REVIEW

en Acce:

www.advintellsyst.com

Active Matrix Flexible Sensory Systems: Materials, Design,

Fabrication, and Integration

Bin Bao, Dmitriy D. Karnaushenko, Oliver G. Schmidt,* Yanlin Song,*

and Daniil Karnaushenko*

A variety of modern applications including soft robotics, prosthetics, and health
monitoring devices that cover electronic skins (e-skins), wearables as well as
implants have been developed within the last two decades to bridge the gap
between artificial and biological systems. During this development, high-density
integration of various sensing modalities into flexible electronic devices becomes
vitally important to improve the perception and interaction of the human bodies
and robotic appliances with external environment. As a key component in flexible
electronics, the flexible thin-film transistors (TFTs) have seen significant
advances, allowing for building flexible active matrices. The flexible active
matrices have been integrated with distributed arrays of sensing elements,
enabling the detection of signals over a large area. The integration of sensors
within pixels of flexible active matrices has brought the application scenarios to a
higher level of sophistication with many advanced functionalities. Herein, recent
progress in the active matrix flexible sensory systems is reviewed. The materials
used to construct the semiconductor channels, the dielectric layers, and the
flexible substrates for the active matrices are summarized. The pixel designs and
fabrication strategies for the active matrix flexible sensory systems are briefly
discussed. The applications of the flexible sensory systems are exemplified by
reviewing pressure sensors, temperature sensors, photodetectors, magnetic
sensors, and biosignal sensors. At the end, the recent development is sum-
marized and the vision on the further advances of flexible active matrix sensory
systems is provided.

1. Introduction

In recent years, flexible sensors have
become one of the key research topics
among the flexible electronics.'™’!
Flexible sensors are lightweight, bendable,
and conformable to uneven surfaces such
as the human bodies and the robotic surfa-
ces, opening a new path for the next gener-
ation of artificial electronic skins (e-skins).
E-skins integrated with various sensor
networks have provided a soft platform
for the development of human machine
interfaces, robotics, and prosthetics.[*%
Human-friendly wearable and implantable
sensors can be seamlessly integrated into
the body to monitor vital sign signals,
enabling a better healthcare management
for the patients with chronic diseases. As
one of the enabling technologies for the
“Internet of Things (IoT),” the flexible sen-
sors can be distributed on the target surfa-
ces to detect external stimuli and remotely
provide information through the network
of interconnections. Among these flexible
sensors, devices with single sensing
elements have been intensively studied.
However, to collect signals over a large
area, sensor arrays with many distributed
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pixels are desired. The sensor arrays add new dimensions to the
measurement, enabling spatiotemporal mapping of the detected
signals.l”) Large quantities of data collected by the sensor arrays
could be analyzed with the help of artificial intelligence (AI),
allowing to gather valuable information for the feedback control
of robotics as well as the health monitoring and diagnostics of
patients.®!

By increasing the number of pixels, direct addressing of
individual sensors within the flexible systems becomes much
more difficult due to the dramatic increase in the number of
interconnects. This, as a consequence, influences the mechanical
flexibility of the system. Therefore, a proper addressing approach
is crucial for the integration of large-area flexible sensor arrays
with high pixel density. So far, two addressing technologies,
namely, the passive matrix addressing and the active matrix
addressing, are widely used for displays which have also been
explored for sensory systems.'>'! The passive way of addressing
is simple from the design and fabrication points of view, but suf-
fers from large crosstalk, slow rate, and high power consump-
tion.™) In contrast, the active way of addressing relies on
integrated switching elements such as thin-film transistors
(TFTs) within each pixel of the active matrix, which effectively
lowers signal crosstalk, improves response time, and reduces
power consumption.’” With the active matrix addressing
approach, the individual pixels within the flexible sensory system
can be selected exclusively for signal readout while the others are
deactivated. Moreover, the active matrix backplane provides an
ideal platform for the heterogeneous integration of different
sensing elements with high pixel density, equipping the flexible
electronics such as the e-skins with multifunctional sensing
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modalities which could have augmented capabilities compared
to their nature counterparts (Figure 1).

Flexible TFT technologies lie at the heart of flexible electron-
ics.”! During the last two decades, the fast development of
flexible TFT technologies has enabled the realization of various
active matrix flexible sensors.****] TFTs based on different mate-
rial combinations have been integrated to address the pixels in
the flexible sensory systems, bringing the flexible sensors to a
high level of sophistication with many advanced functionalities.
Meanwhile, it puts extremely high demands in the performance
of the component TFTs when they are integrated into the active
matrix flexible sensory systems. For example, to decrease the
signal crosstalk between adjacent pixels, the on/off ratio of the
TFTs should be as high as possible, which means the TFTs
should keep a high on current while keeping an extremely
low off current. The large on/off ratio can also lower the power
consumption of the sensors. For a fast readout of the detection
signals, the mobility of the TFTs should be high enough. To
achieve a stable operation of the active matrix sensory system,
the variations of the electrical performance for the TFTs should
be small. Among these variations, the shift of the threshold volt-
age (Vi) is one of the main focuses. For a specific application of
the active matrix sensory systems, the electrical performance of
the component TFTs should be orthogonal to the influence
of the detecting physical parameters. For example, the TFTs
in the active matrix temperature sensors should be stable within
the operating temperature range. Figure 2 summarizes a brief
timeline to show some key examples of the active matrix flexible
systems. Since the first report on large-area plastic active matrix
backplane circuit in 2001, the active matrix sensors have
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Figure 1. Heterogeneous integration of flexible sensors on the active matrix platform for the e-skin applications. Various sensors can be heterogeneously
integrated with the active matrix driving circuit to create a flexible sensory system, equipping the e-skins with multifunctional sensing modalities.
Reproduced with permission.l"® Copyright 2013, Macmillan Publishers Ltd., Reproduced with permission."®) Copyright 2000, McGraw-Hill Companies.
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Figure 2. A brief timeline showing some key examples of the active matrix flexible sensory systems. Adapted with permission: “Plastic active matrix
circuit.”"® Copyright 2001, National Academy of Sciences. “Flexible active matrix pressure sensor.”®? Copyright 2004, National Academy of Sciences.
“Ultrasonic imaging system.”('8 Copyright 2008, IEEE. “NW integrated image sensor array.”®* Copyright 2008, National Academy of Sciences.
“Rubberlike stretchable active matrix.”!'® Copyright 2008, American Association for the Advancement of Science. “Ultraflexible integrated circuits.”"”!
Copyright 2010, Macmillan Publishers Ltd. “Bio-interfaced silicon electronics.”™" Copyright 2010, American Association for the Advancement of Science.
“Imperceptible plastic electronics.”["® Copyright 2013, Macmillan Publishers Ltd. “OECT based biosensor.”?” Copyright 2013, Macmillan Publishers Ltd.
“Fully printed SWCNT TFT active matrix.”% Copyright 2013, American Chemical Society. “User-interactive e-skin.”® Copyright 2013, Macmillan
Publishers Ltd. “Graphene based pressure sensor.”®”! Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA. “Fully printed OTFT active matrix.”®"
Copyright 2014, Macmillan Publishers Ltd. “Ultra-flexible organic amplifier array.” Reproduced under the terms of the CC BY license.”"! Copyright 2017,
The Authors. Springer Nature. “Bioresorbable neural electrode array.”t? Copyright 2016, Macmillan Publishers Ltd. “Low-power temperature sensor
array.”['? Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. “Air-dielectric graphene pressure sensor.”®®) Reproduced under the terms of the CC BY
license.®® Copyright 2017, The Authors. Springer Nature. “Long-term implantable sensor array.”*® Copyright 2017, Macmillan Publishers Ltd.
“Intrinsically stretchable matrix.”® Copyright 2018, Macmillan Publishers Ltd., part of Springer Nature. “Full-color photodetector.”'** Reproduced
with permission.'?? Copyright 2019. Science Advances. “All MoS, based tactile sensor.”l'% Copyright 2019, American Chemical Society. “LTPS
TFT based conformable imager.”®!! Copyright 2020, Springer Nature Ltd. “Imperceptible magnetic sensor array.”?”} Copyright 2020, The Authors.
Published by AAAS.

sensing elements such as piezoresistors,'® thermistors,*? mag-
netoresistors,””*) photodiodes,** light-emitting diodes (LEDs),**!

imperceptible,[*®
[21]

become  ultraflexible,”! stretchable,!"”)
implantable,®” and large-area printable?®! with low power

consumption and functionalities ranging from pressure sensing,
temperature mapping, and photodetection, to magnetic field
mapping and biosignal monitoring.

In Figure 3, we present a vision on how the active matrix
flexible sensory systems should be organized. In these systems,
the active matrix backplanes are essential components to reliably
drive individual sensors and readout the signals. The backplanes
consist of several key building blocks, where each of the blocks
was optimized to realize integrated active matrices with excellent
electrical and mechanical performance. We envision that such
active matrix sensory systems should integrate heterogeneous
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and electrical field sensors'**! within individual pixels, providing
multifunctional sensing modalities. So far, most of the reported
active matrix flexible sensory systems can only perceive one kind
of stimulus. For example, pressure sensors, temperature sen-
sors, photodetectors, magnetic sensors, and biosignal sensors
have been reported by incorporating the corresponding sensing
elements into the active matrices. To generate multiperceptional
sensory systems, more than one of these sensing modalities
should be heterogeneously integrated into the same active matri-
ces in the future. The flexible sensory systems are interfaced to
the external circuits through flexible flat cable (FFC) connections

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 3. Vision of the active matrix flexible sensory systems. Different sensing elements such as piezoresistors, thermistors, magnetoresistors, photo-
diodes, LEDs, and electrical field sensors can be heterogeneously integrated into the pixels of the active matrix, creating a sensory system with multi-
functional sensing modalities. Typical active matrix flexible sensors include pressure sensors, temperature sensors, photodetectors, magnetic sensors,
and biosignal sensors. The flexible sensory systems are interfaced to the external circuits through FFC connections. Column and row drivers such as shift
registers and output amplifiers can also be on-chip integrated to decrease the number of interconnects. Adapted with permission: “Pressure sensor.”['®!
Copyright 2013, Macmillan Publishers Ltd. “Temperature sensor.”?? Copyright 2015, The Authors. Published under the PNAS license. “Magnetic sen-
sor.”,2l Copyright, The Authors. Published by Springer Nature. “Biosignal sensor.”?® Copyright 2017, Macmillan Publishers Ltd., part of Springer
Nature. “Bonded FFC cable.”['®” Copyright 2020, The Authors. Published by National Academy of Sciences. “Output amplifier.”?”) Copyright 2020,
The Authors. Published by AAAS. “Full-color LED.”*®! Reproduced with permission.”! Copyright 2020, AAAS. “Photo imager.”®* Copyright 2020,

Springer Nature Ltd. “Shift register,” “External electronics”: images courtesy of Daniil Karnaushenko.

for power supply, clocking as well as data acquisition and proc-
essing. To further improve the flexibility of the sensory systems,
column and row drivers such as shift registers and output ampli-
fiers could be integrated onto the flexible platform.”*”) By integrat-
ing the decoders and shift registers, the number of the final
interconnects with the external circuits can be effectively reduced
which can further enhance the mechanical flexibility of the sys-
tem and improve the design freedom in the final applications.

To realize the active matrix flexible sensory systems, various
functional materials have been integrated by different fabrication
strategies such as conventional photolithography,?® shadow
mask-assisted  deposition,*  and  large-area  printing
technologies.****) Meanwhile, specific material integration
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and device fabrication strategies have to be adopted depending
on the material properties and the application requirements.
Herein, we present a review of the recent progress in the area
of active matrix flexible sensory systems with a focus on materi-
als, designs, fabrication strategies, and applications. We will first
discuss materials used for the flexible active matrix backplanes,
with an emphasis on the semiconductor channel materials,
dielectric materials, and flexible substrates. Then, we briefly
discuss the pixel circuit designs. The fabrication strategies for
the active matrix flexible sensory systems are also described.
Finally, the applications of the sensory systems will be reviewed
by taking pressure sensors, temperature sensors, photodetectors,
magnetic sensors, and biosignal sensors as examples. At the end
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of the review, we summarize the recent development and provide
an outlook on how the active matrix flexible sensory systems can
be advanced further.

2. Materials for the Active Matrix Flexible Sensory
Systems

Different from their rigid counterparts, the active matrix flexible
sensory systems are constructed by a combination of materials
which are soft, flexible, bendable, and even stretchable.
Normally the flexible sensors are fabricated beginning with a
rigid handling substrate, onto which the flexible substrate is
attached. After the fabrication, the devices are released and
rendered the form factor of flexibility.?*® Typical materials
to construct the TFT elements include the gate, source, and drain
conducting contacts, the gate dielectric materials and the
semiconductor channel materials.?”! The most frequently used
conductor materials for the active matrix backplanes are still
metal thin films, although there are already a lot of reports on
other flexible conductors such as graphene, metal oxides, silver
nanowires, and carbon nanotubes (CNTs).*® The sensing
element materials are diverse, depending on the specific sensing
functions as required. Therefore, in this section we focus on the
semiconductor channel materials, gate dielectrics, and flexible
substrate materials for the active matrix backplanes.

