerfaces’-8.

Since the invention of the field-effect transistor (FET) in the late 1940s!!, semiconductor
materials and devices have become a key component of electronics technology. Progress in
device scalability and electronic and ionic signal transduction, and the possibility of
remotely controlled processes have enabled the engineering of integrated circuits!2, ion-
sensitive FETs!3 and light-addressable cellular sensors'# (FIG. 1). The development of

15,16_ optical labelling!7!8 and

biocompatible and biodegradable semiconductor materials
deformable and stretchable devices!'®-19 facilitated the application of semi-conductor devices
in biology, for example, to establish electrical'®20-22 and optical?3-2* interfaces with neural

systems, for nano-bioelectronics!-23-26 271-29 in

, in semiconductor-enabled synthetic biology
biodegradable semiconductor implants!'® and for the non-genetic optical control of animal
motion3C. The design of a neuron—silicon junction, at which single leech neurons (Retzius

cells) can establish a biointerface at the open gate of a p-type FETZ0

, is one such example. In
this setup, the transistor can record both spontaneous and stimulated neural activities. The
first semiconductor-based intracellular electrical recording was achieved using a flexible and
movable nanoscale FET3!, In this device, the semiconductor component was synthesized by

gold-nanoparticle-catalysed chemical vapour deposition.

Inorganic-semiconductor-based biointerfaces and biophysical studies have become
increasingly important for the investigation of cellular biophysics, for example, for
electronic sensing and optoelectronic stimulation, in synthetic biology and artificial
intelligence and for initiatives such as the Brain Research through Advancing Innovative
Neurotechnologies (BRAIN) initiative32-33,

In this Review, we discuss inorganic semiconductors for bioelectronic and biophotonic
interfaces. We highlight important aspects of semiconductor physics at biointerfaces under
physiological conditions and give an overview of semiconductor devices, including OD, 1D,
2D and 3D semiconductor configurations, chemical procedures and semiconductor
degradation behaviours. Finally, we highlight key biophysical mechanisms underlying
bioelectronic and biophotonic interfaces and investigate the cytotoxicity of semiconductors.

Semiconductor physics

Silicon is the most frequently used semiconducting material for biointerface studies. Other
semiconductor materials such as CdSe/ZnS nanoparticles!” and ZnO microwires3* have also
been explored owing to their advantageous properties, including well-defined
photoluminescence!” and optical transparency3#, for applications such as fluorescence
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imaging!8, integrated light delivery and electrical recording3*. Important materials
considerations for building a bioelectronic or biophotonic interface include carrier mobility
and doping types (that is, p-type, n-type or intrinsic), whether a semiconductor has a direct
or indirect bandgap (FIG. 2a) and the position of the Fermi levels and band edges with
respect to the redox potential of the chemical species in biological fluids (FIG. 2b).

Carrier mobility and doping

Carrier mobility characterizes how fast a charge carrier (that is, an electron or a hole in a
semiconductor) moves through a material in an electric field”-®. The electrical conductivity
of semiconductors can be modified by the introduction of electronic impurities into the
crystal lattice, which is called doping’-8. At biointerfaces, the carrier mobility and doping
type of a semiconductor component in a FET determine the sensitivity or gain, that is, the
transconductance (g,). The transconductance is the ratio of the change in drain-source
current (/pg) to the change in gate-source voltage ( Vs) over a defined interval on the /pg—
Vgs curve. Moreover, the doping profile determines whether a cathodic or anodic reaction
takes place during the photoelectrochemical modulation of tissues (FIG. 2c).

Bandgap

The type of bandgap — direct or indirect — affects the intrinsic light absorption coefficient
and thus light emission through optical or electrical excitation’-®. Illumination of a direct
bandgap semiconductor generates excited electrons in the conduction band and holes in the
valence band. Recombination of these carriers can be radiative if the conduction band
minimum and valence band maximum are aligned in the momentum space, giving rise to
photoluminescence (FIG. 2a). In an indirect bandgap semiconductor, phonons (that is, lattice
vibrations) are involved in light absorption and emission (FIG. 2a). Phonons allow a
semiconductor to convert the energy of light into either thermal (that is, photothermal)3> or
mechanical (that is, photoacoustic)3® responses, which can affect an interfacing biological
component. Therefore, the band structure of a semiconductor determines the effect or the
design of a device at the biointerface. For example, direct bandgap semiconductors allow for

light-emitting diode (LED)-based optogenetic control2*

and photoluminescence-enabled
subcellular tracking’, whereas indirect bandgap semiconductors can be used for the
photothermal modulation of neurons2? or photoelectrochemical biofuel production after the

incorporation of a light-trapping structure to improve light absorption28.

Fermi levels

The position of the Fermi level (Ep) in relation to the band energy levels is an important
factor in determining the electrical properties of a semiconductor. Fermi levels and both
conduction band and valence band edge positions for dry-state devices are usually plotted
with respect to the vacuum level. However, to consider the charge transfer of the solution
species at a biointerface, the normal hydrogen electrode (NHE) or standard hydrogen
electrode (SHE) potential constitutes a more adequate reference?® (FIG. 2b), because the
redox potentials of the specific solution species are considered (for example, HO/H, at a
pH of ~7.4). This consideration is particularly important when comparing semiconductors
with different band edge positions for biophysical studies (FIG. 2b). Moreover, the relative
positions of semiconductor Fermi levels with respect to solution redox potentials determine
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the electrochemical or photoelectrochemical reactions occurring at the semiconductor
surface (FIG. 2c). The Faradaic reactions at the biointerface and the coupling reactions (that
is, the anodic reaction is the coupling reaction to the cathodic reaction) that are spatially
separated from the biointerface can shift the local electrochemical potential and,
correspondingly, the cell membrane voltage (that is, the difference between intracellular and
extracellular potentials) and modify the local chemical environment, affecting cellular
physiology and potentially making the semiconductor cytotoxic.

Other important properties

In addition to these three fundamental features, band bending at the semiconductor-biofluid
interface?, semiconductor surface charges and potentials38, light-induced carrier dynamics,
interfacial charge transfer and surface states>® are important semiconductor properties. For
example, if a semiconductor is immersed in a saline solution containing ions and redox
species (FIG. 2c), the charge flow between the solid and liquid phases aims to reach an
equilibrium in terms of the Fermi levels (Ez= Er(redox))3840, This spontaneous process
typically results in band bending at the surface of the semiconductor phase3? (FIG. 2c). In an
n-type semiconductor, the donor impurities provide the majority carriers (that is, electrons)
required for Fermi level equilibration (FIG. 2¢). Upon charge transfer, the remaining
semiconductor region contains positive charges from the ionized donors, which produce a
space charge region>®. The counter charge is located on the electrolyte side, which is very
close to the interface and within the Helmholtz double layer. The size of the space charge
region depends on the doping level, with a lightly doped semiconductor resulting in a larger
space charge width3?. Photocarriers generated by illumination of a semiconductor in a
biological fluid generate quasi-Fermi levels for both electrons and holes (Eg(e) and Eg(h),
respectively). The space charge region drives photoelectrochemical reactions for
biomolecular sensing or cellular stimulation if Eg(redox) is correctly aligned with Eg(e) or
Er(h)38 (FIG. 2¢). Finally, the surface states of semiconductors play an important role in the
design of biointerfaces. Surface states usually occur as a result of the abrupt termination of
the lattice structures at the solid-liquid interface or because of surface impurities, such as
metal atoms or absorbed solution species8. These surface states can exchange charges with
the conduction and valence bands of the semiconductor and those of the redox species in
biological fluids.

