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ABSTRACT: Wearable and implantable bioelectronics have experienced remarkable progress
over the last decades. Bioelectronic devices provide seamless integration between electronics and
biological tissue, oﬀering unique functions for healthcare applications such as real-time and
online monitoring and stimulation. Organic semiconductors and silicon-based ﬂexible
electronics have been dominantly used as materials for wearable and implantable devices.
However, inherent drawbacks such as low electronic mobility, particularly in organic materials,
instability, and narrow band gaps mainly limit their full potential for optogenetics and
implantable applications. In this context, wide-band-gap (WBG) materials with excellent
electrical and mechanical properties have emerged as promising candidates for ﬂexible
electronics. With a signiﬁcant piezoelectric eﬀect, direct band gap and optical transparency, and
chemical inertness, these materials are expected to have practical applications in many sectors
such as energy harvesting, optoelectronics, or electronic devices, where lasting and stable
operation is highly desired. Recent advances in micro/nanomachining processes and synthesis methods for WBG materials led to
their possible use in soft electronics. Considering the importance of WBG materials in this fast-growing ﬁeld, the present paper
provides a comprehensive Review on the most common WBG materials, including zinc oxide (ZnO) for II−VI compounds, gallium
nitride (GaN) for III−V compounds, and silicon carbide (SiC) for IV−IV compounds. We ﬁrst discuss the fundamental physical and
chemical characteristics of these materials and their advantages for biosensing applications. We then summarize the fabrication
techniques of wide-band-gap semiconductors, including how these materials can be transferred from rigid to stretchable and ﬂexible
substrates. Next, we provide a snapshot of the recent development of ﬂexible WBG materials-based wearable and implantable
devices. Finally, we conclude with perspectives on future research direction.
KEYWORDS: wide-band-gap semiconductors, silicon carbide, zinc oxide, gallium nitride, wearable devices, implantable devices,
biointegrated electronics

1. INTRODUCTION
Wearable and implantable devices have become an essential
part of modern biomedical technologies since their ﬁrst use in
the 1960s as cardiac pacemakers to support patients with
arrhythmias.1−4 Nowadays, these devices may vary from
smartwatches to deep brain stimulators, enabling real-time
and continuous monitoring and controls of human physiological signs, including heart rate, respiration, blood glucose
concentration, and neural activity.4−7 Despite these multifunctionalities, commercial wearable medical electronics is
mainly developed on the basis of rigid platforms that inherently
mismatch with soft biological tissues.8 The mechanical
mismatch may cause signal artifacts and tissue injury. To
overcome these drawbacks, soft electronics, capable of being
compressed, stretched, or deformed while maintaining their
electronic properties, have emerged as a promising class of
electronic devices for wearable and implantable applications.9,10 In recent years, research direction has focused on
© 2021 American Chemical Society

the synthesis and development of organic materials and
conductive polymers to construct fundamental electronic
functions such as thin-ﬁlm transistors, light-emitting diodes
(LEDs), and other sensing elements to gradually replace the
conventional bulk counterparts.11−15 The excellent mechanical
property (e.g., low Young’s modulus), low-temperature
processing, along with the direct integrability into soft
polymers, oﬀer organic semiconductors great promise to
ﬂexible electronics. However, the inherent drawbacks such as
low electron mobilities and instability in extreme bioﬂuidic
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Table 1. Band Gap and Properties of Silicon and Typical WBG Materials29−32
WBG materials
IV−IV family
band gap Eg (eV)
breakdown electric ﬁeld (MV/cm)
electron saturation velocity (cm/s)
chemical properties in bioﬂuids

III−V family

II−VI family

silicon

4H-SiC

GaN

AlN

ZnO

diamond

1.12
0.3
1.0 × 107
dissolvable

3.26
3
2 × 107
long-lived

3.39
5
2.2 × 107
long-lived

6.2

3.4

long-lived

3.0 × 107
dissolvable

5.45
10
3.0 × 107
long-lived

3 MV/cm for Si and 4H-SiC, respectively),29 and excellent
chemical inertness.23 These exceptional properties, along with
the signiﬁcant progress in material development, led to the
research topic of ﬂexible WBG semiconductors for wearable
and implantable applications. For instance, large-scale growth
processes on 6-in. wafers and wafer-scale production have
shown promises in recent years.33 GaN nanothin ﬁlms with
excellent electrical properties (e.g., for high electron mobility
transistors) have been successfully grown on low-cost silicon
wafers using chemical vapor deposition (CVD).32,34 Moreover,
the possibility of transferring WBG thin ﬁlms or nanowires
onto other substrates, particularly ﬂexible and/or biocompatible substrates, opened up novel applications in wearable and
ﬂexible electronic devices. Furthermore, the past decade has
witnessed remarkable achievements in microelectromechanical
system (MEMS) technologies to transfer WBG materials on
polymeric substrates and to form functional devices. Flexible
WBG electronics have been successfully demonstrated and
implemented in a broad range of wearable and implantable
devices, such as long-lived electronics, energy harvester,
bioresorbable components, and optogenetic devices (Figure
1).

environments hinder the potential of organic materials for
reliable health care applications.16−19
Another mainstream technology for ﬂexible electronics
utilizes inorganic semiconductors to take advantage of
uniformity, stability, superior electrical properties, and scalable
manufacturing.25 Typically, inorganic devices are built on a
rigid substrate (e.g., silicon), which exhibits limited mechanical
ﬂexibility. However, the advances in transfer printing
technologies and low-temperature processing enabled the
integration of inorganic semiconductors on soft and thin
substrates, thereby oﬀering an excellent structural match
between inorganic devices and biological tissues while still
retaining stable electric performances. Silicon (Si) has been the
material of choice for numerous wearable and implantable
devices because of its low cost, global availability, and standard
industrial manufacturing practices. Applications of ﬂexible Si
devices include soft wireless-communication modules using
monocrystalline silicon nanomembranes on polymers with
high carrier mobilities.26 The bendable silicon nanomembranebased transistors also oﬀer a new class of cardiac electrophysiology recording-devices that overcome the inherent
mismatching of the rigid substrate with biological tissue.27
However, silicon encounters several disadvantages, such as fast
ion diﬀusion and degradation in bioﬂuids, making them
unsuitable for numerous wearable and implantable applications, especially for long-term implanted devices.28 Other
intrinsic properties such as indirect band gap and low
piezoelectric coeﬃcients further limit Si from applications
such as ﬂexible optoelectronics and soft energy harvesting
modules.
The above drawbacks of Si motivated the investigation into
alternative semiconducting material systems that can provide
comparable functions. In this context, wide-band-gap (WBG)
materials, widely recognized as the third generation of
semiconductor, has been emerging as a suitable candidate for
ﬂexible applications. WBG materials are deﬁned as materials
possessing a band gap of 2.2 electron volts (eV) or higher,
including diamond and the materials belonging to the IV−IV,
III−V, and II−VI semiconductor families.29 The wide-bandgaps allow these materials to have a high breakdown electric
ﬁeld and emit short wavelengths.30 The strong covalent bond
between atoms within the crystal of several WBG materials
allows for long-term stable device performance in bioﬂuidic
environments. Furthermore, some WBG materials exhibit
direct band gaps in the green and blue wavelength range,
providing ideal properties for optogenetic applications. Table 1
shows the band gap of silicon and typical WBG semiconductors.
Today, WBG materials share a large market size in the
electronics sector owing to their superior properties over Si,
such as stable electrical properties at elevated temperatures,
high saturated drift velocity (1.0 × 107 and 2.2 × 107 cm/s for
Si and GaN, respectively),29 high breakdown voltages (0.3 and

Figure 1. Commonly used wide-band-gap materials and their
applications. Figure reproduced with permission from refs 20−24.
Reproduced from ref 20. Copyright 2019 John Wiley and Sons.
Reproduced from ref 21. Copyright 2019 Micromachines. Reproduced from ref 22. Copyright 2018 Royal Society of Chemistry.
Reproduced from ref 23. Copyright 2016 American Chemical Society.
Reproduced from ref 24. Copyright 2019 American Chemical Society.
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Table 2. WBG Materials and Their Applications in Bioelectronics
WBG
materials
II−VI

III−nitride

properties
• piezoelectric polarization35
• direct band gap36
• biodegradability37
• biocompatibility38
• direct band gap45,46
• high optical transmittance47,48

fabrication technique
• directly growing nanostructures on ﬂexible substrate39−41
• bottom-up growth combining with transferring ﬂexible
substrates42

• transient energy scavenger21,37
• bottom-up growth combining with transferring ﬂexible
substrates53
• top-down micro/nanomachining combining with transfer
printing54

• piezoelectric polarization49
• high electron mobility50

SiC

• long-term stability51
• biocompatibility51,52
• chemical inertness23
• thermal and mechanical
robustness60,61
• piezoresistive eﬀect62,63

applications
• sensitive mechanical sensing43
• wearable ultraviolet (UV) photosensor44

• sensitive mechanical sensing53
• wearable ultraviolet photosensor55
• long-term energy scavenger49,56
• radio frequency wireless communication
devices57,58
• optogenetics LED59

• bottom-up growth combining with transferring ﬂexible
substrates66
• top-down micro/nanomachining combining with transfer
printing67

• long-lived recording and sensing23
• sensitive mechanical sensing23
• radio frequency wireless communication
devices68

