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Flexible Ultralow Power Sensor Interfaces for
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Abstract—Thin-film electronics has hugely benefitted
from low-cost processes, large-area processability, and
multi-functionality. This has not only stimulated
innovation in display and sensor technology, but has also
demonstrated great potential for integration of components
for human-machine interfaces. For electronics to be
deployed as sensor interfaces and signal processing, the
quest for low power is compelling due to the inherently
limited battery lifetime. This review will present the
state-of-the-art in thin film electronics and demonstrate
examples of low-cost printable transistors and biosensors
that are flexible/stretchable for wearable and other
applications. Ultralow power design for thin-film
transistors will be discussed from the standpoint of
reducing both operating voltage and operating current,
taking into account the challenges in meeting frequency
requirements. Compact models for circuit design will be
reviewed along with new insights into ultralow power
transistors and high gain amplifier circuits. Finally, a
concept for an integrated system comprising sensors and
interfacing circuits will be demonstrated, which has the
potential to enable battery-less operation.

Index Terms—flexible electronics, human-computer
interaction, low-power electronics, thin film transistors.

. INTRODUCTION

LECTRONIC skin (e-skin) has enabled devices that can

mimic the functionalities of human skin and/or monitor
humans in real time for continuous healthcare management
[1]-[3]. Therefore, e-skin is an indispensable component for
humanoids and human-computer interactions. Despite
considerable  developments and  demonstrations  of
multi-sensing skin [4] and self-powered e-skin [5], several
fundamental requirements still need to be fulfilled to maximize
the potential of this technology. The most striking requirements
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include increasing the comfort of electronics to be worn on the
skin and the ability to acquire as much human physiological
information as possible [6], [7]. In addition, e-skin relies on
batteries and warrants eco-friendly electronic devices, so
minimizing power consumption and fabrication costs are
important [7]-[11]. Although there have been considerable
studies in low power design in conventional silicon technology
[12]-[16], the leakage (and hence, operating) currents are
higher as compared to wider band-gap materials such as the
semiconducting oxide [171-]19] or
thieno[3,2-b]thiophene-based organic semiconductor [20]-[22]
families. However, the realization of low-power signal
conditioning and transmission circuits using these materials
families remain a challenge and is wide open to further
investigation.

An empowering alternative to conventional silicon,
including thinned-down silicon, technology for e-skin is
thin-film electronics, which can be manufactured by direct
additive processes (e.g., inkjet printing), produced to form
relatively thin (nm-scale) structures, and amenable to large area
(m?) scaling [17], [23]-[30], as conceptualized in Fig. 1 for a
sensor interface system for e-skin. Since e-skin applications are
more varied and require smaller production runs than is typical
of silicon technologies, thin-film device fabrication has
considerable cost benefits, in particular, with printing-based
processes [11], [31], [32]. Form factor and potential bendability
are other key characteristics, and an appropriate choice of
materials and device structures is necessary to maintain
mechanical robustness [6], [21], [33], [34]. Here, device and
circuit modeling are indispensable for the design of low-power,
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Fig. 1. A conceptualized thin film electronics based sensor interface system
for e-skin and its requirements. A variety of TFT-based sensors are used to
acquire human physiological information. Analog and digital circuits are
built-in for signal conditioning. E-skin requires materials used to be flexible,
low-cost fabrication, low power consumption, and a good model for TFT
circuit design.
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Table 1. Basic performance and fabrication specifications comparison for TFT
technologies.

TFT technologies a-Si LTPS 1GZ0 Organics |
Material

Band-gap (eV) ~1.8 ~1.1 >3 1~3
Density of dee

statestzlcm’3 e\?’l) ~10% ~10% ~10¥ >10*
Flexibility No No Limited Good
Printability Limited Limited Limited Good
Device

SS (V/dec) 0.5 0.2~1 0.1~0.3 0.05~1
(SS variation) (~0.2) (~0.1) (~0.02) (0.01~0.2)
VT (V) ~5 ~5 >1 ~0
(V7 variation) (~0.5) (1) (~0.2) (~0.1)
lon/lorr ~107 ~107 >107 >108
Operating voltage 920 220 25 1~10
)

Circuit

Amplifier gain N _ - -
(VIV) 10~50 20~100 10~200 5~260
Cpgr‘:‘;%pﬁon w) >100n ~1p In~lp In~lp
Fabrication

Process

temperature (°C) ~350 ~500 >200 <130
Equipment cost (§) >1million  >1million ~1 million ~40,000
Layout cost ($/m?) ~400,000  ~800,000  ~500,000 ~0
Material waste >80% >80% 30~80% <1%
strain-immune circuits. This will benefit device/battery

operational lifetime as well as sensitivity to physiological
signals (which are typically voltage signals of less than 1
millivolt) [35]-[38]. With these potential benefits, thin-film
electronics is likely to enable new possibilities for e-skin,
specifically addressing low cost, low power, mechanical
flexibility, and high signal sensitivity.

To construct a sensor interface, a variety of thin-film sensors
are required to acquire human physiological information, and
analog and digital circuits need to be co-integrated for signal
conditioning and transmission (Fig. 1). There have been
considerable papers reporting on-skin sensor interfaces [39],
including thin-film sensors [40], [41], amplifier [6], [42], and
wireless power transfer blocks [43], [44]. Most of these
systems, however, are not solely thin-film electronics based,
which could result in bulky devices that need to be worn on skin
[45].

In Section |1 of this review, we present printable and flexible
materials for thin-film electronics, and in particular, thin-film
transistors (TFTs), which constitute a fundamental building
block. We discuss different materials for TFTs and mainly
focus on the manufacturing processability and the key features
of TFTs. Then, we introduce and compare different printing
technologies for low-cost printed electronics. Section 111
reviews the current development of printed TFTs. In addition,
examples of low-cost printable transistor-based biosensors that
are flexible/stretchable are reviewed, including pressure
mapping, heartbeat monitoring, temperature capturing,
electrophysiology recording, and ion detection. Section IV
discusses design issues related to ultralow power TFT
operation for e-skin, including reducing the operating voltage
and operating current of TFTs. In addition, Schottky-barrier
subthreshold TFTs are discussed, with the merits of ultralow
power, high intrinsic gain for signal amplification, and
geometry-independent characteristics that accommodate the

large geometrical variation of printed TFTs. Other
specifications for sensor interfaces are discussed, including
cut-off frequency and noise. Compact models for TFT circuit
designs are reviewed in Section V, along with the density of
states (DOS) extraction, DC signal modeling, and small signal
modeling. Finally, a concept for an integrated system
comprising sensors and interfacing circuits is demonstrated,
which has the potential to enable battery-less operation.

Il. PRINTING TECHNOLOGIES FOR THIN-FILM ELECTRONICS

A. Printable and Flexible Materials

For sensor interfaces in e-skin, the most fundamental and
essential component is the thin-film transistor (TFT). Typical
TFT technologies are based on four types of materials and
structures, including amorphous silicon (a-Si) [46], [47],
polycrystalline silicon (poly-Si) [48]-[51], amorphous oxide
semiconductors (AOS) [52]-[65], and organics [21], [27], [34],
[66]. Compared to organics, the former three have limited
printability and flexibility (Table 1). Though there are some
reports on printable silicon and AOS, they required high
process temperatures (generally >200 °C) and their device
performance was not as good as vacuum processed ones [67]—
[76]. For TFTs to be deployed on skin, their substrates require
mechanic flexibility. Good substrate candidates are polymers,
such as polyethylene terephthalate (PET), polyethylene
naphthalate (PEN), and polyimide (PI), but their glass
transition temperatures are < 200 °C. Therefore, the process
temperatures for silicon-based TFTs are still too high, and
low-temperature (i.e., < 200 °C) processable semiconductor
alternatives are demanded. Apart from these materials, there
are also some other types of materials that have demonstrated
high device performance, such as carbon nanotubes [77]-[80],
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Fig. 2. Nanoconfinement effect for enhancing the stretchability of polymer
semiconducting film and organic TFT. (a) A 3D schematic of the desired
morphology composed of embedded nanoscale networks of polymer
semiconductor to achieve high stretchability, which can be used to construct a
highly stretchable and wearable TFT. (b) Drain current (Ip) and gate current
(Ig) of a fully stretchable TFT under sequential stretching, twisting, and
poking with a sharp object. Adapted from [34].
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Fig. 3. From printing documents to printing electronics.

nanowires [81], [82], transfer printed silicon [68], [69],
molybdenum disulphide and other 2-dimensional materials
[83]-[86]. With recent development of organics, organic TFTs
have demonstrated comparable performance to the vacuum
processed TFTs. In this section, we will focus on organics that
are printable and flexible, which are essential for e-skin.

