
2000380  (1 of 13) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmattechnol.de

Review

Interface Engineering of Si Hybrid Nanostructures 
for Chemical and Biological Sensing

Jinghua Li and John A. Rogers*

DOI: 10.1002/admt.202000380

potentiometric sensors based on field-
effect transistors (FETs) are particularly 
promising.[1] By exploiting a three-ter-
minal configuration to control the con-
ductance and flow of current through a 
semiconductor channel, FET sensors nat-
urally incorporate signal amplification via 
current modulation induced by electric 
fields that follow from the presence of 
chemical analytes, such as gaseous mole-
cules, ions, proteins, and nucleic acids 
onto or adjacent to the active regions of 
the devices. By comparison to passive 
resistive or capacitive chemical sensors, 
such FET platforms offer significant 
advantages in size, power consumption, 
and sensitivity, in a manner that benefits 
strongly from alignment with materials 

and processes used in the electronics industry.[2]

These and other attractive features create growing interest 
in this form of technology, including fundamental aspects 
of materials science and chemistry approaches for control 
over interfacial properties. Recent progress in nanomaterials 
synthesis methods and nanofabrication techniques create 
opportunities for chemical sensors with exceptionally high 
interfacial areas and extremely small dimensions, for enhanced 
performance in sensitivity and response time, respectively. Pre-
vious reports describe unique classes of sensors that exploit 
various types of nanomaterials and device architectures for tar-
geted applications, with active materials that include organic 
semiconductors,[3,4] inorganic thin-films and nanowires,[5–9] 
carbon nanotubes,[10] graphene,[11] and transition metal dichacol-
genides.[12] Among the broad range of investigated materials, 
monocrystalline Si and its derivatives are of particular interest 
due to excellent, reproducible, and well-controlled electronic 
properties, leading to superior performance and power efficient 
operation and offering compatibility with complementary 
metal-oxide-semiconductor (CMOS) technologies for integrated 
multiplexing and signal processing.

Various studies demonstrate the use of such classes of 
chemical sensing platforms with emphasis on preparation, 
assembly, interface engineering, electrical performance, and 
applications. Compared to other nanomaterials (e.g., graphene, 
transition metal dichalcogenides, black phosphorus) that often 
include a range of uncontrolled active sites (e.g., vacancies, 
grain boundaries and defects) with adverse effects on sensing 
on the basal plane, modern methods allow monocrystalline 
Si to be formed routinely and with exceptional quality, at low 
cost over large areas, with nearly perfect structural and mate-
rials characteristics.[13] Controlled growth and/or lithographic 
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1. Introduction

Increasing needs for sensitive detection and quantitative anal-
ysis of chemical and biological species in biomedical research, 
preventive healthcare, clinical medicine, food safety, environ-
mental monitoring, pollution tracking and homeland security, 
particularly in the broader context of visions for the Internet 
of Things, create significant interest in this rapidly devel-
oping area of technology. Among various engineering options, 
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processing can yield nanostructured elements of silicon for 
improved performance in sensing devices. Surface chemical 
and/or functional materials modifications to the surfaces of 
such structures yield hybrid systems that enable specific inter-
actions with analytes for selective chemical sensing. The result 
enhances capabilities and supports targeted selectivity to spe-
cies of interest, with ability to support requirements for applica-
tions that lie outside of the scope of those that can be addressed 
with silicon alone.

This progress report article highlights recent advances in the 
development of these types of FET sensors, where monocrystal-
line Si in various forms and device architectures serves as the 
basis for hybrid materials combinations and heterogeneously 
integrated systems. The content begins with an overview of 
the basic operational principles, and recent advances in mate-
rials preparation, structural designs, and interface engineering 
strategies for Si-based FET sensors of various chemical and bio-
logical species, including gases, ions, and biomolecules, with 
emphasis on improving two of the most important performance 
metrics: sensitivity and selectivity. A following section describes 
concepts for fabricating such sensors, including in forms that 
offer capabilities beyond those supported by conventional 
CMOS platforms, with a focus on bio-integration, biotoxicity, 
and biocompatibility at the biotic/abiotic interface for wearable, 
skin-interfaced, and implantable devices. Representative exam-
ples highlight recent progress in scaled integration of arrays 

of such sensors for large area and/or multiplexed chemical or 
biological sensing using top down fabrication approaches. A 
final section summarizes remaining challenges and opportuni-
ties for research in this field, with some perspectives on future 
developments.
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Figure 1.  Brief overview of the fundamental operation principles of FET sensors. A) Schematic illustration of a FET chemical sensor highlighting key func-
tional layers. B) Schematic illustration showing the change in charge carrier concentration and the generation of a depletion region in a semiconductor 
channel before and after the adsorption of a charged molecule. C,D) Transfer curves of a p-type FET pH sensor showing the shift of threshold voltage in the 
linear response regime C), and response to pH change as a function of time. D) Reproduced with permission.[20] Copyright 2012, American Chemical Society. 
E) Schematic illustration of the iso-concentration diffusion lines around the surfaces of Si-based sensors with different channel structures, highlighting the 
advantage of miniaturizing the geometry to improve the sensitivity and response time. Reproduced with permission.[41] Copyright 2019, Springer Nature.
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2. Sensing Mechanisms

Although the fundamental operating principles of FET sen-
sors are reviewed extensively elsewhere,[14–18] we begin with 
a brief overview to define certain concepts and terminology. 
In nearly all cases, such sensors share features with the 
conventional metal-oxide-semiconductor FET (MOSFET), 
a three-terminal structure that includes a semiconductor 
channel layer that connects the source and drain electrode, 
and a dielectric layer that separates this channel from 
the gate electrode (Figure 1A). A voltage applied between 
the drain to source electrodes (VDS) can drive the flow of 
charge carriers (n-type FET: electrons, p-type FET: holes) 
across the channel to produce an associated electrical cur-
rent (IDS). By grounding the source and adding a voltage to 
the gate (VGS), charge carriers can accumulate at the inter-
face of the semiconductor and dielectric(s), in a manner 
that can modulate the magnitude of IDS for a given VDS. 
By controlling the amplitude and sign of VGS, the electric 
field can create an insulating region in the channel (known 
as “depletion region”) by forcing away free charge carriers, 
thereby switching the transistor from an “on” to “off” state 
(Figure 1B). The following equation describes the drain cur-
rent in the regime of small VDS:

DSI C
w

L
V V Vox GS t DSµ ( )= − 	 (1)

where μ is the mobility of the charge carriers, Cox is the capaci-
tance of the dielectric layer(s), W and L are the width and length 
of the channel, respectively, and Vt is known as the threshold 
voltage.[19] The threshold voltage corresponds to the gate voltage 
at which a conductive pathway forms between the source and 
drain. Other important characteristics of a FET, including 
the subthreshold swing, on/off ratio, transconductance, and 
hysteresis, lie outside of the scope of the present discussion. 
Typical semiconductors in FETs include Si (i.e., amorphous, 
poly, and monocrystalline Si), compound semiconductors 
(i.e., GaAs, InP), metal oxides (e.g., ZnO, In2O3, SnO2), organic 
small molecules and polymers (e.g., polycyclic aromatic hydro-
carbons, perylene bisimides, poly(3-hexylthiophene)), and low 
dimensional materials (e.g., carbon nanotubes, graphene, 
MoS2, black phosphorus).

The dependence of the conductance of the semiconductor 
channel on the gate voltage serves as the basic working 
principle for FET sensors. Briefly, the binding of target ions/
molecules to the surface of FETs, either directly at the channel 
region or at a part of the gate electrode that extends laterally 
from the channel can modulate the charge carrier density, in 
a way that is analogous to the external application of a voltage 
to the gate, thereby changing the conductance of the channel. 
This analyte-induced voltage bias on the channel causes an 
equivalent shift in the threshold voltage. As a result, FET sen-
sors typically operate on the basis of measurements of either  
ΔVt or ΔIDS (Figure 1C,D).[20] The normalized current response 
(ΔIDS/IDS) defines the sensitivity (S), and ΔVt provides direct 
information on the change in the surface potential at the 
channel caused by the adsorption of chemical and biological 
analytes. For the detection of biological signals in solutions, 

a reference electrode usually replaces the gate electrode. The 
following equation describes Vt:
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where Eref is the reference electrode potential, ψ is the sur-
face potential developed at the electrolyte-sensor interface, χsol 
is the surface dipole potential of the solvent, ΦS is the work 
function of the semiconductor channel, q is the elementary 
charge, Qt is the combination of depletion layer charges in 
the semiconductor, accumulated charges in the dielectric(s), 
and interface trap charges, and Φf is the Fermi potential of the 
semiconductor. This governing equation serves as an effective 
mechanism for connecting a measurement of Vt to changes in 
surface potential caused by the adsorption of biomolecules.

While the majority of chemical sensing applications with 
FETs involve electrostatic effects associated with adsorption of 
analytes, in some cases, the analytes also induce changes in 
the work function of the metal electrodes, which then modifies 
the Schottky barrier between the metal and semiconductor.[21] 
Although this effect can frustrate quantitative interpretation of 
measurements with systems that do not include appropriate 
passivation on the metal contacts,[22] recent studies demon-
strate means to leverage this physics in gas sensors that involve 
FET channels decorated with metal nanoparticles.[23,24] Details 
and discussions appear in the following section.

3. Structural Control

Methods for forming Si structures for FET sensors can be clas-
sified into two categories: bottom-up and top-down approaches. 
The first typically uses Si nanowires (NWs) prepared by vapor–
liquid–solid (VLS) schemes, where metal nanoparticles serve 
as catalysts and deposition/assembly occurs on a substrate of 
interest during or after growth.[9] This method produces high-
quality Si NWs with low defect densities and smooth sidewalls 
for transducing chemical signals. The high surface area-to-
volume ratios of Si NWs support excellent sensitivity, as well as 
reduced detection times associated with the analyte diffusion 
kinetics.[25,26] Challenges for such bottom-up synthetic methods 
are largely in strategies for purification, integration, and manipu-
lation that support sufficient engineering control, manufacturing 
throughput, and cost-effective operation. Although previous 
studies describe the assembly of Si NWs on substrates using flu-
idics[27–31] or electric fields[32–34], and shear-mode printing,[31,35,36] 
control over the size and the placement of Si NWs across large 
areas for mass production requires further attention.

An attractive alternative exploits top-down fabrication of 
FETs based on NW/nanoribbon (NR) sensors that use Si 
nanomembranes (NMs) created from silicon-on-insulator (SOI) 
substrates[24,37] or bulk wafers[38–40] following advanced semi-
conductor process flows (i.e., lithography, deposition, etching). 
Deterministic control of the Si NMs/NRs/NWs formed in 
this way allows for size reductions and increased surface 
area-to-volume ratios, across a wide range, for performance 
that can be precisely and reproducibly matched to application 
requirements.

Adv. Mater. Technol. 2020, 5, 2000380



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000380  (4 of 13)

www.advmattechnol.de

Figure  1E shows a schematic illustration of the iso-
concentration diffusion lines around the surfaces of different 
types of Si structures, highlighting the importance of miniatur-
izing the geometry to improve the sensitivity.[41] While planar 
Si NMs respond to diffusion in one dimension, Si NWs can 
interact with analytes in two perpendicular dimensions to lower 
the detection limit and reduce the settling time compared to 
the planar counterparts, as expected based on reaction-diffusion 
theory.[42] Patterned arrays of Si NWs/NRs interact with analytes 
in a manner similar to that of a single NW/NR at high ana-
lyte concentrations, where analytes bind to the sensing inter-
face within a short diffusion distance and reach equilibrium  
within a short time. The behavior evolves to that of a Si NM 
as the concentration decreases, as indicated by the equal con-
centration lines in Figure  1E. This effect, sometimes referred 
to as “dimensionally frustrated diffusion,” describes the time-
dependent adsorption kinetics of fractal surfaces.[43]