2.1. Semiconductor Channel Materials

Semiconductor channel materials play a crucial role in determin-
ing the electrical performance of the active matrices, such as the
mobility and the on/off ratio which are the most important
parameters for the TFT operation.***%! With high mobility the
TFTs can be operated with high frequency, enabling high-speed
signal readout for the sensors. Larger on/off ratio will lead to less
possibility of signal crosstalk and lower power consumption.
Therefore, TFTs with large mobility and high on/off ratio are
ideal components for the active matrix backplanes. However,
for real applications other factors such as the material compati-
bility, available fabrication facilities and prices have also to be
considered. As a result, various semiconductors have been
reported as the channel materials for the active matrix backplanes
in flexible sensors, as listed in Table 1.

2.1.1. Silicon-Based Semiconductors

Silicon-based semiconductors, including monocrystalline,[26'4147]
low-temperature ~ polycrystalline,”**¥)  and  amorphous!*=>*
silicon, have been used as the channel materials in the active
matrix flexible sensory systems. The monocrystalline silicon
(m-Si) has a mobility as high as 1000 cm?V~'s71.5% However,
the rigid form factor prohibits its applications in flexible electron-
ics. To overcome this limitation, transfer printing of m-Si nano-
membranes has been proposed.®® The doped m-Si ribbons are
first fabricated on silicon wafer and then transfer-printed to plastic
substrates. The high quality of the m-Si ensures the fast operation
of the obtained TFT active matrices.!**! Although m-Si shows great
potential in high-end flexible sensors, the expensive doping and
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fabrication processes limit its broad applications in consumer
electronics. Recently, low-temperature polycrystalline silicon
(p-Si) and amorphous silicon (a-Si:H) have also been reported
as channel materials for driving flexible sensors such as conform-
able imagers and pressure sensors.***? The application of a-Si:H
in flexible sensors would decrease the production price at a cost of
relatively low mobility. a-Si:H TFTs have a typical mobility of
~1cm®V's™!, which is sufficient for the driving of normal
consumer electronics.’”!

2.1.2. Organic Semiconductors

Organic thin-film transistors (OTFTs) are considered as promis-
ing components for the next-generation electronic devices,**-"!
and organic semiconductors have been extensively reported as
channel materials to construct organic active matrices for flexible
sensors.®” The organic semiconductors can be deposited at low
temperature which is compatible to plastic substrates. Their
solution processable property enables low-cost large-area
fabrication.®® Their intrinsic flexibility offers the possibility to
realize ultraflexible and foldable active matrix backplanes, which
are essential for the imperceptible sensors.™® So far, two small
molecular organic semiconductors, namely, pentacene!®*®! and
dinaphtho[2,3-b:2/,3/f]thieno[3,2-b]thiophene ~ (DNTT),['82%6¢]
are mostly explored as the channel materials for OTFT active
matrix flexible sensors. The reported organic active matrix flexi-
ble sensors include pressure sensors,'**~*® image scanners,**”%
temperature sensors,'>??l magnetic sensors!”’! and biosignal
sensors,?®”*7* to name a few. One disadvantage of the
organic semiconductors is that they are sensitive to air,
moisture, and common solvents used during photolithographic
process.””) Therefore, special fabrication strategies that are
compatible with these materials should be considered, and
proper encapsulation needs to be adopted to increase their
long-term stability.”®!

Conjugated polymers such as polypyrrole (PPy), polythio-
phene (PTh), and polyaniline (PAn) have been widely used in
electronic devices due to their intrinsic electron conductivity.””!
Meanwhile, these materials can change their conductivity
significantly through ionic doping. Therefore, they can be used
as channel materials to construct organic electrochemical
transistors ~ (OECTs).”®)  Conducting  polymer  poly(3,4-
ethylenedioxythiophene)—polystyrene sulfonate (PEDOT:PSS)
has been used as channel material in OECTs and the obtained
PEDOT:PSS OECT active matrix multielectrode arrays are used
to spatially map the weak electrophysiological signals in vivo with
substantial amplification.””!

The organic semiconductors can be designed with intrinsically
stretchable property due to their versatility in molecular modifi-
cation. OTFT active matrix flexible sensors with intrinsically
stretchable semiconductor channels have been demonstrated
by a few groups.®®¥ Although the intrinsically stretchable
TFTs are still in their infancy, and standard protocols for material
synthesis and device fabrication need to be developed, sensor
devices based on intrinsically stretchable semiconductors have
already demonstrated superiority in integration density and
mechanical robustness over their geometric design counterparts
with rigid materials.®’!

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Table 1. Typical semiconductor materials for active matrix flexible sensory systems.

Semiconductor type Channel material Mobility On/off ratio Patterning method Sensor type Reference
(cmZV’1 571)
Silicon-based materials m-Si ~490 ~10° Transfer printing and Biosignal sensors [26,41-44]
~350 >10° photolithography
~400 ~10°
~800 ~10
~600 ~107
m-Si 661 >10° Transfer printing and photolithography Tactile sensor [45]
m-Si ~470 4x10° Transfer printing and photolithography Pressure sensor [46]
p-Si 40 107 Photolithography Conformable imager [24]
a-SitH - - Deposition with inkjet-printed masks Imager array [49,50]
a-SitH ~0.5 >107 Photolithography Pressure and [51,52]
temperature sensor
Organic materials Pentacene 1-1.4 10°-10° Shadow mask Pressure sensors [29,64]
Pentacene 0.7 10*-10° Shadow mask Image scanner [69]
Pentacene 0.7 >10° Inkjet printing Pressure sensor [67]
Pentacene ~0.5 107 Inkjet printing Ultrasonic sensor [188]
Pentacene 0.5 >10* Shadow mask Pressure sensor [17]
Pentacene 0.2 >10° Photolithography X-Ray imager [115]
DNTT 1.7 >107 Shadow mask Pressure sensor [18,66,135]
DNTT 2.2 >108 Shadow mask Temperature sensor [22]
DNTT 0.24 10° Shadow mask Biosignal sensors [71,72]
DNTT 0.5 10*-10° Shadow mask and screen printing Temperature sensor [12]
DNTT 0.7+0.2 5%x10° Shadow mask and screen printing Pyroelectric sensor [162]
DNTT 0.253 +£0.012 ~107 Shadow mask Magnetic sensor [27]
PEDOT:PSS - - Screen and inkjet printing Temperature and [189]
pressure sensor
PEDOT:PSS - - Photolithography Biosignal sensors [73,74]
P3HT nanofibrils 7.45 4.1 x10* Spin coating through shadow mask Tactile sensor [81]
Inorganic oxides IGZO 10-15 ~107 Photolithography X-Ray detector [124,170]
IGZO ~12 - Photolithography and printing Photodetector [160]
IGZO 10.75-22.01 - Photolithography Photodetector [190]
IGZO 20 107 Photolithography Piezoelectric sensor [197]
IGZO 144+ 4.6 >10° Photolithography Optical image sensor n
IGZO 12.51+£1.32 1.1 % 108 Photolithography Magnetic sensor [23]
Nanotubes and nanowires SWCNT 18-27 ~10* Photolithography Pressure sensor [89,112]
SWCNT ~20 ~10° Photolithography X-Ray imager [91]
SWCNT 0.8+0.3 ~10* Gravure printing Tactile sensor [21]
SWCNT 0.015-0.027 ~10° Roll-to-roll printing Tactile sensor [32]
SWCNT 17.6 >10° Photolithography Pressure sensor [90]
Ge/Si NW 30-120 - Transfer printing and photolithography Imager sensor [94]
Ge/Si NW ~20 - Transfer printing and photolithograph Pressure sensor [95]
2D materials Graphene 477 (p-type), 166 (n-type) - Photolithography Pressure sensor [97]
Graphene 498 (p-type), 178 (n-type) 10 Photolithography Strain sensor [99]
Graphene 212 (p-type), - Photolithography Pressure sensor [98]
96 (n-type)
MoS, ~40 ~10° Photolithography Humidity sensor [107]
MoS, ~16.24+1.3 ~10° Photolithography Tactile sensor [100]
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2.1.3. Inorganic Oxide Semiconductors

Since the first report on the amorphous indium-gallium-zinc
oxide (a-IGZO) TFTs with considerable mobility in 2004, signifi-
cant attention has been paid to amorphous oxide TFTs.3>#*#!
The amorphous oxide semiconductors exhibit mobilities similar
to their crystalline counterparts due to the large overlapping of
the isotropically spread metal s-orbitals.® a-IGZO is a competi-
tive candidate as the channel material for active matrix flexible
sensors owing to its high mobility, good uniformity, and low
processing temperature.*”) Moreover, a-IGZO is compatible with
the conventional photolithographic process which enables an
easy sensor manufacturing workflow.®® It needs to point out that
the a-IGZO TFTs are sensitive to oxygen and moisture during
operation; therefore, a proper passivation layer is necessary to
increase the device stability.®”! Although a-IGZO is the only
reported oxide semiconductor for the active matrix flexible sen-
sors so far, other inorganic oxides including some binary and
ternary metal oxide semiconductors would also have potential
in sensor applications. Moreover, the recently reported solution
processable fabrication routes of these oxide TFTs will eliminate
the necessity of expensive vacuum facilities, thus enabling
large-area fabrication of flexible sensor arrays with low price.’®!

2.1.4. Nanotubes and Nanowires

Semiconductor-enriched — single-walled carbon nanotubes
(SWCNTs) have been extensively reported as a high-performance
channel material for TFTs due to their high carrier mobility, low
operation voltage, and solution processability.®®l Moreover, the
small diameters of the nanotubes make their randomly distrib-
uted networks mechanically flexible and stretchable. Large-area
fully printed flexible SWCNT TFT active matrix backplanes have
been reported.***? The obtained backplanes are used for driving
pressure sensors®*#>°% and X-Ray imagers.”" One of the key
challenges for the scalable fabrication of high-performance
SWCNT TFT active matrices for flexible sensors is the sorting
of the SWCNTs. Batch-produced CNTs contain a mixture of
semiconducting and metallic SWCNTs. Therefore, sorting of
the SWCNTs is critical to decrease the off current of the
SWCNT TFTs.”” Density gradient ultracentrifugation technique
has been used to produce highly semiconductor-enriched (99%)
SWCNTs.”?! For large-area fabrication of high-performance
devices, more efficient sorting techniques to achieve higher
degree of purity are desired in the future.

In addition to CNTs, other 1D nanomaterials such as Ge/Si
core/shell nanowires have been used to construct nanowire
TFT active matrices for pressure and image sensors.[**%%!
The Ge/Si nanowire TFTs exhibit a field-effect mobility of
20cm*V~'s™! with a low operation voltage of less than 5V.
Due to the inherent flexibility of the nanowires, the obtained
sensors show excellent mechanical robustness and reliability.

2.1.5. 2D Materials

2D materials, which consist of just a single layer of atoms, are
finding a growing number of applications in flexible and confor-
mal electronics because of their unique properties such as
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exceptional electronic performance, large surface to volume ratio,
and high mechanical compliance.”® So far, graphene?®’ % and
monolayer molybdenum disulfide (MoS,)"%***! are two kinds of
reported 2D materials used for active matrix flexible sensory sys-
tems. Although graphene has excellent electron and hole mobi-
lities, the graphene TFTs cannot be totally switched off due to the
lack of a bandgap, and the on/off ratios of graphene TFTs are
generally small.'” Therefore, graphene TFTs are more often
integrated in the flexible sensors with specially designed device
architectures. Monolayer MoS, is a direct bandgap semiconduc-
tor with large electron mobility.'*¥ Since the first report
on monolayer MoS, TFT with a mobility of at least
200 cm®V~'s™!, MoS, TFT active matrix backplanes have been
rising as a promising driving technology for flexible displays and
sensors. 2100101104 Eyp example, all MoS,-based large-area,
skin attachable active matrix tactile sensor has been reported,
where the MoS, functions as a semiconductor channel and a
resistive pressure gauge.'” Highly sensitive MoS, humidity
sensor array has been fabricated by taking advantage of
its high response to the surface-adsorbed water molecules.!"*"]
So far, chemical vapor deposition (CVD) dominates the
fabrication methods for wafer-scale high-quality MoS,. The wide
application of MoS, TFT active matrices in flexible sensors is
highly dependent on the CVD growth of uniform monolayer
MoS,; in large area with affordable price. Besides, the 2D materi-
als are normally grown on specific substrates.!"® Transferring
the 2D materials to target flexible substrates with good quality
and high yield is crucial to realize the 2D material-based
electronic devices.['®!