Organic  semiconductor materials are carbon-based
compounds that consist of m-conjugation systems, which
contribute to electron/hole charge transport. Depending on their
molecular structures, organic semiconductor materials can be
categorized into small molecules and polymers depending on
their molecular structures. The most common small molecules
include rubrene [87], pentacene (and its derivatives) [88],
anthradithiophene (ADT) derivatives [89], and
benzothieno[3,2-b] [1], benzothiophene (BTBT) derivatives
[90]. Most polymer semiconductors are thiophene-based, such
as region-regular poly (3-hexylthiophene-2,5-diyl) (P3HT) [91]
and indacenodithiophene-co-benzothiadiazole (IDT-BT) [92].
In general, small molecules can form well-ordered crystalline
phases and thus demonstrate higher mobilities; however,
mobilities of small molecules depend on the stacking directions
of molecules [93], which are randomly distributed by most
deposition methods (e.g., spin-coating, inkjet printing),
resulting in a large variation of mobility values. In contrast,
polymers are normally in amorphous phases, which yield better
uniformities but lower mobilities (< 1 cm?V1s™?). The first
organic TFT was invented by Koezuka et al. using polymer
semiconductor, polythiophene in 1987, but the mobility was
only 2 x 107° cm?V1s [94]. In the past three decades,
significant developments in organic semiconductors have been
achieved, with a high mobility of >10 cm?V*s™* in both small
molecules and polymers [95].

The most striking advantage of organics is their solution
processability.  Although silicon and AOS are also
solution-processible, they need high process temperatures for
precursors to react and form the desired materials and
structures. In contrast, organics can easily dissolve in
compatible organic liquids, which simplifies the processes of
ink formulation and post-deposition reactions/treatments. This
feature of organics enables organic TFTs and circuits printable
on plastics with process temperatures of lower than 130 °C
[96]. In addition, all-printed organic TFTs have been reported
[11], [97], [98]. However, conventional solution-processed
organic TFTs require high operating voltages of several tens of

volt, which contradicts the idea of low power. To tackle this
issue, considerable effort has been made to lower the operating
voltage of organic TFTs, and reports have demonstrated low an
operating voltage of less 1 V, which has greatly reduced the
power consumption for TFT operation [99]-[101]. Further
discussion on power consumption in TFT can be found in
Section IV.

Another advantage of organics is their mechanic flexibility.
In contrast to silicon and metal oxides that are covalently
bonded, organic molecules are van der Waals bonded and
therefore can restore themselves from certain bending
deformations. Someya and his coworkers have developed
organic TFTs with both n-type and p-type devices and
integrated them into circuits, demonstrating extreme bending
stability [33], [102]. The same research group has reported
ultra-flexible and ultra-lightweight organic TFTs, which are
potential candidates for imperceptible electronics to be
employed on the skin [21]. In recent years, intrinsically
stretchable organic semiconducting materials have been
achieved by Bao and her coworkers through the
nanoconfinement of polymers into nanometer-scale dimensions
(see Fig. 2), which can alter many polymer physical properties,
including lowering the mechanical modulus and glass transition
temperature and increasing the mechanical ductility [6], [34].
In addition to flexibility and stretchability, organic TFTs have
also been developed as essential components for sensors [103],
radio frequency identification (RFID) tags [104], smart
memories [105], point-of-care diagnostic systems [106] and
wearable systems [107]. With good compatibility to the skin,
the organic TFT-based e-skin has been developed [2].

In addition to conventional organic TFT structures, there is
another family of organic transistors, organic electrochemical
transistors (OECTSs), that can be used for chemical/biological
sensing [108] and mimicking synapses [109]. Malliaras et al.
used OECTs demonstrated in vivo brain activity recording [29].
They found that different from conventional transistors,
OECTs have volumetric capacitance characteristics and
therefore demonstrate low operating voltages and high
transconductance [110]-[112].

Due to these features of organics, in the following
discussions on sensor interfaces, we will focus on printable and
flexible organic TFTs.

B. Printing Techniques

Patterning electronic materials is important to achieve
integrated films and patterns that can function as an electronic
device [113]. For conventional fabrication of electronic
devices, i.e., silicon MOSFETS, the wastage of materials is
huge, since all the material deposition processes involve
photolithography and need to be subtracted. Compared to
photolithography, printing is more straightforward, and the
patterning of materials can be achieved by so-called direct
patterning, i.e., depositing materials only on the wanted areas.
In this way, material wastage can be greatly reduced.
Therefore, printing techniques are suitable to meet the low-cost
requirements of e-skin fabrication, where low fabrication cost
and negligible material waste are important criteria. Regarding
TFT technologies, here we focus on printable organic TFTs,
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Fig. 4. Schematics of different printing techniques: (a) inkjet printing, adapted
from [114]; (b) nano-imprinting, adapted from [117]; (c) gravure printing,
adapted from [120]; (d) flexographic printing, adapted from [113]; (e) screen
printing, adapted from [113].

which have better compatibility with printing technologies and
better mechanical flexibility as previously mentioned.
1) Inkjet Printing

Inkjet printing is the most promising printing technique
which can produce high-resolution 2-dimensional patterns. An
inkjet printer consists of a cartridge and a printhead [114]. The
cartridge contains ink and supplies the ink to the printhead. The
printhead is a sophisticated micro-scale system, which pumps
the ink through nozzles to form jetted droplets, as shown in Fig.
4(a). The printhead is designed to be resistant to organic
solvents, which allows a wide range of solvents for ink
formulation, and therefore the inkjet printing technique is
compatible with various printable materials. Inkjet printing has
several advantages, including good resolution, little material
waste, the potential for customization, and no contact between
the printhead and substrate [115].
2) Imprint and Nano-imprint

Imprint achieves patterning by physically deforming a
deposited  thin-film  resist  material  through a
micro/nano-structured mold [116], [117]. The resist material
can be thermal or UV-curable [118]. For example, as shown in
Fig. 4(b), a UV curable material is deposited on a quartz
substrate and then deformed by the mold. After UV exposure,
the deformed layer is fixed with a pattern formed by the mold.
Though the process is simple, it can produce patterns with good
definition and high resolution, which are determined by the
mold. The disadvantages of imprinting are air bubbles and ink
sticking [118]. When the mold imprints the resist film, some
areas make contact at the end, which can induce some air
bubbles within these areas. The de-molding process may also
cause damage to the patterned layer, since the material though
cured can still stick to the mold.