Operation at biointerfaces

A FET device consists of a semiconductor channel, a dielectric layer and three electrodes
(source, drain and gate) (FIG. 3a). A small shift in the Vg results in a large change in the
Ips. In bioelectronic sensing, Vg is caused by a local electrochemical potential or charged
species in saline. FET-based devices can detect local potentials originating from dynamic ion
flows, static ion gradients and device surface charges.

Dynamic ion flows, which can, for example, be initiated by tissue damage, produce

endogenous bioelectric fields in the extracellular space*!, as defined by Poissons equation*2:
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where ¢(x’, ¥, Z’) is the potential at (x’ , y’, z)), a is the electrical conductivity of the
medium, 7, is the volumetric source current density at position (x, y, z)and r(x, y, z, x’, y’,
z’) is the distance between (x, ¥, z)and (x’, ¥, z’). Poisson’s equation can be used to
qualitatively assess extracellular electronic sensing. For example, to increase ¢, o can be
decreased by limiting ion mobility via reduction of the distance between the FET device and
the cell membrane by means of either mechanical pressing or substrate topography
engineering31:43-43,

Static ion gradients can establish resting transmembrane potentials for cells and organelles,
as described by the Goldman—Hodgkin—Katz equation:

out in
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where V), is the membrane potential, R is the ideal gas constant, 7'is the absolute
temperature, Fis the Faraday constant and Pz and [M*] represent the permeability and
concentration of a monovalent M" ion, respectively.

A change in surface charges can be caused by the binding of a charged biomolecule or a

4

particle, for example, an influenza type A virus*®, or by exposure to biological fluids with a

different pH, which can, for example, be caused by a local inflammatory response?2. The
effect of surface charges on the FET response is relevant to the ion concentrations and is
limited by a characteristic length described by Debye screening:

1

Ay = 77—
D™ 2
drlgX.pz;

3)

where /g is the Bjerrum length, Z; is the sum over all ion species and p; and z; are the
concentration and valence of ion species £, respectively. The Debye screening length defines
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an approximate limit above which the response of a FET device substantially decreases
(owing to the weakened electrostatic effect in saline). Ap of a 1x phosphate buffered saline
is ~0.7 nm (REF*7). To overcome this limitation, saline solutions with low ionic strength can
be used for biomolecular sensing. Alternatively, sophisticated FET surface modifications, for

48

example, with deoxyribonucleotide aptamers*3, or specialized device operations* can be

explored.

For a FET based on an n-type semiconductor, a positive gate voltage bias (Vg > 0, for
example, through an increase in the local electrochemical potential) or binding of a
positively charged species causes the accumulation of majority carriers (electrons) at the
semiconductor-dielectric interface and a corresponding increase in Ipg (FIG. 3a). The
sensitivity of the Ipg change is defined as the transconductance g,,, which is a key
characteristic of a FET sensor. In the linear regime, g, typically follows g, & uVps, where
s the charge carrier mobility of the semiconductor and Vpg is the drain-source voltage.
The transconductance g, can be used to convert the recorded FET conductance or current
change into corresponding electrochemical potential changes.

Therefore, FET devices can be used for extracellular recordings from tissues and organs,
intracellular recordings from the cytosol or organelles, and biomolecular or chemical
sensing, for example, to detect stochastic molecular binding events>?, conformational

8

changes in charged molecular backbones*® or analyte concentration from a blood sample>!.

A p—n or a p—i—n diode junction (FIG. 3b) is the key building block for optoelectronic
devices, such as photo-voltaic devices (FIG. 3c) and LEDs (FIG. 3d). If p-type and n-type
semiconductors are in contact, their valence band and conduction band edge positions shift
to account for the energy difference between their original Fermi levels. At the equilibrium
state, a built-in electric field is established across the diode junction to balance the charge
carrier flow. In a photovoltaic device (FIG. 3c), incident illumination can create electron-
hole pairs in the bulk, splitting the dark Fermi levels into quasi-Fermi levels for electrons
Er(e) and holes Eg(h), with an energy difference of eV ph The minority carriers diffuse to the
space charge region and are swept out by the built-in electric field, producing a photocurrent
Lyn- Thus, a photovoltaic device can either serve as a power source for electrodes to stimulate
cells or tissues or directly establish biointerfaces for light-enabled capacitive or Faradaic
stimulation. In an LED device (FIG. 3d), a forward bias V;,s is applied to the diode junction
(the potential at the p-terminal is higher) to overcome the barrier of the built-in potential,
and the majority carriers flow across the junction. Recombination near the junction and
within the carrier diffusion length in the bulk semiconductor leads to the emission of
photons in the case of a direct band-to-band transition. LED devices are typically used as
light sources for optogenetic applications.

Key advantages

Inorganic semiconductors operate via mechanisms different from those of metal-based or
polymer-based devices and typically comprise active device components. For example,
semiconductor bioelectronic sensors usually use a FET configuration, as opposed to an
electrochemical device incorporated in metal-based sensors. Inorganic semiconductor
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systems (for example, FETs, photovoltaic devices or LEDs) still unimpededly function and
can even acquire new functions if the size of the device is reduced to nanometres 29,
compared with metal-based or polymer-based devices (FIG. 3). Being functional at the
nanoscale not only improves the precision and accuracy of current measurements but also
enables subcellular studies (for example, probing the electrodiffusion at a synaptic

junction”).

Inorganic semiconductor devices can be processed in a highly scalable manner>®-39 owing to
the availability of well-established technologies for the fabrication of complementary metal-
oxide-semiconductor (CMOS) integrated circuits. CMOS integrated circuit technology
enables the design of multi-electrode arrays for the mapping of electrophysiology in a
cellular network®-93, For example, mechanically flexible Si-based sensor systems,
composed of 2,016 Si nanomembrane transistors, can be used to directly record the electrical
activities from a beating porcine heart in vivo with high spatiotemporal resolution®3. The
high sensor density of the device allows the spatial mapping of spontaneous and paced
ventricular depolarization along the epicardial surface®3. Similarly, the Neuropixels Si
probes contain 960 CMOS processing-compatible recording sites to capture well-isolated
spiking activities from hundreds of neurons in freely moving animals®. Notably, the
combination of high-performance electrode technology and scalable semiconductor chip
fabrication enables the measurement of brain-wide neural activity at cellular resolution and

subcellular resolution during complex behaviours®.