2.2. Gate Dielectric Materials

Flexible gate dielectric materials with excellent insulating and
capacitive properties are another critical component for flexible
TFTs. Various gate dielectric materials including inorganic,
organic, organic/inorganic hybrid, ionic, and air-based
dielectrics have been explored in the active matrix flexible
sensory systems, as listed in Table 2. Several requirements for
the gate dielectrics should be fulfilled to achieve high-
performance active matrix backplanes for the flexible sensors.
First, the power consumption, which is highly dependent on
the dielectric layers, should be as low as possible because the flex-
ible and wearable electronics are normally powered by portable
batteries whose lifetime is still one of the obstacles limiting the
long-term operation of these devices."? To address this problem,
high-x (k>3.9) dielectrics have been developed."®” The
implementation of high-k dielectrics allows to further miniatur-
ize the TFT size and decrease the operation voltage while keeping
the leakage current low. Second, the dielectric materials should
be electronically clean and possess a good interface with the
semiconductor channel materials. The defect-free dielectric layer
will eliminate the hysteresis behaviors of the TFTs while the
clean interface will promote fast charge transport.'?®1%°
Third, the gate dielectric materials should withstand substantial
mechanical strain when the sensors are bent or folded.
Currently, the dielectric failure is one of the most frequently
reported failure modes for flexible TFTs.’”) Therefore, special
attention should be paid to their mechanical compliance when
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Table 2. Typical gate dielectric materials for active matrix flexible sensory systems.

Dielectric type Dielectric material Thickness [nm] Operation Deposition method Sensor type Reference
voltage [V]
Inorganic dielectrics SiO, 100 5 PECVD Biosignal sensor [41-43]
Sio, 160 5 PECVD X-Ray detector [170]
SiO, 70 10 PECVD Conformable imager [24]
SiN, 290 15 PECVD Pressure and [52]
temperature sensor
SiN, 200 20 PECVD X-Ray detector [124]
Al,O, 50 5 ALD Pressure sensor [95]
Al,O4 60 30 ALD Humidity sensor [101]
Al,O4 50 10 ALD Photodetector [129]
Al,O3 50 10 ALD Tactile sensor [100]
HfO, 8-9 3 ALD Image sensor [94]
Al,O3/HfO, 40/20 3 ALD Pressure sensor [90]
Al,O3/SiO, 50/10 3 ALD Optical imager i
(HfO,/Al,03)3/HfO, 2.5/ 33 ALD Magnetic sensor [23]
23) x3+25
SiO,/Al,03/SiO, 10/20/15 ALD and e-beam deposition Pressure sensor [89,112]
0/60/10 10
SiO,/Al,03/SiO, 10/70/10 5 ALD and e-beam deposition X-Ray imager [91]
SiO,/Al,05 100/15 3 Thermal growth and ALD Biosignal sensors [26,44]
50/13 5
Organic dielectrics Pl 500 20 Spin coating Pressure sensor [64]
Pl 750 20 Spin coating Pressure and temperature [29]
sensor
Pl 630 80 Spin coating Sheet image scanner [69]
Pl 1000 40 Inkjet printing Pressure sensor [67]
Pl 500 100-130 Inkjet printing or spin coating Ultrasonic imager [188]
SU-8 350 20 Photopatterning X-Ray imager [115]
Parylene 200 10 CvD Pressure sensor [66]
Hybrid dielectrics AlO,/SAM 4/2 2-3 Plasma oxidation and self-assembly Pressure sensors [17,65,135]
AlO,/SAM 4/2 2 Plasma oxidation and self-assembly Biosignal sensor [71]
AlO,/SAM 19/2 3 Anodization and self-assembly Pressure sensor [18]
AlO,/SAM -2 3 Anodization and self-assembly Temperature sensors [12,22]
36/2 4
AlO,/SAM 20/2 5 Anodization and self-assembly Biosignal sensor [72]
Al,O5/Parylene -/45 4 Plasma oxidation and CVD Magnetic sensor [27]
BaTiO; and PMMA ~3000 10 Gravure printing Tactile sensor [21]
lonic dielectrics PEGDA and [EMIM][TFSI] - 2 Photopatterning Tactile sensors [97,99]
1
PVDF-HFP and [EMI][TFSA] ~150 000 3 Lamination Pressure sensor [81]
Ringer’s solution or body fluid - 0.5 - Biosignal sensor [20]
PBS solution or body fluid - 0.5 - Biosignal sensors [73.74]
0.4
Air dielectrics Air 27 800 25 - Pressure sensor [98]
Air 21000 15 - Pressure sensor [46]

designing dielectric layers for the flexible sensory systems. Last
but not least, the deposition and patterning of the gate dielectrics
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should be compatible with the overall manufacturing workflow of
the active matrix flexible sensors.
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2.2.1. Inorganic Dielectrics

Silicon dioxide (SiO,, k = 3.9) and silicon nitride (Si3Ny, k =6.2)
are two typical inorganic dielectric materials intensively used in
microelectronics for decades.'” These two dielectric materials
can be employed in flexible electronics because of their facile fab-
rication through plasma-enhanced chemical vapor deposition
(PECVD). SiO, and Si3;N, dielectric layers have been used in
active matrix pressure sensors,[45 52 photodete.:’[01's,[24‘5 3:54)
and biosignal sensors,!**~**! to name a few. However, due to their
small k values, relatively thick dielectric layers are necessary to
meet the gate leakage limitation, which would make the TFTs
brittle. In addition, a relatively high voltage is generally needed
to drive these sensors.

During last decade, high-x dielectric materials such as alumi-
num oxide (Al,03, k =9.0) and hafnium oxide (HfO,, x = 20-25)
have been introduced to flexible TFTs to improve their electrical
and mechanical performances.'””) Atomic layer deposition
(ALD) has been applied for the fabrication of high-quality
ALO; and HfO, films.®® The thickness of the AL,O; and
HfO, dielectric layers can be precisely controlled through the
ALD process, and the dielectric quality is highly improved thanks
to the layer-by-layer deposited dense films. The advantages of
using high-x dielectrics are twofold. First, the operation voltage
can be dramatically decreased by using thinner dielectric layer.
With the implementation of 8-9 nm-thick HfO, dielectric layer,
the operation voltage of the nanowire-based image sensor can be
as low as 3 V.*"! Second, the ultrathin dielectric layer can with-
stand a large strain during bending and folding of the electronics,
making the whole sensor devices more mechanically
compliable.”!

Recently, combinations of different inorganic dielectric mate-
rials have been used for active matrix flexible sensors by combin-
ing the advantages of individual materials. For example, in the
optical image sensors the high-x dielectric Al,O5 is sandwiched
between two SiO, layers to protect it from the alkaline resist
developer.™! Similar Si0,/Al,05 hybrid dielectrics are also
employed in SWCNT TFT active matrix flexible pressure sensors
and X-Ray imagers, where the top SiO, surface is used as an
adhesion layer for the SWCNTs.B?212 In our recent article,
ALD-deposited HfO,/Al,03/HfO, sandwich structure is used
as the dielectric layer for a-IGZO TFT active matrix by taking
advantage of the large bandgap of Al,0O3 and high dielectric con-
stant of HfO,. The equivalent k value of the 6.2 nm HfO,/3.5 nm
Al,03/6.2 nm HfO, layer is 15.3, and the a-IGZO TFT active
matrix can work at a low voltage of 1.8 V.®®! The hybrid high-
k inorganic dielectric materials show great potential in the active
matrix flexible sensory systems.

2.2.2. Organic Dielectrics

Besides the extensively reported inorganic dielectrics, there are
some trials by using organic materials as the dielectrics for the
organic semiconductor-based active matrix flexible sensors. The
organic dielectrics can be facilely deposited by solution process-
ing methods like spin coating and inkjet printing.>¢7-68113]
Therefore, it is promising in the large-area applications of flexible
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sensors. Moreover, the inherent flexibility of the organic materi-
als can contribute to the overall compliance of the sensor devi-
ces.'" However, there are some obstacles for the application of
organic dielectrics in high-performance active matrix
flexible sensory systems. For instance, the dielectric constants
of the organic materials are generally low, thus a thinner dielec-
tric layer is required to increase the gate capacitance, thereby
decreasing the operation voltage. On the other hand, a relatively
large thickness is necessary to obtain pinhole-free films by the
solution processed methods. Therefore, the electrical perfor-
mance of the organic material-gated TFTs would be compro-
mised by the material properties. In the pentacene OTFT
active matrix pressure sensors with polyimide (PI) dielectric
layers, several hundreds of nanometer thick PI films are spin-
coated and the minimum operation voltage is still 20 V.
Recently, pinhole-free parylene thin films with a thickness of
200nm can be deposited by CVD, and the obtained DNTT
TFT active matrix pressure sensors can be operated with voltage
down to 10 V. Photopatternable SU-8 resist is also reported as
gate dielectric layer for X-Ray imager,'*> where the SU-8 layer
can be directly patterned by UV light exposure without tedious
plasma etching for the patterning.

2.2.3. Organic/Inorganic Hybrid Dielectrics

To further decrease the operation voltage and improve the
mechanic performance of the active matrix flexible sensors,
organic/inorganic hybrid dielectrics have been employed. One
typical example is the combination of inorganic AlO,, and organic
self-assembled monolayer (SAM).11#1718226571L72] [ these devi-
ces, Al metal is used as the gate electrodes, on top of which a
dense AlO, layer with a thickness down to several nanometers
is generated by either plasma oxidation or anodization. Then
the samples are immersed into a solution containing organic
molecules with long alkyl chain such as n-octadecylphosphonic
acid to create a densely packed organic SAM layer on the surface
of the inorganic dielectric layer. The organic/inorganic hybrid
dielectric layer brings the operation voltage down to 2-3V,
and the obtained DNTT TFT active matrix sensors exhibit ultra-
flexible and imperceptible properties, which can be folded, crum-
pled, and conformably attached to curved surfaces.!*® Recently,
the plasma-oxidized AlO, is also combined with CVD-deposited
parylene for the construction of active matrix magnetic sensory
system with an operation voltage of 4 V.[%”)

Another motivation to use organic/inorganic hybrid dielectric
materials is their ease of fabrication in large areas by solution-
processed printing techniques. One successful example is the
application of poly(methyl methacrylate) (PMMA) binder
embedded with high-x barium titanate (BaTiOs) nanoparticles
as the dielectric layer in SWCNT TFT active matrix tactile
sensors.”**32 The dielectric ink is patterned by a gravure print-
ing technique. The tactile sensor is with an operation voltage of
10V due to the large thickness of the BaTiO;/PMMA
patterns.”!! The operation voltage could be further decreased
by optimizing the dielectric ink formulation to obtain thinner
pinhole-free films.
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2.2.4. lonic Dielectrics

Different from TFTs with solid-state dielectrics, electrolyte-gated
transistors (EGTSs) use a high-capacitance electrolyte as the gate
dielectric material, where ions play critical roles in determining
the electrical performance.'®'"”) The huge capacitance of the
EGTs (typically on the order of 1-10 pF cm™?) significantly low-
ers the device operation voltage, increases the driving current,
and enables new transistor architectures. Typical electrolyte
materials for the EGTs include composites that contain inorganic
salts and ion coordinating polymers, ionic liquids, ion gels, poly-
electrolytes, and ceramic ionic conductors, to name a few.['®
The ionic dielectric materials have been used to construct active
matrix flexible sensors such as tactile sensors, pressure sensors,
and biosignal sensors. For example, the ion gel composed
of poly(ethylene glycol) diacrylate (PEGDA) and 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide
((EMIM][TFSI)) ionic liquid has been used in graphene TFT
active matrix pressure sensors.””*’! The operation voltage of
these devices is as low as 1V. Ion gel composed of poly(vinyli-
dene  fluoride-co-hexafluoropropylene) (PVDF-HFP) and
1-ethyl-3-methylimidazolium Dbis(trifluoromethylsulfonyl)amide
[EMI|[TFSA] has been used in intrinsically stretchable active
matrix for driving rubbery tactile sensing skins."