3) Gravure Printing

The gravure printing technique is increasingly complex as it
offers high-speed, roll-to-roll deposition of functional materials
at high resolution [119]. The process consists of a 2-roller
system, where the printing roller has engraved patterns [120],
as shown in Fig. 4(c). The printing roller is partly immersed in
the ink bath, so that the ink can be continuously refilled. The
excess ink is doctored off the printing roller to prevent
accumulation in undesired areas. Since the printing roller
makes strong enough contact with the rubber supporting roller,
the ink in the gravure is transferred from the substrate to form
patterns. The disadvantage of gravure printing is that it requires
a new costly engraved roller to change new patterns. The
advantage is that the web speed can be 1-10 m/s which meets
the requirement of the roll-to-roll process [114]. Gravure
printing has been used in printing organic and inorganic
photovoltaics [121], [122], and it has potential in conductive
inks, RFID tags, logic and memory circuits [113].
4) Flexographic printing

Flexographic printing is similar to gravure printing, except
that the ink is on the convex area of the printing cylinder/roller
rather than in the concave area. In this case, in order to avoid
excess ink, an anilox roller is used to refill a measured amount
of ink into the printing cylinder, as shown in Fig. 4(d).
Therefore, a typical flexographic printing system is a
four-roller system, containing a fountain roller, an anilox roller,
a printing cylinder, and an impression roller. The process is
simple, and the only requirement is less volatile inks.
Flexographic printing has potential in smart packaging [123],
transparent conductive films [124], logic circuits [125], etc.
5) Screen Printing

Screen printing consists of a screen of woven material and a
squeegee, as shown in Fig. 4(e). The pattern of the screen is
obtained by partially filling the screen with an emulsion which
prevents ink from contacting the substrate. Screen printing is
currently widely used in industry for simple patterns such as
printing etch resists and conductors for flexible electronics
[113]. It can also be fully adapted to a roll-to-roll process with a
rotary screen.
6) Comparison of different printing techniques

Due to different printing principles, these printing techniques
can result in various qualities and features of printed patterns.
Table 2 shows a comparison of the features of the printing
methods. Among these printing techniques, imprint yields the
highest resolution of <1 pm, which is attributed to the
high-resolution mold used in imprinting. Flexographic and
gravure printing techniques can provide similar feature sizes of
several tens of microns and have similar requirements for ink
viscosity. Screen printing requires very high viscosity of inks
(>500 mN m™?), and screen printed features are very thick, i.e.,
>5 um, which is not appropriate for printed dielectrics whose

Table 2. Comparison of different printing techniques.
Ink

Printi_ng Resolution  Thickness viscosity Mismatch
technique (um) (um) (cPs) (um)
Inkjet ~20 0.01~0.5 5~30 ~20
Nano-imprint <1 ~0.1 - <1
Gravure ~20 0.5~10 100~1000 ~20
Flexographic ~15 0.5~1 50~500 ~30
Screen ~50 >2 >500 ~40
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thickness is around 100 nm. As for inkjet printing, it can
produce a similar resolution to most printing techniques (except
imprint), and it does not require inks to be highly viscous.

For printed flexible electronics, matching accuracy is
important to the realization of circuit and system level
applications. Inkjet printing generally induces ~20 pm
mismatch [126], due to the flight of droplets. The mismatch of
screen printing can be up to 40 um due to the movement of the
screen by squeegee [127]. The mismatch of gravure and
flexographic printing depends on the number of rolls and is
around 20~30 pm [128]. Nano-imprint only induces <1 um
mismatch, due to the high resolution of lithography [129].

Overall speaking, inkjet printing is a good choice as a
printing technique for TFT fabrication. In addition, inkjet
printing has the crucial advantage that its customization
capacity is high. The research and development of organic
TFTs in laboratories or start-ups use trial and empirical patterns
of devices, so it is important that the printing technique
provides flexibility in pattern designs. This flexibility enabled
by inkjet printing can save a considerable amount of time and
money, compared to other thin film deposition techniques
which need masks, molds, or gravures.

I1l. PRINTABLE AND FLEXIBLE TRANSISTORS

A. TFT Device Architectures

In general, there are four possible TFT device architectures,
including bottom-gate bottom-contact (coplanar), bottom-gate
top-contact (staggered), top-gate bottom-contact (inverted
staggered), and top-gate top-contact (inverted coplanar)
structures, as seen in Fig. 5.

For ultralow power e-skin, the operating voltages of organic
TFTs should be low, which can be achieved by reducing
defects/traps in TFTs. Details on lowering operating voltages
are explained in Section IV.A. In brief, for low-voltage TFTs,
the semiconductors should be crystallized, and the
semiconductor/dielectric interfaces should be smooth. These
factors need to be taken into consideration when selecting TFT
device architectures. For organic semiconductors, small
molecules are much more likely to crystallize compared to
polymer semiconducting materials, but they tend to generate a
rough surface. For dielectrics, polymers normally demonstrate
smooth surfaces, which can be used as a base for the
semiconductor/dielectric interface to reduce the interface trap
density. In addition, small molecule semiconductors are more
vulnerable to heat with regard to the reorganization of crystals
and even evaporation. The source/drain electrodes (which need
high-temperature annealing) should be deposited prior to the
deposition of the semiconductor. Therefore, to achieve
printable low-voltage organic TFTs, the bottom-gate
bottom-contact structure is preferred, while regarding
materials, small-molecule semiconductors and polymer gate
insulators are preferred.

Despite of low-voltage consideration, other device
architectures have other advantages. Staggered and inverted
staggered architectures can greatly reduce the contact
resistance between the semiconductor and source/drain
electrodes [130]. In these two architectures, charge carriers not
only injected from the edge of the source electrode, but also
from the area of the electrode that is overlapped with the gate

(a) (b)

Source Drain

Semiconductor. Semiconductor

Source Drain

Gate dielectric Gate dielectric

Gate Gate
Substrate Substrate
Gate Gate
(c) (d)
Gate dielectric

Gate dielectric

Source Drain

Semiconductor Semiconductor
e

Sourci Drain

Substrate Substrate

Fig. 5. Schematic diagram of the four TFT device architectures: (a)
bottom-gate bottom-contact, (b) bottom-gate top-contact, (c) top-gate
bottom-contact, and (d) top- gate top-contact.

electrode. Top gate architectures allow self-aligned TFTs,
which use source/drain patterns to define gate pattern [131] or
vice versa [132]. In self-aligned TFTs, the overlap between the
source/drain electrodes and gate electrode is small, and
therefore, parasitic capacitance is reduced. Noh et al.
demonstrated self-aligned all-printed polymer TFTs with
parasitic overlap capacitance to values as low as 0.2~0.6
pF/mm, and cut-off frequencies of fr = 1.6 MHz [131].

For e-skin, the variation of TFT performance due to the
bending/stretching of substrates is a major issue. As discussed
in Section Il A, there are a considerable number of reports on
flexible and stretchable organic TFTs [6], [21], [33], [34], [102].
Though these works have a great breakthrough in achieving
functional devices during bending/stretching, the device
performance varies. There are several ways to mitigate the
strain, such as wavy [133], mesh [134], and serpentine designs
[135]. In addition to these horizontal compensation methods,
Sekitani et al. developed a vertical TFT structure to minimize
the strain during bending and demonstrated ultra-flexible TFTs
without appreciable performance change under <0.1mm
bending radius [33]. Such good flexibility and bending stability
very was enabled by a thin plastic substrate (12.5um) and an
encapsulation layer of the same thickness that place the
transistors in the neutral strain position. It is noteworthy that the
device performance also varies even when the same strain is
along and perpendicular to the channel length direction [33],
[136], which is important for the design of flexible
devices/circuits that how the strain to the different directions
can be compensated.

B. Issues of Printed Organic TFTs

The main issues in organic TFTs (either vacuum- or
solution-processed) are the high operating voltage and poor
stability, specifically short shelf-life time and significant
threshold voltage shift under bias stress.

The most straightforward way to lower the operating voltage
is to increase unit-area gate capacitance [21], [137]. However,
this method induces large gate leakage or interface dipole
disorder [138], thus exacerbating instability. An alternative
way is reducing semiconductor/dielectric interface traps, which
in turn can also enhance device stability [139]. However,
printed thin films are not as good as vacuum-processed thin
films, with regard to the defects and surface roughness of the
films. These can significantly generate a considerable number
of traps and are the key challenges that need to be tackled.
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Instability prevails in most organic TFTs, either
vacuum-processed or solution-processed. The instability of
organic TFTs can be attributed to intrinsic (e.g., structural and
energetic disorder in the semiconductor) and extrinsic factors
(e.g., oxidation, presence of moisture, and chemical impurities)
[140], [141]. These can induce degradation of device
performance during storage in the ambient environment and a
threshold voltage shift of the organic TFTs under electrical bias
stress [142]. During bias stress, trapped charges can be created
in the dielectric (which holds the high electric field) and at the
semiconductor/dielectric interface (where charge carriers
transport). In order to achieve highly stable all-printed organic
TFTs, it is important that:

o there are few defects in the organic TFTs, in particular, in
the bulk semiconductor, in the dielectric and at the
semiconductor-dielectric interface;

e organic TFTs are encapsulated to avoid material oxidation;
e materials used are water-proof but organic-solvent-like,
which avoid moisture while making printing possible.