Semiconductor devices can further efficiently harvest radiant energy and convert it into other

40-56

forms of energy, such as electricity , making the operation of miniaturized wireless

devices possible30-06-67

. For example, most electronic retinal prostheses are powered by
inductive coils, the implantation of which requires a complex surgical procedure. In a
photovoltaic subretinal prosthesis, the miniaturized silicon photodiodes at each pixel directly
receive the light signal and the power to electrically stimulate neurons®”.

Inorganic semiconductor devices and circuits are characterized by fast response, signal
amplification, multi-functionality and multiplexity and are faulttolerant®®, making them
ideal for assessing complex dynamics in biological systems. For example, inorganic
semiconductors could be used for in situ biochemical and biophysical measurements to
detect molecular and cellular heterogeneities or transient biological interactions and to
analyse network-level feedback, which are difficult to assess by other tools, such as the
patch clamp technique or atomic force microscopy. Finally, interesting semiconductor
properties, such as the flexo-photovoltaic effect®®’0 or intrinsic ductility’!, can potentially
be leveraged for biointerface studies in the future.

Semiconductor design parameters

Quantitative parameters

Important quantitative considerations for semiconductor-based interfaces include the length
and time scales of measurements, electrical and mechanical properties of the
semiconducting material, and energy input and output (TABLE 1). The properties, energy
and scales of the semiconductor and the biological components need to be considered for the
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design of the biointerface. For example, single-crystalline Si nanowires with diameters of
~100 nm can be stretched up to ~16% tensile strain at room temperature’2, approaching the
theoretical elastic limit of Si (17-20%) (TABLE 1). Therefore, the elastic behaviour of Si-
nanowire-based nano-electronics enables interfacing with soft and deformable biological
components! such as heart tissue. Photoelectrochemical cells can also be potentially applied
for wound healing; for example, the photocurrent density of a photoelectrochemical cell
(current density of ~35 mA cm~2)120 is large enough to alter the endogenous bioelectric
field near a cornea wound (current density of ~5 pA cm=2)41,

Many biointerfaces further involve energy transduction and thus the balance of energy input
and output can be used to predict the experimental outcome (TABLE 1). For example, for a
2-um-long coaxial Si nanowire with a diameter of 300 nm, the photovoltaic power output
under one sun illumination is on the order of ~10~19-10-9 W (REF>°), which is two orders
of magnitude larger than the power consumption of a similarly sized bacterial cell (~10712
W)73. Therefore, single Si nanowires can be used to modulate the physiology of individual
bacterial cells using sunlight28.

The length scale is another critical parameter for the design of biointerfaces. Although
various energy terms (for example, chemical, mechanical, thermal and electrostatic energy)
depend on the size of both the device and the biological components at the biointerface’4,
their amplitudes converge at the molecular and subcellular scales. At these scales, the
differences between hard and soft materials and between living and non-living systems
become diminished (TABLE 1). For example, by reducing the thickness of a Si membrane to
10 nm, it can achieve a tissue-level bending stiffness (10‘5 nN m for a 10-nm-thick Si and
10% nN m for a 20-um-thick brain slice’>), providing a mechanically matched bioelectronic
or biophotonic interface. Nevertheless, the precise control of biological activities through
physical stimulation at the molecular and subcellular scales remains a challenge.
Understanding the impact of the size of the biointerface on biological processes will enable
the design of the correct material dimensions, device geometry and physical properties to
improve integration, signal transduction and biocompatibility.

Semiconductor materials

The chemistry, structure, stability and control of semiconductor materials are important for
the design of biointerfaces. For example, biodegradable semiconductors are required for
certain biointerface studies, such as for transient biological sensing16 or modulation3®, while

other applications, such as chronic implantable devices, need stable materials’®.

Geometry.—Semiconductors with different geometries, that is, 0D37.77 1D1,78-80 op81-84
and 3D3:29:85.86 have been designed for establishing functional biointerfaces (FIG. 4a—d),
for example, for subcellular transport studies30-37_ intracellular FET-based
electrophysiology3!, light-driven excitation of neural activities2?-30:67-87-90 and electronics-
integrated engineered tissues?2:21-92. The choice of semiconductor geometry depends on the
biological target, for example, an organelle or a patch of skin surface, or the biological
problem, for example, intracellular or extracellular recording. Independent of the geometry,
the size of the semiconductor can drastically change the mechanical properties of the
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material, which is key to establishing certain biointerfaces, such as epidermal electronics®3.

For example, the bending stiffness of a 2D semiconductor sheet is defined as D= E%Y/12(1-
Vz), where Dis the bending stiffness, E'is the Young’s modulus, 4 is the thickness and vis
the Poisson ratio8!:94, and therefore, the thickness of the sheet determines whether an
epidermal device can provide a conformai interface on skin?3.

Chemical synthesis.—Solution-phase colloidal synthesis and vapour-phase conversion
have long been used for growing semiconductor materials, with many parameters being
readily programmable, including the growth temperature and substrate orientation. In
particular, chemical vapour deposition can be used for the scalable production of various
semiconductor nanostructures, such as uniform and heterostructured nanowires!-31:95.96,
multilayered membranes3? and mesostructured particles2?. One noteworthy and
underappreciated method is the electrochemical synthesis of specialized
semiconductors!3-97-99_ For example, porous Si films can be produced by electrochemical
etching of single-crystal Si wafers in ethanolic hydrofluoric acid solution. These films can
be lifted off the etching substrate, followed by ultrasonication and filtration, to achieve a
narrow particle size distribution. In addition to electrochemical etching, other chemical
etching techniques, such as metal-assisted etching and stain etching, can be applied to

100

fabricate a variety of porous Si morphologies, including wires!%0, cones!%! and lamellae!02.

Chemical processes can control not only the structure and chemical composition of
semiconductors but also the physical properties that are highly relevant to biointerfaces and
biophysical studies29-30-98.99.103 Eor example, the porous structures in Si, introduced by
nanoscale casting or electrochemical etching, typically cause a substantial reduction in the
effective Young’s modulus compared with the bulk material?®-101:104, This change in
material mechanics through chemical processes allows a material to establish minimally
invasive contact with cells and tissues2”101. Similarly, electrochemically etched Si can be
treated in an aqueous solution to tailor its photoluminescence?®:105-106_Syrface states can be
generated in porous Si if the hydrogen-terminated Si surface is oxidized in water. These
states and a possible quantum-confinement effect likely contribute to the spectral features
and quenching kinetics of the photoluminescence?.

Moreover, various semiconductor-specific properties can be tuned by specific material
synthesis techniques!?7, including the bandgap, which affects light absorption and
conductivity, the carrier mobility () and lifetime (), which define the carrier diffusion
length (Lp) by L = \/W, and the surface states, which tune the band edge position

with respect to a target redox potential. For example, bulk molybdenum disulfide (MoS,) is
an indirect bandgap semiconductor with a gap size of 1.3 eV (REF!98). Chemically
synthesized MoS, (for example, vertically aligned nanofilms33) can have a substantially
reduced total layer thickness and thus produce a direct bandgap with an increased gap size
(up to 1.9 eV). This feature has been exploited for nanostructured MoS,-based retinal
prosthetics32 and disinfection®3 applications.