• high optical transmittance64
• biocompatibility65

numerous nanoarchitectures (e.g., nanowires, nanorods, and nanothin
ﬁlms).
2.1.1. Piezoelectric Eﬀect. The main crystal forms of ZnO are
either wurtzite or zincblende structures. Under ambient conditions,
wurtzite is the most stable and common crystal form.70 These crystal
forms are generally associated with a robust piezoelectric property,
which results from the central asymmetry. This feature leads to crystal
deformation under external mechanical stress, generating electric
charges.71 The formation of the electric charge polarization produces
an output voltage that provides electric power to external electric
sensing/functional elements. ZnO is well-known for its exceptionally
high piezoelectric tensor, which is at least 2-fold higher than that of
other II−VI materials.35 The piezoelectric property of ZnO displays a
scale-dependent eﬀect, varying from the bulk to nanowires. For
instance, the piezoelectricity in ZnO nanowires, namely the
piezotronics eﬀect, exhibits much larger piezoelectric coeﬃcients
than bulk ZnO, which oﬀers an excellent energy-harvesting
eﬃciency.72,73 Quasi-one-dimensional ZnO nanobelts were reported
to provide the highest eﬀective piezoelectric constant of around 26.7
pC/N, among several nanoarchitectures.74 Introducing dopants such
as V, Cr, Ce, K, and Eu into ZnO can further improve the
piezoelectricity, with the electromechanical coeﬃcient in V-doped
ZnO ﬁlms being increased up to 110 pC/N compared with 12.4 pC/
N of undoped ZnO ﬁlms. This coeﬃcient is comparable to the highperformance perovskite materials.73,75−78
The signiﬁcant piezoelectric eﬀect in ZnO nanothin ﬁlm and
nanowires combined with low-temperature synthesis and/or the
capability of a role-to-role transfer process enabled the development
of nano energy generators (i.e., nanogenerators) that provide the
operating power for wearable and implantable devices (Figure
2a).21,37,69,79 Depending on applications, the ZnO nanowires can
also be structured into diﬀerent conﬁgurations such as lateral and
vertical arrays80−82 to enhance the output current and voltage.
Furthermore, while ZnO nanowires were reported to have similar
Young’s modulus with their bulk and thin ﬁlm of around 144 GPa,
they possess up to 40 times larger ultimate strengths compared with
bulk ZnO. ZnO nanowires with a diameter of 9 nm can be subjected
to elastic deformation up to 4−5 times their diameters before
cracking.83 This enhancement in the mechanical strength together
with the use of ZnO and polymer composites, allow for enormous
strain and deformation in ZnO nanowire-based devices.39,41 These
advancements in the development of piezoelectric nanogenerator

Considering the great potential of WBG-semiconductorbased ﬂexible electronics and their signiﬁcance in the ﬁeld, a
comprehensive literature review on this topic is timely, as the
research community requires a fundamental guide for device
development based on these materials. The present paper
provides an overview of the state-of-the-art of ﬂexible WBG
semiconductors for wearable and implantable applications. The
Review focuses on the most common and representative
materials in each family of WBG semiconductors, namely, zinc
oxide (ZnO) for II−VI compounds, gallium nitride (GaN) for
III−V compounds, and silicon carbide for IV−IV compounds,
which were extensively employed in ﬂexible electronics. The
ﬁrst section describes the physical and chemical properties of
these WBG semiconductors that link to the consequent nicheapplications. The second section discusses the state-of-the-art
fabrication techniques for growing these materials and
fabricating wearable and implantable devices from WBG
semiconductors. Advanced applications of ﬂexible WBG
materials are highlighted in section three. Finally, the Review
concludes with a perspective on future potential and remaining
challenges that shapes the direction of this research ﬁeld in the
coming years.

2. ADVANTAGES OF WIDE-BAND-GAP MATERIALS IN
BIOELECTRONICS
This section provides a snapshot of the fundamental physical and
chemical properties of common WBG semiconductors such as II−VI,
III−nitride, and SiC that attracted a great deal of attention for
implantable soft-electronics in the past decades. Each material family
oﬀers unique electrical, optical, and chemical characteristics that can
be utilized for sensing and recording function (Table 2).
2.1. II−VI Materials. II−VI materials are compounds of a group-II
metal with a chalcogen element (group-VI), which were extensively
explored and deployed in several commercial products, especially in
optoelectronics (e.g., light-emitting diodes − LEDs, and laser diodes).
One of the most commonly used II−VI compounds for ﬂexible
electronics is zinc oxide (ZnO) because of its prominent characteristics such as signiﬁcant piezoelectricity, direct energy band gap,
biodegradability, and the capability of being synthesized into
1961
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Figure 2. Properties of ZnO semiconductor. (a) The short-circuit output current and the open-circuit output voltage of a ZnO-based double-ﬁber
nanogenerator with blue and pink curves representing the measurement signals when the circuit was forward-connected and reverse-connected the
nanogenerator, respectively.69 (b) Bulk-band structure of ZnO as calculated using a standard pseudopotential.36 (c) Dark current and photocurrent
of a single ZnO nanowire under UV-light illumination.44 (d) Photoconductive gain of ZnO nanowire.31 (e) ZnO thin ﬁlm fully dissolved in water
after 15 h.37 (f) Cell viability of Hela cell line in diﬀerent concentrations of ZnO nanowire.38 Panel a reproduced with permission from ref 69.
Copyright 2008 Springer Nature. Panel b reproduced with permission from ref 36. Copyright 1995 American Physical Society. Panel c reproduced
with permission from ref 44. Copyright 2002 John Wiley and Sons. Panel d reproduced with permission from ref 31. Copyright 2007 American
Chemical Society. Panel e reproduced with permission from ref 37. Copyright 2013 John Wiley and Sons. Panel f reproduced with permission from
ref 38. Copyright 2008 American Chemical Society.
UV photodetector patterned on top with Ti/Au electrodes, resulting
in photoconductive gain as high as G = 2 × 108 (Figure 2d).64 Thinﬁlm ZnO LED was also investigated by Lu et al., proving its feasibility
for LED working in the UV range.84
2.1.3. Biodegradability and Biocompatibility. ZnO is distinguished from other WBG materials by its degradability, as ZnO can
dissolve quickly and completely in water. Dagdeviren et al. reported
that ZnO dissolved in deionized water at room temperature within 15
h, leaving no trace after the process (Figure 2e).37 Lu et al.
demonstrated the kinetics of the hydrolysis of ZnO by immersing
patterned ﬁlms of ZnO into a solution of phosphate-buﬀered saline
(PBS) (pH = 7.4) at 37 °C which mimics physiological environments,
resulting in the ZnO ﬁlm being entirely dissolved after 48 h.84 The
authors suggested that ZnO ﬁlms directly degraded into Zn2+ by
hydrolysis instead of forming Zn(OH)2 precipitates. Zhou et al.

based on ZnO oﬀers a promising and innovative solution for the
demand of a power source for ﬂexible electronics.
2.1.2. Direct Band Gap for Optogenetic Applications. Exhibiting
a direct band gap of 3.4 eV and large exciton binding energy (60
meV), ZnO is a potential candidate for optoelectronic applications,
including light-emitting diodes (LED) and UV photodetectors
(Figure 2b).36 The direct energy band gap combined with the large
optical absorption in ZnO nanowires was utilized to develop
photodetectors with high photon eﬃciency. Interestingly, the optical
band gap of ZnO can be engineered using diﬀerent nanoarchitecture
or induced strain to tune and broaden the emission and absorption
wavelength. Hannes et al. reported one of the ﬁrst attempts to utilize
ZnO nanowires for UV photodetector. The photodetector demonstrated high sensitivity and excellent wavelength selectivity for the UV
spectral range (Figure 2c).44 Soci et al. investigated ZnO nanowire
1962
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Figure 3. Properties and applications of GaN material. (a) Calculated band structure of wurtzite GaN.45 (b) Electroluminescence data of the
ﬂexible GaN LED.86 (c) I−V curve results after soaking in PBS for 2 days.86 (d) Output voltage and (e) current density from pn-PGs with diﬀerent
n-GaN and p-GaN layer with a maximum value of 8.1 V and 3.0 mA cm−1 respectively.49 (f) GaN crystals grown by Hydride Vapor Phase Epitaxy
(HVPE) on GaN-sapphire substrates with a cooling rate of 150 °C/h.47 (g) GaN boules grown by high-temperature ammonothermal SCoRA
method.87 (h) GaN LED array attached to a human ﬁngernail.51 The small ﬁgure shows an oﬀ-state LED array. (i) PC12 cell growth on etched
GaN1 and etched silicon.2,88 (j) GaN LED array inserted into the subcranial gap.2,51 Panel a reproduced with permission from ref 45. Copyright
2005 AIP Publishing. Panels b and c reproduced with permission from ref 86. Copyright 2012 Elsevier. Panles d and e reproduced with permission
from ref 49. Copyright 2016 Royal Society of Chemistry. Panel f reproduced with permission from ref 47. Copyright 2006 John Wiley and Sons.
Panel g reproduced with permission from ref 87. Copyright 2015 John Wiley and Sons. Panel h and j reproduced with permission from ref 51.
Copyright 2018 John Wiley and Sons. Panel i reproduced from ref 88. Copyright 2012 Elsevier.
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reported that ZnO could dissolve in a variety of solutions such as
deionized water, ammonia, NaOH solution, and blood serum of
horse.85 These studies open the possibility of ZnO being used as
transient, biodegradable biomedical devices which will degrade after
serving their purpose. The dissolvable property is also considered a
signiﬁcant advantage for industrial applications, which can minimize
the environmental impact by reducing electronics waste.
For wearable and implantable biological applications, the
biocompatibility of materials is of utmost importance. A general
and simple approach to investigate the biocompatibility of a novel
material is through in vitro biocompatibility cell culture assays. Using
this method, Li et al. reported that ZnO nanowires were
biocompatible, demonstrated by 95% viability of the Hela cells after
being cultured with ZnO nanowires for 48 h (Figure 2f).38 The results
indicate the feasibility of ZnO electronics for future in vivo
investigations.
2.2. III−Nitride. Common III−nitride materials include InN,
GaN, and AlN and their alloys. This family of materials is a hot
research topic with great potential for industrial application thanks to
their direct band gap, chemical inertness, spontaneous and piezoelectric polarization, ﬂexibility, strong water resistance, and excellent
biocompatibility. These materials have also been of great interest for
various biomedical applications owing to the advanced fabrication
technologies that enable the transformation of III−nitride from the
bulk format into ﬂexible platforms. Here, we mainly focus on GaN, as
a core semiconductor among the III−nitride family, as it has been
extensively explored for wearable and implantable electronics.
2.2.1. Direct Band Gap and High Optical Transmittance. Among
the diﬀerent polytypes, hexagonal wurtzite (i.e., α-phase) is one of the
most stable crystalline structures of InN, GaN, and AlN. The direct
band gap energies of these materials range from 1.9 eV for α-InN, 3.4
eV for α-GaN to 6.2 eV for α-AlN,45,46 which cover a broad spectrum
from near-infrared (IR) to ultraviolet (UV) (Figure 3a). In particular,
GaN possesses several superior properties such as water impermeability, high photon eﬃciency, and long-term reliability, making it the
preferred choice for optoelectronic applications, including ﬂexible
light-emitting diodes (LED) and photodetectors. Lee et al.
successfully demonstrated GaN LED with mechanical ﬂexibility and
water resistance that can detect prostate-speciﬁc antigen (Figure
3b).86 The LED developed in this work can maintain its stable
electrical properties after being soaked into PBS for 2 days (Figure
3c). The GaN LED can also be used as a white light source for optobiomedical devices to provide photon stimulation to targeted neurons.
Various GaN-based microand nanostructures have been investigated
for optical sensor applications, particularly as UV photodetectors.89−93 Aggarwal et al. demonstrated the use of GaN nanoﬂowers
to fabricate UV photodetector, obtaining a high light-to-dark current
ratio of around 260 which is signiﬁcantly higher than the
photodetection gain of planar GaN-based photodetectors.90
Bulk GaN substrates grown by hydride vapor phase epitaxy
(HVPE), the most popular method to produce bulk GaN, were
reported to have high transparency as shown in Figure 3f.47,48 GaN
grown by using ammonothermal method possesses considerably less
transparency than by HVPE method, particularly at violet-to-blue
wavelengths.94,95 However, Jiang et al. reported a novel SCoRA hightemperature ammonothermal process to synthesize GaN crystal with
excellent optical transparency (2 cm−1 at 410 nm) (Figure 3g).87 The
high transparency of GaN is necessary for various applications,
especially for the use in LED or optogenetic applications. High optical
transmittance also allows for in vitro studies where cell proliferation,
activities, and reaction to external mechanical/electrical stimulations
can be observed on-chip using a standard, inverted microscope. Lee et
al. fabricated monolithic vertical GaN LEDs that were indistinguishable from the ﬁngernail in its oﬀ state owing to the high transparency
(Figure 3h).51
2.2.2. Piezoelectric Polarization. III−nitride materials have
spontaneous and piezoelectric polarization (in the wurtzite materials)
as well as high electron drift velocities, making them promising
candidates for energy harvesters. Microstructures of GaN were
reported to have a Young’s modulus in the range of around 210 GPa