Besides challenges in organic TFTs, printed devices have
other particular issues associated with the inkjet printing
technique. One study has reported statistical analysis of the
printed organic TFTs, depicting a low proportion of functional
devices (34%) as compared to defective devices (Fig. 6) [97].
The reasons for the failures can be categorized into wetting,
satellite drops, droplet jetting oddness, dirt and dust particles,
as well as missing droplets [143]. Therefore, in order to
improve the yield and device performance of all-inkjet-printed
organic TFTs, it is essential to ensure that:

o the jetting properties of inks are in good condition, e.g.,
without satellites;

o the materials used have adequate compatibility, with
regard to wetting;

o the quantities of dirt and dust are as small as possible.

C. Current Development of Printable Organic TFTs

1) Methods of Organic Semiconductor Deposition

In previous work on solution-processed/printable organic
TFTs, most interest has centered on semiconductor materials.
In the early years (the 2000s), most works used silicon wafers
as the substrate, utilizing highly doped silicon as the conductive
gate and thermally grown SiO; as the gate dielectric layer
[144]-[146]. However, due to the poor interface between SiO;
and the organic semiconductor materials, self-assembled
monolayers (SAMs) were grown on the SiO; to facilitate
charge transport at the semiconductor/dielectric interface [147],
such as octadecyl-, decyl-, and butyltrichlorosilane (OTS, DTS,
and BTS). At that time, typical solution-processable organic
semiconductor materials were P3HT (polymer) [10], [140] and

TIPS-pentacene (small molecule) [88], [148], and the mobility
of the fabricated organic TFTs was low, generally less than 0.1
cm?V1st. However, polymer semiconductor materials are
amorphous, and it is not easy to control their crystallization.

In the past decade, significant effort has been made to grow
highly crystallized organic semiconductor materials, using drop
casting [139], [149] and blade coating [147], [150], [151].
Optical polarized photos of TIPS-pentacene thin films
deposited through these techniques are shown in Fig. 7.
Compared to spin-coated TIPS-pentacene thin films, where
crystals are randomly distributed [152], the crystallization of
TIPS-pentacene in these advanced techniques is well aligned.
In terms of drop casting, by using a tilted angle to guide the
flow of the semiconductor solution, the crystallization direction
of TIPS-pentacene also follows the flow direction, so that the
mobility of the fabricated organic TFTs is improved to around 1
cm?V1s7? [141]. However, in most cases, drop casting is a
manual process, so repeatability and precise controlling of this
process are the main challenges. For blade coating, the
crystallization direction is also defined by the movement of the
blade, and the mobility of the organic TFTs is over 3 cm?V st
[147]. In addition, using a micropillar-patterned blade, i.e.,
fluid-enhanced crystal engineering (FLUENCE), highly
aligned single crystals of TIPS-pentacene can be achieved,
resulting in a high mobility of 11 cm?Vv1s™* [150]. However,
blade coating does not allow patterning at the same time, so a
further subtractive process is required.

In order to achieve better material usage and direct
patternability, the inkjet printing of TIPS-pentacene has also
been reported [98], [104], [144]-[146], [153]-[156]. Though
highly crystallized TIPS-pentacene thin films can be achieved,
the alignment is hard to control (Figure 7(e)) [146]. To solve
this issue, off-center printing has been proposed [156]. Due to
the better crystallinity of TIPS-pentacene at the off-center area
compared to the center area, the channel area can be covered by
well aligned TIPS-pentacene crystals [156]. However, this
technique depends on good control of the off-center positions.
To enhance the crystallinity of TIPS-pentacene thin films,

(a) Spin coating (b) Drop casting
5 ony

Micro-pillar

(d) blade coating (e) Inkjet printing

(c) Blade coating

Fig. 7. Optical microscopy images of TIPS-pentacene thin films with various
morphologies deposited by different techniques: (a) spin-coating, adapted
from [152]; (b) drop casting, adapted from [139]; (c) blade coating, adapted
from [147]; (d) solution coating (micro-pillar blade coating), adapted from
[150]; (e) inkjet printing, adapted from [146].
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Fig. 8. (a) 3D tomographic comparison of electron densities between a
Lewis-acid monopolar polymer, PVC, and a bipolar polymer, PVP. The
isosurfaces and tomographic sections are colored by red (electron-rich), green
(neutral), and blue (electron-poor). Different atoms in the 3D molecular
structures are colored gray (carbon), white (hydrogen), red (oxygen), and blue
(nitrogen). (b) The interaction energy (AE) when a water molecule approaches
PVC and PVP at different rotation angles (from 0° to 360°). Adapted from
[96].
polymer binders have been blended into the semiconductor ink,
such as polystyrene (PS), poly(a-methyl-styrene) (PaMS),
amorphous polycarbonate (APC) [104], [145], [154]. In
comparison to the work solely using TIPS-pentacene [98],
[144], [146], [153], [157], the TIPS-pentacene/polymer blends
facilitate TIPS-pentacene crystallization, and the fabricated
organic TFTs exhibit a higher mobility, a higher on/off ratio,
and a lower operating voltage.
2) Development of Organic Semiconductors

In addition to significant developments in semiconductor
deposition processes, considerable attention has been focused
on new solution-processable semiconductor materials.
TIPS-pentacene is a derivative of pentacene. In the family of
acenes, there are many derivatives that are solution-processable
and printable, such as 6,13-bis-(triethylsilylethynyl)pentacene
(TES-pentacene) [158] and
2,8-difluoro-5,11-bis(triethylsilylethynyl)  anthradithiophene
(diF-TES-ADT) [147]. These semiconductor materials, when
highly crystallized and well aligned, generally exhibit a
mobility of around 1 cm?V!sl In addition to the
functionalized acenes, in the recent years, small molecule
thiophene-based materials have been popular, such as 2,7-alkyl
[1]benzothieno[3,2-b][1]benzothiophene  (C8-BTBT) and
2,9-alkyl-dinaphtho [2,3-b:2°,3’-f]thieno[3,2-b]thiophene
(C10-DNTT). Based on these advanced materials, organic
TFTs with a high mobility have been achieved, with a mobility
of around 10 cm?V1s™? [159], [160], and even as high as 43
cm?V~1s71 [20]. More recently, a band-like charge transporting
material has been developed,
3,11-didecyldinaphtho[2,3-d:2°,3’-d’]benzo[ 1,2-b:4,5-b’]dithi
ophene (C10-DNBDT), and nanowire-based organic TFTs
exhibit a high mobility of > 17 cm?Vs1 [161].
3) Organic Dielectrics

Compared to the significant development of organic
semiconductor materials, there has been less interest in
advancing organic dielectric materials. In general, organic

dielectric materials are polymers. Among polymer dielectrics,
the most popular one used in solution-processed organic TFTs
is poly(4-vinylphenol) (PVP) [98], [144], [162], [163], due to
the straightforward processes of PVP deposition and annealing.
CYTORP is another widely used dielectric material, due to its
hydrophobicity that prevents water molecules from being
polarized or trapped in the dielectric, thus enhancing the
stability of organic TFTs [160], [164], [165]. Though good for
stability, CYTOP is rarely used in all-solution-processed
organic TFTs, since the hydrophobicity of CYTOP eliminates
the possibility of depositing functional materials on top of it
through solution-based processes. For all-inkjet-printed organic
TFTs, most reports used PVP as the dielectric, and the mobility
of the printed devices was consistently <0.1 cm?V s,
However, PVP is not a good dielectric material for organic
TFTs due to its hydrophilicity that can result in instability.
Recently, monopolar dielectrics were proposed as good
candidates for all-printed organic TFTs [96], in particular,
Lewis-acid monopolar dielectrics which are hydrophobic (Fig.
8), while also allowing good wetting of most organic solvents.
4) All-Printed Organic TFTs

To further reduce the cost and improve the efficiency of
organic TFT manufacturing, an all-printed organic TFT device
platform is needed. The pioneering work on all-printed organic
TFT circuits was reported by Sirringhaus et al. using all
polymer materials in 2000. However, the transistors
demonstrated a low field effect mobility of 0.02 cm?V's™* and
a high operating voltage of 20 V. To improve mobility,
researchers replaced the polymer semiconductor by a small
molecule semiconductor, typically TIPS-pentacene, which
tended to demonstrate a higher mobility [98], [104], [144]-
[146], [153]-[156]. However, most works on all-printed
organic TFTs based on small molecules also demonstrated low
mobilities of ~0.01 cm?V~%s™* and high operating voltages of >
20 V.