OECT is a special kind of EGT with ion-permeable channels,
where the ions in the electrolytes can be injected into the semi-
conductor channels and electrochemically dope the semiconduc-
tor molecules.”®'™) In recent years, PEDOT:PSS OECTSs have
been widely used as multielectrode arrays for spatiotemporal
bioelectrical signal detection."*” For the invitro test of these
devices, aqueous solutions such as Ringer’s solution®® and
PBS solution”* are considered as the gate dielectric materials.
For the invivo test, the body fluids are considered as the
dielectrics. The operation voltage of the devices can be as low
as 0.4 V.2

Although the ionic dielectric materials have shown great
promise in the application of various flexible sensors, the slow
operation speed would be a key challenge for fast sampling appli-
cations due to the small migration rate of ions. The operation
speed can be improved by decreasing the electrolyte layer
thickness and using ionic liquids with fast migrating ions as
the gate dielectrics.l’®)

2.2.5. Air Dielectrics

In some sensor applications, air is used as the dielectric material
to construct the active matrices. For example, air dielectric-gated
graphene TFT active matrix pressure sensors have been reported,
where the pressure is directly transduced to the thickness
variation of the air dielectric layer, thus modulating the transfer
performance of the graphene TFTs.*® Air dielectric is also used
in silicon TFT active matrix for the visualization of tactile
pressures.*®! A high operation voltage is generally needed to
drive these air dielectric-based sensors due to the weak coupling
of the gate electrodes to the semiconductor channels. Advanced
fabrication strategies to decrease the air layer thickness would be
adopted to decrease the operation voltages.
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2.3. Substrate Materials

Substrate materials play a huge role in determining the overall
mechanical flexibility of the active matrix flexible sensory
systems.!'2"1?2] Ag listed in Table 3, a number of plastic films
are used as substrates for the flexible sensory systems, including
high transition glass temperature (T,) polymers such as PI, and
semicrystalline polyesters such as poly(ethylene 2,6-naphthalate)
(PEN) and poly(ethylene terephthalate) (PET). Among these poly-
mer substrates, PI exhibits excellent flexibility, high temperature
and chemical stabilities, and low coefficient of thermal expan-
sion. These properties make the PI substrates compatible with
the photolithographic process. It needs to point out that the
yellowish color of PI makes it not suitable for some applications
such as in optoelectronics where high transparency is required.
To address this issue, transparent PI materials have been synthe-
sized."*’! PEN and PET show high transparency with transmit-
tance of >85% in the visible wavelength region. Although the
thermal stability of PEN and PET is inferior to PI, they are also
widely reported as substrates for active matrix pressure sen-
sors, 2697 temperature sensors,!'? biosignal sensors,”" and
sheet image scanners,”’” as well as X-Ray detectors.''>124
Parylene, PDMS, and SU-8 have also been reported as substrates
for active matrix flexible sensory systems. The application of
PDMS substrate, combining with the device geometry design
or the implementation of intrinsically stretchable materials, leads
to stretchable active matrix sensors.l'>8112>12¢] Recently, biore-
sorbable polymer poly(lactic-co-glycolic acid) (PLGA) have been
used as substrate for transient implantable biosignal sensors.*?

During the last two decades, the active matrix sensor devices
have evolved from flexible and ultraflexible to imperceptible and
implantable. In the first demonstration of active matrix pressure
sensors, the thickness of the flexible substrate is 100 pm.[**
Nowadays, as reported in some imperceptible tactile sensors
and implantable biosensors, the substrate thickness is as low
as 1.2 pm."® The remarkable decrease of the substrate thickness
together with the adoption of neutral strain plane design
principlel*”*?”) has dramatically improved the device flexibility.
Meanwhile, the ultrathin polymeric substrates bring some
challenges from the point view of device fabrication. First, the
electrical performance of the active matrices is sensitive to the
surface roughness of the ultrathin substrates. Therefore, proper
smoothening layer is required prior to the device fabrication.!”)
Second, the gas and moisture permeabilities have an inversely
proportion to the polymer film thickness, and ultrathin poly-
meric substrates would inevitably suffer from deterioration of
their gas barrier performance,”® especially for the OTFT active
matrix sensors which are sensitive to oxygen and humidity, as
well as for the implanted biosensors surrounded by body fluids.
Thus, a good passivation or gas barrier layer is needed to improve
the device stability. Third, the handling of the ultraflexible sub-
strates would be problematic during the fabrication process.
Therefore, these ultraflexible polymeric foils need to be adhered
to rigid substrates before device fabrication. After the device fab-
rication, the flexible substrates together with the whole sensors
are released from the handling substrates by various methods,
such as direct peeling off, laser liftoff, and sacrificial layer-
assisted delamination, as listed in Table 3.
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Table 3. Typical substrate materials for active matrix flexible sensory systems.

Substrate Maximum temperature Thickness (pm) Fabrication Release method Sensor type Reference
material for substrate (°C) method
Pl 180 75 - - Pressure sensors [67,19]
12.5
300 24 Spin coating Peeling off Pressure sensors [89,95,112]
150 75 Lamination Peeling off Pressure sensor [90]
120 100 - - Tactile sensor [47)
- 25 Lamination Peeling off Tactile sensor [46]
300 24 Spin coating Peeling off X-Ray imager [91]
300 3 Spin coating - Photodetector [129]
500 10 Spin coating Laser liftoff Conformable imager [24]
350 10 Spin coating Delamination Optical image sensor [
~250 ~25 - - Biosignal sensor [47]
- 13 Lamination Peeling off Biosignal sensors [26,44]
PEN 180 100 - - Pressure sensor [64]
- 1.2 Lamination Peeling off Pressure sensor [18]
190 125 - - Sheet image scanner [69]
160-170 - - - X-Ray detector [170]
170 25 Lamination Peeling off X-Ray detector [115]
100 12 Lamination Peeling off Temperature sensor [12]
121 1.2 - - Biosignal sensor [71]
PET 110 175 - - Temperature and [189]
pressure sensor
150 100 - - Tactile sensors [21,32]
Parylene - 1 CcvD - Pressure sensor [66]
140 2 CvD - Biosignal sensor [20]
100-140 0.6 CVD SL-assisted Biosignal sensors [72-74]
12 delamination
1.2
120 1.5 CcvD - Magnetic sensor [27]
PDMS 110 - - - Humidity sensor [1o1
90 - Spin coating Peeling off Tactile sensor [81]
- 27.8 Spin coating SL-assisted delamination Pressure sensor [98]
SU-8 - 1.5 Spin coating SL-assisted delamination Tactile sensor [100]
PLGA 55-60 ~30 - - Biosignal sensor [42]

It is envisioned that the flexibility of the active matrix sensors
can be further improved by selecting proper substrate materials
and decreasing the thickness of the substrate down to the sub-
micrometer range. Moreover, substrate-free breathable sensor
devices could be fabricated and directly attached to the human
skins as electronic tattoos.!'**!

3. Pixel Design for the Active Matrix Flexible
Sensory Systems

The active matrix flexible sensory systems are composed of
identical TFT-driven sensor pixels which are distributed over a
large area for local signal detection. To realize reliable signal
readout with high spatiotemporal resolution, the pixel circuits
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need to be carefully designed. Figure 4 shows some typical circuit
diagrams of single pixels in the currently reported active matrix
flexible sensory systems. Among them, the simplest design is
using one TFT as the multiplexer for pixel selection and one
sensing element in serial connection with the control TFT.
The sensing elements can be resistor-type, such as piezorespon-
sive resistors for pressure sensors® and thermistors for
temperature sensors!'” (Figure 4a), diode-type, such as
photodiodes for image sensors (Figure 4b),*”! and transistor-
type, such as OECTs for local electrophysiological signal record-
ing and amplification (Figure 4d).”? In some user-interactive
flexible sensors, LEDs have been serially connected into the pix-
els together with the sensing elements, which can indicate the
measured signals through the variation of their emission inten-
sity (Figure 4c).”!
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Figure 4. Summary of some reported pixel designs for the active matrix flexible sensory systems. a) A resistor-type sensor is in serial connection with the
control TFT. Adapted with permission.'? Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. b) A diode-type sensor is in serial connection
with the control TFT. Adapted with permission.l*”! Copyright 2008, American Institute of Physics. c) A resistor-type sensor and a LED are serially con-
nected into the pixel. Adapted with permission.®%! Copyright 2013, Macmillan Publishers Ltd. d) A transistor-type sensor is in serial connection with the
control TFT. Adapted with permission.’? Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. e) The TFT functions both as the multiplexer and the
sensor. Reproduced under the terms of the CC BY license.®®! Copyright 2017, The Authors. Springer Nature. f) A capacitor-type sensor is connected to the
gate electrode of the control TFT. Adapted with permission.’?! Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA. g) Conductively coupled signal
input design. Adapted with permission.*l Copyright 2018, The Authors. Published under the PNAS license. h) Capacitively coupled signal input design.
Adapted with permission.l*®! Copyright 2017, Macmillan Publishers Ltd., part of Springer Nature. i) Tribotronic transistor as the sensor element. Adapted
with permission.l*”l Copyright 2016, American Chemical Society. j) Wheatstone bridge configuration design for differential signal readout.”! Copyright
2022, The Authors. Published by Springer Nature. k) The amplifiers are integrated into the pixels. Adapted with permission.”! Copyright 2010, American

Association for the Advancement of Science.

The current modulation capability of the TFT is dependent on
the capacitance coupling between the gate and the semiconduc-
tor channel, which can be tuned by external stimuli. Therefore, in
some reported graphene TFT active matrix pressure sensors and
PEDOT:PSS OECT-based multielectrode arrays, the TFTs
function both as multiplexers and sensors, as shown in
Figure 4e.”>% In this configuration, the input signals from
the gate electrodes could be amplified owing to the current mod-
ulation of the TFTs. To take advantage of the signal amplification
property of the TFTs, the sensor elements could also be con-
nected to the gate electrodes of the control TFTs, as shown in
Figure 4f. For example, piezoelectric nanogenerators have been
coupled to the gate of graphene TFTs to realize active matrix
strain sensors.*” Recently, the tribotronic transistors have been
reported as sensor pixels for active tactile sensing system, where
the tribotronic transistors are gated by external stimuli, acting as
sensing elements by virtue of the change of the source—drain
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current (Figure 4i).*”) The serially integrated diode ensures

the current flows through the TFTs in only one direction.
Figure 4g,h demonstrates pixels with more complex designs
with one multiplexing TFT and one sensing unit. In the sensing
unit, the signal input terminal is connected to the gate of an
amplifying TFT through conductive (Figure 4g)!** or capacitive
coupling (Figure 4 h).?%! In these kinds of designs, the multiplex-
ing and amplifying TFTs are independent with each other.
Therefore, the TFT geometries could be individually designed
to meet specific requirements. Thanks to the in-pixel integrated
amplifiers, the electrophysiological signals can be read out with
high fidelity. As shown in Figure 4k, more complex amplifying
circuits have also been integrated into single pixels for the
detection of weak biosignals. The amplifier uses a source-
follower configuration with current gain*!! Recently, we
have proposed a novel pixel design with Wheatstone bridge
configuration for the driving and signal readout of
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magnetoresistance-type sensors (Figure 4j).**! The pixel has one
Wheatstone bridge anisotropic magnetoresistance (ARM)
sensor, one driving TFT and two readout TFTs. The three
TFTs in the pixel share the same gate line, thus can be activated
synchronously. Differential voltage signals are picked up in a par-
allel way, leading to fast signal readout and small crosstalk.

In addition to the typical pixel circuits listed above, there are
also some other pixel designs reported in flexible sensor applica-
tions. For example, active matrix of nonvolatile memory TFTs with
floating gates have been integrated with pressure sensitive resis-
tors to construct flexible pressure sensor arrays.°® The spatial dis-
tribution of mechanical pressure can be stored and retrieved after
removal of the pressure and voltages. Recently, in-pixel charge
integrating circuit has been used in a-IGZO TFT active matrix
photodetector arrays to discriminate different colors.['?’!

As various kinds of pixel configurations have been proposed
for the active matrix flexible sensory systems, the main purpose
of the pixel design is the same: to extract high-fidelity signals with
high spatiotemporal resolution. Therefore, several principles
could be summarized for the design of the sensor pixels.
First, the pixels should be designed as simple as possible to
realize the equivalent functions because complex design will
inevitably increase the fabrication price and decrease the overall
yield. As a result, sometimes the final design is the compromise
between the system sophistication and the device performance.
Second, the layouts of the pixels need to meet the requirement of
the spatial resolution for the sensor arrays. Third, for large-area
sensor arrays with multiple channels, the sampling speed needs
to be taken into consideration by adopting, for instance, parallel
readout to ensure the real-time signal monitoring. Last but not
least, the yield of the pixels has to be considered because small
defects are hardly to avoid in large-area device fabrication. To
address this issue, redundant design is suggested for the
improvement of the overall yield for the devices. Another option
is to electrically isolate the dysfunctional pixels from the whole
system to avoid their influence on other working pixels. With the
advances in active matrix flexible sensory systems, other pixel
configurations with various applicable functionalities will be
promoted which can greatly simplify the device fabrication
and broaden the sensor application.