Enhancing the height-to-width ratio can yield a structure, 
sometimes referred to as a FinFET, that enables double-sided 
interactions with analytes, thereby enhancing the gating effects 
of fields associated with adsorption events. A recent study 
demonstrates a FinFET (length: 14 µm, top width: 150, 170, 
and 190 nm, thickness: 2.16 µm) with thermally grown SiO2 
as a dielectric surface (thickness: 20 nm) for electrochemical 
sensing.[44] With a ratio of height-to-width of at least 10, this 
geometry supports a large total surface area, corresponding to 
more than twice that of otherwise similar planar structures, 
as discussed in Figure  1E. Such types of FinFETs with aspect 
ratios (height: width) of 13 exhibit ≈ten times higher conduc-
tivity compared to that with an aspect ratio of 1. In addition to 
providing double-sided gating capability, this device geometry 
increases the total surface area as well as the output current, 
both of which improve the signal to noise ratio (SNR). Here 
a higher SNR suggests that the instability associated with the 
environment (e.g. electrolyte fluctuations) can have reduced 
impact on the sensor response to changes in analyte concen-
trations. A complementary strategy to enhance the sensitivity 
relies on ultrathin Si channels that can be fully depleted of 
charge carriers upon chemical exposure for highly sensitive 
and low-power operation. [23,24,45,46]

4. Gas Sensing

Additional materials can be combined with the silicon to pro-
duce hybrid structures with enhanced capabilities in sensing. 
Figure 2A shows a schematic illustration of a selective and low-
power platform that relies on ultrathin Si NRs (length: 250 µm, 
width: 5 µm, thickness: 3.5 nm) with SiO2 dielectric surfaces 
(thickness: 2.5 nm) appropriately functionalized to sense cer-
tain types of gases.[24] The Si NMs used to form these Si NRs 
result from processing of an SOI substrate (initial top Si thick-
ness: 70 nm) using a three-step dry (5 min)-wet (13:45 min)-dry 
(5 min) oxidation scheme (1000 °C) followed by removal of the 
resulting SiO2 by immersion in a dilute solution of hydrofluoric 
acid. A combination of electron-beam and thermal evaporation 
at very slow rates (≈0.1 to 0.2 Å s−1) forms metal nanoparticles 
(Pd–Au, Ni–Pd, or Ni) with sub-5 nm diameters on the layer of 
native SiO2 (2.5 nm) on the Si NRs. These nanoparticles serve 
as selective sensing interfaces for target gases (H2S, H2, and 

NO2, respectively). The ultrathin metal layers that initially form 
from this deposition process tend to aggregate into isolated par-
ticles on the SiO2 surface even without further annealing steps 
due to the high surface energy of the metals compared to that 
of SiO2.[47]

Adsorption of gases on the metal nanoparticles changes 
their work functions and, as a result, modifies the band align-
ment across the metal and silicon (Figure  2B). The associ-
ated changes in the threshold voltage and charge carrier 
density in the semiconductor lead to changes in measurable 
electrical parameters as a basis for sensing. Specifically, the 
threshold voltages decrease for reducing gases (e.g., H2S with 
Pd–Au) and increase for oxidizing gases (e.g., NO2 with Ni). 
An example is in the sulfidation of Pd–Au caused by the dis-
sociative adsorption of H2S.[48] Here H2S tends to decrease the 
work function of the metal nanoparticles by donating electrons, 
thereby decreasing the barrier for the injection of electrons and 
resulting in a decrease in the threshold voltage for n-type semi-
conductors[21,24] A schematic illustration of band edge align-
ment before and after adsorption of H2S appears in Figure 2B. 
In this type of device, exceptionally low detection limits (e.g., ≈1 
ppb for H2S) follow from the ultrathin geometry of the layer of 
metal nanoparticles and of the silicon channel.

The lateral dimensions of the Si NRs in this example and 
others can be defined reliably and precisely by electron-beam 
lithography, but with requirements for elaborate processing 
equipment. As an alternative, Figure  2C summarizes the use 
of polystyrene (PS) nanosphere lithography to fabricate nano-
mesh structures from Si NMs, subsequently decorated with Pd 
nanoparticles for hydrogen sensing.[49] In this method, a self-
assembled monolayer of nanospheres serves as a mask for an 
etching step that removes the exposed Si (thickness: 60 nm) to 
create mesh patterns with feature sizes of 50–80 nm. Electron-
beam evaporation forms a layer of Pd (thickness: 1 nm) that 
later aggregates into isolated nanoparticles without the need 
of thermal annealing, as described in the previous paragraph.  
Here, Schottky barriers form at the Pd/Si interfaces. When 
exposed to H2 gas, H atoms that dissociate from H2 molecules 
dissolve into the Pd, thereby converting it to PdHx in the vicinity 
of the boundary to the underlying insulator layer (native oxide 
on Si). The PdHx forms dipoles at the silicon interface and 
lowers the Schottky barrier, thereby modulating the charge 
carrier concentration in the semiconductor underneath.[50,51] 
Schematic illustrations of the formation of charge depletion 
regions in nanomesh sensors without and with Pd function-
alization appear in Figure  2D. Figure  2E shows the results of 
numerically simulated electron concentrations before and after 
introducing a layer of Pd (work function: 5.12 eV) on the Si sur-
face. Overall, the strategy of coupling sensing materials with Si 
nanostructures to create changes in band edge alignment upon 
chemical adsorption enables detection of a variety of gaseous 
analytes (e.g. O2, NO) beyond those described here.[52]

Similar operating principles but with other forms of func-
tionalization allow for selective detection of other gaseous 
chemical species for additional types of applications in health-
care and environmental monitoring. Figure  2F shows Si NW 
FET sensors (density: ≈1 NW per 100 µm2, diameter: 40 ± 8 
nm, length: 8.5 ± 1.5 µm) with surface modifications based on 
molecules with nonpolar (thrichloro phenethyl silane, trichloro 
trifluoro propyl silane, heptanoyl chloride, anthracene) and polar 
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(APTES, bromopropyl trichlorosilane) side groups for selective  
detection of nonpolar and polar volatile organic compounds 
(VOCs), respectively.[53] These molecularly modified, cross-reactive 
Si NW FETs support a dynamic range between several and 
thousands of ppb, responding collectively to VOCs from breath 
samples (e.g., 2-propenenitrile, 6-methyl-5-hepten-2-one, fur-
fural, 2-ethyl-1-hexanol, nonanal, hexane, octane). The response 
involves one or more of the following effects: 1) charge–charge 
interactions between the functional groups in the sensing layer 
and the VOCs, to alter the carrier density and the threshold 
voltage and 2) passivation of the surface states of the Si (Si-OH 
groups) by the VOCs, which also shifts the threshold voltage 
due to molecular gating[54] and affects the hysteresis behavior 
associated with trap states.[55] Here each type of Si NW FETs 
displays an assortment of independent although correlated 
changes (e.g., threshold voltage, charge carrier mobility and  
drain current) upon the exposure to one VOC with various con-
centrations (at ppb level). Systematic studies focus on responses 

obtained with a combination of sensors with different function-
alization when exposed to different VOCs. Pattern recognition 
methods applied to the collective output of these sensors across 
the various response features can, in some cases, provide suf-
ficient information for recognizing complicated mixtures. One 
interesting class of application is in the development of disease 
breath-prints to identify lung cancer, gastric cancer, asthma, and 
chronic obstructive pulmonary disorders.[53,56]