In 2016, Feng et al. controlled the printing processes to
reduce semiconductor/dielectric interface trap density and

TIPS-pentacene/PS

10 1 2 3 0 i 2 3
V. (V) Vs V)

Fig. 9. (a) Photograph of the low-voltage all-inkjet-printed organic TFTs. (b)

Polarized optical micrograph of the fabricated device. (c, d) Measured

electrical characteristics of the fabricated device: (c) transfer characteristics

(I0-Ves) and (d) output characteristics (Io-Vps). Adapted from [11].
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achieved low-voltage all-inkjet-printed organic TFTs, with a
mobility of 0.26 cm?V*s™* and an operating voltage of 3 V (see
Fig. 9) [11]. However, the organic TFTs used hydrophilic PVP
as the dielectric, which resulted in significant threshold voltage
shift during bias stress [166]. To enhance all-printed organic
TFT bias stress stability, Jiang et al. used a Lewis-acid
monopolar dielectric, i.e., polyvinyl cinnamate (PVC), and the
threshold voltage shifts were greatly reduced to 0.11 V under
both positive and negative bias stress for 1 hour [96]. More
recently, Jiang et al. used C8-BTBT as the semiconductor for
all-printed organic TFTs. The printed C8-BTBT films
possessed large crystals (of which grain sizes were > 50 um),
and the density of states of the TFTs was reduced (i.e., deep
state density was ~10* cm=3eV') [66]. Due to the large
semiconductor crystals and reduced traps, the all-printed
organic TFTs demonstrated a high mobility of >1.0 cm?V s
and a low operating voltage of 1 V. In addition, the transistors
exhibited good stability under ambient environment storage
with threshold voltage shift of <1 mV over 3 months and as
well as under bias stress.

D. Examples of Flexible TFT-Based Biosensors

The current development of e-skin biosensors has been
reviewed by Hammock el al. [2], Wang et al. [1], and Jung et al.
[3]. Readers are encouraged to refer to these review papers for a
detailed understanding of e-skin biosensors. This section
focuses on what types of signals are generated by biosensors
and how they can be fed into interface circuits.

For e-skin, the most important functions for human-machine
interfaces include pressure mapping, heartbeat monitoring,
temperature capturing, electrophysiology recording, and ion
detection.

Pressure mapping can be implemented by using a
pressure-sensitive film integrated with TFT arrays. Someya and
his coworkers demonstrated an ultra-lightweight imperceptible
pressure sensor array using ultra-thin flexible organic TFTs
together with a resistive tactile sensing foil, as seen in Fig. 10(a)
[21]. In this type of configuration, the pressure sensor array
produced a current change when touched by an object, with a
magnitude of ~150 pA, which was a relatively small signal due
to the low mobilities of organic TFTs. In contrast, also based on
a resistive strain sensor, Wang et al. demonstrated a heartbeat
monitor with an intrinsically stretchable organic TFT amplifier,
while using a potential divider configuration to generate
voltage signals to achieve a large amplitude of >0.2 V (Fig.
10(b)) [6]. Similar to the pressure sensor array, Ren et al.
demonstrated a low-operating-power and flexible active-matrix
organic TFT temperature sensor array, by using a thermistor in
series with a TFT (Fig. 10(c)) [167]. The temperature sensor
array exhibited good mapping to a wide range of temperatures,

Table 3. Signal types and circuit requirements for different sensors.

. . Frequency Interface
Sensor type Signal type Signal range (H2) circuits
Pressure =i <1mA <10 TIAVA
Resistance
Temperature Current <1 pA <1 TIA
= T Voltage <imv <100 VA
physiology
lon voltage/ 64 mvidec <1 ISFET+TIA

Capacitance
N.B.: TIA: transconductance amplifier; VA: voltage amplifier.

transistor
(C) I—] [—j Z ;—oVns
= T thermistor i
Ve &
organic - G |
transistor \ .
>
7 encapsulation

bit line— /
ALOJAI gale/ \ PEN substrate
*7 thermistor

word line on’ via hole -“) 05 10

? e parylene-C

back side interconnection tl;'niu[s]la wes

Fig. 10. Examples of flexible TFT-based biosensors. (a) An ultra-lightweight
imperceptible pressure sensor array using ultra-thin flexible organic TFTs for
pressure mapping, adapted from [21]. (b) An intrinsically stretchable organic
TFT amplifier integrated with a resistive sensor for heartbeat monitoring,
adapted from [6]. (c) A low-operating-power and flexible active-matrix organic
TFT temperature sensor array with a thermistor for temperature capturing,
adapted from [167]. (d) Electrocardiogram (ECG) recording using an organic
electrochemical transistor, adapted from [28].

i.e., from 20 to 100 °C, but the current change was less than 1
MA. For this small current signal, a low-noise trans-impedance
amplifier (TIA) close to the sensor is needed for real
application; otherwise, the small current may easily spread out
and/or be affected by the noise when transmitting through a
long wire.

In terms of electrophysiology recording, the signals can be
directly captured by thin-film amplifiers, in contrast to that of
pressure mapping and temperature capturing which require
tactile sensors. Electrophysiological signals are essentially
voltage signals of which the amplitudes are less than 1 mV, and
therefore high gain amplifiers are required for capturing these
signals with a high sensitivity. Campana et al. used an organic
electrochemical transistor that provided larger
transconductance for electrocardiogram (ECG) recording (Fig.
10(d)) [28]. However, the recorded current signals were very
noisy. Rather than using a transconductance amplifier, Sekitani
et al. demonstrated ECG recording on a rat’s heart using a
high-gain voltage amplifier, providing clear output signals
[168]. Besides ECG to record signals from hearts, one can also
capture electrophysiological signals from the brain
(electroencephalography, EEG), eyes (electrooculography,
EOG), muscles (electromyography, EMG), etc., which are also
very useful for e-skin or other human/humanoid applications.

lon detection on e-skin is useful to analyze sweat
compositions and their concentrations. There is a specific
family of electronic devices for ion detection known as
ion-sensitive field effect transistors (ISFETs). Different from
the aforementioned biosensors, ISFETS require a gate or a gate
dielectric that is ion-sensitive. A common example is pH
sensors, which are proton-sensitive. In combination with a
functionalized material on the gate or gate dielectric, ISFETSs
can be selective towards other ions, such as sodium and
potassium. The mechanism of an ISFET is that an interface
potential is established by the solid/electrolyte interface ions
and is modulated by the different concentrations of ions, with a
theoretical maximum sensitivity of 60 mV per pH change or per
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decade of ion concentration change. Due to the nature of the
transistor as a current device, a TIA is also required for ion
detection.

For these examples of e-skin biosensors, the frequency
requirement is not demanding. It is obvious that activity based
on human touch, body temperature change, and ion level
change in sweat are slow, i.e., less than 10 Hz. In addition,
electrophysiology signals are also in low frequencies of < 100
Hz [169]. Therefore, for e-skin sensor interfaces, a relatively
small bandwidth of 100 Hz is enough for most interfacing
analog front-end circuits.