4. Typical Fabrication Methods for the Active
Matrix Flexible Sensory Systems

During the last decades, the motivation for producing large-area,
high-definition flat panel displays has driven the advances of
conventional microfabrication technologies for active matrix
backplanes on rigid substrates.'*”) Although many of the
well-developed fabrication toolkits in modern semiconductor
technologies, such as photolithography, metallization, wet, and
dry etching techniques, can be transferred to the fabrication
of active matrix flexible sensors, the whole integration strategies
leading to high-performance flexible sensory systems need to be
adjusted by considering the flexible form factor of the devices
and the special material combinations used for the TFT back-
planes and the sensors. Moreover, low-cost large-area
manufacturing of the active matrix flexile sensors is required
for their scalable applications. As illustrated in Figure 5, state-
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Figure 5. lllustration of typical fabrication methods to construct active
matrix flexible sensors. a) lllustration of photolithographic process.
b) llustration to show the deposition of functional material patterns
through a shadow mask. c) lllustration of inkjet printing as a typical
solution processable ink-based direct writing technique.

of-the-art fabrication strategies for the active matrix flexible
sensory systems mainly include photolithography, shadow
mask-assisted deposition, solution processable ink-based
printing technologies, and hybrid methods that combine
different fabrication approaches.

4.1. Photolithographic Process

Photolithography is one of the mainstream fabrication technolo-
gies for high-performance active matrix flexible sensory
systems.”®2% The typical steps for photolithography are sche-
matically illustrated in Figure 5a. It is a subtractive process,
where the functional materials are deposited covering the whole
surface of the substrate and then etched to defined patterns with
the assistance of photoresists.!'*!) High-resolution features down
to the nanometer scale can be obtained by this process, at the
expense of multiple steps including the spin coating of photore-
sists, UV light exposure, development, and stripping of the pho-
toresists. Functional materials can be integrated in a layer-by-
layer manner with excellent pattern registration by repeating
the photolithographic process. Although photolithography
provides precise control of the material patterns, there are some
challenges when it is applied to the fabrication of active matrix
flexible sensory systems. First, a flat substrate is required for
transferring the patterns from the hard masks to the functional
material thin films with high fidelity. To meet this requirement,
flexible substrates have to be attached to flat rigid handling
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substrates during the fabrication and the obtained devices are
released from the substrates after fabrication, which generates
additional steps.**>% Second, aqueous and organic solvents
are frequently used during the photolithographic process.
However, many functional materials for active matrix flexible
sensory systems, such as the organic semiconductor channel
materials and the sensor transducing materials, are sensitive
to moisture and solvents.”®! Therefore, additional passivation
steps are necessary. Although with these limitations, photolithog-
raphy will be still one of the main fabrication technologies for
high-performance active matrix flexible sensory systems.

4.2. Shadow Masking Technique

Shadow masking technique (stencil lithography) is a resistless
material patterning and thin-film device fabrication method,
in which the source materials can be evaporated and deposited
onto target substrates through shadow masks (Figure 5b).[32133!
The process can be carried out in totally dry condition because
the photoresist-related wet chemistry is avoided. Therefore, it is
quite suitable for the integration of materials that are sensitive to
moisture and solvents.['**! The shadow masking technique has
been widely applied for the fabrication of OTFT active matrix
flexible sensors. Two typical organic semiconductors, namely,
pentacenel?>¢*¢5¢% and DNTT,'®7113>13¢ have been deposited
as the channel materials through shadow masks. The obtained
OTFT active matrices demonstrate excellent electrical perfor-
mance and are used for driving different flexible sensor arrays.
It needs to point out that although shadow masking technique
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eliminates multiple steps as required for photolithographic pro-
cess, it suffers from low pattern resolution and nonideal layer
registration. High precision alignment systems combined with
ultrafine shadow masks will be a solution to these limitations.

4.3. Solution Processable Ink-Based Printing Technologies

In recent years, solution processable ink-based printing technol-
ogies have been intensively explored for the fabrication of flexible
and printed electronics.!"*’*% Different from subtractive photo-
lithographic process, the additive printing techniques directly
deposit functional material inks onto the substrates for construct-
ing microelectronic devices."*'™*4 The selective deposition of
solution processable materials can reduce the fabrication cost,
eliminate the vast waste of solvents, and enable large-area
manufacturing.®! Furthermore, this process is capable of
fabricating devices on soft, flexible, and nontraditional substrates
in a roll-to-roll manner.®*! Due to these advantages, the solution
processable ink-based printing technologies, such as inkjet print-
ing (Figure 5¢),*>1*® transfer printing,*® screen printing,**”!
gravure printing,®*! and roll-to-roll printing,?*'**!** have been
employed for the fabrication of various active matrix flexible
sensory systems.

Among the solution-processed ink-based printing technolo-
gies, the digital inkjet printing technique has caught great
attention because it offers a versatile and low-cost methodology
to integrate diverse functional materials on the same chip by
designing the ink formulations, the substrate wettability, and
the printing manners.">**?! Figure 6 shows several examples

Spin-coated viscous
liquid PDMS film

AgNPs ink '

AgNPs

Inkjet printing ‘

Substrate

¢ Sintered

Solidified PDMS film

<

Bendable
embedded circuit

40 800 550 600 G
Wavelength (nm)

Figure 6. Solution processed inkjet printing technology for the integration of functional materials. a) lllustration showing the inkjet printing and self-
assembly of the colloidal PC dome patterns. Reproduced with permission.[** Copyright 2013, The Authors. Published by Wiley-VCH. b) Photograph and
SEM images of the QD—PC nanocomposite patterns fabricated by reactive inkjet printing. Reproduced with permission.l"** Copyright 2015, Wiley-VCH.
c) Full-color inkjet printing with a single transparent ink. Reproduced with permission.l'** Copyright 2021, The Authors. Published by AAAS. d) Multilayer
circuits fabricated by inkjet printing. Reproduced with permission.l'*®! Copyright 2015. The Authors. Published by Wiley-VCH.
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of the applications for the inkjet printing in material integrations.
Figure 6a demonstrates the illustration for the inkjet printing
and self-assembly of colloidal photonic crystal (PC) dome
patterns.’>3 Dome shaped, self-assembled colloidal microstruc-
tures are realized by controlling the interaction between the
printed ink and the substrate. The obtained PC dome array
has a wide viewing angle from 0° to 180° when the fluorescent
molecules are incorporated. Similar quantum dot (QD)-PC
hybrid nanocomposite dome-structured arrays are obtained by
reactive inkjet printing (Figure 6b).!">"! The fluorescent QD nano-
crystals are in-situ generated by combining the printing of their
solution precursors and subsequent gas treatment. Recently, a
structural-color printing approach has been proposed to achieve
full-color integration of high-photorealistic images from a single
transparent ink (Figure 6c).">*! Microdomes with different sizes
can be facilely integrated on the same substrate by controlling the
substrate wettability and the printed ink volumes. The microscale
concave interface results in total internal reflection of the inci-
dent lights, thus vivid structural colors covering the whole visible
light range are obtained depending on the size of the micro-
domes. Furthermore, exquisite structural-color images can be
realized by heterogeneous integration of microdomes with differ-
ent sizes. These inkjet-printed photonic microstructures would
find numerous applications when they are integrated within
the flexible active matrices for optoelectronic sensors. In addition
to the inkjet printing of photonic devices, the inkjet printing tech-
nique is also extensively used to fabricate electronic devices. For
example, flexible multilayer circuits can be fabricated in a
layer-by-layer printing manner (Figure 6d)."*® In the multilayer
circuits, the conductive sliver nanoparticle (Ag NP) inks are
inkjet-printed and embedded into transparent flexible polydime-
thylsiloxane (PDMS) films. The resolution of the printed Ag

www.advintellsyst.com

cables is highly improved due to the suppression of the ink spread-
ing by the viscous PDMS substrate. Meanwhile, the transparency
and flexibility of the circuits are improved owing to the wrapping of
the Ag cables within the PDMS substrates. The inkjet-printed mul-
tilayer circuits would find potential applications for the intercon-
nects in the active matrix flexible sensory systems.

Figure 7 shows typical active matrix backplanes fabricated by
printing technologies. The first reported large-area flexible OTFT
active matrix backplane is fabricated by microcontact transfer
printing (Figure 7a).'® The on-current of the OTFTs can reach
several microamperes, which is high enough to switch on the
pixels of the electrophoretic electronic paper. Although the active
matrix backplane was demonstrated for driving displays, it has
promoted the development of printable active matrix flexible sen-
sors. SWCNT is a promising semiconductor channel material
that enables solution processability for large-area flexible
electronics. Figure 7b shows the SWCNT TFT active matrix
backplane fabricated by inverse gravure printing.*” In this back-
plane, the essential components including the gate and source/
drain electrodes, the gate dielectric layer, and the SWCNT chan-
nel are fully printed in a layer-by-layer way, and the obtained
SWCNT TFTs show highly uniform electrical performance, with
mobility and on/off ratio of up to ~9cm?V 's™! and 10°,
respectively. In addition to SWCNT TFTs, large-area and ultra-
flexible OTFT active matrix backplane has also been manufac-
tured by fully printing technique, as shown in Figure 7c.!
The component OTFTs in the active matrix have an average
mobility of 0.7cm?*V~'s™" and on/off ratio lager than 10° at
operation voltages of Vgs= Vps=—10V. The fully printing
fabrication of high-performance active matrix backplanes paves
the way for their board applications in large-area flexible sensory
systems.

(a) Transfer printed OTFT active matrix backplane on plastics (b) SWCNT TFT active matrix fabrlcated by inverse gravure printing
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Figure 7. Active matrix backplanes fabricated by printing technologies. a) Image of a plastic active matrix backplane circuit constructed by transfer printed
OTFTs and the output characteristics of several typical TFTs. Adapted with permission.['® Copyright 2001, National Academy of Sciences. b) Photograph,

optical micrograph, and transfer characteristics of flexible SWCNT TFT active matrix fabricated by inverse gravure printing. Adapted with permission.

[30]

Copyright 2013, American Chemical Society. c) Photograph, magnified view of OTFT arrays and electrical performance of OTFT active matrix fabricated by
full printing processes on parylene-C films. Adapted with permission.®'! Copyright 2014, Macmillan Publishers Ltd.
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The solution processable ink-based printing technologies have
provided tremendous opportunities for flexible and wearable
electronics. However, there are some issues to address for the
further improvement of the printed active matrix flexible sensory
systems. First, the uniformity and quality of the printed thin
films are generally inferior to their counterparts obtained by vac-
uum depositions. Second, the resolution of the printed patterns
is lower than that obtained from photolithography. Third, the
material compatibility sometimes would be a problem for multi-
player printing. Nevertheless, the solution processable ink-based
printing approach will continue to evolve as one of the most
important complementary technologies to photolithography
and will build the foundations for the next-generation
electronics.

4.4, Hybrid Methods

Hybrid methods which combine the abovementioned techniques
are often adopted by merging the advantages of each

(a) Concept of the digital electrochemistry approach
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methods.">”*% For example, the semiconductor SWCNTs
and Ge/Si nanowires are synthesized on their growth substrates
and then transfer-printed to flexible substrates, which is followed
by photolithographic process for device fabrication.?%?*?]
Photolithographically obtained active matrix backplanes have
been seamlessly integrated with solution deposited sensor layers
for photodetector arrays,'*” thermal imagers,"®") and pyroelec-
tric sensors.!"*? Shadow masking technique has been combined
with photolithography in the fabrication of OTFT active matrix
flexible sensors.*?!

Recently, a digital electrochemical deposition method is pro-
posed to in situ deposit functional materials onto the pixels con-
trolled by photolithographically obtained a-IGZO TFT active
matrix (Figure 8).°! The concept of the digital electrochemistry
approach is illustrated in Figure 8a. The a-IGZO active matrix is
used as the working electrode, where functional materials can be
site-selectively deposited on the pixels by addressing the control
a-IGZO TFTs. The structure of the a-IGZO active matrix is
shown in Figure 8b. The reaction pad is connected to the drain
of the control a-IGZO TFT, and site-selective electrochemical

(b) Structure of the a-IGZO TFT active matrix
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Figure 8. Digital electrochemistry approach for the heterogeneous material integration on the active matrix platform. a) Concept of the digital electro-
chemistry approach. b) Structure of the a-IGZO active matrix backplane. c) Currents change with time for the on—off operation of the a-IGZO TFT in the
precursor aqueous solution. d) Micrographs showing the site-selective deposition of heterogeneous materials controlled by the digital electrochemistry
approach. Reproduced under the terms of the CC BY license.®® Copyright 2021, The Authors. Published by Wiley-VCH.
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reaction can take place on the reaction pad when the control TFT
is switched on. The source current change during the on—off
operation of the TFT in the deposition solution indicates that
the electrochemistry process can be efficiently controlled through
the switching of the control TFTs (Figure 8c). Monochromatic
and multicolored conducting polymer patterns can be obtained
by the site-selective digital electrochemistry approach, which
shows its potential applications in the heterogeneous integration
of multiple sensing elements on the same active matrix
(Figure 8d).

The hybrid methods can broadly expand the material compat-
ibility, which is essential for the integration of dissimilar materi-
als. Furthermore, a balance between the fabrication price and the
device performance will be achieved by employing hybrid
methods for the sensor fabrication.