5. pH and Ion Sensing

Surface chemical modification and functionalization can also 
be used in a broad range of schemes to generate specificity in 
sensing toward targeted ions. A collection of methods appears 
in Figure 3. The simplest example exploits the amphoteric 
nature of the hydroxyl groups on the surface of a native, depos-
ited or grown layer of oxide or nitride on the surface of the Si. 

Figure 2.  Structural engineering and surface treatment of Si-based chemical sensors for improved sensitivity and applications in gas sensing. A) Top: sche-
matic illustration of chemically sensitive FET arrays based on ultrathin Si nanoribbons (length: 250 µm, width: 5 µm, thickness: 3.5 nm) with SiO2 dielectric 
surface (thickness: 2.5 nm) and selective sensing functionalization layers. Bottom: cross-sectional TEM image of the ultrathin Si channel. Reproduced 
with permission.[24] B) Schematic illustration of the band edge alignment across the Pd-Au sensing layer and Si channel before and after the exposure to 
H2S. Reproduced with permission.[24] Copyright 2017, AAAS. C) Top: schematic illustration of palladium-decorated silicon nanomesh (thickness: 60 nm, 
diameter: ≈500 nm) fabricated by nanosphere lithography. Bottom: SEM image of Si nanomesh structure. Reproduced with permission.[49] D) Schematic 
illustration of the formation of depletion regions in Si nanomesh sensors without and with functionalization with Pd. [49] E) Numerically simulated electron 
concentration before and after formation of the Pd layer with a work function of 5.12 eV on the Si surface. Reproduced with permission.[49] Copyright 2018,  
Wiley-VCH. F) Schematic illustration of Si NW FET sensors (density: ≈1 NW per 100 µm2, diameter: 40 ± 8 nm, length: 8.5 ± 1.5 µm) with surface modifica-
tion for the detection of volatile organic compounds (VOCs). Reproduced with permission.[53] Copyright 2016, American Chemical Society.
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These groups switch between protonated and deprotonated 
states depending on the pH of a surrounding solution, thereby 
changing the surface charge and modulating the conductance 
of the channel in a Si FET, to yield a pH sensor. In an ideal situ-
ation at room temperature, the theoretical maximum sensitivity 
is 59.2 mV pH−1 according to the Nernst equation (referred to 
as the “Nernst limit”).[57] Previous studies on Si FET pH sensors 
report sensitivity values typically between 30 mV pH−1 to the 
Nernst limit.[20,37,58–62] Figure 3A shows Si NR devices (length: 
20 µm, width: 2 µm, thickness: 40 nm) of this type with a layer 
of Al2O3 on the silicon surface (thickness: 20 nm).[37] The sche-
matic illustration in Figure  3B shows the dynamic change of 
the surface states during the protonation process at the sensor-
electrolyte interface. In one application example, such sensors 
can quantify minute changes in pH due to proton release and/
or uptake associated with the transformation of biomolecules 
catalyzed by enzyme solutions pipetted into the sensing reser-
voir (e.g., urease-urea, penicillinase-penicillin, acetylcholinest-
erase-acetylcholine), with a sensitivity of ≈55 mV pH−1 which is 
near the Nernst Limit.[63] In a specific case, urease catalyzes the 
hydrolysis of urea to ammonia and carbon dioxide, which then 
chemically converts into ammonium and biocarbonate, respec-
tively, upon reaction with water, resulting in an increase in pH 
in the surrounding solution.

The ability to scale the sizes of Si-based FET sensors and 
to fabricate them into addressable arrays allows for high-
throughput analysis of pH values and ionic strengths of single 
solution droplets introduced onto the sensors by integrated 
microfluidic structures. An example of such pH sensors based 
on Si NWs (length: 2–20 µm, diameter: 20 nm, Al2O3 dielec-
tric surface thickness: 20 nm) appears in Figure  3C.[64] This 
design allows measurements of pH values and ionic strength 

in single water-in-oil (e.g., dichlorobenzene) emulsion droplets. 
In one instance, this platform enables monitoring of enzymatic 
reactions for glucose detection (1 mm) by mixing the solu-
tion with glucose oxidase (GOx) and guiding it into a micro-
fluidics system that interfaces to the Si FET pH sensor. Here 
GOx catalyzes the oxidation of glucose to form gluconolactone, 
which spontaneously hydrolyzes to D-gluconic acid, resulting 
in the acidification of the system. Figure  3D shows the time-
dependent change of pH in droplets measured by the Si NW 
sensor, where the enzymatic decomposition of glucose leads 
to transient lowering of pH in citric buffer. In addition to glu-
cose and urea described here, the concept of utilizing enzyme-
substrate reactions can apply to various important metabolites 
relevant to basic body functions. Overall, this type of tech-
nology can serve as an important tool for the rapid detection 
of on-going biochemical process (e.g., canceration,[65] embryo 
activity,[66] allergic responses,[67] and chondrocyte organiza-
tion[68]) by sensing the interfacial pH at the cell/gate nanogap 
(≈50–150 nm[69,70]) associated with cellular respiration. The 
same technology can also detect pathogens and microorgan-
isms, and it can be used for drug screening and for establishing 
low-cost enrichment of nucleic acids after appropriate surface 
functionalization, as discussed in the following section.