Review

and can be subjected to high loads of up to 900 mN without any
visible material cracking.96 Furthermore, when being transferred onto
a ﬂexible substrate, the GaN microstructures can be bent without
showing any damage.97 Kang et al. demonstrated the GaN p−n
junction as a piezoelectric generator with considerably high output
voltage, current density, and maximum power density of 8.1 V, 3.0
mA cm−1, and 24 μWcm−2, which are signiﬁcantly improved
compared with that of ZnO nanowire-based piezoelectric generators
(Figure 3d,e).49 These interesting results were achieved owing to the
capability of a homojunction formed in GaN, which is very
challenging to make in ZnO. Additionally, the performance of the
piezoelectric generator was also greatly enhanced by decreasing the
hole concentration and improving the crystal quality of GaN.49 Chen
et al. utilized single-crystalline III−nitride thin ﬁlms in ﬂexible
piezoelectric pulse sensors that were sensitive enough to detect the
surface deﬂections on the order of micrometres at diﬀerent arterial
pulse sites to provide useful information such as the pulse rate, artery
augmentation index, and pulse wave velocity.20 This ﬂexible
piezoelectric pulse sensor (PPS) is highly biocompatible, can be
attached to the skin, and promises to replace toxic lead-containing
PPSs in long-term wearable health-monitoring electronics. These
studies demonstrated the outstanding capabilities of GaN as novel
piezoelectric devices for energy-harvesting/battery-free devices and
mechanotransduction in ﬂexible/wearable health monitoring applications.
2.2.3. High Electron Mobility. A unique feature of III−V group
semiconductors is the formation of the two-dimensional electron gas
(2-DEG) by stacking diﬀerent layers of III−nitride (e.g., AlGaN and
GaN), which leads to an interface polarization employing strain
engineering. The 2DEG is formed as a result of the space charges
generated due to the piezoelectric eﬀects in both AlGaN and GaN
layers. Electrons in these few nanometer-thick layers possess an
ultrahigh mobility of up to 2000 cm2/V·s that enables the
developments of high electron mobility transistors (HEMT) as well
as ultrasensitive ﬁeld-eﬀect transistor (FET) sensors using gate
modulation with excellent reliability.50 Their nontoxicity and
biocompatibility along with the capability of ﬂexible electronics,
make III−nitrite a good candidate for logical circuits in biomedical
applications. As such, AlGaN/GaN FET and HEMT devices were
intensively studied and developed for biosensing applications. For
instance, Linkohr et al. demonstrated AlGaN/GaN-based ionsensitive FET functionalized with oleﬁn-molecules using photochemical exposure for DNA sensing.98 These AlGaN/GaN ISFET are
considered a promising platform for adaptive, selective and reusable
biomolecular sensors. Wang et al. demonstrated an AlGaN/GaN FET
for the real-time detection of biomolecular interactions in a DNA
hybridization process.99 The high electron mobility and biocompatibility of AlGaN/GaN FET enabled on-site, highly sensitive, and
biomolecular detection in biosensing. Chu et al. introduced AlGaN/
GaN-based HEMTs for real-time detection of vitellogenin, an
endocrine disrupter biomarker. The HEMT sensor detected
vitellogenin both in PBS and blood serum (largemouth bass) down
to concentrations as low as 2 μg/mL.100
2.2.4. Biocompatibility and Long-Term Stability. The biocompatibility of III−nitride materials, especially GaN, have been
experimentally investigated and reported in a large number of papers.
For instance, Hofstetter et al. reported outstanding cell growth for L929 ﬁbroblasts on a GaN surface.52 Jewett et al. investigated the use of
GaN surface in vitro for PC12 cell lines, showing excellent cellular
adhesion and signiﬁcantly increased viability compared with the
silicon counterparts (Figure 3i).88 Recently, Lee et al. conducted in
vivo investigations in mice by inserting GaN-based blue LED array
into the meningeal space between the skull and brain (Figure 3j).51
The GaN LED array demonstrated no detrimental eﬀects to the
animals.
In addition to biocompatibility, the long-term stability in GaN is a
signiﬁcant advantage for reliable wearable and implantable devices. A
recent study showed that monolithic vertical GaN LED could last for
at least 12 years and have numerous desirable characteristics such as
1964
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Figure 4. Properties of SiC material. (a) Working temperature range of SiC-on-glass temperature sensors.60 (b) SiC and Si after corrosive test in a
reactive solution for 24 h.60 (c) SiC nanomembranes showed an insigniﬁcant change in thickness after 60 days in PBS at 96 °C.23 (d) Photograph
of 3C-SiC beam.62 (e) Fractional resistance change of 3C-SiC thin ﬁlm resistor versus applied strain.62 (f) Optical transmittance of SiC-on-glass.64
(g.1) Cell adherent and (g.2) Cells show functional actin ﬁber formation on SiC nanomembranes.23 (h) Viability of the human dermal ﬁbroblast
(HDF) and mouse ﬁbroblast (MF) cells after being cultured on SiC compared to that of control samples.23 (i) An optical microscopic image of
human mammary ﬁbroblasts (HMF) cells seeded on a prepatterned SiC-on-silicon substrate. The cells preferentially attach to the SiC portions.
The scale bar is 200 μm. Panels a and b reproduced with permission from ref 60. Copyright 2019 IEEE. Panels c, g, and h reproduced with
permission from ref 23. Copyright 2019 American Chemical Society. Panels d and e reproduced with permission from ref 62. Copyright 2014 IEEE.
Panel f reproduced with permission from ref 64. Copyright 2019 Royal Society of Chemistry.
high optical power density, ﬂexibility, and most importantly,
biocompatibility.51
2.3. SiC. SiC is a well-known WBG material for high-power
electronics and extreme environments. Among over 250 crystalline
structures,101 the hexagonal crystal (α-SiC) and cubic crystal (β-SiC
or 3C-SiC) are the most commonly used polytypes for MEMS
applications because of their compatible fabrication process with Si.
The band gap of SiC materials varies from 2.4 eV in 3C-SiC to 3.35
eV in 2H-SiC.102 While SiC is typically associated as a hard and brittle
semiconductor, the capability of transferring SiC nanothin ﬁlm onto a
soft substrate has accelerated the research into ﬂexible SiC electronics
for biomedical application in recent years.
2.3.1. Chemical Inertness and Robustness. One of the most
outstanding features of SiC is chemical inertness and the ability to