5. Applications of Active Matrix Flexible Sensory
Systems

The active matrix backplanes have been integrated with sensing
elements to construct flexible, imperceptible, and implantable
sensors. Recently, the stretchable active matrix sensors have been
developed based on geometric design or intrinsically stretchable
materials.'>#%#3 In this section, the applications of flexible,
imperceptible, and implantable active matrix sensory systems
will be reviewed, with a focus on the pressure sensors, tempera-
ture sensors, photodetectors, magnetic sensors, and biosignal
Sensors.

5.1. Pressure Sensors

Artificial e-skins that can recognize tactile information are essen-
tial for the robotic and prosthetic applications.®*! By equipping
with active matrix pressure sensors, the e-skins are capable of
accurately perceiving spatially distributed tactile stimuli. The
active matrix pressure sensors are constructed with different
material combinations and device configurations. For example,
OTFTs,[18:64:66.68] nanotube/nanowire TFTs,21:32:89.90.95,112]
and graphene TFTs”? have been used to build the active
matrix backplanes. Meanwhile, traditional TFT structures as well
as air and electrolyte gating have been adopted for the transistor
architectures.””®!

Figure 9 shows the typical OTFT active matrix flexible pres-
sure sensors.!'”'®% Organic semiconductors such as pentacene
and DNTT are deposited through shadow masks as the channel
materials to construct the OTFT active matrix backplanes.
Meanwhile, ultrathin hybrid AlO,/SAM gate dielectric layers
are adopted to decrease the operation voltage and increase the
device flexibility. The OTFT active matrices are integrated with
pressure-sensitive rubber sheets for the mapping of pressure dis-
tribution. As shown in Figure 9a, the ultraflexible pressure sen-
sor can work in a tightly wound state for catheters. The applied
pressure creates a conducting path through the source of the
OTFTs to the pressure-sensitive rubber and then to the grounded
counter electrode, thus the pressure distribution can be obtained
by interrogating the OTFTs in the active matrix array.l'”)
Imperceptible OTFT active matrix pressure sensor is fabricated
by using a 1.2 pm-thick PEN as substrate and an 800 nm-thick
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parylene film as encapsulation layer (Figure 9b)."¥ The

OTFTs show unprecedented mechanical stability with the ultra-
thin design and the usage of the robust dielectrics. The OTFT
active matrix can withstand repeated bending to radii of 5 pm
and less, and can be crumpled like paper. The OTFTs have an
average on/off ratio larger than 10, which ensures the unambig-
uous distinction between on and off pixels. The OTFT active
matrix pressure sensor can detect the profile of a metallic ring
placed on top of it, with a change of TFT drain currents by more
than six orders of magnitude between the contacted and noncon-
tacted pixels. The OTFT active matrix backplane is further inte-
grated with composite nanofibers of CNTs and graphene to
fabricate bending-insensitive pressure sensors (Figure 9c).[°®
With the incorporation of the nanoporous composite nanofibers
that exhibit an extremely small sensitivity to the bending-induced
strain, this pressure sensor can precisely measure the distribu-
tion of the normal pressure without detecting the pressure
signals from wrinkling and twisting deformations.

Semiconducting nanowires and nanotubes can be used as
channel materials to construct high-performance active matrix
pressure sensors by taking advantage of the high carrier mobi-
lities and excellent mechanical flexibility of the 1D nanomaterials
(Figure 10).21%%% As shown in Figure 10a, uniform assembly of
ordered Ge/Si core/shell nanowire arrays is realized by transfer
printing of the nanowires grown by vapor-liquid-solid method.
Then, TFT active matrix consisting of 19 x 18 pixels with an
active area of 7 x 7 cm” is fabricated by standard photolithogra-
phy.”®! The pressure sensor is achieved by laminating the nano-
wire TFT active matrix backplane with a silicone-based pressure
sensitive rubber, which can map the pressure distribution
applied by a PDMS mold. To obtain user-interactive e-skins
for instantaneous pressure visualization, organic LEDs are inte-
grated into the pixels in the SWCNT TFT active matrix pressure
sensory system (Figure 10b).®”! The sensors can spatially map
the pressure distribution through the change of the TFT drain
currents, meanwhile the monolithically integrated LEDs can
indicate the magnitude of the applied pressure though changing
the intensity of their light emission. Recently, large-area SWCNT
TFT active matrix backplanes have been realized by solution-
based roll-to-plate gravure printing, and the obtained backplanes
are integrated in tactile sensors for large-area pressure mapping
(Figure 10c).”") When laminated with a pressure sensitive rub-
ber, the SWCNT TFTs show different transfer characteristics
depending on the amount of the applied pressure. The detectable
pressure ranges from ~1 kPa to 20 kPa, and the linear sensitivity
is ~800%kPa~".

Graphene, as one of the most studied 2D materials, has been
used as channel material for active matrix flexible pressure and
strain sensors.”’ % As discussed in the materials section, the
graphene TFTs have huge electron and hole mobilities but
cannot be totally switched off."®” Due to its unique material
properties, special device architectures are frequently adopted
when graphene is integrated in pressure sensors (Figure 11).
Figure 11a shows an air-dielectric graphene TFT active matrix
pressure sensor array, where local air gaps are used as the dielec-
trics for the top-gated graphene TFTs.® The height of the air gap
is decreased when external pressure is applied; thus, the capaci-
tance of the metal-air-graphene structure is increased. The
pressure-sensitive capacitance change enables the graphene
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(@) Ultraflexible OTFT active matrix pressure sensor
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(b) Imperceptible OTFT active matrix pressure sensor
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Figure 9. OTFT active matrix flexible pressure sensors. a) Ultraflexible OTFT active matrix pressure sensor. The component OTFTs show extremely
bending stability even in the shape of a tightly wound helix. Adapted with permission.'”! Copyright 2010, Macmillan Publishers Ltd.
b) Imperceptible OTFT active matrix pressure sensor. The devices are ultraflexible and can be crumpled like a sheet of paper. The pressure sensor
sheet can detect the profile of the metallic ring placed on top of it with a change of TFT drain currents by more than six orders of magnitude between
the contacted and noncontacted pixels. Adapted with permission.!"® Copyright 2013, Macmillan Publishers Ltd. c) Bending-insensitive OTFT active matrix
pressure sensor. The OTFT active matrix is integrated with composite nanofiber sensors to only measure the normal pressure under complex bending
state without showing the pressure signal from deformation. Adapted with permission.!*® Copyright 2016, Macmillan Publishers Ltd.

TFTs to act as tactile pressure sensors. With this unconventional
structure design, the pressure sensors show a wide tactile
pressure sensing range from 250Pa to ~3 MPa. In another
report, the piezoelectric nanogenerators are coupled to the gate
electrodes of the coplanar-gate structured graphene TFTs for
active matrix strain sensors (Figure 11b).°*) The external
strain-induced piezopotentials can be effectively coupled to the
TFT channels through the ion gel gate dielectric, leading to a
charge accumulation in the graphene channels and thus the
change of the drain currents. The strain sensors demonstrate
a gauge factor of 389 and a minimum detectable strain of
0.008% with an extremely low operation voltage of 0.1 V.

5.2. Temperature Sensors

Temperature sensing modality is another important function for
e-skins.””! The e-skins equipped with temperature sensors can
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perceive the surrounding thermal conditions and the heat gen-
erated from human body." Moreover, spatiotemporal measure-
ment of localized temperature changes in soft tissues is
important in understanding the thermal phenomena of homeo-
stasis and enabling real-time temperature monitoring during
surgery.l'®" Active matrix flexible temperature sensors have been
fabricated by integrating active matrices with thermistors
(Figure 12). As shown in Figure 12a, flexible organic temperature
sensor with 16 x 16 pixels is constructed by integrating DNTT
TFT active matrix backplane with Ag nanoparticle/pentacene
thin film thermistors.['?! The temperature sensor exhibits a wide
sensing range from 20 to 100 °C, with a temperature resolution
of 0.4 °C. The temperature sensor can be conformally attached to
the surfaces of various objects and the human body for tempera-
ture mapping. Figure 12b demonstrates an OTFT active matrix
physiological temperature sensor with a 12 x 12 pixel array.’*?
The temperature sensor is fabricated by integrating DNTT
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(a) Ge/Si NW TFT active matrix pressure sensor
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Figure 10. Nanowire and nanotube TFT active matrix pressure sensors. a) Ge/Si nanowire TFT active matrix pressure sensor. The parallel Ge/Si nanowire
arrays are integrated as the active matrix backplane for flexible pressure sensors. Adapted with permission.®>! Copyright 2010, Macmillan Publishers Ltd.
b) SWCNT TFT active matrix user-interactive pressure sensor. Organic LEDs and pressure sensitive rubber are integrated with the SWCNT TFT active
matrix to provide an instantaneous visual response to the magnitude of the applied pressure. Adapted with permission.®% Copyright 2013, Macmillan
Publishers Ltd. c) Large-area printed SWCNT TFT active matrix tactile sensor. The printed SWCNT TFT active matrix backplane is integrated with tactile
sensor arrays for large-area pressure mapping. Adapted with permission.’'! Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.

TFT active matrix backplane with a highly temperature-sensitive
composite composed of graphite particles and acrylate copoly-
mers. The detectable temperature ranges from 25 to 50 °C, with
a sensitivity of 0.1 °C or less, and the response time is as fast as
100 ms. Thanks to its superb mechanical flexibility, the sensor
can be compliantly attached to the lung surface for in vivo tem-
perature mapping during very fast artificial respiration. Besides
the flexible OTFT active matrix temperature sensors, stretchable
active matrix temperature sensor array integrated with SWCNT
TFT backplane and polyaniline nanofiber sensor elements has
also been reported."® The adoption of liquid metal galinstan
interconnects enables the sensor to be mechanically stable under
a biaxial stretching of 30%. The sensing temperature ranges
from 15 to 45°C with a resistance sensitivity of 1.0%°C™",
and the sensor response time is 1.8s.

5.3. Photodetectors and Imagers

In recent years, the demands for large-area flexible photodetec-
tors and imagers are increasing, particularly for medical and
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security applications.'¢1¢¢-¢8] Flexible photodetectors can be
directly attached to the human skins, allowing continuous
monitoring of vital signs.'?%! Sheet image scanners that are
based on flexible photodetector arrays have no moving parts
and do not require any optics, thus can be broadly used in
human-friendly mobile electronics./*”)

Figure 13 demonstrates some reported active matrix flexible
photodetectors. 244969941691 [ thege photodetectors, photosen-
sor elements such as photoconductors, photodiodes, and photo-
transistors have been integrated with the active matrix
backplanes. Figure 13a shows the photograph and pixel circuit
diagram of an a-Si:H TFT active matrix image sensor.*”
Organic  photodiodes composed of poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylene-vinylene] and [6,6]-phenyl-C61-
butyric acid methyl ester (MEHPPV-PCBM) bulk heterojunction
are used as the sensor elements. The image sensor consists of
180 x 180 pixels with a resolution of 75dots per inch (dpi).
Figure 13b shows the photograph and layer stack illustration
of an OTFT active matrix sheet image scanner.” A 30 nm-thick
p-type semiconductor copper phthalocyanine (CuPc) and a
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(a) Air-dielectric graphene TFT active matrix pressure sensor (b) Piezopotential-powered graphene TFT active matrix strain sensor
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Figure 11. Graphene TFT active matrix flexible pressure and strain sensors. a) Air-dielectric graphene TFT active matrix pressure sensor. The top-gated
graphene TFTs with local air gaps as the dielectrics show pressure-sensitive capacitance change, which enables the TFTs to act as tactile pressure sensors.
Reproduced under the terms of the CC BY license.®® Copyright 2017, The Authors. Springer Nature. b) Piezopotential-powered graphene TFT active
matrix strain sensor. Piezoelectric nanogenerators and coplanar-gate structured graphene TFTs are integrated to obtain the active matrix strain sensors.
The external strain-induced piezopotentials can be effectively coupled to the TFT channels through the ion gel gate dielectrics, leading to charge accu-
mulation in the channel. Adapted with permission.®® Copyright 2015, Wiley-VCH.

(a) OTFT active matrix driven temperature sensor array
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Figure 12. Active matrix flexible temperature sensors. a) OTFT active matrix temperature sensor array. The flexible temperature sensor array is con-
structed by integrating DNTT TFT active matrix with Ag nanoparticle/pentacene thin film thermistors. The sensor array can be used for conformal
temperature measurement of the human body. Adapted with permission.' Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA. b) OTFT active
matrix physiological temperature sensor. The active matrix physiological temperature sensor is fabricated by integrating DNTT TFT backplane with
a highly temperature-sensitive composite. The temperature sensor exhibits high spatiotemporal resolution and a sensitivity down to 0.1 °C or less, which
can be used for dynamic physiological temperature measurement in the lung during very fast artificial respiration. Adapted with permission.?? Copyright
2015, The Authors. Published National Academy of Sciences.