In addition to pH sensing, Si FETs can serve as platforms 
for detecting various ions based on the interaction of cations 
and anions with oxide surfaces.[20,71] For enhanced specificity, 
ion-sensing membranes (ISMs) with embedded receptors (e.g., 
ionophores) can be used, in devices sometimes referred to as 
ion sensitive FETs (ISFETs). Previous studies describe schemes 
for selective detection of ions with relevance to physiological 
and environmental conditions, such as Na+, K+, Ca2+, [72] Hg2+, 
Cd2+,[73] Cu2+, and Pb2+[74]. For example, Valinomycin (Val) is a 

Figure 3.  Surface treatment of Si FETs for the selective detection of pH values and ion concentrations in solution. A) Schematic illustration of Si nano
ribbon devices (length: 20 µm, width: 2 µm, thickness: 40 nm) with Al2O3 dielectric surfaces (thickness: 20 nm) for pH sensing to measure enzyme-
substrate interactions. B) Schematic illustration of the change of signals as a function of time during the protonation of the surface oxide layer at 
the sensor-electrolyte interface induced by enzyme-substrate reactions. Reproduced with permission.[37] Copyright 2014, American Chemical Society.  
C) Schematic illustration of Si NW FET (length: 2–20 µm, diameter: 20 nm) with Al2O3 passivation (thickness: 20 nm) aligned with microfluidic chan-
nels for the sensing of pH and ionic strength in single solution droplets. Inset: optical image of the water-in-oil emulsions in a microfluidic channel. 
D) Time-dependent change of pH in droplets. The enzymatic decomposition of glucose catalyzed by GOx leads to a lowering of pH, followed by the 
restoring of pH in citric buffer. Reproduced with permission.[64] Copyright 2016, American Chemical Society. E) Schematic illustration showing the 
selective interaction between K+ and Valinomycin. Reproduced with permission.[72] Copyright 2018, American Chemical Society.
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naturally occurring dodecadepsipeptide derived from cultures 
of Streptomyces fulvissimus for the transport of K+, and therefore 
can serve as the selective receptor for this ion.[75] Twelve alter-
nating amino acids and esters form a macrocyclic molecule, 
where the carbonyl bonds can octahedrally coordinate with K+ 
(radius: 1.33 Angstrom) in a square bipyramidal geometry. A 
schematic illustration showing the interaction between K+ and 
Val appears in Figure 3E.[72] The radius of Na+ (0.95 Angstrom) 
is significantly smaller than the channel, thereby preventing the 
formation of ionic bonds with the amino acids in Val. Similarly, 
the Na+ ionophore X can provide high selectivity for Na+ due to 
the formation of a cavity with appropriate dimensions for com-
plexation with Na from calix[4]rene derivatives.[76] In another 
example the Ca2+ ionophore IV (ETH 5234) involves diamides 
that show preference toward Ca2+ over monovalent cations.[77] 
For use in sensors, the ISMs often involve plasticizers, such as 
polyvinyl chloride (PVC), as means to disperse the ionophores, 
partly to minimize potential effects of cytotoxicity.[78] Toxicity 
limits application of ISMs for analysis of body fluids on skin 
surfaces (e.g., sweat analysis).[79] The development of safe, bio-
compatible ISMs is important for their use in implants.

6. Biomolecule Sensing

A particularly compelling opportunity for silicon FET sen-
sors is in the detection of complex biomolecules as markers of 
physiological processes and disease conditions. As discussed in 
the preceding section, Si hybrid nanostructures can support addi-
tional functionality and versatility. Functional inorganic/organic 
materials, for example, can provide specificity for interaction 
with targeted analytes. Accordingly, the choice of materials and 
process schemes can strongly affect the performance metrics. 
The most commonly used method involves the immobilization 
of receptors (e.g., antibodies)/enzymes on the surfaces of the Si 
in the channel regions through linker molecules. These organic 
functionalization layers can also passivate the sensor surface 

and decrease the interaction with ions and nonspecific analytes.  
For oxide surfaces with hydroxyl groups, the most commonly 
applied covalent functionalization scheme relies on silane 
chemistry. For example, binding of (3-aminopropyl)triethoxysilane 
(APTES) to the surface through Si–O bonds introduces amide ter-
minal groups for further reaction with carboxylic, aldehyde, and 
epoxy groups presented in proteins and other biomolecules.[80] 
A challenge is that nonspecific adsorption of proteins onto 
silanized surfaces can create background signals. Similarly, 
the use of other linker molecules, such as 3-mercaptopropyl-
trimethoxysilane(MPTMS), (3-Glycidoxypropyl)-methyl-
diethoxysilane (GPTS), and (3-bromopropyl)trichlorosilane,[81–83] 
can also provide reactive terminal groups for the immobilization 
of biomolecules. For Si nanostructures without oxide dielectrics, 
the terminal hydrogen can react with alkenes to form surface func-
tionalization layers.[84] In addition to covalent functionalization, 
approaches that exploit noncovalent interactions are also of interest 
due to the reversibility and capability in surface regeneration for 
the measurement of multiple signals.[85] For example, previous 
studies describe the use of coatings of biocompatible polyelectro-
lyte thin films grafted with oligo-ethylene-glycol. A monolayer thin 
film of this material attaches to the sensor surface via electrostatic 
forces, and the surface can regenerate by changing the pH values 
to frustrate such interactions.[86]

Analyte binding events lead to direct electrostatic effects that 
modulate the electrical characteristics of the FETs according to 
principles described previously. Screening of charged biomol-
ecules by ions in the solution represents a key limitation of this 
sensing approach, known as Debye screening according to the 
Gouy Chapman Stern model (Figure 4A).[87] Briefly, counter 
ions from the solution can compensate the charge of the ana-
lytes, thereby leading to an electrical potential that decreases 
exponentially as a function of the distance from the charged 
center into the surrounding solution. The distance from the 
sensor over which the electrostatic effect of the analytes can 
influence the behavior of the channel corresponds to the Debye 
length, typically between ≈1 and ≈10 nm, depending on the 

Figure 4.  Surface functionalization of Si for the selective detection of various biological processes. A) Schematic illustration showing the formation of the 
Debye layer according to the Guy Chapman Stern model. Reproduced with permission.[41] Copyright 2019, Springer Nature. B) Top: schematic illustration of 
Si NW FET sensors (diameter: 30 nm) for the detection of prostate specific antigen (PSA). Bottom: dependence of the signal amplitudes for PSA sensing 
and the Debye length on the concentration of phosphate buffer solutions. The surface modification with polyethylene glycol (PEG) increases the effective 
Debye length. Reproduced with permission.[5] Copyright 2015, American Chemical Society. C) Schematic illustration of Si NW FETs (widths: 150 nm, length: 
10 µm, thicknesses: 40 nm) with SiO2 dielectric surfaces (thickness: 10–15 nm) for rapid detection of disseminated tumor cells (concentration: as low as 
0.01 tumor cells per mL of lymph node lysate) using keratin as the biomarker. Reproduced with permission.[95] Copyright 2016, American Chemical Society.
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ionic strength of the solution.[41] As a result, while the detection 
of relatively small analytes are straightforward, Debye screening 
can significantly reduce the responses for sensing of large bio-
molecules (e.g. proteins), where receptors (typically antibodies) 
can have sizes larger than the Debye length.