Surface functionalization can further provide an additional layer of control in biointerface
studies. Surface conjugation with ligands, antibodies or peptides improves cellular targeting
efficiency!9%-110, For example, the surface of Si nanowires can be functionalized with the
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cell-penetrating peptide transactivating transcriptional activator from HIV-1 to facilitate
spontaneous internalization into primary neuronal cells!!!. Similarly, kinked Si nanowire
FETs comprising probe tips that are coated with phospholipid bilayers enable a minimally
invasive entrance into cells for the high-quality recording of intracellular potentials3!.
Contrarily, undesired protein absorption on semiconductor surfaces can also lead to
deleterious performance, which has to be taken into account in the design of semiconductor
materials!12-114,

Stability in physiological conditions.—The stability of semiconductors in
physiological conditions is an important consideration for biointerface design. Si is
commonly used in electronics and optoelectronics owing to its well-studied and stable
physical properties in the dry state and established fabrication technologies. The
biodegradability of Si is of particular interest for wet applications, for example, in transient
electronics! !, for in vivo photoluminescence%’IOL105 and for sustained molecule
release!01:104.116 The degradation of Si in biological fluid depends on its porosity, its
dopant type and concentration, its crystal quality, the pH of the fluid, its ionic strength and
the temperature!3-117-120 For example, 1 um-thick mesoporous Si with high porosity (70%)
and a high surface area (~640 m? g~!) completely degrades in saline within a day!".

Si-based materials and devices can stably perform in the wet state if their surfaces are
passivated!21-126_ For example, to improve the stability of Si photoelectrodes, a thin
epitaxial layer of strontium titanate (SrTiO3) can be grown directly on Si(001) by molecular
beam epitaxy!26. Despite passivation, photogenerated electrons are easily transported
through the epitaxial layer owing to the conduction band alignment and lattice match
between single-crystalline SrTiOz and Si (REF!29). This composite can be used as an
efficient and stable photocathode for water splitting!26 and could potentially be applied for
biointerface studies. Leakage-free and biocompatible thermal oxide, synthesized directly
from Si wafers, can inhibit Si degradation in saline!2!. The ultrathin thermal oxide layer

completely seals the underlying electronics, enabling capacitive coupling with tissues!2!.

Therefore, the lifetime of semiconductors can be controlled by their bulk and surface

121-126 “including dimensions, doping profiles, crystallinity, porosity and surface

properties
passivation. By modifying these properties, Si-based devices can be designed for temporary
or continuous operation and tailored for specific applications (for example, drug delivery
requires transience, and chronic implants require stability). In addition to material
considerations, extrinsic parameters, such as saline temperature, ion type and concentration,
and the biological targets, can also substantially affect the degradation kinetics of

semiconductors! 15117118

Biointerfaces

The semiconductor-cell interface can be either an extracellular or an intracellular
biointerface (FIGS 4e, 5a; TABLE 2). In particular, nanoscale semiconductors can enter a
cell and thus can form intracellular biointerfaces for either sensing or
stimulation3031L.11L127 A clear understanding of semiconductor internalization mechanisms
remains elusive thus far. However, substrate-bound device internalization is typically
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9 or surface modification3!-111,

achieved by electroporation36-128  optoporation!2
Freestanding materials or devices can be internalized through spontaneous
endocytosis!27-130:131 or microinjection!32. Intracellular semiconductors are in direct contact
with organelles and/or the cytosol, enabling high-fidelity studies of subcellular
activities30-133, Biointerfaces can be categorized on the basis of the function of the

semiconductors (FIG. 4e).

Electronic sensing

Semiconductors can perform electronic sensing by converting a biological signal,

represented by ions, into a current and/or voltage (TABLE 2). FETs (FIG. 3a) can be used to

134,135 3nd Viruses46, and

191,136

sense pH22:31:134 the concentration of proteins, nucleic acids
bioelectric signals (for example, action potentials) emitted by cells or tissues
Compared with metal-based devices or organic FETs, inorganic FETs can operate at a larger
switching speed (for example, up to 2 THz for core-shell Ge/Si nanowires!37), which allows
them to electrically resolve most biomolecular and cellular activities’3. In particular, Si

nanowires!-25-78:91.138 \which constitute a key building block of nano-bioelectronics!

, are
very sensitive to changes in electrical potentials and surface charges and are more

stretchable and bendable than bulk materials’?.

A striking feature of nanowire-based electronic devices is their ability to record electrical
signals from a localized region of a cell population, such as an intracellular
space31-00-86.128.133.139-141 1 contrast to extracellular electrical potential or charges,
intracellular signals are more difficult to measure because the electrical probe has to be
inserted into a cell, which constitutes an invasive step and thus might alter cellular
signalling. To provide a more deformable and therefore less-interfering probe, a flexible
nanoscale FET device can be fabricated by integrating a multiply kinked Si nanowire into a
metal-polymer-based support3!:133, The kinked nanowire tip has a 60° junction angle, which
facilitates easy insertion of the device tip into a cell, for example, into a cultured
cardiomyocyte3!. Additionally, the probe can be coated with a phospholipid bilayer to
promote cellular penetration through membrane fusion. This point-like FET can measure the
intracellular potential adjacent to the plasma membrane and minimizes chemical and
mechanical perturbation of the cells.

A different FET sensing configuration can be achieved by remote capacitive coupling;
bioelectric signals from cells and tissues can be capacitively coupled to the gate electrodes
of a FET device. Such a device configuration requires a complex device design; however, all
key FET components (that is, source, drain, gate and gate dielectrics) can be isolated from
the biological fluid, which substantially improves device longevity in vivo!2!,

An important engineering consideration is the relative position of the FET device and the
signal source. For extracellular electric potential sensing, the distance between the plasma
membrane of the cell and the FET surface (that is, the biointerface cleft) substantially affects
the junction voltage (Vj) (FIG. 5a) and the recorded signal amplitude (that is, from the
device noise level up to a few mV). The cleft in the planar biointerface is typically greater
than ~40 nm (REFS!42:143) but it can be reduced to improve the FET recording signal by
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mechanical pressing or topography engineering of the device substrate*>*>. Such distance
effect is not applicable to intracellular potential sensing.

Optoelectronic light sensing

Semiconductors can also respond to light, which can be translated into a current and/or
voltage signal (TABLE 2). Light can originate from biological components as bio-

144 o as the fluorescence of an intracellular calcium indicator. Light emission

luminescence
can be sensed by a semiconductor device (FIG. 5a), usually through a photo-detector that
contains p—i—n or p-n diode junctions’8 (FIG. 3b). For example, the integration of
illumination LEDs, CMOS image sensors, wireless power and data transmission circuits into
a single chip enables wireless capsule endoscopy!4>. Alternatively, an ingestible micro-
bioelectronic device can be used to directly and selectively sense biomolecules in vivo!44. In
this device, engineered bacteria transduce blood signals into bioluminescence, which is
detected by a semiconductor-based detector and wirelessly transmitted to an external
receiver. Similarly, a polymer-supported, wireless, injectable fluorescence photometer,
which includes a photodetector based on GaAs/InGa;_xP/Al;Ga;_,As, can record calcium
fluorescence in the deep brain of untethered and freely moving animals, who are genetically

encoded with calcium indicators!40.