50 nm-thick n-type semiconductor 3,4,9,10-perylene-tetracarbox-  to construct the organic photodiodes, which are further inte-
ylic-diimide (PTCDI) are deposited through vacuum sublimation =~ grated with pentacene TFT active matrix to obtain the sheet
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Figure 13. Active matrix flexible photodetectors. a) a-Si:H TFT active matrix image sensor. MEHPPV-PCBM bulk heterojunction organic photodiodes are
integrated into a-Si:H TFT active matrix to obtain the flexible image sensor array. Adapted with permission.!*®) Copyright 2008, American Institute of
Physics. b) OTFT active matrix sheet image scanner. The p-type semiconductor CuPc and n-type semiconductor PTCDI are used to construct the organic
photodiodes, which are integrated with pentacene TFT active matrix for the sheet image scanner. Adapted with permission.[%® Copyright 2005, IEEE.
¢) a-IGZO based photodetector. Solution-processed bulk heterojunction organic photodiodes are integrated with a-IGZO TFT active matrix to obtain the
flexible photodetector. Adapted with permission.l"®” Copyright 2018, The Society for Information Display. d) Nanowire TFT active matrix image sensor.
High-mobility Ge/Si nanowires are used as the TFT channel materials, and optically active CdSe nanowires are used as the photosensors for the all-
integrated, heterogeneous nanowire image sensors. To increase the signal magnitude, an on-site amplification is implemented based on the nanowire
circuitry. Adapted with permission. Copyright 2008, National Academy of Sciences. e) p-Si TFT active matrix conformable imager. The p-Si TFT readout
circuits and near-infrared organic photodiodes are combined to create the conformable imager, which can be used for obtaining static biometric signals
and dynamic PPG signals. Adapted with permission.**! Copyright 2020, Springer Nature Ltd.

image scanner. The effective sensing area for the scanner is
5 x 5cm” with a resolution of 36 dpi. The total number of the
sensor pixels is 5184. The thickness of the entire device is just
400 pm with a weight of 1g. Organic bulk heterojunction can
also be printed and integrated with a-IGZO TFT active matrix
for flexible scanners (Figure 13c)."®” The scanner has an area
of 6 x 8 cm* and a resolution of 200 pixels per inch (ppi), which
has been demonstrated as a palmprint scanner for biometric
authentication. Image sensors based on fully integrated,
all-nanowire circuitry have been reported, as shown in
Figure 13d.°" In the heterogeneously integrated nanowire
sensor system, high-mobility Ge/Si nanowires are used as the
TFT channel materials, and optically active CdSe nanowires
are used as the photosensors. Meanwhile, on-site amplification
is implemented to increase the signal magnitude. Image
sensor array with 13 x 20 pixels has been fabricated and used
for the mapping of the projection light from a halogen light
source.
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Recently, p-Si TFT active matrix conformable imager has been
reported (Figure 13e).”" The p-Si with a mobility of
40cm?V's™! is employed as the channel materials to realize
high-resolution and fast readout. Bulk heterostructure organic
photodiodes with a sensitivity in the near-infrared region is used
as the photosensors. The effective sensor area for the imager is
12.6 x 12.8 mm?, with a resolution of 508 ppi. The total number
of the sensor pixels is 252 x 256 cells, and the cell pitch is 50 pm.
The conformable imager is used for measuring the static biomet-
ric parameters and dynamic biosignals such as pulse waves, and
it is further used to capture the entire area of photoplethysmo-
gram (PPG) signals with a speed as high as 41 frames per second
(fps). This high-definition and high-speed conformable imager
will find various applications in biomedical measurements,
disease diagnostics, and biometric authentication technologies.

Currently, most of the reported active matrix flexible photode-
tectors can only detect a specific or limited range of wavelength.
Photodetector arrays with full-color detection are desired for
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applications in multiple target monitoring under complex
environmental conditions."® Recently, quantum dot (QD)-
sensitized a-IGZO hybrid phototransistor arrays have been fab-
ricated for flexible full-color photodetectors.'?%) The a-IGZO
channels are sensitized by PbS, CdS, or CdSe QDs with different
diameters, allowing the QD/a-IGZO phototransistors responsive
to different ranges of wavelengths from 365 to 1310 nm. The QD
nanoparticles can be deposited with high spatial resolution by
direct photopatterning owing to the photochemical reactivity
of the Sn,S¢*™ ligands on their surfaces. The color discrimina-
tion is realized through photopatterning of the QDs combined
with an in-pixel charge integrating circuit design. The full-color
photodetector is fabricated on a 3 pm-thick PI substrate, which is
capable of compliantly attaching to the human fingertip and mea-
suring the absorption of light with different wavelengths
throughout the capillary blood vessels in the finger. The full-color
2D photodetector array can realize wavelength discrimination
without sophisticated interferometric optics and color filters,
and is promising in bioimaging applications.

In addition to the photodetectors which are responsive to
wavelengths from ultraviolet to infrared, flexible active matrix
X-Ray detector arrays have also been fabricated for medical
imaging and industrial inspection,P?1>124170171] Generally,
the X-Ray detectors are constructed by integrating a scintillator
film on top of normal photodetectors. The scintillator film con-
verts the incident X-rays into visible photons that can be per-
ceived by the underneath photodetectors. Various active
matrix backplane and photodiode combinations have been
reported for the X-Ray detectors, such as pentacene TFT active
matrix with organic photodiodes,'*” SWCNT TFT active matrix
with organic photodiodes,”” a-IGZO TFT active matrix with
amorphous silicon photodiodes,’””) a-IGZO TFT active matrix
with organic photodiodes,*" and a-IGZO TFT active matrix
with perovskite photodiodes.”!

5.4. Magnetic Sensors

During the last few years, magnetosensory system has been
introduced to the e-skins, equipping the recipient with a “sixth
sense” for perceiving the static and dynamic magnetic fields."”?
The magnetic e-skins can be used in proximity sensors for touch-
less human-machine interaction, navigation, and localization for
robotics, as well as the monitoring of the human body motions
for early diagnostics of dysfunctions.!'”?! Active matrix magnetic
sensors are desired to efficiently map magnetic fields with real-
time encoding of the locations and motions of magnetic objects.
Recently, imperceptible active matrix magnetic e-skin has been
reported (Figure 14a).””) The magnetic e-skin system incorpo-
rates OTFT active matrix magnetoresistance sensors, organic
shift register drivers, and signal amplifier circuits in a single plat-
form (Figure 14b). DNTT TFTs are used to construct the multi-
plexers for the pixel selection, as well as the driving and signal
amplifying circuits. Meanwhile, giant magnetoresistance (GMR)
multilayers made of permalloy (Nig;Fe;o) and Cu are deposited
as the sensor elements (Figure 14c). The magnetic e-skin is capa-
ble of mapping the magnetic fields with high precision. As
shown in Figure 14d, 2D magnetic field mapping is
demonstrated by placing a weak ferrite permanent magnet close
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to the sensor matrix. The magnetic e-skin system with active
matrix sensor array and on-chip integrated peripheral circuits
represents a high level of sophistication and functionalization
for imperceptible electronics.

Recently, a-IGZO TFT active matrix integrated micro-origami
magnetic sensor has been reported to detect the magnetic vector
fields in three dimensions (Figure 15).**! The 3D magnetic sen-
sor is composed of an 8 x 8 pixel array of self-assembled cubic
architectures with biased AMR sensors fabricated by combining
planar photolithography with self-folding micro-origami
approach (Figure 15a). In the sensory system, a-IGZO TFTs
are integrated as the active matrix backplane, and permalloy-
based AMR sensors are embedded into the self-foldable polymer
stacks as sensing elements. The magnetic sensor is capable of
perceiving 3D magnetic fields owing to the high-density inte-
grated pixels with three orthogonally oriented subpixels
(Figure 15b). The circuit diagram of a single pixel containing
three subpixels is shown in Figure 15c. In each subpixel,
Wheatstone bridge configurated AMR sensor is connected with
a driving TFT and two readout TFTs. As discussed in the pixel
design section, this special design guarantees a fast response of
the matrix and a small signal crosstalk between subpixels. The
3D magnetic sensor is further integrated with a flexible compos-
ite skin layer for constructing mechanoreceptive e-skins. The
composite skin is composed of a PDMS spacer and an ultraflex-
ible Ecoflex membrane with embedded magnetic hairs. External
mechanic stimuli to the artificial hairs can be detected by the
underneath 3D magnetic sensor array (Figure 15d). The active
matrix 3D magnetic sensory system has validated the micro-
origami fabrication approach in the preparation and high-density
integration of 3D sensors. The obtained 3D sensors can be used
for static mapping of magnetic stray fields and dynamic tracking
of magnetic objects in real time, which paves the way for their
wide applications in the localization and navigation of
microrobots, as well as the feedback control for robotics.

5.5. Biosignal Sensors

In addition to the broad applications in flexible and wearable elec-
tronics, the active matrix flexible sensory systems are also finding
a wide spectrum of clinical and medical applications in implant-
able electronics."”* These implantable biosignal sensors are
interfaced with the internal organs and tissues for the in vivo
detection of electrophysiological signals such as electrocardio-
gram (ECG),?**7174 electromyogram (EMG)? and electrocor-
ticogram (EC0G).2%#24373] The ultraflexibility ensures the
sensors intimately adhere to the surfaces of the organs or tissues
for high-fidelity signal collection meanwhile cause minimum
irritation and injury. The implementation of active matrix driving
technology enables the integration of a large number of distrib-
uted sensors over the surface of the organs or tissues, which can
provide spatiotemporal maps of the electrophysiological signals
in real time.

Figure 16 demonstrates typical active matrix flexible biosignal
sensors based on silicon electronics.*®**** In these biosensors,
high-quality m-Si nanomembranes are used as the TFT channel
materials. The sensor devices exhibit excellent mechanical
flexibility due to the usage of ultrathin substrates and proper
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Figure 14. OTFT active matrix imperceptible magnetic e-skin. a) Photographs of the imperceptible active matrix magnetic e-skin. b) Schematics of the
imperceptible system. c) Layer stack of the magnetic e-skin. d) Demonstration on 2D mapping of magnetic field. Reproduced with permission.?”!

Copyright 2020. The Authors. Published by AAAS.

encapsulation layers. The biosignal sensor with high-density
active electrode array can be compliantly placed on the visual
cortex for the mapping of brain activities (Figure 16a).
Moreover, it can be folded around ~700 um thick silicone rubber
to form a double-sided recording device. The folded device can be
inserted into the medial aspects of the cerebral hemispheres or
the interior of sulci that are difficult to access by other sensors.™**!

The long-term stability of the biosensors is of vital importance
for their applications in implantable electronics. Therefore,
proper encapsulation and signal coupling strategies are required
to prevent the penetration of biological fluids into the electronics.
Figure 16b shows a capacitively coupled active matrix
electrophysiological sensor.”® 1In this sensor device, the
underlying electronic components are completely sealed by an
ultrathin, leakage-free, and biocompatible SiO, dielectric layer.
The electrophysiological signals are measured through capacitive
coupling between the electronics and the tissue. The sensor
adopts two TFTs per pixel design, with a switching TFT as the
multiplexer for pixel selection and an amplifying TFT for built-in
signal conditioning. The capacitively coupled biosensor exhibits
excellent electrical and mechanical stabilities during the in vitro
and exvivo tests, enabling its long-term applications in
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diagnostics and treatment of chronic diseases. Although the
capacitively coupling strategy is useful in many application sce-
narios, it requires a large capacitance between the SiO, sensing
pads and the surrounding tissue to avoid signal attenuation. In
addition, the capacitive configuration is incapable of electrical
stimulation. Therefore, conductively coupled active matrix neural
electrophysiological sensor has been fabricated recently
(Figure 16c).*"! In this device, thermally grown SiO, thin film
is chemically bonded to the silicon nanomembranes and
employed as a leakage-free and chronically stable barrier. Au
metal pads are deposited to form electrical contacts to the
surrounding tissues. This configuration enables the conductively
coupled sensing and electrical stimulation through Faradaic
charge injection. The assessments on the electrical performance
and dissolution behaviors as well as the temperature-dependent
studies reveal the stability of the conductively coupled
sensors, indicating their broad applications in large-area,
long-lived electrical implants for electrophysiological mapping
and stimulation.