IV. ULTRALOW POWER TFTs

To reduce the power consumption of TFTs, it is important to
reduce both their operating voltage and current, since power is
the product of voltage and current. Here, we discuss steepening
the subthreshold slope and subthreshold operation to reduce the
operating voltage and current, respectively. Then, we introduce
Schottky-barrier ~ subthreshold  TFTs,  which  have
geometry-independent electrical characteristics and are
promising to accommodate the large variation in printed TFTs.
In addition to low power, other requirements for e-skin sensor
interfaces that should be taken into account during low power
TFT and circuit design are discussed.

A. Subthreshold Slope Steepening

The operating voltage of TFTs can be reduced by steepening
the subthreshold slope (SS). The subthreshold slope is a term to
describe how efficiently a transistor switches from the off-state
to the on-state with regard to gate voltage, and quantitatively,
how much gate voltage is required to change one order in the
magnitude of the drain current, in the unit of volt/decade, or
V/dec. The subthreshold slope can be experimentally extracted
from the following expression:

Wes
55 = dln(Ips) @)
For low-voltage TFTs, their subthreshold slope should be small
or steep.

To minimize subthreshold slope, we need to understand its
boundary and factors. In theory, the subthreshold slope can be
expressed as

ksT 2D
sS = 1n(10)i<1 44 f) @)
q C;

where kg is Boltzmann’s constant, T is the absolute temperature,
q is the elementary charge, D; the defect trap density, and C; the
unit-area gate dielectric capacitance. As seen from Eg. 2,
In(10)ksT/q is constant at a certain temperature. For example,
given T = 300 K, the theoretical limit of SS is 60 mV/dec. To
reduce SS, Dy should be small, or C; should be large.
1) Large gate dielectric capacitance

A large unit-area gate dielectric capacitance can be achieved
with a thinner dielectric layer or using a high-k dielectric
material. Hagen et al. packed self-assembled monolayers (~2.1
nm) on plasma treated aluminum oxide (~3.8 nm) as an
ultra-thin dielectric for organic TFTs [170], providing a large C;
of 0.7 uF/cm?. This C;i was about 10~100 times large than
normal ones in organic TFTs. Therefore, the subthreshold slope
of the organic TFTs was reduced to ~100 mV/dec and the
operating voltage was 3 V. In addition, a large C;i was also

TIPS-pentacene

(a) (b)
W

o, s s

pentacene

RMS = 0.24 nm
Fig. 11. Reduce defects in organic TFTs. (a) Inkjet printing of single-crystal
semiconductor films, adapted from [159]. (b) Molecular packing motifs in
organic crystals, with examples of pentacene in herringbone packing
(face-to-edge) without n-mt overlap (face-to-face) between adjacent molecules
and TIPS-pentacene in lamellar motif, 2-D n-stacking, adapted from [94]. (c)
Surface roughness of inkjet-printed polymer dielectric, adapted from [11]. (d)

Schematics of an inorganic semiconductor, silicon, and an organic
semiconductor, PEDOT, at the interface, adapted from [110].

achieved by Li et al. by using a high-k relaxor ferroelectric
polymer  dielectric  material, ie., poly(vinylidene
fluoride-trifluoroethylene-chlorofloroethylene)
(P(VDF-TFE-CFE), with k > 60 at room temperature),
providing capacitance of about 330 nF/cm? at low frequencies
[171]. Thus, the fabricated organic TFTs demonstrated a steep
subthreshold slope of 97 mV/dec and a low operating voltage of
3V. In addition, ion gel gate dielectrics are also a group of
high-k materials. By using ion gel dielectrics, a large C;i was
obtained around 20 pF/cm?, and the subthreshold slope was
steepened to 100 mV/dec [137].

Although these two methods have been effective in reducing
operating voltages for vacuum-processed and
semi-solution-processed organic TFTs, they can induce
additional issues for printed organic TFTs. The ultra-thin gate
dielectrics require smooth gate surfaces to ensure good
coverage over the gate electrode; otherwise, they can induce
large gate leakage current, thus resulting in low drain current
on/off ratio and low fabrication yield [11], [97]. However,
printed gate electrodes can be rougher than vacuum-deposited
electrodes [66]. Therefore, to use ultra-thin gate dielectrics,
printed gate electrodes with better surface quality need to be
further investigated and developed. For high-k dielectrics,
organic TFTs could experience a semiconductor/dielectric
interface dipole disorder induced by the strong dipole of high-k
materials [138], thus resulting in the instability of organic
TFTs. To avoid this issue, Guo and his coworkers demonstrated
a high-k/low-k bilayer gate dielectric to steepen the
subthreshold slope of all-solution-processed organic TFTs,
while maintaining good device stability [101], [172], [173]. In
the bilayer structure, the high-k dielectric was used to enlarge
Ci, and the low-k dielectric was wused as the
semiconductor/dielectric interface to avoid dipole disorder.

2) Reduced trap density

Apart from using a large C;, an alternative way is to reduce
D.. D: can be affected by defects in the bulk of the
semiconductor (e.g., grain boundaries and stacking faults) and
at the interface between the semiconductor and dielectric (e.g.,
interface roughness and dangling bonds) [140], [141].
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Fig. 12. (a) Electrical transfer characteristics of a TFT, showing different
operation regimes. (b) Conceptual color bar of TFT power consumption
normalized with channel width for 1 V supply, adapted from [38].

Grain boundaries can be minimized by enhancing the
crystallinity of semiconductors. To this end, inkjet printing of
single-crystal organic semiconductor films has been reported,
using an antisolvent crystallization technique [159]. A larger
amount of antisolvent was printed first followed by a smaller
amount of semiconductor ink, which triggered the formation of
uniform single-crystal thin films that grow at the liquid/air
interfaces, as shown in Fig. 11(a). The same technique was also
demonstrated to spray print organic semiconductor single
crystals [93]. Stacking faults exist in organic semiconductors
whose molecular organization is in a herringbone (edge-to-face)
pattern (e.g., pentacene, Fig. 11(b)), which impedes charge
carrier transport [174]. Functionalized pentacene with side
chains was therefore synthesized to achieve face-to-face
molecular stacking [88], [175]. By using TIPS-pentacene
blended with PS, Guo et al. demonstrated low-voltage organic
TFTs with reduced trap density [176]-[178]. These
functionalization methods were also applicable to other organic
semiconductors, such as BTBT [179], DNTT [180], and
dithieno[2,3-d;2'3’-d’]benzo[1,2-b;4,5-b"] dithiophene
(DTBDT) [181]. In addition, blending these functionalized
thiophene-based semiconductors with PS also demonstrated
reduced trap density [20], [99]. Besides symmetric
functionalization, Hanna et al. developed an asymmetrically
functionalized = BTBT-based  semiconductor,  2-decyl-
7-phenyl-[1] BTBT (Ph-BTBT-10), which forms highly
ordered liquid crystals with post-annealing at 120 °C, and the
fabricated TFTs have a steep subthreshold slope of 78 mV/dec
[182], [183].

Semiconductor/dielectric interface should be smooth to
avoid a scattering effect, thereby suppressing defect states at
the interface [11], [96], [176]. Regarding dangling bonds,
organic materials have an advantage over inorganic materials.
Organic materials are van der Waals bonded, so theoretically,

there are no dangling bonds; however, inorganic materials are
covalently bonded, and therefore, at the interface where one
phase of material terminates, dangling bonds prevail (Fig.
11(d)) [110].

Recently, by considering and suppressing all the factors that
induce defects, all-inkjet-printed organic TFTs with a
subthreshold slope approaching the theoretical limit of 60.2
mV/dec were demonstrated [66], as seen in Fig. 12(a). Such a
steep subthreshold slope allows for a low operating voltage of
sub-1V.

B. Subthreshold Operation

One of the most effective ways of reducing the operating
current is to operate the transistor in the weak inversion mode,
i.e., in the subthreshold regime, as shown in Fig. 12. In silicon
CMOS devices, the subthreshold operation was intensively
researched in the 1970s [12]-[14], and this led to the most
successful low-power designs in electronics, i.e., the electronic
watch industry. Despite the success of the subthreshold
operation in CMOS, the counterpart for TFTs has not been
intensively studied until recently by Nathan and his coworkers
[38], [66], [184].