function in harsh environments. SiC can operate at high temperatures
above 300 °C because of its wide band gap and tolerance to oxidation.
Phan et al. reported the potential of piezoresistive and thermoresistive
SiC sensors for temperatures ranging from 300 to 600 K (Figure
4a).60 The team also conducted corrosive tests by immersing the SiC
ﬁlms as well as the Si counterpart into reactive solutions such as
TMAH, KOH, and HNA at 363 K. The experimental data showed no
change in thickness and the surface of the SiC ﬁlm after 24 h while the
Si sample was signiﬁcantly aﬀected (Figure 4b).60 Other polytypes
such as 4H and 6H-SiC have also proven to function at an elevated
temperature up to 600 °C.61 This feature in SiC can be extended to
health care applications as its chemical inertness, oxidation tolerance,
and stable electrical properties are highly eﬀective for long-term
implantation.
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Figure 5. Direct growth of micro/nanostructures on ﬂexible substrates. (a) ZnO nanowires grown on paper by low-temperature solvothermal
method.42 (b) ZnO nanorods grown on cellulose ﬁlm.39 (c) ZnO micro/nanowire ﬂexible strain sensor.40 (d) Sputtering ZnO thin ﬁlm on
nanocellulose paper ﬁlms by an RF magnetron sputtering.41 Panel a reproduced with permission from ref 42. Copyright 2010 John Wiley and Sons.
Panel b reproduced with permission from ref 39. Copyright 2017 Taylor & Francis. Panel c reproduced with permission from ref 40. Copyright
2014 Elsevier. Panel d reproduced with permission from ref 41. Copyright 2020 Elsevier.
enhanced to 185 000 times105 as well as in a self-powered monolithic
accelerometer.106 The large gauge factors combined with the longterm stability in SiC demonstrates its potential in multifunctional
wearable and implantable electronics, capable of detecting mechanophysiological signals.
2.3.3. High Optical Transmittance and Biocompatibility. SiC is
almost transparent to visible wavelengths, enabling many optoelectronic applications (Figure 4f).64 The optical transmittance of
nanothin ﬁlm SiC/glass ﬁlm corresponding to wavelengths of 485
nm (blue), 532 nm (green), and 633 nm (red) was found to be 63%,
86%, and 60%, respectively.107 The transmittance in SiC on glass
outperforms 20 nm thick amorphous Si-on-ITO bilayer.64 This
property is preferred for simultaneous studies of in vitro electrical
stimulation along with optical observation using transparent SiC
electrodes. Recently, SiC electrodes demonstrated excellent electrochemical characteristics, capable of functioning as a heating element
for on-chip thermal cell lysis. In addition, the SiC/Si heterojunctions
can be excellent architectures for self-powered broadband photodetectors108 and position-sensitive detectors.109,110 In these applications, as the SiC is insensitive to visible light, it functions as a
protective layer for the photosensitive Si layer underneath. Therefore,
a combination of nanothin ﬁlms of SiC integrated with Si sensors
oﬀers interesting features for long-lived implantable optoelectronics.
The biocompatibility in SiC has also been investigated for
implantable applications. Numerous in vitro experiments have
demonstrated the safety of SiC for biomedical purposes. Coletti et
al. demonstrated that SiC is an excellent substrate for cells to grow.65
Another study on the SiC-on-glass platform showed cell (mouse 3T3
ﬁbroblasts) adherence was made after 18 h with favorable viability.107
They also observed positive cell proliferation when using SiC
nanomembranes to culture mouse ﬁbroblast cells and human dermal
ﬁbroblast cells (Figure 4g,h).23 Recently, the same research group also
considered seeding the cells on prepatterned SiC-on-silicon substrates
fabricated using both dry and wet etching techniques (Figure 4i). To
this aim, human mammary ﬁbroblasts (HMF) cells with a
concentration of 1.6 × 106 cells/mL were seeded on a prepatterned
SiC-on-silicon substrate. Figure 4i shows a representative optical
microscopic image (Olympus MX-50 Upright Microscope with a
colored ﬁlter) of the ﬁxed cells after 48 h of cell seeding. The image
clearly shows that the cells preferentially attach to the SiC portions,
while most parts containing silicon are depleted from the cells. Such

The mechanical robustness in SiC allows for the fabrication of high
aspect ratio free-standing membranes suitable for lab-on-chip
applications. While conventional SiC material is usually considered
rigid with a Young’s modulus of 330 GPa,103 the fabrication of freestanding microstructures such as cantilever and doubly clamped
microbridges out of SiC nanothin ﬁlms, is highly feasible, enabling the
transfer printing process to form SiC on soft polymers. As the
thickness of the transferred ﬁlms is typically in the range of a few
hundred nanometers, the bending stiﬀness of the WBG-on-polymer
can be signiﬁcantly reduced compared with the bulk form. Our recent
study showed that the bending stiﬀness of a 230 nm-thick SiC
nanomembrane strapped on a 14 μm-thick polyimide is mainly
dominated by the thick polymer substrate (i.e., the 14 μm-thick
polyimide layer).23 Furthermore, to realize the mechanical stretchability in these designs, smart microarchitectures such as serpentines
or spring shapes can be utilized to minimize the strain induced into
the transferred WBG materials.128 These design concepts enable the
use of SiC as well as other WBG nanothin ﬁlm materials in ﬂexible
and stretchable electronics.
Another attractive feature in SiC for long-lived bioapplications is its
excellent water permeability. Recent studies demonstrated that SiC
nanomembranes are inert to the hydrolysis process, and water
permeability was not observed after 60 days of soaking in PBS at 96
°C. These results suggested that the device could last for more than
50 years at human body temperature (Figure 4c).23
2.3.2. Piezoresistive Eﬀect. Piezoresistive eﬀect is the change in
electrical resistivity of a semiconductor or metal under applied
mechanical strain. This sensing eﬀect has been widely used in a
number of MEMS mechanical sensors, where Si is the most favorable
choice. However, the relatively fast hydrolysis rate, as well as water
permeability, could cause problematic issues in Si-based ﬂexible
device when subjected to long-term implantation in bioﬂuidic
environments. Compared with Si, SiC has proven to last for several
decades in bioﬂuidic due to its excellent chemical inertness.
Furthermore, SiC also exhibits a signiﬁcant piezoresistive eﬀect with
a relatively large gauge factor up to 30 for both n-type and p-type 3CSiC (Figure 4d,e).62,63 The piezoresistive eﬀect of 3C-SiC nanowires
was also reported with a high gauge factor of 35.67 Particularly,
Nguyen et al. discovered the giant piezoresistive eﬀect by
optoelectronic coupling in SiC/Si heterojunction with a gauge factor
as high as 58 000.104 The eﬀectiveness of this discovery has been
demonstrated in a piezoresistive pressure sensor with the sensitivity
1966
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Figure 6. (a) Vapor−liquid−solid mechanism for growing a nanowire.113 (b) Relatively constant diameter SiC nanowire grown by VLS mechanism
with varying the source pressure.66 (c) ZnO micro/nanowire ﬂexible strain sensor.43 (d) The vertical deposition of the GaN wire layer.53 (e)
Fabrication process ﬂow with vertically assembled wires.114 Panel a reproduced with permission from ref 113. Copyright 2003 John Wiley and
Sons. Panel b reproduced with permission from ref 66. Copyright 2008 American Chemical Society. Panel c reproduced with permission from ref
43. Copyright 2008 American Chemical Society. Panel d reproduced with permission from ref 53. Copyright 2014 IOP Publishing. Panel e
reproduced with permission from ref 114. Copyright 2018 American Chemical Society.
an interesting cell behavior can be attributed to chemical inertness
and excellent biocompatibility of SiC.

structures of WBG semiconductors as functional elements supported
by a soft substrate. The fabrication technologies for ﬂexible WBG
electronics can be classiﬁed into three main approaches, including (i)
direct growth of nanostructures on a ﬂexible substrate, (ii) a hybrid
method using micro/nanowire bottom-up growth and transferring
onto ﬂexible substrates, and (iii) top-down micro/nanomachining
combined with transfer printing.
3.1. Direct Growth of Nanostructures on Flexible Substrates. The direct growth nanostructures on a soft substrate have
been mainly deployed for the nanowire architecture. Various eﬀective
methods have been developed for the bottom-up growth of WBG
semiconductor nanowires, such as vapor−liquid−solid mechanism,
vapor−solid mechanisms (CVD, molecular beam epitaxy, carbothermal reduction, thermal evaporation, and oxide-assisted methods).
One of the great challenges in growing WBG semiconductor
nanowires on soft substrate (e.g., polymer) is the high reaction
temperatures, which are sometimes above the tolerant temperature of
the soft substrate. To overcome this barrier, growing ZnO
nanostructures via solution-based methods have been widely reported.
This approach typically includes the two main steps of (i) ZnO
seeding and (ii) ZnO nanorod growth. For instance, Gullapalli et al.

3. FABRICATION TECHNIQUE OF WBG MATERIALS
FOR WEARABLE AND IMPLANTABLE INTEGRATED
BIOELECTRONICS
The last two decades witnessed a signiﬁcant advancement in
nanomachining technologies for the development of WBG-materialbased wearable and implantable biointegrated electronics. Besides the
need for high sensitivity, stability, and durability, wearable and
implantable devices also require additional features such as ﬂexibility,
stretchability, biocompatibility, and long-term sustainable operation.
The above WBG semiconductor materials have been proven to form a
direct interface with biotissue, suitable for wearable and implantable
applications. However, a long-standing challenge in WBG semiconductors for these health care applications is their mechanical
stiﬀness due to the intrinsically high Young’s modulus and the
signiﬁcantly thick rigid substrate.111 Therefore, the main strategies for
deploying the advantages of these materials in wearable and
implantable biointegrated electronics are to create micro/nanoscale
1967
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reported, including the work of Low et al.118 which synthesized
nanowires using chemical vapor phase epitaxy with Ni as the catalyst.
The authors investigated the inﬂuence of the growth temperature on
GaN wires and observed a good uniformity, along with straight and
smooth morphology at a growth temperature of 950 °C.118
Although the synthesis of nanowires based on the VLS process
exhibits great advantages, this method still faces a number of
drawbacks. As such, the selection of an appropriate catalyst to match
solid materials is challenging.113 The use of foreign catalysts can lead
to the formation of inevitable defects which might signiﬁcantly aﬀect
the electronic properties of the as-grown nanowires.119 To overcome
these challenges, various catalyst-free growth mechanisms were
established, such as CVD, molecular beam epitaxy, thermal
evaporation, and oxide-assisted methods. Details on synthesizing
one-dimensional nanostructures in general and growing WBG
semiconductor nanowires can be found elsewhere.113,119,120
Following the growth of WBG nanowires on rigid substrates at
elevated temperatures, the as-grown nanostructures can be then
stamped onto a soft substrate. As the interface between each nanowire
to the substrate is relatively small (promotional to the diameter of the
nanowire), it can be easily detached from the substrate by pressing a
ﬂat polymer stamp onto it. For example, Zhou et al.43 synthesized
ultralong ZnO nanowires/microwires using a high-temperature
thermal evaporation process. The ZnO nanowires/microwires were
subsequently placed on the polystyrene substrate using a probe
station under optical microscopy. The ZnO nanowires/microwires
were ﬁxed to the substrate by applying the silver paste on both ends of
ZnO nanowires/microwires and then encapsulated by a thin layer of
PDMS (Figure 6c). This transferring technique is relatively simple;
however, the micro/nanowires must be ultralong to ease the handling
and ﬁxing steps. Another transferring method for ZnO nanowires is
presynthesis on a sapphire substrate using VLS and sonication in an
ethanol solution. In this method, a droplet of ZnO NWs solution was
drop-casted on the top surface of polyvinyl chloride (PVC) substrate
with prepatterned electrodes. An AC signal was applied to align NWs
between the electrodes using the dielectrophoresis phenomenon.121
Salomon et al.53 demonstrated a similar technique for ultralong selforganized GaN wires that were grown on sapphire substrates by
metal−organic vapor phase epitaxy. In this work, the GaN wires were
sonicated from the sapphire substrate in a solution of iso-octane and
iso-propanol (Figure 6d). Subsequently, these hydrophobic wires
were drop-coated on a ﬂexible polyethylene naphthalate (PEN) ﬁlm,
previously coated with Ti/Al electrodes. Figure 6e shows a simpler
fabrication process for capacitive architectures, where the nanowires
were completely embedded in a ﬂexible substrate after transferring.
The self-catalyst metal−organic vapor phase epitaxy was employed to
grow GaN nanowires. Next, the nanowires were embedded into a
PDMS matrix and then directly peeled oﬀ from the sapphire
substrate.114 Finally, metal contacts were deposited on the PDMS
layer to create a capacitive device. The main drawbacks of the hybrid
approach are the limitations of large-scale uniformity and the
alignment of micro/nanowires post-transfer.
3.3. Top-Down Micro/Nanomachining Combining with
Transfer Printing (Top-Down and Transferring). The third
approach to develop ﬂexible WBG devices is using a two-step process,
where the micro/nanostructures of WBG material sensing elements
are prepared using MEMS techniques, followed by transfer printing of
the fabricated structures onto a soft substrate. Unlike the bottom-up
approach, the top-down method can create highly aligned nanowire
arrays across the wafer, which can easily control the electrical
properties of as-fabricated devices because of excellent manipulation
of the width and the length of the wires.123 Various top-down
fabrication techniques have been utilized to form the micro/
nanostructures. The most well-known technique is the combination
of conventional photolithography methods and dry/wet etching
process, highly feasible for forming microstructures of WBG materials
on a standard Si substrate. The disadvantage of this method is the
resolution of micro/nanostructures due to the limitation of optical
systems. To overcome this issue, an advanced nanofabrication process
using electron beam lithography (EBL) or focused ion beam (FIB) is