The electrophysiological signals are generally weak, and
sensitivity on the order of microvolts to millivolts is required
for the biosensors to detect these weak signals.”! Therefore,
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Figure 15. Active matrix integrated micro-origami sensor arrays. a) Photographs of a sensor device and the 3D sensor pixel array in the device.
b) Exploded schematic showing the structure of a single pixel. ¢) Circuit diagram of a single pixel which contains three subpixels with Wheatstone bridge

configurated AMR sensors. d) Response of the 3D sensors to the mechani
license.”®! Copyright 2022, The Authors. Published by Springer Nature.

in-pixel amplification is frequently adopted to on-site condition
the acquired signals. As shown in Figure 16b,c, single TFTs have
been integrated as amplifiers by coupling the input signals to
their gate electrodes. Recently, more complex amplifying circuits
have been integrated within the pixels based on silicon and
organic electronics.*"”!! The silicon amplifiers have source-
follower configuration with current gain, and are addressed by
the multiplexing TFTs in the active matrix. The amplifier shows
a high bandwidth with a cutoff frequency of ~200 kHz owing to
the high mobility (=~ 490 cm®V~'s™") of the m-Si TFT compo-
nents. The biosensor is used for mapping cardiac electrophysi-
ology in a porcine model. The spreads of spontaneous and paced
ventricular depolarization can be mapped in real time by attach-
ing the sensor on the epicardial surface.*!! The organic amplifier
is composed of an inverter, a capacitor, and a resistor. The
inverter adopts a pseudo-CMOS layout with four DNTT TFTs.
The organic amplifier matrix is combined with highly conductive
multiwalled CNT composite gel electrodes for epicardial ECG
monitoring. The amplifier exhibits excellent amplification
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cal stimuli of the artificial hairs. Reproduced under the terms of the CC BY

performance with a large gain. A 1.2 mV input signal is amplified
to a 200 mV output signal with a gain of ~200.""

Besides the silicon and organic TFT active matrix biosensors,
OECT active matrix multielectrode arrays have emerged as a new
kind of transducers for monitoring bioelectrical signals in recent
years, owing to their large transconductance, ease of fabrication,
and large flexibility in device architecture.”®7%11712% The inte-
gration of OECT active matrix in biosensors enables local signal
amplification and multiple pixel addressing at the same time.
State-of-the-art OECTs for in vivo electrophysiological recordings
are mostly based on the conducting polymer PEDOT:PSS.
Figure 17 demonstrates several applications of PEDT:PSS
OECT active matrix biosensors. For example, the PEDOT:PSS
OECTs have been used in ECoG probes (Figure 17a).2”! The total
thickness of the probes is just around 4 pm, making them highly
conformable meanwhile strong enough for handling. The output
and transfer curves demonstrate that the PEDOT:PSS OECT
works in the depletion regime with a low operation voltage of
0.5V. The direct contact with the electrolyte enables efficient
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(b) Capacitively coupled active matrix electrophysiological sensor
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Figure 16. Active matrix flexible biosignal sensors based on silicon electronics. a) Ultraflexible active matrix biosensor. The sensor array can be folded
around low modulus PDMS insert, placed on the visual cortex and inserted into the interhemispheric fissure. Adapted with permission.!**) Copyright 2011,
Nature Publishing Group. b) Capacitively coupled active matrix electrophysiological sensor. Optical microscope image, schematic of the circuit cross
section and circuit diagram of a single pixel showing the mechanism of capacitively coupled sensing. Adapted with permission.?®! Copyright 2017,
Macmillan Publishers Ltd. c) Conductively coupled active matrix neural electrophysiological sensor. Exploded view of the layer stacks, schematic of
the circuit cross section and circuit diagram of a single pixel showing the mechanism of conductively coupled sensing. Adapted with permission.¥

Copyright 2018, The Authors. Published by National Academy of Sciences.

gating of the PEDOT:PSS channel. The normalized transconduc-
tance of the PEDOT:PSS OECT is several orders of magnitude
higher than typical silicon and organic TFTs. The OECT is wired
in a common source configuration and the grounded screw is
used as gate electrode for the invivo recording of the brain
activities. The OECT probes can realize superior gain recording
with a high signal noise ratio (SNR) owing to the local signal
amplification.

Recently, transparent PEDOT:PSS OECT active matrix
biosensor has been reported by integrating Au metal grid wirings
as the transparent electrodes (Figure 17b).”*! Due to the intrinsic
transparency of the PEDOT:PSS channels, the entire area of the
obtained device is highly transparent, which enables its applica-
tions in optogenetics. The spatial mapping of ECoG signals from
an optogenetic rat exhibits high signal integrity showing lower
light artifacts than the noise level. Although with high flexibility,
it is still challenging to conformally interface the OECT active
matrix sensors with soft and dynamically moving organs such
as the surface of the heart for long-term recording. To overcome
this limitation, stretchable PEDOT:PSS OECT active matrix bio-
sensor has been fabricated (Figure 17c).”* In this device, hon-
eycomb grid perylene is used as substrate to realize stretchability.
Meanwhile, the surface of the device is coated by a nonthrombo-
genic agent poly(3-methoxypropyl acrylate) to increase the blood
compatibility. The stretchable and blood compatible biosensor is
used for the ECG measurement on the heart surface of rats. A
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high SNR of 52dB can be achieved owing to the conformal
contact interface, the suppression of blood clots, and the high
transconductance of the PEDOT:PSS OECTs. Moreover, the
motion artifact noise can be efficiently suppressed because of
the high compliance of the stretchable microgrid structures.

In addition to the biosensors with OECTs that function both as
sensors and multiplexers, active matrix electrophysiological sen-
sors which are integrated with OECTs as sensor elements and
OTFTs as multiplexers have been reported (Figure 17d)."? In
this biosensor, each detection cell contains one PEDOT:PSS
OECT and one DNTT TFT. The cutoff frequency of the inte-
grated device is ~3 kHz and the transconductance is large than
1 mS. The total thickness of the device is 2.0 pm. It can be con-
formably laminated onto the surface of the optogenetic rat’s gra-
cilis muscle for EMG signal mapping with negligible mechanical
interference during the motion of the muscles. Millisecond-scale
myoelectric signal can be detected which involves with the mus-
cle contraction of the optogenetic rat by blue light stimulation.

6. Conclusion and Outlook

The active matrix flexible sensory systems have seen remarkable
advances and breakthroughs during the last two decades,
enabling modern application scenarios such as e-skins, implant-
able and wearable electronics, which bridges the gap between the

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@) PEDOT:PSS OECT active matrix biosignal sensor

Parylene (2 um)
Au (100 nm)
- PEDOT:PSS (200 nm)  (C) Stretchable PEDOT:PSS OECT active matrix biosignal sensor

r 300 800
< @
3 3
2 200 £
400 ©
200
-1

NN N RN RN

Ve (V)

0
/Q.\ p’]/ /Q'P /QP /Q(?
Yo (V)

www.advintellsyst.com

(b) Transparent PEDOT:PSS OECT active matrix biosignal sensor
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Figure 17. OECT active matrix flexible biosignal sensors. a) PEDOT:PSS OECT active matrix biosignal sensor. The optical micrographs show the whole
sensor device and magnified view of a PEDOT:PSS OECT and a surface electrode. The schematic illustrations show the layouts of the surface electrode
and the OECT channel. The wiring layout illustrates the operation mechanism of the OECT. The output and transfer curves show the electrical perfor-
mance. Adapted with permission.”” Copyright 2013, Macmillan Publishers Ltd. b) Transparent PEDOT:PSS OECT active matrix biosignal sensor. Image
of the OECT active matrix on a parlyene substrate and magnified image of a single pixel are demonstrated. Adapted with permission.”®! Copyright 2017,
National Academy of Sciences. c) Stretchable PEDOT:PSS OECT active matrix biosignal sensor. Image of the OECT active matrix on a honeycomb grid
parylene substrate and cross section of the OECT are shown. Adapted with permission.”# Copyright 2018. The Authors. Published by AAAS. d) Active
matrix electrophysiological sensor based on the integration of OTFTs and OECTs. Detailed front view, schematic circuit diagram, and illustration of the
cross section for a single pixel are shown. The transconductance of the device is responsive to the frequency of the input signal with a cutoff frequency of
~3 kHz. The sensor is attached on the muscle tissue of optogenetic mice with continuous stimulation by a blue laser for the measurement of myoelectric
signal intensity. Adapted with permission.”? Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA.

natural and artificial systems. The usage of ultrathin substrates,
adoption of neutral mechanical plain designs, and application of
high-performance thin-film materials have dramatically
impacted the form factor of the sensory systems. This leads to
an evolution of the form factor from flexible to ultraflexible, fold-
able, crumplable, stretchable, and implantable. The envisioned
goal for these new forms of flexible sensory systems is to provide
compliant and high spatial resolution perceptional capabilities
for the humans and robotic appliances, improving their interac-
tions with the external environment.

Flexible TFTs, as the enabling component for the active matrix
sensory systems, have been significantly improved over the last
two decades. The channel materials for the TFT active matrices
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are represented with a large number of semiconductors, includ-
ing conventional silicon in different crystalline forms, organic
and oxide semiconductors, 1D nanotubes and nanowires, as well
as the recently emerging 2D semiconductors. The implementa-
tions of high-quality organic/inorganic hybrid dielectric and
ionic dielectric materials have significantly lowered the device
operation voltage down to several voltages or less, allowing the
wearable electronics to be power efficient and the implantable
electronics to safely work in aqueous environments. The pixels
in the active matrix flexible sensory systems have evolved from
simple circuits with one TFT and one sensing element configu-
ration to advanced designs with numerous transistors, realizing
in-pixel integrated amplifiers for local signal conditioning.
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Moreover, light-emitting and nonvolatile memory devices have
been respectively integrated into the pixels for the visualization
and storage of the detected information. The fabrication technol-
ogies for the flexible sensory systems have evolved from conven-
tional photolithography and shadow mask-assisted deposition to
solution-based processing and large-area printing. The direct ink
printing techniques have shown enormous potential and will be
among the mainstream technologies to decrease the device fab-
rication price and bring the active matrix flexible sensors to large-
scale practical applications. All these developments have greatly
prompted the advancement of the active matrix flexible sensory
systems, facilitating their wide range of applications in the detec-
tion of signals including tactile pressure, temperature, light,
magnetic field, and electrophysiological activities, to name a few.

Despite the rapid progress that has been made in the active
matrix flexible sensory systems, numerous opportunities and
challenges are still remaining requiring further research and
development. Among these challenges, improvement of the yield
and performance of the flexible TFTs, design of unipolar circuits
as well as the compatibility with sensory technologies are the cru-
cial points that have to be solved for the realization of fully inte-
grated active matrix flexible sensory systems in a monolithic
technological process. So far, most of the active matrix flexible
sensors can only have response to one kind of stimulus which
limits their applications, for instance, in e-skins. There are just
a very few reports on the bifunctional active matrix flexible sen-
sors, achieved either by overlapping two active matrix sensor
arrays®® or by employing special nanocomposite transducers
with dual responses.®*'”*! The human skin is a complex system
embedded with different types of highly specialized sensory
receptors to convert various environment stimuli into the electri-
cal impulses.'”® To fabricate artificial e-skin systems with aug-
mented capabilities compared to their nature counterparts,
heterogeneous integration of multiple sensing modalities within
one active matrix array is highly desired (Figure 1 and 3).®% For
example, dissimilar sensing elements could be integrated into
different pixels in the same active matrix array, creating a
heterogenous active matrix flexible sensory system with
responses to multiple stimuli.’””) Besides the detection of physi-
cal and electrophysiological signals, the detection of chemical
biomarkers from the breath, sweat, saliva, and other secretions
in the active matrix format could be an opportunity for the
flexible sensory systems, which can provide means for batch
chemical analysis to obtain spatiotemporal patterns of the
biomarkers."”#78%, For example, active matrix flexible biochem-
ical sensors could be used for continuously monitoring the pH
values distributed across the wound during healing process.!'®!
The blending of wearable chemical sensors with the active matrix
addressing technology would have tremendous potential in digi-
tal health and personalized medicine. From the fabrication point
of view, it is quite challenging to obtain devices with such high
level of sophistication. Therefore, different fabrication strategies
should be combined together to simplify the integration work-
flow. For instance, the active matrix backplanes can be fabricated
by photolithography and the diverse transducing elements can be
additive obtained by inkjet printing.

Improvement of the circuit design could lead to decrease of
interconnect numbers and increase of the freedom in the final
application design. Therefore, some peripheral circuits such as
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the row and column drivers could also be integrated into the
flexible sensory systems.””'82183) The challenge lies within
the successful integration of these driver circuits in large area
with high yield. Therefore, new advanced circuit designs and
fabrication strategies are expected in the near future. Active
matrix flexible sensory systems with on-board energy source
and wireless data transmission are expected in a long-term goal.
Such heterogeneously integrated active matrix flexible sensory
systems would find numerous applications in robotics, human-—
machine interfaces, medical diagnostics, and prosthetic devices.
This research topic is highly multidisciplinary, and future joint
efforts from chemist, materials scientists, electronic engineers,
and biologists are expected to develop new material systems, pro-
mote novel sensory mechanisms, realize higher level of function
integrations, and explore a broader range of applications for the
sensory systems.
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