For TFTs operated in the subthreshold regime, the current
voltage characteristics can be expressed as [184]

Ipg = Lerex <—7VGS —r ) 3)

ps = fref P\ " 55 /In(10)
where |y is the effective subthreshold reference current at V.
As seen in Eq. 3, the subthreshold drain current exponentially
decreases with Vgs, thus effectively reducing the operating
current and power consumption. As shown in Fig. 12, the
power consumption of subthreshold TFTs can be > 108 times
lower than the above-threshold operation, enabling ultra-low
power circuit with a power consumption of < 1nW [38].

Apart from the benefit of low power consumption, other
parameters need to be considered for subthreshold operation for
e-skin sensor interfaces.

1) Transconductance and transconductance efficiency

Transconductance and transconductance efficiency. The
transconductance two of the most important metrics, defined as

dlpg
Im = Fues (4)
characterizes the dependence of the output drain current on the
input gate voltage. In general, the gm is a positively proportional
function to Ips. Therefore, to characterize the efficiency of
current/voltage amplification, transconductance efficiency is
introduced and defined as gm/lps, which can be regarded as a
normalized transconductance by the current through the device.
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In order to achieve large transconductance at low power, gm/lps
should be high.

The transconductance efficiency of a TFT in the
above-threshold and subthreshold regimes can be expressed as
[184]

2ta bove threshold
Im Vs = VT,(a ove threshold)
= ©)
Ips In(10)
5 (subthreshold)

where « is the power law coefficient in the TFT model (o =0
for the case of MOSFET) [55], [185]. As seen in Fig. 13(a), the
transconductance efficiency of a TFT decreases from the
subthreshold to the above-threshold regime. This indicates
better energy efficiency in the deep subthreshold regime. It is
also noteworthy that the transconductance efficiency is a
constant in the deep subthreshold regime.
2) Intrinsic gain

Intrinsic gain is an important parameter of TFTs for analog
applications, since it reflects the highest achievable single stage
gain for an amplifier. By introducing the Early voltage, Va, the
intrinsic gain of subthreshold TFTs can be found as
A= gt = V,In(10) ©)
It can be seen from Eq. 6 that the intrinsic gain of subthreshold
TFTs is also a constant, regardless of the gate bias. It also
suggests that A; is inversely proportional to the SS of the TFT.
By pushing the SS to its theoretical limit (60mV/dec), one could,
in principle, exceed a gain of 1000 [184]. This has been verified
by experiments with printed organic TFTs whose SS is 60
mV/dec, exhibiting an intrinsic gain of ~1100 in the
subthreshold regime [66].
3) Cut-off Frequency

The low power of subthreshold TFT is achieved with the
lowered subthreshold current, which also reduces the speed of
the device. The cut-off frequency of a TFT can be theoretically

found by [219, 220]
9m _Ips- In(10)

fr= 2nC,, SS-2nC,, 0
where Coy is the total overlap capacitance. Eq. 7 indicates that fr
is linearly proportional to Ips. Therefore, the operating current
cannot be as low as it can be, though lower operating current
reduces power and does not affect transconductance efficiency
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Fig. 14. (a) White noise of subthreshold TFTs as a function of direct current
bias. (b) 1/f noise at frequency at 1 Hz under different direct current biases.
Here, the exponent g is found to be 2.13, in agreement with the theoretical
value of 2. Adapted from [66].

and intrinsic gain. As seen in Fig. 13(b), the cut-off frequency
of subthreshold TFTs is low but should be enough for some
e-skin applications, where the maximum frequency of human
bio-activities is less than 100 Hz. For example, a subthreshold
TFT circuit was demonstrated by Jiang et al. to capture human
electro-oculography (EOG) and track eye movements, and it
has the potential to be used as a human-machine interface in
augmented reality (AR) and virtual reality (VR) applications
[66].

4) Noise current

Noise is intrinsic to any device and ultimately limits the
minimum detectable signal, especially at low frequencies,
where many bio-signals lie (<100 Hz). It is plausible that the
subthreshold operating current is low and thus is more
vulnerable to noise. However, it was found that the noise
current of a subthreshold TFT is a function of its operating
current [66]. As the operating current is reduced in the
subthreshold, the noise current is also reduced.

There are three well-understood types of noise commonly
found in electron devices. These include thermal noise, shot
noise and flicker noise [186]. The former two are white (i.e.,
frequency-independent), and the flicker noise is pink (i.e.,
inversely proportional to frequency, thus also known as 1/f
noise). The white components can be expressed as

(i2) + (i2) = <8kBT1“(1°) Zq)z ®)

3 SS
where (iZ,) and (i2) are the thermal noise and shot noise,
respectively. The 1/f flicker noise can be expressed as
I8
(if/f) = Kf—a (9)

where K is a process-dependent coefficient, o and /5 are noise
parameters (with o=1 and =2 in theory). Egs. 8 and 9 indicate
that the white noise and flicker noise are proportional to the
current through subthreshold TFTs as | and 12 Experiment
results show good agreement with the theoretical expressions,
as seen in Fig. 14. With the measured noise, the signal-to-noise
ratio was calculated to be over 60 dB, which is possible for
many signal detections for e-skin sensors.

C. Schottky-Barrier Subthreshold TFTs

In general, transistors with Schottky semiconductor/metal
contacts are not preferred in most electronic applications, in
particular TFTs for displays. Here, we discuss the effect of
contacts on output resistance and show the advantages of
Schottky-barrier contacts on increasing intrinsic gain and
accommodating the large variation in printed TFTs.

In ohmic-contact devices, the contact resistance at the
semiconductor/metal junction is insignificant compared to the
channel resistance, and therefore, the on-state current can be
maximized and is linear to W/L. However, since transistors
mostly operate in the saturation regime, the effective channel
length decreases with the increase of Vps, due to the increase of
the depletion layer width at the drain side of the channel. This is
known as the channel length modulation effect. The lps-Vbs
relation can be modeled as [47]

AL
Ips = Ipssat (1 + T) = Ips,sat (1 + AVps) (10)

where AL is the shortened amount of the channel length, A the
channel length modulation parameter. Due to the channel
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length modulation effect, the transistor output resistance is not
infinite and becomes

Vs 1
aIDS AIDS,sat
In addition, one can see from Eq. 11 that A is channel length
dependent. For printed TFTs, the variation of channel length
can be as large as > 10 um, thus resulting in a large variation in
device-to-device output resistance.

In contrast, the Schottky-barrier devices possess a much
larger output resistance, since the Schottky-barrier at the
source-side semiconductor/metal junction limits the charge
carrier injection (see Fig. 18(a)) and thus the channel length
modulation effect does not occur. Due to the source-side
Schottky-barrier, the Ips-Vps relation can be expressed as

qVps
Ips = Ips sat (1 — €Xp (nkBT>>

where n is the ideality factor of the Schottky junction.
Therefore, the transistor output resistance is

(11)

rO,ohmic =

(12)

- kgT 1 ( qVDS) (13)
0,Schottky n qVDS IDS,sat exp leBT

yielding an infinite value since —Vps is much larger than g/nksT
in the exponential term. Note that, in Eq. 13, no terms depend
on TFT channel length. Therefore, the output resistance of
Schottky-barrier subthreshold TFTs can be channel length

independent [38], which is ideal for printed TFTs.

V. COMPACT MODELS FOR CIRCUIT DESIGNS

A. Density of States Extraction

The density of states (DOS) is a term that describes the
number of allowed states for charge carriers (i.e., electrons and
holes) to be occupied per unit energy per unit volume. In an
ideal semiconductor, the allowed states exist only in the energy
spectroscopy beyond the valance band of the semiconductor
and below the conduction band, and there are no allowed states
in the sub gap (i.e., between the valance band and conduction
band). However, in most TFTs, the semiconductors are
typically amorphous or polycrystalline, so there are
considerable defects in the semiconductor bulks and at the
semiconductor/dielectric interfaces. These defects induce the
sub-gap DOS, which charge carriers can occupy but can
become easily trapped in.