proposed a low temperature solvothermal method for the synthesis of
ZnO nanorods on the composite paper (Figure 5a).42 First, the
ﬂexible substrate (i.e., printing papers) was evenly coated with zinc
acetate nanoparticles by soaking the paper in zinc acetate solution and
then drying. Next, zinc acetate nanoparticle-coated papers were
dipped in a sodium hydroxide solution to form ZnO nanoparticles.
The process was repeated to continuously deposit ZnO nanoparticles
until their concentration suﬃciently reach a quasi-continuous ﬁlm,
where nanoparticles are concentrated in the target areas. These
concentrated areas act as nucleating sites for the subsequent growth of
crystalline nanostructures. By maintaining an optimum temperature,
crystal growth is favored, thus resulting in the growth of a continuous
ﬁlm followed by nanorods on these sites.42 Mum et al.39 reported the
synthesis of vertical ZnO nanorods on a ﬂexible cellulose ﬁlm by
direct ZnO seeding and hydrothermal growing processes. The ZnO
seeding layer was formed on the surface of the cellulose ﬁlm by spin
coating the solvent of zinc acetate dihydrate and ethyl alcohol. Then,
ZnO nanorods were grown by immersing ZnO seeded cellulose ﬁlm
into the solvent of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and
hexamethylenetetramine (CH2)6·N4 at 90 °C for 1 h. Figure 5b
shows the results of growing ZnO nanorods on cellulose ﬁlm by direct
ZnO seeding and hydrothermal growth processes. This method was
followed by Li et al.22 to form ZnO nanowire arrays on silver
nanowires’ networks, which was then leveraged by Park et al.112 for
large-area fabrication with a roll-to-roll process. Similarly,40 ﬂexible
ZnO nanowire array strain sensors were fabricated through a process
shown in Figure 5c, where ZnO nanowire grows through a
hydrothermal method using the solution of hexamethylenetetramine
and zinc chloride. A recent work41 deposited highly oriented ZnO
thin ﬁlm on nanocellulose paper substrates by radio frequency
magnetron sputtering at room temperature, Figure 5d. In this method,
a ZnO ceramic target ﬁxed at a distance of 10 cm from the paper
substrate and was sputtered in the ambient of argon with a ﬂow rate of
20 standard cubic centimeters per minute (SCCM). Lowering the
synthesis of ZnO through either chemical or physical approach
enables the development of uniform and large scale WBG material on
ﬂexible substrates toward wearable and implantable applications.
3.2. Bottom-Up Growth of Micro/Nanowires and Transferring to Flexible Substrates. For most WBG materials, the
growth processes are typically taken at elevated temperature, which is
not suitable for a direct synthesis on polymeric substrates. To take
advantage of the well-established processes in these materials, an
eﬀective approach to form WBG nanoarchitectures on polymer is
derived through the combination of the bottom-up growth (at high
temperature) followed by an as-growth material transfer process. The
WBG nanoarchitectures transferred onto soft polymer using this
approach usually exhibit good crystal quality and tailored properties
owing to the high growth temperature. Various eﬀective methods have
been developed for the bottom-up growth of WBG materials
nanowires. Among them, the vapor−liquid−solid (VLS) mechanism
is the most widely exploited technique for SiC NWs115,116 and GaN
NWs.117 The VLS mechanism is a three-stage process (Figure 6a). In
the ﬁrst stage, namely the alloying stage, a catalytic liquid alloy phase
is formed on the substrate upon annealing. Next, in the nucleation
stage, a vapor of precursors can be rapidly absorbed by the liquid alloy
to its supersaturation status. Finally, in the axial growth stage, a
nanowire can be grown from the nucleate seeds at the solid/liquid
interface. Examples of the VLS method include the work of Deng et
al.,116 which successfully synthesized SiC nanowires with a diameter
of around 20 nm and a length of approximately 2 μm using the VLS
process at elevated temperature with aluminum as the catalyst. SiC
NWs with diameters ranging from 30 to 100 nm and tens of
micrometer length were grown on a silicon substrate at atmosphere
pressure with vapor phase technique using Fe as catalyst.115 The
diameter of SiC nanowires can be manipulated and controlled by
varying the pressure of the source species in the VLS process as
demonstrated by Wang et al.66 As such, modulating the Ar pressures
during the growth of SiC nanowires, the authors synthesized complex
3D structures such as SiC nanowires with the Eiﬀel-tower shape
(Figure 6b). Numerous studies on the growth of GaN nanowires were
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Figure 7. (a) SiC nanowire fabricated by focused ion beam method.67 (b) SiC nanowires with a diameter of around 20 nm enabled by highresolution lithography and surface nanomachining.122 (c) Schematic illustration of transfer printing micro/nanostructures to a ﬂexible substrate.25
(d) Fabrication process of biointegrated, ﬂexible, and implantable SiC devices by top-down micro/nanomachining combining with transfer
printing.23 Panel a reproduced with permission from ref 67. Copyright 2016 IEEE. Panel b reproduced with permission from ref 122. Copyright
2010 American Chemical Society. Panel c reproduced with permission from ref 25. Copyright 2007 John Wiley and Sons. Panel d reproduced with
permission from ref 23. Copyright 2019 American Chemical Society.
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sapphire using conventional fabrication techniques. Then asfabricated μ-ILEDs were transferred to a ﬂexible substrate (PET)
and were electrically connected by ﬂexible metal (Cr/Au)
interconnections. In another interesting example, optoelectronic
systems for wireless optogenetics includes rigid Schottky diodes,
LED, or capacitors, which are fabricated by conventional fabrication
methods and were connected with serpentine Ti/Au electrical
interconnects, with the capability of complete, minimally invasive
implantation over multiple neural interfaces.131
3.5. Other Fabrication Methods. Besides the above conventional methods, there are a number of new techniques developed
recently to fabricate WBG material devices for wearable and
implantable biointegrated electronics, such as three-dimensional
additive manufacturing, sol−gel techniques, spray pyrolysis, and allinkjet printing methods. Three-dimensional additive manufacturing
techniques have some advantages over conventional methods such as
the ability to fabricated functional and geometrically complicated
structures, the availability of a wide range of materials, costeﬀectiveness, and large-batch production capabilities.132,133 A 3Dprinting technique can be used to form both the functional layer and
the substrate out of soft materials.134 For example, Lee et al.134 used
only a single 3D printer to produce both a ﬂat substrate and
functional layer of a ﬂexible ZnO UV photodetector. On the other
hand, sol−gel methods, including sol−gel spin-coating and sol−gel
dipping methods, have also been employed in WBG material devices
because of their simple, low-cost, and highly controlled approach.135,136 In the sol−gel technique, solid materials elaborated
from a solution using a sol or a gel as an intermediate step, which is
conducted at much lower temperatures than traditional methods. For
example, a ZnO thin-ﬁlm can be synthesized by low-temperature sol−
gel techniques using a solution of zinc acetate dehydrate and 2methoxyethanol.137 In comparison with other methods, all-inkjetprinting techniques are considered low-cost, simple, mass-production
methods, which can create complicated patterns with relatively small
feature sizes.135 For instance, a precursor ink of zinc salt ﬁltered with
large size particles to avoid nozzle clogging was employed in inkjet
printers to form several structures of ZnO thin ﬁlms for sensing
applications.138