Optoelectronic stimulation

Photovoltaic, photocapacitive, photoelectrochemical and photoconductive
stimulation.—For optoelectronic stimulation, a light signal is converted by the
semiconductor into electrical or electrochemical outputs to modulate the concentration
distribution of ions or the redox state of molecules; alternatively, light is converted in a cell
to elicit a biological signal (BOX 1; TABLE 2). A photovoltaic device is typically a dry-state
component that contains a diode junction*?, which also provides all the voltage ( V;) (FIG.
5a) needed for the stimulation electrodes®0-67:88.:89.147 (that is, metals or conducting metal
oxides). Alternatively, a photovoltaic material can be directly exposed to saline for either
capacitive or Faradaic stimulation (FIG. 5b), depending on the nature of the semiconductor-
saline interface. A photocapacitive effect is typically transient and caused by the
redistribution of ions near the double layer, whereas a photoelectrochemical process
typically involves a redox reaction with an interfacial Faradic impedance (Z;) (FIG. 5a),
which is long-lasting during illumination. Photocapacitive30-148-150 or
photoelectrochemical?7-28:30:151.152 processes have primarily been used in extracellular
stimulation to modulate ion redistribution or changes in chemical species at plasma
membranes. A photoconductive process refers to a light-induced increase in charge injection
at the device-liquid interface, with an already electrically biased device (that is, external
power is still needed). This process typically involves reactions at the semiconductor—

66,67,82

saline8” or electrode—saline interface.

Si-based photovoltaic devices without an external power source can be used to stimulate
retinal tissues in vivo with high-intensity, pulsed near-infrared (NIR) light66-67.88.89.147 Eor
example, sputtered iridium oxide film (SIROF) electrodes, coupled with multiple Si diodes,
can be connected in series to sense NIR light and to simultaneously produce the electrical
power driving electrochemical charge injection at the SIROF surface. Alternatively,
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optoelectronic retinal prosthetics can be made of a curved heterostructure consisting of
MoS, and graphene (photo-absorbing layer and interconnect)32. Local light-induced
conductance changes in the MoS,/graphene structure are amplified and converted by
external flexible circuits into programmed electrical stimuli to the retina.

Most optoelectronic stimulation devices require interconnects or internal wiring; however,
freestanding Si membranes containing p—i—n diode junctions can be used for the
photocapacitive stimulation of neurons, glia and other mammalian cells0. By coating the
surfaces of the diode junctions with metal nanoparticles, both capacitive and Faradaic (FIG.
5b) currents are substantially enhanced, resulting in efficient wireless stimulation of the
brain cortex and behaviour control in a mouse model3’. The semiconductor structures and
mechanics have to match those of the biological targets to establish tight junctions. The
desired photoresponses can then be tuned by modulating the Si doping profile, surface
chemistry and dimensions to promote specific light-triggered effects3. Similarly, atomic,
metal-covered p—i—n coaxial Si nanowires can be used for the photoelectrochemical
modulation of single neuronal activities'>!.

Semiconductor nanomaterials without diode junctions or other heterogeneous structures can
also be used for the photoelectrochemical modulation of enzymatic or cellular
activities2’-28:153.154 (FIG. 5a). For example, cadmium sulfide (CdS) nanocrystals can be
used to photosensitize the nitrogenase molybdenum-iron (MoFe) protein!3!; in this case,
light harvesting (instead of ATP hydrolysis) drives the enzymatic reduction of Ny into NHj.
CdS nano-particles can also be precipitated from bacterium cell walls for the self-
photosensitization of the non photosynthetic bacterium Moorella thermoacetica' (FIG. ).
This biohybrid can photosynthesize acetic acid from carbon dioxide and thus offers a self-
replicating device for solar-to-chemical carbon dioxide reduction. Acetogens, which are
microorganisms that generate acetate, for example, Sporomusa ovata, can also form hybrids
with silicon nanowires for the light-driven production of acetate?3:153 (FIG. 4b). Light
excitation generates electrons from silicon, providing an energy source for CO, — the
carbon source of bacteria. The acetate can be coupled to Escherichia coli production strains
to produce other valuable products such as acetyl coenzyme A and n-butanol?8-135. Under
aerobic conditions, O, itself can serve as an electron acceptor and can be converted into
reactive oxygen species (ROS), such as a hydroxyl radical, singlet oxygen or superoxide.
ROS generated from semiconductors (for example, at the edges of vertically stacked MoS,
nanostructures®) are strong oxidants that can inhibit bacterial growth and even achieve
complete disinfection33-156, ROS can also accumulate during the photoelectrochemical
stimulation of mammalian cells, causing cell damage or death!57.

These photoelectrochemical reactions involve electrons, stimulating saline-mediated
biological reactions; the electrons have to be coupled with hole reactions if charging of
semiconductors is not considered. Potential hole scavengers under biological conditions
include cysteine (Cys)?’,4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid (HEPES)!!,
3-(N-morpholino)propanesulfonic acid (MOPS)!>!, 2-morpholin-4-yl-ethanesulfonic acid
(MED) 151, Tris!5! and ascorbic acid!S!.
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LED-based stimulation.—LEDs can also be used for the stimulation of biological
signals. Applying a current or voltage to an LED causes the emission of light, triggering a
biological response (TABLE 2). Although the interface between an LED and a biological
system is remote (FIG. 5a), LEDs are very important tools for photostimulation applications,
including optogenetics and non-genetic techniques, such as the use of metals or
semiconductors for the converting of light signals into biologically relevant forms (for
example, electrical, thermal and mechanical signals). Microfabricated LEDs can be
integrated with flexible and bioresorbable substrates for in vivo applications, for example,

146,158 or spinal cord?®-158 stimulation. Importantly, voltage can be wirelessly

159

for brain
applied to LEDs by either radio frequency radiation?* or infrared light!?, enabling a
compact and less invasive biointerface without the need for supporting equipment. For
example, upon infrared light illumination, two or more GaAs photodetectors that are
connected in series can produce sufficient photovoltage to run a visible LED, which emits
red (with Gag sIng sP) or yellow (with Alg 15Gag 35Ing 5P) light for optogenetic stimulation

in vivo!3; this setup provides a device for infrared-to-visible upconversion.

Photothermal stimulation

For photothermal stimulation, a light pulse is absorbed by the semiconductor and converted
into transient heat to elicit a biological response (TABLE 2). In contrast to the photovoltaic
effect, the photothermal effect receives less attention but can have a profound effect on the
photostimulation of biological systems. Upon optical excitation of a semiconductor, the
input photon energy is dissipated through a non-radiative recombination process involving
phonons3. Corresponding lattice vibrations induce a local temperature increase, which can
be harnessed to trigger a biological response. In the photoresponse of Si structures, the
relative output amplitudes of thermal versus electrical signals can be tuned by varying the
dimensions of the materials, the doping and surface chemistry and the illumination
intensities30. For example, a predominant photothermal effect (that is, light-induced
electrical signals from the semiconductors are negligible) can be achieved by delivering a

30

focused laser light to nanocrystalline intrinsic Si nano-wires>" or mesoporous Si particles

with an amorphous framework?’.