Figure  4B shows a strategy to enhance the effective Debye 
length of Si NW FET sensors (wire length: 25 µm, diameter: 
30 nm) by the addition of a mixture of polyethylene glycol (PEG) 
and APTES onto the Si NW surface.[5,88] This porous PEG layer, 
which is permeable to many biomolecules of interest, effec-
tively increases the Debye length to facilitate the detection of 
biomolecules at high ionic strength. The APTES enables modi-
fication with bioreceptors needed for specificity. As an example, 
a Si FET functionalized with PEG can easily detect the concen-
tration of prostate specific antigen (PSA) in phosphate buffer 
solution with a concentration as high as 150 mm. Here, the 
PEG, according to Donnan potential theory,[89] offers a nearly 
constant potential through its thickness due to the presence of 
immobilized charges, thereby increasing the effective Debye 
length as the Debye screening starts to occur further away from 
the charge center of the analyte.[89,90]

An alternative strategy focuses on the detection of byprod-
ucts of enzyme-substrate reactions, in many cases protons, in 
a scheme sometimes known as “enzymatic amplification.” The 
processes of protonation and deprotonation alter the surface 
potential of the channel, based on mechanisms similar to those 
for pH sensing, as described in the preceding session. This 
method serves as an electronic version of an Enzyme Linked 
ImmunoSorbent Assay (ELISA). Other schemes to overcome 
the Debye limit rely on truncated antibody receptors and small 
aptamers[91,92] and on methods in microfluidic pre-isolation/
purification.[93] Another approach involves alternating current 
(AC) signals to decrease the effect of the double-layer capaci-
tance.[94] Here, the AC electric field penetrates deeper into the 
solution to drive the dipoles of captured biomolecules, such 
that their influence can affect the transport characteristics of 
the channel, to generate a conductance response.

Conceptually similar strategies in functionalization allow for 
detection of cells. Figure  4C shows a schematic illustration of 
an array of Si NW FETs (widths: 150 nm, length: 10 µm, thick-
nesses: 40 nm) with SiO2 dielectric surface coatings (thickness: 
10–15 nm) configured for rapid measurements of cancer cells.[95] 
Here, a washing step using 1 × PBS and then 0.01 × PBS prior 
to measurement decreases the ionic strength and extends the 
Debye length from ≈0.7 to ≈8 nm, to provide controlled meas-
urement conditions and sufficient sensitivity. The application 
in this case is in direct detection of circulating tumor cells in 
peripheral blood from colorectal cancer patients. Here, nega-
tively charged keratin molecules serve as the biomarker, due to 
their increased levels of expression in tumor cells disseminated 
in lymph nodes, peripheral blood and bone marrow.[96] In this 
system, surface functionalization exploits APTES formed by 
vapor-phase silanization followed by reaction with glutaralde-
hyde and then with a monoclonal antibody against cytokeratin. 
The resulting sensing platforms outperform, in terms of 
sensitivity (0.01 tumor cells per mL of lymph node lysate) and 
response time (within 1 h), standard methods based on patho-
logical examination of tissue sections and clinical gold standard 
based on molecular assays. Similarly, detection of other 

biomolecules using FETs are possible by immobilizing the 
corresponding receptors. Examples include but are not limited 
to neurotransmitters,[97] biomarkers,[98] nucleic acids,[99] and 
glycoproteins.[100] Related schemes based on Si NW FETs offer 
some potential for use across panels of prognostic markers for 
intraoperative multiplexed clinical diagnostics.

While the majority of recent work focuses on planar device 
designs, a frontier area is in the development of platforms 
that can insert into the confined 3D space of single cells. Of 
relevance here are nanoscale 3D transistor probes that enable 
highly localized, intracellular actional potential recording and 
pH sensing with minimal invasiveness.[101,102] These 3D probes 
include 1) flexible 3D kinked nanowire FETs, 2) branched intra-
cellular nanotube Si NW FETs, and 3) Si nanotube FETs. Such 
probes modified with phospholipid bilayers that mimic the cell 
membrane can enter single cells to allow robust recording. 
These schemes suggest the possibility for a convergence of 
nanoelectronics and biological systems for real-time moni-
toring of fundamental cellular processes.
Table 1 summarizes the key parameters of the devices 

and performance characteristics for all cases outlined in 
Figures 2–4. In addition to Si FET chemical sensors outlined 
in this review, other types of Si-based sensors can capture 
various chemical and biological signals. An example uti-
lizes porous Si (PSi) formed by the etching of crystalline Si 
with appropriate surface functionalization as the chemical 
interfaces. PSi is promising for chemical sensing due to its 
large surface areas, tunable pore sizes and morphologies for 
chemical adsorption, and for its compatibility with Si pro-
cessing technology. The types of devices include: 1) optical 
sensors that rely on changes in refractive index upon analyte 
infiltration into the pores, 2) electrical sensors that detect 
changes in capacitance and conductance induced by the 
adsorption of various chemical compounds, and 3) electro-
chemical sensors that measure current responses originated 
from reduction-oxidation reactions of analytes in solution at 
a fixed potential.[103] On-going research focuses on improving 
the sensitivity, selectivity, long-term stability in chemical, 
and biological sensing, as alternative and sometimes com-
plementary platforms to FET-based sensors.