implemented to further reduce the feature size prior to transfer
printing. For instance, FIB enables the fabrication of sub-10 nm
structures by properly controlling the energy and intensity of the ion
beams on the targeted areas. For instance, Phan et al.67 demonstrated
3C-SiC nanowires on Si wafer, Figure 7a, using standard lithography
combined with the FIB technique that tuned 5-μm-width microwire
into 300 nm SiC nanowires. Another well-known method for creating
WBG semiconductor nanowires is electron beam lithography (EBL).
Electron beam lithography is relatively similar to conventional
photolithography, where electron-sensitive ﬁlms change their
solubility when subjected to exposure to EB. The resolution of EBL
depends on the spot size of the focused beam and the scattering of the
primary and secondary electrons in the electron-sensitive ﬁlm. The
primary advantage of this method is the ability to draw patterns with
sub-10 nm resolution in a relatively large sample size. Feng et al.122
fabricated very thin SiC nanowires from a 50 nm thick SiC layer
heteroepitaxially grown on single-crystal silicon (Si) by using highresolution electron-beam lithography with the widths of NWs being as
small as ∼20 nm, as shown in Figure 7b.
Following the top-down process, the as-fabricated micro/
nanostructures are transferred to soft platforms via a process called
“dry” transfer printing process. The transfer process is possible as the
free-standing structures are only connected to the substrate via some
anchor points. Figure 7c illustrates a typical dry transfer process for asfabricated micro/nanostructures, including three major steps. First, a
stamp (such as PDMS) is placed onto the surface of the wafer with aspatterned micro/nanostructures. An adhesion force will be formed
between the interface of the PDMS stamp and the free-standing
microstructures (step 1). Second, peeling the stamp away from the
mother wafer results in the transfer of the as-patterned micro/
nanostructures onto the stamp as the concentration force at the
anchor points help to detach the free-standing structure from the
original substrate (step 2). Third, the stamp with the micro/
nanostructures is placed onto a polymer substrate (e.g., Kapton or
SU-8 ﬁlms), which was coated with a thin layer of adhesive. Then,
activating the adhesive bonds the micro/nanostructures to the ﬂexible
substrate (e.g., through thermal treatment or O2 plasma) and
removing the stamp leaves micro/nanostructures on the ﬂexible
substrate (step 3). This dry transfer printing technique has been well
developed for transferring micro/nanostructures of semiconductors
such as silicon,124−126 GaAs,123 and GaN54 to ﬂexible substrates.
Recently, this technique has been extended to transferring WBG
semiconductors onto ﬂexible substrates for wearable and implantable
applications. For example, through a process shown in Figure 7d, our
group successfully developed biointegrated, ﬂexible, implantable
devices with a functional element of 3C-SiC, which can work in a
bioﬂuid environment23 or operate in hazardous environments.127 The
process includes depositing SiC ﬁlm onto a Si substrate, fabricating
free-standing SiC structures, and then physically transferring the freestanding SiC structures to a polyimide substrate.23 Another recent
work shows that instead of deﬁning anchor structures, the use of a
sacriﬁcial layer to temporary support microstructures enabled the
transfer of complex 2D architectures from a rigid wafer to a soft
platform.128
3.4. Fabricating Flexible/Stretchable Interconnections between Rigid Islands. Deriving from an idea to create a ﬂexible/
stretchable device, which does not need to be ﬂexible/stretchable at
every region but can be rigid at some small areas connected by
ﬂexible/stretchable components, rigid islands with ﬂexible/stretchable
interconnections have been developed. This approach can deploy the
conventional technologies fully developed in fabricating semiconductor devices while still meeting requirements for new
applications in wearable and implantable biointegrated electronics.
The challenge of this approach is fabricating ﬂexible/stretchable
conductive interconnects. Lacour et al.129 developed interconnect
fabrication techniques with relaxed and prestretched conductors, in
which both techniques formed highly stretchable interconnects.
Similar ideas were reported by McCall et al.130 in fabricating ﬂexible,
multimodal light-emitting devices for wireless optogenetics. In their
research, the injectable μ-ILEDs were fabricated from GaN grown on

4. APPLICATIONS
4.1. Long-Lived Recording and Sensing. One of the
most critical features of implantable and wearable devices is the
capability of real-time and continuous recording of cellular and
tissue activities. The applications of implantable and wearable
devices vary from neural recording,139,140 glucose monitoring141 to cardiac activities measuring.142 Furthermore, the
stimulating function can be integrated into these devices to
control or regain body activities by providing electrical pulses
as in deep brain stimulators and pacemakers. To oﬀer
feasibility, the lifetime of these devices should be at least
several decades in situ.143
The sustainability of implantable and wearable devices for
long-term operation is still a signiﬁcant challenge because of
the inherent mismatches between the devices and biological
tissue. In recent years, silicon nanomembranes-on-polymer has
been explored for in vivo recording of cardiac tissues thanks to
mechanical matching to soft biological tissues.145 Applications
such as brain stimulators and cardiac pacemaker using this
platform have been demonstrated, indicating ﬂexible Si-based
electronics as a promising candidate for multifunctional
implantable devices. However, as Si experiences the hydrolysis
reaction that gradually degrades the materials in bioﬂuid, Si
nanomembranes-on-polymer is a favorable choice for biodissolvable applications.145 The use of silicon dioxide as a
biobarrier can enhance the lifetime of implanted devices as this
material possesses good impermeability to water and its low
1970
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Figure 8. SiC-based long live recording device. (a.1) Image of SiC electrode array for electrocorticography and peripheral nerve recording. Active
area of SiC electrode arrays for intracortical (top) (a.2) and surface (bottom) (a.3) recordings.144 (b) A SiC electrocorticography implanted on
primary visual cortex of a rat.144 (c) A SiC electrode array implanted on the sciatic nerve.144 (d) Image of SiC ﬂexible strain sensors.23 (e) Testing
the ﬂexibility of the SiC ﬁlms by bending with a radius of 6 mm.23 (f) The stability of SiC devices when being subjected to the PBS solution at
elevated temperature.23 Panels a−c reproduced with permission from ref 144. Copyright 2017 IOP Publishing. Panels d−f reproduced with
permission from ref 23. Copyright 2019 American Chemical Society.

rate of hydrolysis compared with Si.146 However, the limited
function in silicon oxide could hinder the ability to be used for
sensing and stimulation purposes. Recent research ﬁndings
showed that SiC exhibits superior properties over Si and SiO2
materials, making it a good candidate for long-lived
implantable applications.104
Gómez et al. investigated bulk SiC as impedance probes to
monitor the ischemia in living tissues. The results showed that
SiC-based probes could record a wider range of frequency in
comparison to the Si counterparts.147 In another work, Beygi
et al. developed implantable neural interface using singlecrystalline cubic silicon carbide p−n junction as the active side,
while amorphous SiC was employed as the encapsulation
layer.148 However, this device has a relatively large thickness of
8 μm, which could adversely aﬀect its mechanical ﬂexibility.
Amorphous silicon carbide was studied by Deku et al. for being
used as ﬂexible microelectrodes for neural recording. As the
electrical conductivity of amorphous SiC was relatively low, the
microelectrodes must be deposited with SIROF or porous TiN
to reduce the impedance and to provide suﬃcient charges for
neural stimulation.149 Diaz-Botia successfully fabricated
electrode arrays from polycrystalline conductive SiC insulated
with amorphous SiC. This oﬀers promising opportunities to
develop devices that can provide reliable signal to elucidate
neural activities and at the same time can last for several
decades at body temperature conditions (Figure 8a−c).144
Flexible single-crystalline SiC nanomembrane platforms
were ﬁrst introduced in a recent study using the top-down
approach.23 In this work, the cubic SiC nanomembranes were
grown on silicon wafers and then transferred to polyimide
substrates using the stamping method. The thin membranes
(230 nm) possess numerous superior properties such as water
impermeability, excellent mechanical ﬂexibility, and inertness
to hydrolysis process without any encapsulating layers (Figure

8d−f). These interesting results could pave the way for the use
of SiC thin ﬁlm in long-lived recording and sensing devices in
the future.
4.2. Sensitive Mechanical Sensing. The ability to
convert mechanical deformation into an electrical signal is a
remarkable advantage of piezoelectric materials for strain
sensing applications. Wearable and implantable strain sensors
have been an exciting topic of research as they can measure
numerous biophysiological signals from the body, including
heart rate, bladder expansion, and blood pressure.150−153
Piezoelectric sensors have also been utilized in epidermal
sensors to detect motion as well as support haptic control
systems.154 Conventionally, lead zirconate titanate (PZT) or
lead zirconate titanate is commonly utilized in piezoelectric
devices. However, such materials are brittle and easy to crack
when applied on curved and highly deformable surfaces.
Therefore, piezoelectric polymeric materials (e.g., PVDF) are
currently considered as alternatives since they exhibit good
conformability. Unfortunately, low piezoelectric coeﬃcients
and thermal instability are the main shortcomings, which could
hinder their use in practical applications, especially in ﬂuidic
environments.53
Recently, GaN and ZnO have been studied intensively for
the use as highly sensitive mechanical sensor integrated into
wearable and implantable electronics because of their high
piezoelectric polarization and remarkable ﬂexibility. In this
context, free-standing cantilever structures of GaN and
AlGaN/GaN were investigated for the fabrication of ﬂexible
piezotronics strain sensors bearing a gauge factor of around
90.155 Taking advantage of the high piezoelectric coeﬃcient in
this material, Salomon et al. successfully transferred ultralong
GaN wires on polymer for strain sensing. The GaN wires
assembled with a Langmuir−Blodgett trough in this work can
detect forces ranging from 46 mN to 2.3 N.53 Particularly, the
1971
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Figure 9. Properties and applications of GaN-based sensitive strain sensor. (a) SEM image of 120-μm ultralong GaN wires used in strain sensor.114
(b) Output voltage obtained from the ultralong GaN wire-based sensor under manual excitation applied by ﬁnger.114 (c) The output voltage of the
aforementioned device remained stable after 1000 cycles.114 (d) Measuring pulse signal at various arterial sites using III−N thin-ﬁlm pressure
sensor.20 Pulse signals at diﬀerent sites (e.1) ﬁnger, (e.2) brachial and radial, (e.3) carotid and femoral.20 (f) Output voltage of the device over
13,000 test cycles of deﬂection of 220 μm and frequency of around 1.4 Hz.20 (g) SEM images of GaN microwire arrays used in strain sensor.156 (h)
Photograph of strain sensor.156 (i) Measured voltage output varied with the angles of the arm.156 Panels a−c reproduced with permission from ref
114. Copyright 2018 American Chemical Society. Panels d−f reproduced with permission from ref 20. Copyright 2019 John Wiley and Sons.
Panels g−i reproduced with permission from ref 156. Copyright 2020 John Wiley and Sons.

crystalline III−N.20 When tested in vivo, the pulse sensor was
proved to be more sensitive than conventional sensors (Figure
9d,e). The device also possesses outstanding robustness as
demonstrated by a stable and repeatable output voltage after
13 000 cycles of deﬂection for 220 μm, Figure 9f. In a recent
study, Cheng et al. demonstrated the use of GaN microwires to
fabricate wearable and ﬂexible ultrasensitive strain sensor that
can be attached to the side of the elbow joint to detect the
biomechanics of human arms (Figure 9g,h).156 The increase in

lowest detection limit of these sensors (2 kPa) is equivalent to
skin sensitivity to a light touch. Kacimi et al. studied vertically
assembled ultralong GaN wires and found that device with
200-μm GaN wires could generate up to 2 V under a ﬁnger
manual excitation (Figure 9a,b).114 The device also exhibited
excellent mechanical robustness when being compressed and
released for 1000 times at a rate of 900 mm/min and frequency
of 1.11 Hz, delivering a stable output of 1 V (Figure 9c). Chen
et al. developed a ﬂexible pulse sensor based on single1972
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Figure 10. ZnO-based UV photodetector. (a) Flexible UV photodetector with Ag NW/ZnO NW/Ag NW sandwich structure after being subjected
to bending tests of 0, 2000, 4000, and 6000 cycles.22 (b) Dark and illuminated current of the ZnO ﬁlm sputtered on paper-based UV
photodetector.41 Panel a reproduced with permission from ref 22. Copyright 2018 Royal Society of Chemistry. Panel b reproduced with permission
from ref 41. Copyright 2020 Elsevier.