Semiconductor-based photothermal interfaces (FIG. 5a) with cells and organelles can be
established in vitro29-30, Compared with metals or carbon, which achieve similar or even
stronger photothermal effects, semiconductors can form multifunctional cellular interfaces to

98,101.160.161 o for photothermal cellular

trigger photoluminescence®, for drug delivery
stimulation, and they can be designed to be biodegradable2-30. The electric capacitance of a
cell membrane (C,;) under heating (typical temperature change in an experiment is less than
4 °C) can be modelled as C,(9) = Cy+ CpyE(F( 9/ AP, where y is related to the temperature-
dependent electrical capacitance change in membranes, () is the initial capacitance, E'is the
radiative pulse of energy and /{# describes the change in particle temperature as a function
of time ¢ If experimental conditions allow large d (§,,/d# sufficient capacitive currents can be
injected into single cells to depolarize them. For example, mesostructured Si particles can be
used for the photothermal stimulation of neurons by causing the firing of action potentials
with a deterministic (that is, one light pulse causes the firing of one action potential)
neuronal response of up to 15 Hz (REF?%). A similar approach has been used for other
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organic-semiconductor-based modulation biointerfaces, for example, quinacridone-based!©2
and poly(3-hexylthiophene)-based!®3 interfaces.

In addition to extracellular modulation, the photothermal effect of semiconductor
nanostructures can also be used for intracellular studies (FIG. 5a). For example,
nanocrystalline Si nanowires that are internalized by glial cells can trigger a fast increase in
calcium concentration upon a laser pulse’. This rapid heating can either generate ROS or
transiently perforate calcium storage organelles, leading to an increase in cytosolic calcium
concentration. Owing to intercellular interactions, photothermal modulation of the calcium
concentration in glial cells can also elicit electrical activities in adjacent neurons and thus

can also be applied for cytoskeletal transport studies in vitro3?,

Photoluminescent in vivo imaging

Semiconductor-based photoluminescence can be exploited for the imaging of cells and
tissues in vivo>’-77-164 (FIG. 5a). A light signal is converted by a photoluminescent
semiconductor into an output signal with a different wavelength (TABLE 2). Silicon is
usually not photoluminescent because it is an indirect bandgap semiconductor. However,
NIR photoluminescence in etched porous Si can be activated in an aqueous solution, which
makes it particularly useful for in vivo imaging owing to the low levels of autofluorescence
of biological tissue in the NIR range!6>. Its tunable photoluminescence, in combination with
its structural, chemical and mechanical properties, has enabled the broad use of porous Si for
imaging, drug delivery and diagnostic applications! 16,120,160,166-169,

In addition to surface defects, bulk doping can be used to introduce novel photoluminescent
properties. Two-photon excitation has been widely used in biointerfaces; however, a three-
photon process (that is, three photons are simultaneously absorbed for excitation) can be
experimentally realized in biocompatible MnZ*-doped ZnS nanocrystals!70. The doping
enhances the Stokes shift, allowing the use of this material for in vivo tumour-targeted
imaging!70,

The photoluminescence of semiconducting carbon nanotubes can also be exploited for
bioimaging in vivo, mostly because of their unique fluorescence emission within the second
NIR window (NIR-II, wavelength = 1,100 nm-1,700 nm)”°. For example, carbon nanotubes
have been used for through-skull fluorescence imaging, achieving a tissue depth of >2 mm
in a mouse brain with sub-10 pm resolution, owing to reduced photon scattering by the
tissue in the NIR-II region®0.

Cytotoxicity

Studies investigating the cytotoxicity of semiconductors are limited thus far*17! and have
mainly focused on Si(REFS!5:16:171) Human blood plasma and serum contain silicon in the
form of Si(OH), at concentrations of <1 mg Si L~! (REF172), which is equivalent to an
average dietary intake of 20-50 mg per day!73. Because of the natural presence of Si in the
human body, only an injection of extensive amounts of soluble Si is expected to be toxic
owing to, for example, renal tube blockage. Nevertheless, the biocompatibility of a particular
Si material depends on the physicochemical properties of the surface of the material, the
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mode of administration, the biodistribution, the pharmacokinetics and the routes of
excretion'®’. Therefore, careful examination of administered Si materials has to be
performed to assess cytotoxicity and to enable clinical translation.

Many group III-V and group II-VI semiconductors contain elements (for example, As or Cd)
that are potentially toxic!74-176, However, the biocompatibility of semiconductors has been
reported even in cell types that are highly sensitive to chemical perturbation (for example,
neurons)! 76178 Meta-analyses can be applied to avoid a biased conclusion caused by the
heterogeneity of published data and the often limited sample size. For example, the
cytotoxicity of cadmium-containing semiconductor quantum dots (QDs) was evaluated using
random forest regression models on the basis of information from literature data mining!7°.
In this case study, more than 300 publications were mined, generating 1,741 QD toxicity
data samples (each with a total of 24 qualitative and quantitative attributes). The study
revealed that the cytotoxicity response to QDs is primarily related to intrinsic QD properties,
such as diameter, surface ligand and shell and surface modification. Other features, such as
exposure time, exposure concentration, assay type, cell type and cell origin, also had
measurable relevance!’®. However, the meta-analysis tool is not yet standardized or fully
developed. Machine learning algorithms and other meta-analysis techniques will certainly
help to better predict the toxicity of engineered semiconductors in the future.

In addition to chemical cytotoxicity*174-175, the mechanical mismatch between materials or
devices and biological tissues can induce a severe inflammatory response!89-182. Moreover,
cytotoxicity can be induced by exogenous factors, such as light and voltage bias, which is
currently underexplored but should be considered in the design of biointerfaces.

Outlook and conclusions

Cells not only function on the basis of biochemical and genetic pathways but also respond to
and communicate through biophysical cues2>-°, such as bioelectric and biomechanical
signals. A variety of tools, for example, super-resolution microscopy and atomic force
microscopy, have been developed to investigate the biophysical signalling pathways of cells.
However, inorganic semiconductor materials and devices provide high performance and
multifunctional modalities, scalability for multiplexed biointerfaces and compliance with the
physical properties of biological tissues (TABLE 1), and they are biocompatible and can be
designed to be biodegradable!-23-30:81.92,

Progress in semiconductor research, for example, related to energy
materials#0-69-70.97.107.122-124.126.183.184 'ha als0 opened up opportunities for biointerfaces
and bio-physical studies, for example, the design of new semiconductor properties such as
flexo-photovoltaic’® responses and room-temperature ductility’!. Additionally, precise
characterization techniques, such as high-speed atomic force microscopy, transient
photoreflectance spectroscopy 83, focused ion beam-scanning electron microscopy (FIB-
SEM) imaging tools*3 and lattice light-sheet microscopy with adaptive optics!8°, can now be
coupled with semiconductor-based probing. Moreover, theoretical and computational
techniques!84-187 can help to resolve the complex dynamics at the semiconductor-water
interface, for example, for the investigation of non-covalent forces as well as the atomic and
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molecular dynamics within the double layer!®’. Finally, the identification of new material
components and biological targets will expand future semiconductor-based biointerface
applications.