7. Applications in Wearable and Implantable 
Systems
Recently developed concepts in materials, design, and integra-
tion of silicon nanomaterials in flexible/stretchable electronics 
can be adapted for use with silicon sensors, as the basis for 
applications in biocompatible devices that interface with soft 
biological tissues, beyond small collections of cells described 
above. Figure 5 presents a set of examples. Figure 5A,B shows a 
stretchable pH sensor built using doped Si NRs (length: 500 µm,  
width: 40 µm, thickness: 300 nm) functionalized with 
APTES.[104] Here, the surface −NH2 and −SiOH groups undergo 
protonation to −NH3

+ at low pH and deprotonation to −SiO− 
at high pH, respectively. Devices of this type not only offer 
unique mechanical characteristics for integration with sys-
tems, but they also exploit materials that can physically disap-
pear through hydrolysis and/or bioresorption to benign end 
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products (e.g., Si Mg, Zn, Mo and degradable elastomers).[105] 
Here, dissolution of Si involves a hydrolysis step, Si + 4H2O → 
Si(OH)4 + 2H2, with kinetics and chemical equilibria that can 

be affected by various factors associated with the chemistry 
of the surrounding aqueous environment. Figure  5C,D high-
light the process for the case of monocrystalline, device-grade 

Table 1.  Summary of key materials, parameters, and performance characteristics of various device platforms.

Studies Dimension [µm] Functionalization layers Targeted analytes Detection limit Response time [s]

Ref. [24] L: 250
W: 5

T: 0.0035

Pd–Au
Ni–Pd

Ni

H2S
H2

NO2

1 ppb (H2S)
0.3% (≈3000 ppm) (H2)

1 ppm (NO2)

t90
a): 144 (1 ppb H2S)

17 (2% H2)
83 (100 ppm NO2)

Ref. [49] T: 0.06 Pd H2 <50 ppm t80: 3.5 (0.8% H2)

Ref. [53] D: 0.040
L: 8.5

Organic molecules VOCs ≈several ppb –

Ref. [37] L: 20
W: 2

T: 0.04

Al2O3 H+ <0.2 mm (urea) ≈10

Ref. [64] D: 0.02
L: 2–20

Al2O3 H+ 0.5 mm (glucose) ≈120

Ref. [72] T: 0.030 Ion-sensitive membranes Na+, K+ <5 mm ≈30

Ref. [5] D: 0.03
L: 25

APTES/PEG Prostate specific antigen 10 nm ≈500

Ref. [95] L: 10
W: 0.15
T: 0.040

Monoclonal antibody Cytokeratin ≈80 fM –

a)t90: time to reach 90% of the maximum response upon exposure to chemicals.

Figure 5.  Advanced concepts for using Si NRs and NMs in bio-integrated chemical sensors. A,B) Optical microscope image of a pH sensor that 
uses an array of doped Si NRs (length: 500 µm, width: 40 µm, thickness: 300 nm) functionalized with APTES A), and photographs of a collection of 
bioresorbable, stretchable pH sensors based on doped Si NRs at various stages of dissolution during immersion in PBS (pH 10) at room temperature  
B). Reproduced with permission.[104] Copyright 2015, American Chemical Society. C) Optical profilometry images of a Si NM and line scan profiles at dif-
ferent stages of dissolution. D) Experimentally measured changes in thickness as a function of time for dissolution of Si NMs under various conditions. 
E) Optical phase-contrast images of cells under cell culture media (left), conditioned in the presence of Si NMs (<1 ppm) (middle), and after dissolution 
to silicic acid (10 mm) after 18 h (right). Reproduced with permission.[106] Copyright 2018, American Chemical Society. F) Schematic illustration of a Si 
NR FET coated with a protective lipid layer in fouling resistant pH sensors. Reproduced with permission.[107] Copyright 2019, American Chemical Society.
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Si NMs upon immersion in cell culture media.[106] The results 
indicate a nonlinear relationship between dissolution rate and 
time, suggesting possible acceleration due to the complex reac-
tion chemistry, which could involve proteolysis, coagulation, 
and/or basification of proteins.[106] Figure  5E shows optical 
phase-contrast images of representative cells (CCD18 human 
colon fibroblasts) under cell culture media (left), conditioned 
in the presence of Si NMs (<1 ppm) (middle), and dissolved in 
silicic acid (10 mm) after 18 h (right). The results show high 
viability and normal proliferation after exposure to silicic acid, 
suggesting a lack of toxicity.[106]

In applications as implants, chronic immunological reac-
tions caused by non-specific adsorption of biomolecules and 
cells, such as fibrotic scar formation, can isolate the devices 
from the surrounding environment in a manner that can com-
promise performance in chemical sensing. A general strategy 
to mitigate this issue involves separating the sensing surface 

from the measurement surface of the FET. A recent study 
shows that Si NR FETs functionalized with an antifouling lipid 
bilayer containing proton-permeable carbon nanotube porin 
(CNTP) channels can support robust pH sensing in a variety 
of complex biological fluids (Figure 5F).[107] Here, carbon nano-
tube segments (diameter: 0.8 nm, length: ≈10 nm) insert into 
lipid membranes to form transmembrane channels for proton 
transport, while blocking most of the fouling components that 
arise from biological mixtures.

The rapid progress in Si-based FET sensors and the align-
ment of the base technology with materials and manufacturing 
processes used in the electronics industry facilitates translation 
of device concepts into practical chemical sensing platforms. 
Figure 6 presents several examples of the use of scaled arrays of 
devices for advanced biosensing and environmental monitoring. 
Figure 6A shows a 5 × 5 array of flexible, and completely biore-
sorbable amperometric sensors.[108] Here, Si NMs functionalized  