ZnO has been studied as a UV photodetector since 2002.44
To date, most of the studies focused on the use of ZnO
nanowires for photodetector applications. Roll-to-roll processing is considered a cheap method to fabricate ZnO nanowire
networks for UV photodetector as reported by Park et al.112
Many eﬀorts have been devoted to developing a ﬂexible
photodetector by growing or transferring semiconductors on
various polymer substrates. Nunez et al. synthesized ZnO
nanowires with a chemical vapor transport process then
transferred them to ﬂexible PVC substrate. The photodetector
obtained has superior properties, including high sensitivity to
UV with high photocurrent to dark current ratios larger than
10 times, and signiﬁcant robustness under extreme bending
conditions.121 Song et al. also demonstrated the feasibility of
using ZnO nanowires grown on polyester fabric substrate for
ﬂexible photodetectors. By utilizing the low-temperature
hydrothermal method, the authors successfully demonstrated
the controlled growth of ZnO NWs on soft fabric substrates for
the ﬁrst time. These ZnO photodetectors exhibited a stable
response with high photocurrent to dark current ratios.162 Li et
al. utilized the sandwich metal−semiconductor−metal structure to fabricate ultraviolet photodetectors.22 In this work,
vertically aligned ZnO nanowires were grown on Ag nanowire
networks followed by the deposition of another Ag nanowire
layer on the top. This UV photodetector can operate at a low
voltage of 0.5 V, exhibiting an outstanding photocurrent to
dark current ratio of 9756 and fast photoresponse time (Figure
10a).22 Besides the nanowire structure, ZnO thin ﬁlms have
also been applied in ﬂexible photosensors (Figure 10b).41 The
UV photodetector using ZnO thin ﬁlms deposited on
nanocellulose ﬁlms showed high mechanical stability compared
with that based on ZnO nanorods. A high photocurrent to dark
current ratios of around 600 was also observed.
In a recent study, Heo et al. demonstrated the integration of
commercially available AlGaN-based UVB sensor and wireless
modules on a soft substrate for wearable dosimeters.55 The
reported devices are battery-free and possess various distinct
advantages including the ability to operate in wireless mode
and high mechanically robustness. All constructing components of these devices, including the antenna, IC-chip, and UV
sensors, are relatively compact so that they can be easily
integrated into several locations on skin surface such as
sunglasses, ﬁngernails, and earrings. The devices have been
introduced into the commercial market and are available
worldwide, indicating the fast growth and the great potential of

bent angles of the arm can lead to the deformation of the strain
sensor, consequently producing higher piezoelectric output
(Figure 9i).
Similar to III−nitride materials, ZnO is also viewed as a
potential material for mechanical sensors. Zhou et al. reported
that strain sensors fabricated from individual ZnO ﬁne-wires
have a high gauge factor of 1250.43 Zhang et al. developed a
strain sensor from vertical ZnO nanowire arrays grown on a
PET substrate which can deliver a high gauge factor up to
1813.40 Attempts to combine ZnO nanowires and other
materials to make composite-based sensors were also reported
in many studies. Gullapalli et al. reported the use of ZnO−
cellulose composite for strain sensing applications.42 By
coating the ﬁbers of cellulose paper with a ZnO thin ﬁlm,
the authors successfully fabricated a strain sensor based on a
nanocomposite with a gauge factor of around 21. Liao et al.
studied the use of barbon ﬁber−ZnO nanowire hybrid
structures for ﬂexible and highest gauge factor of 81 obtained
when being compressed.157
While SiC does not exhibit large piezoelectric coeﬃcients
like GaN and ZnO, this material possesses a signiﬁcant
piezoresistive eﬀect with gauge factors of above 30.62,63
Furthermore, the piezoresistive eﬀect is suitable for both static
and dynamic mechanical measurement and requires simple
readout circuits than the piezoelectric eﬀect. Recent demonstration of SiC-on-polyimide based strain sensors, capable of
measuring small strain and being attached on curvilinear
surface, indicates the potential of ﬂexible SiC for wearable and
implantable mechanophysiological sensors.23
4.3. Wearable UV Sensors. Exposure to UV light initiates
the activation of vitamin D, which is necessary for calcium
homeostasis. Nevertheless, excessive UV exposure will cause
sunburn, inﬂammation, and potential DNA damage.158 Longterm eﬀects of high UV light exposure can cause even more
severe health problems, such as skin cancer. It is well
established that UV rays are carcinogenic for human skin
cells. Exposure to UV light can lead to DNA damage and
mutations in cell-cycle regulatory genes leading to skin
cancer,159,160 which is one of the most common cancers
globally.161 Such health concerns make it imperative to
monitor human skin exposure to UV light. In this regard,
WBG materials emerge as promising candidates because of
their optoelectronic properties within the UV wavelength
range.
1973
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Figure 11. GaN-based ﬂexible energy scavenger. (a) Digital photo of the ﬂexible energy harvester bent by hand.165 (b) LEDs charged by the
aforementioned energy harvester.165 (c) Short circuit current and (d) open-circuit voltage under a total compression of 15 mm with diﬀerent
compressing time.165 Panels a−d reproduced with permission from ref 165. Copyright 2019 Elsevier.

deployed in vivo. Device passivation is a crucial issue to bring
ZnO nanoarchitectures closer to practical health care
applications.
Compared with ZnO, GaN-based piezoelectric devices are
emerging as a promising energy harvesting platform in the
human body owing to their chemical and thermal stability and
mechanical robustness. Thin-ﬁlm GaN-based ﬂexible piezoelectric energy scavengers were reported in many studies49,56,165,166 with a maximum open-circuit voltage of 50 V
and a short-circuit current of 15 μA (Figure 11). Nevertheless,
no demonstration for in vivo applications of GaN energy
scavenger has been conducted. Further investigations need to
be carried out to verify the feasibility of GaN-based
implantable energy harvesters.
4.5. Radio Frequency Wireless Communication
Applications. In recent years, high-frequency devices are
attracting increasing research interests owing to their capability
for long-distance wireless communications, especially in
ﬂexible and stretchable electronic systems. For these speciﬁc
applications, inorganic materials are generally preferred over
organic materials due to their high intrinsic mobility. As such,
single-crystalline inorganic GaAs have been extensively
employed for high-frequency applications.168,169 Recently,
GaN which possesses numerous superior characteristics,
including wide band gap, excellent electron mobility, and
high breakdown ﬁeld, has emerged as a promising material for
wireless communication applications.57,58 GaN-based HEMTs
have a smaller size compared to GaAs devices due to their high
power per unit gate width, which in turn may reduce the device
footprint, and fabrication cost as well as improve energy
eﬃciency. Flexible GaN HEMTs were reported to function at
the maximum oscillation frequency as high as 115 GHz
without any sign of degradation.170 The high thermal
dissipation of GaN also helps to prevent thermal damage on
the plastic substrates. In a recent study, a stretchable GaN

smart, wearable electronics. The main challenges associated
with WBG semiconductor-based UV photodetectors include
the crystallization process and the persistent photoconductivity
(PPC) of ZnO and GaN, which can hinder the wearable UV
sensors with applications that require rapid response time.163
Tzeng et al. reported the use of an Ag-decorating process on
ZnO nanowire, which enables a low-working-temperature
method to eliminate the PPC in ZnO -based photodetectors.164
4.4. Flexible Energy-Harvesting Devices. Every electronic device needs a source of power to operate. The
integration and installation of a power source is an engineering
challenge for wearable and implantable devices because
battery-powered devices typically have a short operating time
that may require additional surgery for replacement.142 This
drawback motivated the search for other energy sources for
powering electronic devices. The human body motion can
provide suﬃcient energy sources, such as the mechanical
energy of human locomotion. The movement of the muscle is
a form of energy that can be easily converted by using
piezoelectric materials.
Thin-ﬁlm ZnO based devices with diﬀerent scales have
deployed for energy harvesting, which exhibited a power
density ranging from 10 nW/cm2 to 1.27 mW/cm2.21,37
However, the ZnO nanowire is the most studied structure for
nanogenerator purpose. Qin et al. reported the use of ZnO
nanowires to fabricate piezoelectric energy harvester with
remarkable robustness. The open-circuit voltage and shortcircuit current of this work was found to be around 1−3 mV
and 5 pA, respectively.69 Depending on applications, the ZnO
nanowires can be structured into diﬀerent conﬁgurations such
as lateral and vertical arrays80−82 to obtain high output current
and voltage. However, despite its potential for transient and
biocompatible devices,37 the chemical instability in aqueous
environment of ZnO signiﬁcantly hinder its applications to be
1974
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Figure 12. (a) Image of GaN ﬁlm with device structures bent with a radius of 12 mm.167 (b) Cut-oﬀ frequency (square) and maximum oscillation
frequency (triangles) values vary depending on applied external strain.167 Panels a and b reproduced with permission from ref 167. Copyright 2017
John Wiley and Sons.

Figure 13. Schematic illustration of optogenetics applications on mouse including the recording of the cortical surface activity and optogenetic
stimulation of freely moving mice.24 Figure reproduced with permission from ref 24. Copyright 2016 American Chemical Society.

limitations such as short experimental range and restriction
on the behavior of animals. These devices usually consist of
microscale LEDs that can be powered and controlled
wirelessly.131,173,174 Many studies employed 450 nm-emitting
GaN-based microscale LEDs for optogenetics where they
exhibited the capability of activating optogenetic constructs
with low change in temperature.59,174 This biocompatibility
and small size of μLEDs enable the delivery of optical
stimulation on a cellular scale with minimal impacts on tissues.