New material components

Combining molecular biology techniques with inorganic semiconductor materials synthesis

enables the study of crystallization processes at inorganic-organic interfaces!88-192, For

192-193

example, the genetic modification of cells can be applied in conjunction with

inorganic semiconductor materials to present active motifs for biomineralization or for the

27-194 gnd

biomimetic synthesis of inorganic semiconductor building blocks on cell surfaces
in intracellular domains!92. Such multifunctional semiconductors, in combination with
advanced microscopy and spectroscopy techniques, have the potential to reveal
unprecedented information regarding fundamental biosynthetic mechanisms (for example,
the transmembrane electron transfer pathway and its spatiotemporal dynamics). Inorganic
semiconductors that are formed in situ at a cell membrane or within an organelle are further
in close contact with the cell and therefore enable signal transduction between the cell and
the inorganic material?’. Thus, semiconductors can serve as markers for specific readouts
(for example, to map bioelectric heterogeneity) or as modulators of a biological output (for

example, to promote certain biosynthetic pathways).

Semiconductors could also potentially be designed with modulated composition and
morphology, metastable crystal structures, controlled defect generation and new

physicochemical properties by applying electrochemical deposition®”-19, synthesis

196

mediated by ionic liquids!®®, chemical conversion through ion exchange!®’ or a redox

reaction!?8-200 Tonic liquids are low-temperature molten salts with high ion conductivity
and low vapour pressure that do not decompose below ~300 °C. Therefore, ionic liquids
could provide an ideal medium for the electrodeposition of semiconductors for enhanced
light-induced activities at biointerfaces.

The Helmholtz double layer, the lateral heterogeneity of the space charge region®® (in

semiconductors covered with isolated metal nanoparticles!®3) and surface states can also be

engineered to achieve chemical control of the electrostatics and charge transfer behaviours3®

and thus of the biophysical dynamics at the semiconductor-cell interface. In particular, the

space charge region (band bending region) of a semiconductor covered with metal particles

183

or patches'®” is not only vertically distributed beneath the metal-semiconductor interface,

which is typically described by an infinite metal-semiconductor interface model, but also

laterally distributed along the semiconductor surface distant from the metal3®. This feature

183

results in electrostatic heterogeneity on the semiconductor surface'®”, enabling localized and

efficient control of protein conformations and activities201-202, for example, of ion channels
or cellular receptors.

Biocompatible catalysts can be designed to enable efficient signal transduction at the

semiconductor surface, for example, by applying a biomimetic approach. Transition metal

203,204 205

sulfides in nitrogenases and hydrogenases="" are excellent hydrogen evolving reaction

(HER) catalysts. To mimic these reactions, MoS, nanoparticles2%©

7

or cubane-type molecular

metal sulfide clusters207 were used as semiconductor-based catalysts in HERs. A similar
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approach can be applied for biointerface studies. Finally, different types of catalysts!26:195,

206,207

including semiconductors and metal-coated semiconductors (for example, Si/Ti/Pt

(REF!26)), can be coupled to improve signal transduction across multiple length scales.

New biological targets

The cytoskeleton controls the active flow of signalling molecules inside cells and is crucial
for numerous biological processes, such as neural signalling and carcino-genesis208-209,
Microtubules, which are structurally polar filaments that serve as tracks for kinesin and
dynein motor proteins, are an important part of the cytoskeleton. They not only contribute to
the mechanical integrity of a cell but have also been proposed to be the source of
electrodynamic activity owing to their electrical polarity, which causes normal vibration
modes that generate an oscillating electric field?!0. Freestanding nano-structured
semiconductors can produce a sustained or pulsed electrical and electrochemical effect, and

therefore, cytoskeleton-semiconductor interfaces30-127

can be leveraged to assess the
bioelectric heterogeneity inside a cell2!. Such interfaces have been applied to uncover
correlations between seemingly independent processes, for example, calcium wave

propagations and cargo transport?.

Inorganic semiconductors can also be applied to investigate microorganisms, for example,
the biophysics of microbial communities?!!1-213, Semiconductor-bacteria interfaces have
been used to mimic natural photosynthesis2’-28, The rational design of semiconductor
materials and devices is also being investigated for the manipulation of bacterial metabolism
and long-range communication, using similar biophysical modulation mechanisms as for
mammalian systems2%-30-151,

Finally, semiconductors offer the opportunity to assess bioelectric heterogeneity in
development and organ morphogenesis2!4215, Freestanding semiconductor nanostructures or
membranes, as well as flexible semiconductor electronics and optoelectronics, provide
useful tools for the measurement of bioelectric activity, enabling movable electrical or

12930151 4t a subcellular level, for

electrochemical modulations and multiplexed contro
example, to investigate the reaction-diffusion kinetics and bioelectric microenvironment

during embryogenesis or organ regeneration.
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Box 1 |

Photoelectric, photovoltaic, photocapacitive, photoelectrochemical and
photoconductive effect Photoelectric effect

Photoelectric effect

Photoelectric effect is a phenomenon occurring on the surface of dry-state materials in a
vacuum, in which electrons are emitted from the material upon light illumination. This
effect is not unique to semiconductors but also occurs in metals, which can emit
photoelectrons if the incident photon energy exceeds the metal work function.

Photovoltaic effect

Photovoltaic effect is a unique property of a semiconductor, occurring as a bulk process.
Upon light illumination, excess charge carriers are generated inside the semiconductor.
Charge carrier movements cause potential differences inside the material, which can
provide all the electrical power required for optoelectronic stimulation of cells or tissues.
If the semiconductor is in contact with a liquid electrolyte, carriers at the semiconductor
surface can trigger either capacitive or Faradaic processes, depending on the nature of the
solid-liquid interface.

Photocapacitive effect

Photocapacitive effect originates from the additional charge carriers generated in
semiconductors upon light illumination. At the solid-liquid interface, charge injection
into the solution is either inhibited or extremely slow. lons with a charge opposite to the
light-produced excessive electrons or holes are attracted to the semiconductor surface,
causing a transient ionic current flow that capacitively charges the Helmholtz double
layer at the semiconductor-electrolyte interface.

Photoelectrochemical effect

Photoelectrochemical effect has an origin similar to that of the photocapacitive effect and
is mainly based on Faradaic processes. In a photoelectrochemical device, charge injection
into the solution is possible at the solid-liquid interface. Therefore, light-produced
excessive electrons or holes can cause reduction or oxidation of a solution species, that is,
cathodic or anodic reactions.