Figure 6.  Integration of Si FETs in arrays of chemical sensors for advanced sensing applications. A) Photograph of an array (5 × 5) of flexible, bioresorbable, 
and passively multiplexed electrodes for spatial/temporal mapping of dopamine concentration. Inset: a Si NM-based interdigitated electrode. B) Left: sche-
matic illustration of the sensing mechanism for dopamine at the surface of Fe3+_CPPy NPs based on a modulation of the conductivity of the Si channel. Right: 
real-time responses of the sensor across a wide range of dopamine concentrations. Reproduced with permission.[108] Copyright 2018, Wiley-VCH. C) Left: 
optical image of a multifunctional chemical sensing system based on an FET array. Right: photograph showing a microdrone equipped with a sensor (right).  
D) Data on altitude and H2 sensing response from a microdrone equipped with a H2 sensor at different times during a preprogrammed flight path. Reproduced 
with permission.[24] Copyright 2017, AAAS. E) Left: schematic illustration of 3D ISFET sensor arrays coupled with microfluidics for sweat collection. Reproduced 
with permission.[72] Copyright 2018, American Chemical Society. Middle: photograph of a wireless, wearable sweat sensor for multianalyte (H+, Na+, K+, Ca2+) 
detection. Right: schematic illustration of the circuit for wireless communication. Reproduced with permission.[77] Copyright 2019, American Chemical Society.
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with iron-decorated carboxylated polypyrrole nanoparticles 
enable spatial/temporal mapping of dopamine secretion. As 
shown in Figure 6B, dopamine converts to dopamine-o-quinone 
in a reaction catalyzed by the nanoparticles, to generate electrons 
that modulate the electrical conductivity of the Si channel. This 
flexible and bioresorbable electrochemical system may serve as 
the basis for temporary implantable biochemical sensors for con-
tinuous and real-time detection of important biomarkers, such 
as neurotransmitters and growth factors. Functionalization with 
sub-5-nm metallic nanoparticles (Pd-Au, Ni-Pd, and Ni) using 
procedures similar to those described previously enables multi-
plexed gas sensing (H2S, H2, and NO2), as shown in Figure 6C.[24] 
Local Joule heating elements allow for programmed recovery to 
baseline for repetitive use. A system level demonstration of a 
device of this type on a microdrone for remote H2 sensing sug-
gests applicability in practical scenarios (Figure 6D).

Other advanced examples involve Si-based FETs co-inte-
grated with microfluidic constructs as skin-interfaced platforms 
for noninvasive and real-time monitoring of biomarkers in 
human sweat (Figure 6E).[72] This type of system collects small 
volumes of sweat as it emerges from the surface of the skin 
and exploits capillary effects to deliver sweat to the channels 
of functionalized Si FET sensors for the detection of pH levels 
and concentrations of Na+/K+/Ca2+ separately by using different 
ion-sensitive membranes as described in the previous session 
(Figure 6E, left and middle).[72,77] Radio frequency signals power 
the sensors and support a readout/control interface (Figure 6E, 
right).[77] These same multiplexed sensor architectures can be 
extended to many other types of analytes through schemes for 
functionalizing the sensing surfaces and for limiting the effects 
of Debye screening, as described previously.

8. Perspectives

The representative results summarized here illustrate the range 
of applications of Si-based FET sensors for chemical and bio-
logical sensing with high sensitivity, selectivity, scalability and 
compatibility for bio-integration. A short review of the oper-
ating principles and primary design considerations for such 
devices provides context for the critical role of geometry, surface 
functionalization, device architecture, and integration schemes 
for these systems. Examples highlight sensing of various ana-
lytes in gaseous and liquid media, at the level of individual 
devices and complete systems. Overall, label-free sensing plat-
forms enable detection of targeted biochemical signals without 
the need for tagging the molecules, and thus paves the way for 
rapid and inexpensive biosensing in small reaction volumes to 
address the needs in bio-integration and advanced healthcare.

Remaining challenges, and associated research opportuni-
ties, are in improving the two key metrics associated with any 
type of sensor: sensitivity and selectivity. Reducing the dimen-
sions of semiconductor structures and devices can enhance 
the response associated with the electrostatics due to adsorp-
tion of analytes. On the other hand, additional crucial factors 
are in sources of noise and accordingly, the SNR, especially 
for measurements of trace amount chemicals in a complex 
environment. Although the underlying physics of FETs and 
the influence of various device parameters on noise are well 

known, quantitative models of the physical chemistry aspects 
associated with the sensing processes themselves may help to 
guide strategies for optimizing the SNR through careful selec-
tion the design of materials, structures, dimensions and inter-
faces. Additional areas for improving capabilities for sensing 
of biomolecules in solution are in addressing strong screening 
effects that occur in biofluids, where the Debye lengths in phys-
iological salt environments are only ≈0.7 nm.[16] In such con-
texts, specifically for in vivo applications, non-specific binding 
of species present in the complex solutions associated with 
blood and serum can also be difficult to eliminate.

One drawback of conventional CMOS technologies is in the 
requirement for relatively expensive and complicated facilities 
and processes. In this aspect, organic semiconductors that are 
intrinsically printable at low temperature in ambient environ-
ments are of interest as alternatives to Si as the building com-
ponents for FET sensors. However, limitations in various key 
characteristics, such as long-term stability, doping control, bias 
stress, driving power, and signal drifting, impose significant 
challenges in their applications for chemical and biological 
sensing, especially in the context of long-term bio-integration. 
All such factors are important in determining materials choices 
and integration schemes based on specific scientific questions.

Another critical challenge for sensor technologies is in the 
device to device variations in performance characteristics such 
as threshold voltage, transconductance, on/off ratio, mobility, 
and hysteresis. Such variations can occur among devices from 
different batches or even on the same substrate. Almost all 
devices reviewed here possess a certain degree of variability, 
much of which likely arises from limited levels of materials and 
processing control possible in cleanroom environments avail-
able to academic research groups. For example, variations in 
channel thickness and doping concentration associated with 
thermal oxidation/diffusion processes can result in differ-
ences in response and sensitivity.[24] For the hybrid structures 
outlined in this article, variations can also arise from nonuni-
formities in surface functionalization layers and their interfaces 
with FET sensors. To this end, process control and quantitative 
calibration models are important for large-scale integration 
and performance improvements. The development of control-
lable and repeatable approaches for interface engineering also 
remains an interesting topic for research and requires further 
attention. In addition to the intrinsic properties of the sen-
sors, environmental factors, such as humidity, can also lead to 
device variations. Recent studies report the integration of local 
on-chip microheaters to eliminate the effects of humidity to 
maintain the similar levels of sensitivity in changing ambient 
temperatures.[109]

Besides operational challenges, application in living sys-
tems demands sensors constructed in biocompatible materials, 
where long-term physical and chemical effects on biotissues are 
often unknown or poorly understood. A combination of knowl-
edge, expertise and ideas from chemistry, materials science, 
electrical engineering, and biomedical engineering will be 
important for continued rapid progress in this important field.

This article is part of the Advanced Materials Technologies 
Hall of Fame article series, which recognizes the excellent 
contributions of leading researchers to the field of technology-
related materials science.
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