HEMT, which can be uniaxially strained up to 0.85% was
demonstrated by Glavin et al.167 The authors reported that
high cutoﬀ frequencies and maximum oscillation frequencies of
42 and 74 GHz could be delivered even at a high strain of
0.43% (Figure 12a,b). These unique features imply GaN as a
promising material for long-term implanted electronics,
capable of wireless communication.
SiC-based devices were also investigated for implanted RF
applications. Afroz et al. demonstrated the use of RF antenna
biosensor fabricated from SiC, which can function at 10 GHz
to monitor the glucose concentration in blood.68 In vitro
testing using a blood-mimicking liquid and porcine blood
exhibited shifts of 40 and 26 MHz, respectively, in maximum
return loss when the glucose concentration changed from 120
to 530 mg/dl, respectively. The experimental data indicate the
feasibility of implantable SiC devices for wireless glucose
monitoring. Another work reported by Ababneh and
colleagues, where a SiC-based rectenna provided a maximum
converter eﬃciency of 47.7%.171 The devices also exhibited
excellent stability. These results show the potential of SiC for
long-lived and biocompatible RF applications.
4.6. Optogenetics Applications. Optogenetics refers to
the ability to control genetically modiﬁed neurons by
performing optical stimulation on photosensitive ion channels
Figure 13.172 Unlike electrical brain stimulation, optogenetics
allows the control of a small target number of neurons speciﬁc
cell types without causing any thermal impact on the cells.
Recent advances in wireless communications have eliminated
the need for invasive physical tethers, avoiding many

5. FUTURE PERSPECTIVES
With their superior properties, WBG materials oﬀer unique
features to ﬂexible electronics and are promising candidates for
the development of multifunctional wearable and implantable
devices. For instance, the piezoelectric eﬀect in II−VI and III−
nitride materials shows potential for energy harvesting,
providing an electrical source to power other ﬂexible
components. The direct energy band gap in these materials
enables the development of photodetectors and photoemitters
with high photon eﬃciency for optoelectronics applications.
The unique chemical properties in WBG materials provide
variable choices for niche bioapplications. As such, the fast
biodegrading rate in ZnO is highly eﬀective for bioresorbable
devices, eliminating the need for additional surgery to remove
devices after use. On the other hand, SiC and GaN, with their
chemical inertness, are excellent candidates for long-term
implanted electronics that can maintain proper functions for
several decades in situ. The advancement in micromachining
technologies has leveraged soft WBG electronics development
1975
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with several types of architectures, including nanowires and
nanomembranes. These architectures, combined with the soft
substrate’s intrinsic properties, oﬀer an excellent mechanical
matching between WBG electronics and soft biological tissue.
A number of wearable devices based on WBG materials have
been introduced to the market, including the dosimeters that
use AlGaN/GaN as the UVB sensing element. However,
despite their signiﬁcant advancement, the commercialization
pathway of WBG semiconductors are still in their infancy
compared to organic materials and silicon. To bring ﬂexible
WBG electronics closer to ubiquitous commercialization, there
is a need to improve the material synthesis process and device
fabrication technologies for WBG semiconductors to reduce
their cost and scale-up mass production. The integration of
multifunctional components (e.g., UV, strain, heartbeat) onto a
single chip to monitor diﬀerent biophysiological signals and
reduce device footprint are also important research directions.
The technology to combine WBG sensors with wireless
modules (either battery-free or built-in energy harvesting
components) and a user-friendly interface is of signiﬁcant
interest for simpler data transmission, interpretation, and
acquisition. Furthermore, while physical sensors have demonstrated considerable progress, the development for chemical
sensors has fallen behind because of the challenges in
selectivity, and the complexity of onsite sample collection
and analysis. Considering the importance of chemical sensing,
particularly for sweat and breath sensing, integration of WBG
devices with stretchable microﬂuidics platform for multiplexed
and selective chemical sensing is expected to be a highly active
research topic in the coming years.
WBG materials are promising for bioimplanted applications.
However, compared with wearable applications, the studies on
implantable electronics using these materials is still at an early
stage of research. The safety, reliability, and approach for
obtaining signals either through wireless or wired methods are
imperative issues that need to be addressed. In addition, while
the biocompatibility of these materials has been explored, using
both in vitro and in vivo models, there is limited understanding
of the eﬃciency of ﬂexible WBG material for the implanted
applications. Therefore, further studies are required to
elucidate the eﬀectiveness of ﬂexible implantable electronics
using WBG materials for physiological recording and
stimulating applications. The feasibility of integrating soft
WBG electronic component into microﬂuidic platforms that
can well mimic living organs’ properties (e.g., deform, stretch,
and diﬀusion/exchange of biomolecular), such organs on-chip
could be a simple and cost-eﬀective approach for the
evaluation of ﬂexible WBG devices for biosensing.
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Sachsenhauser, M.; Adigüzel, D.; Stutzmann, M.; Sharp, I. D.;
Thalhammer, S. In vitro bio-functionality of gallium nitride sensors
for radiation biophysics. Biochem. Biophys. Res. Commun. 2012, 424
(2), 348−353.
(53) Salomon, S.; Eymery, J.; Pauliac-Vaujour, E. GaN wire-based
Langmuir−Blodgett films for self-powered flexible strain sensors.
Nanotechnology 2014, 25 (37), 375502.
(54) Ahn, J.-H.; Kim, H.-S.; Lee, K. J.; Jeon, S.; Kang, S. J.; Sun, Y.;
Nuzzo, R. G.; Rogers, J. A. Heterogeneous three-dimensional
electronics by use of printed semiconductor nanomaterials. Science
2006, 314 (5806), 1754−1757.
(55) Heo, S. Y.; Kim, J.; Gutruf, P.; Banks, A.; Wei, P.; Pielak, R.;
Balooch, G.; Shi, Y.; Araki, H.; Rollo, D.; et al. Wireless, battery-free,
flexible, miniaturized dosimeters monitor exposure to solar radiation
and to light for phototherapy. Sci. Transl. Med. 2018, 10 (470),
No. eaau1643.
(56) Johar, M. A.; Kang, J.-H.; Hassan, M. A.; Ryu, S.-W. A scalable,
flexible and transparent GaN based heterojunction piezoelectric
nanogenerator for bending, air-flow and vibration energy harvesting.
Appl. Energy 2018, 222, 781−789.
(57) Mishra, U. K.; Parikh, P.; Wu, Y.-F. AlGaN/GaN HEMTs-an
overview of device operation and applications. Proc. IEEE 2002, 90
(6), 1022−1031.
(58) Mhedhbi, S.; Lesecq, M.; Altuntas, P.; Defrance, N.; Okada, E.;
Cordier, Y.; Damilano, B.; Tabares-Jiménez, G.; Ebongué, A.; Hoel, V.
First power performance demonstration of flexible AlGaN/GaN high
electron mobility transistor. IEEE Electron Device Lett. 2016, 37 (5),
553−555.
(59) Kim, T.-i.; McCall, J. G.; Jung, Y. H.; Huang, X.; Siuda, E. R.;
Li, Y.; Song, J.; Song, Y. M.; Pao, H. A.; Kim, R.-H.; et al. Injectable,
cellular-scale optoelectronics with applications for wireless optogenetics. Science 2013, 340 (6129), 211−216.
(60) Phan, H.-P.; Nguyen, T.-K.; Dinh, T.; Qamar, A.; Iacopi, A.;
Lu, J.; Dao, D. V.; Rais-Zadeh, M.; Nguyen, N.-T. Wireless batteryfree SiC sensors operating in harsh environments using resonant
inductive coupling. IEEE Electron Device Lett. 2019, 40 (4), 609−612.
(61) Nguyen, T.-K.; Phan, H.-P.; Dinh, T.; Foisal, A. R. M.; Nguyen,
N.-T.; Dao, D. V. High-temperature tolerance of the piezoresistive
effect in p-4H-SiC for harsh environment sensing. J. Mater. Chem. C
2018, 6 (32), 8613−8617.
(62) Phan, H.-P.; Tanner, P.; Dao, D. V.; Wang, L.; Nguyen, N.-T.;
Zhu, Y.; Dimitrijev, S. Piezoresistive effect of p-type single crystalline
3C-SiC thin film. IEEE Electron Device Lett. 2014, 35 (3), 399−401.
(63) Phan, H.-P.; Dinh, T.; Kozeki, T.; Qamar, A.; Namazu, T.;
Dimitrijev, S.; Nguyen, N.-T.; Dao, D. V. Piezoresistive effect in ptype 3C-SiC at high temperatures characterized using Joule heating.
Sci. Rep. 2016, 6, 28499.
(64) Phan, H.-P.; Masud, M. K.; Vadivelu, R. K.; Dinh, T.; Nguyen,
T.-K.; Ngo, K.; Dao, D. V.; Shiddiky, M. J.; Hossain, M. S. A.;
Yamauchi, Y.; et al. Transparent crystalline cubic SiC-on-glass
electrodes enable simultaneous electrochemistry and optical microscopy. Chem. Commun. 2019, 55 (55), 7978−7981.

Review

(65) Coletti, C.; Jaroszeski, M.; Pallaoro, A.; Hoﬀ, A.; Iannotta, S.;
Saddow, S. Biocompatibility and wettability of crystalline SiC and Si
surfaces. 2007 29th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, Lyon, France, Aug. 22−26,
2007; pp 5849−5852, DOI: 10.1109/IEMBS.2007.4353678.
(66) Wang, H.; Xie, Z.; Yang, W.; Fang, J.; An, L. Morphology
control in the vapor− liquid− solid growth of SiC nanowires. Cryst.
Growth Des. 2008, 8 (11), 3893−3896.
(67) Phan, H.-P.; Dinh, T.; Kozeki, T.; Nguyen, T.-K.; Qamar, A.;
Namazu, T.; Nguyen, N.-T.; Dao, D. V. The piezoresistive effect in
top−down fabricated p-type 3C-SiC nanowires. IEEE Electron Device
Lett. 2016, 37 (8), 1029−1032.
(68) Afroz, S.; Thomas, S. W.; Mumcu, G.; Saddow, S. Implantable
SiC based RF antenna biosensor for continuous glucose monitoring.
SENSORS, 2013 IEEE, Baltimore, Maryland, Nov. 3−6, 2013; pp 1−
4, DOI: 10.1109/ICSENS.2013.6688379.
(69) Qin, Y.; Wang, X.; Wang, Z. L. Microfibre−nanowire hybrid
structure for energy scavenging. Nature 2008, 451 (7180), 809−813.
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