Photoconductive effect

Photoconductive effect is the light-induced increase in charge injection at the device-
saline interface, that is, a photoelectrochemical effect. A semiconductor device exploiting
the photoconductive effect can have two different interconnect configurations. In one
configuration, one electrical contact terminal is placed on the semiconductor and

66,67.87 and the other terminal is placed in the bath

controlled by an external power source
solution. In the other configuration, the semiconductor can function as a phototransistor
and is passivated in saline82. Light is used to modulate carrier concentration and
semiconductor conductance. The change in conductance is then coupled to a stimulation
electrode through additional circuits to provide an interface with cells or tissues in

saline32. In both confi gurations, the semiconductor—electrolyte87 or electrode-
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electrolyte®®-67-82 junction conduction is altered by shining light on the semiconductor

phase, and the semiconductors can either be uniform3237 or contain diode junctions

66,67
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Fig. 1|. Milestones of inorganic semiconductor devicesfor biological studies.

FET, field-effect transistor; QD, quantum dot.
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Fig. 2|. Material physics at the semiconductor-saline interface.
a| Band structures of inorganic semiconductors. The bandgap E; is defined as the energy

difference between the lowest point of the conduction band (CB) and the highest point of the
valence band (VB). A semiconductor can have either an indirect or a direct bandgap. In an
indirect bandgap semiconductor (for example, Si), the VB and CB edges are not aligned in
the momentum space and thus the electrons in the VB cannot be directly excited to the CB
without the assistance of phonons. In a direct bandgap semiconductor (for example, InP), the
electron transfer between the VB and the CB occurs directly through the absorption or
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emission of photons. The two band structures are not to scale. b | Band edge positions of
different inorganic semiconductors with respect to vacuum level and normal hydrogen
electrode (NHE) potential. The redox potentials of the H,O/H, and O,/H,0, couples at
physiological pH are drawn as references (dashed lines). Band edge positions and bandgap
energies are based on data from the literature83-97-216-219 ¢ | Band bending at
semiconductor-saline interfaces. Band bending occurs if a semiconductor is immersed in a
saline solution, as the charge flow between the solid and liquid phases aims to reach an
equilibrium in terms of Fermi levels (Er = Er(redox)). Ecg and Eyp are the energies of the
CB and VB edges, respectively. Vgc is the semiconductor barrier height at the depletion
layer. Illumination of the semiconductor causes different energy distributions of the
photogenerated carriers (that is, electrons and holes (h*)) occupying the corresponding
quasi-Fermi levels Eg(e) and Eg(h). Swept by the built-in electric field, photocarriers can be
injected into the solution for surface electrochemical reactions with the corresponding redox
species. Doy and Dgeq are the densities of states for oxidants and reductants in the saline
solution, respectively.
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Fig. 3|. Operation principles of inorganic semiconductor devices.
a| A field-effect transistor (FET) device consists of a semiconductor channel, a dielectric

layer and three electrodes (source, drain and gate). The gate-source voltage (Vgg) can
modulate the drain-source current (/pg). The transconductance g, & typically follows g, &
4 Vps. uis the charge carrier mobility, and Vpg is the drain-source voltage. ErG) and Eg(sc)
are the Fermi levels of the gate and semiconductor, respectively. Ecg and Eyp are the
energies of the conduction band (CB) and valence band (VB) edges, respectively. b | A p-n
diode junction is the key building block for optoelectronic devices. ¢ | A photovoltaic device
uses minority carriers and yields the photocurrent 7, and the photovoltage Vpp. d | In a
light-emitting diode (LED) device, a forward bias V},s is applied to drive the majority
carrier flow. Carrier recombination leads to light emission in direct bandgap semiconductors.
hv, photon energy.
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Fig. 4 |. Semiconductor geometries and possible modes for biointerfaces.
a| 0D semiconductors can be used to mimic photosynthesis, for example, by using CdS

nanoparticles that are precipitated on the cell wall of a bacterium to sensitize non-
photosynthetic bacteria through photoinduced electron transfer pathways. Photoluminescent
quantum dots can be coupled to motor proteins to enable the tracking of intracellular
transport mechanisms. b | 1D semiconductors, for example, nanoscale kinked Si nanowire
field-effect transistors, allow intracellular recordings of single cell action potentials.
Nanowire-bacteria hybrids can photoelectrochemically fix carbon dioxide and produce
value-added chemicals. ¢ | 2D semiconductors, for example, biodegradable Si, provide a
physically transient form of electronic devices. The photovoltaic effect of thin-film Si diode
junctions can be used for the optical control of biological activities. d | 3D semiconductors,
for example, semiconductor micropillar or nanopillar arrays, can detect cellular
electrophysiological signals, potentially probe nucleus mechanics, deliver optical stimuli for
photostimulation and release drugs. Strain-engineered 3D mesostructures of Si can serve as
electronic scaffolds for neural networks. e | Typical signal transduction mechanisms of
semiconductor devices involve electrical or optical inputs and outputs. Ox, oxidation; Red,
reduction.
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Fig. 5|. Biophysical mechanisms of signal transduction at semiconductor biointerfaces.
a| There are six basic operation modes of semiconductor-enabled biointerfaces. (1) A field-

effect transistor can sense device-cell junctional bioelectric signals ( ;) and biomolecule
concentrations (M) through its gate-controlled drain-source currents. (2) A photodiode can
sense bioluminescence. (3) The photovoltaic effect of a semiconductor can generate a
photovoltage ( V;) upon light illumination, which can locally modulate biological activities
through either capacitive () or Faradaic (%) effects. (4) Cells can be stimulated by direct
light emission using semiconductors in conjunction with other photosensitization
techniques, such as optogenetics. (5) Recombination of photogenerated carriers in a
semiconductor can dissipate energies through lattice-vibration-induced heating ( 75) and
increase the temperature ( 7p,) of the cell membrane to modulate biological activities. (6) A
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nanoscale semiconductor can exhibit either photoelectrochemical or photothermal effect
inside a cell to change the intracellular potential ( V4,), the intracellular concentration of
biomolecules (M) and the intracellular temperature ( 7). b | Light-induced capacitive
and Faradaic effects from semiconductor surfaces. Upon light illumination, excessive charge
carriers (for example, electrons) accumulate near the semiconductor surface. Subsequently,
the charge imbalance at the semiconductor-electrolyte interface triggers counterions (light-
green spheres) in the electrolyte to migrate to the electrode surface. Inhibition of the charge
injection causes the ionic flow to charge only the Helmholtz double layer, resulting in a
transient capacitive current. If charges are injected into the solution, light-produced electrons
and holes cause the photoelectrochemical reduction (Red) or oxidation (Ox) of solution
species (dark-green spheres), that is, cathodic or anodic reactions. In both cases, the
transmembrane potentials of local cell membranes ( V;,) and/or concentration of
biomolecules (M;y,) can be altered. WE, CE and RE are working, counter and reference
electrodes, respectively, and they are not always required for biointerface studies. The blue,
light-green and dark-green spheres represent ions or molecules at the biointerface, but their
size and location are not to scale. Av, photon energy.
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