1) Activation energy-based methods

There are several methods used to extract DOS in TFTs, with
the most classic ones using activation energy, developed by
Lang et al. [187], Fortunato et al. [188], and Kalb et al [189],
[190]. The activation energy (E,) is defined by

E
0(gs) = A exp (- kB—T)
where o(Ves) is the measured field-effect conductivity of a
TFT. The activation energy can be calculated by using an
Arrhenius plot, with which the DOS can be found by

® C; (aEa)‘l
g =

. q)lacc 6VGS_
where Aacc is the accumulation layer thickness. The drawbacks
of these methods are that they require temperature dependent

measurements and are not suitable for unstable TFTs. This is
because unstable TFTs easily alter their electrical

(14)

(15)

characteristics under measurements, and temperature
dependent measurements require the measured data at different
temperatures, resulting in an unreliable correlation of electrical
characteristics to temperatures. Puigdollers et al. conducted
temperature measurements on an organic TFT to extract DOS,
but they found that the measurement results differed when the
TFT was heated up and cooled down to the same temperatures
[191].
2) Temperature independent methods

Griinewald et al. proposed a model based on the relationship
between the interface electrical field and semiconductor surface
potential, i.e., [192]

10 ( & -1
9(B) =567,5{qt—2% (Vs = Vi) (557 } (16)

where ¢s is the semiconductor surface potential, Ves is the
flatband voltage, t is the dielectric thickness, & and &s are the
dielectric and semiconductor permittivity, respectively. Eq. 16
does not have a temperature dependent term, and therefore, it is
not necessary to conduct temperature measurements on TFTs
based on this method of extraction. This method is ideal for
TFTs that are not stable, especially organic TFTs. Similar
methods with slightly different assumptions were developed to
extract DOS in a-Si and AOS TFTs [37], [55]. However, one
key drawback of these DOS extraction methods is that the
surface potential of semiconductor was assumed to be
negligible, which was acceptable in high-voltage TFTs but
would not be proper for low-voltage TFTs with a steep
subthreshold slope. In the case of low-voltage TFTs, the surface
potential of semiconductor is comparable to the gate voltage,
and therefore, C;(Vgs — Vig — ¢5) # Ci(Vgs — Vig).
3) DOS extraction for low-voltage TFTs

To extract the DOS in low-voltage TFTs, the assumption for
Ves-¢s approximation needed to be modified. Based on the

d¢s
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Fig. 15. (a) Operating principle of Schottky-barrier subthreshold TFTs. (b)
Intrinsic gain of Schottky-barrier subthreshold TFTs, in comparison with
ohmic-TFTs and Si-MOSFET. (c) Channel-length independent characteristics
of Schottky-barrier subthreshold TFTs. Adapted from [38].
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temperature-independent extraction method, a modified DOS
extraction was developed for universal TFTs, particularly
applicable to low-voltage TFTs that are important for ultralow
power e-skin. The DOS can be calculated as follows [66]:
9(8) = = { L Vs = Ve — )2}
- GS FB S
a¢52 2q¢s Epo+qps—F
where Ero is the equilibrium Fermi level. In Eq. 17 the only
unknown term is ¢s, which can be obtained from a Boltzmann’s
equation, i.e.,

a(Vss)

(Vgs) = —kgTln (—) +E —E (18)
qps Vs B 1q Afree Prono HOMO FO

where uy, is the band mobility of the semiconductor, At is the
effective channel thickness of the induced free carrier sheet,
and prowmo is the effective density of free carriers at the highest
occupied molecular orbital (HOMO) level.

(17)

B. Compact Model

In general, a compact model for circuit simulation should be
accurate and converging [185]. As SPICE simulators use the
Newton-Raphson method for circuit simulation (or equation
solving), the device models created should ensure that the KCL
equation sets of a circuit containing TFT devices are solvable
using the above method.

Choosing either physical or empirical models for circuit
simulation is not an easy task in TFT circuit simulation. While
physical models can accurately model the device behavior with
potentially minimum fitting parameters, convergence or
convergence speed are generally not guaranteed. This is mainly
due to the change in dominating physics in different working
regions of transistors. To ensure that all working regions of a
transistor converge in circuit simulators, smoothing functions
are generally added, making the model partially empirical. On
the other hand, fully empirical models may sound appealing
since functions can be created to intentionally guarantee
convergence (making sure the KCL equations are solvable in
the Newton-Raphson way). The models, however, tend to have
redundant fitting parameters to cover different sizes of
transistors and working regions. Recently, Zhao et al.
developed a universal compact model with a proper balance
between the physical and mathematical approaches [193]. The
compact model demonstrated good agreement with the
experimental data measured with TFTs of different materials.

As discussed above, for ultra-low power applications, it is
beneficial to bias TFTs in the subthreshold region for high

transconductance efficiency [184]. Therefore, the working
region of interest here is the subthreshold region and the
transition region between the above- and sub-threshold regions
(to improve the speed when necessary). While the conduction
mechanism in the above-threshold region is well studied in
most TFT families, less attention has been paid to the
subthreshold region. The conduction mechanism in the above
region includes trap-limited conduction, percolation
conduction, and various range hopping, etc. [194]-[212] for
different materials. However, the subthreshold region of TFTs
is generally believed to be due to the diffusion current. To
model this one should consider connecting the exponential
function of the subthreshold region and power-law function of
the above-threshold region with smoothing functions or use a
unified function to cover both regions in a more empirical way
[185], [202]. This is illustrated in Fig. 16. In addition, a DC
compact model for subthreshold operated organic TFTs was
developed by Guo et al [213]. The modelled transistor
current-voltage characteristics fitted well to the experimental
results measured from both polymer and small molecule
organic TFTs.

One way to test whether a model has good convergence
properties is to use the Gummel symmetry test (GST) [203],
[214], where both the symmetry and derivatives of the device
model are tested to make sure the created model converges in
simulators. An example is shown in Fig. 17.

C. Small Signal Model

As for analog sensor interfaces, the frequency response of a
device should be accurately captured in a circuit simulator to
design the correct gain-phase margin and bandwidth of
amplifiers.

A small signal model of a TFT working in the saturation

(a) LS A B B B B
A0 —Vs=4V ]
3 V=6V
L V=8V
[=]

(b)

dlps /dVy

(e)

By /dV,2

(d)

¥l /dV,?

dilpg /dV,t

VkIV]
Fig. 17. (a) Calculated Ips vs. Vx of the combined above- and sub-threshold
model for different Vs (4, 6, 8V). (b) First, (c) second, (d) third, and (e) fourth
derivatives of Ips with respect to Vx. The inset of (a): test circuit configuration
of the GST. Adapted from [185].
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Fig. 18. 3 A small signal model of a TFT considering contact resistance,
threshold voltage shift and channel capacitance. Adapted from [215].

region is illustrated in Fig. 18 [215]. In the subthreshold region,
a TFT can also work in a saturated manner (especially when
used in amplifier applications such as sensor interfaces).
However, the parameters can be different due to the channel
capacitance not being fully formed. This could lead to the
TFT’s subthreshold model being equivalent to the generally
used MOSFET model in some cases. The major concerns stem
from self-aligned architecture in TFT fabrication. In addition,
higher sensitivity to threshold voltage shift in this working
region may require the Vr shift to be considered in a small
signal model.

D. TFT Circuits

With the extracted DOS, compact model, and small signal
model, one can design a low-power TFT circuit. Fig. 22
presents an example of an ultralow power circuit with high gain
for high-resolution electrophysiology recording. As listed in
Table 3, electrophysiology signals are voltage types with a
peak-to-peak amplitude of less than 1 mV, and therefore, a high
gain voltage amplifier is needed. Fig. 19 demonstrates a
common-source amplifier with a peak gain of 260 V/V and
maximum circuit power consumption of <1 nW [66]. The
circuit was configured to record electro-oculography, which
can be useful for eye movement tracking and human-machine
interfaces. In addition to single-stage amplifier, a
pseudo-CMOS design can improve the performance of
amplifier with high gain of >400 V/V [168]. This
pseudo-CMOS amplifier with biocompatible electrodes also
demonstrated the potential for electrophysiological monitoring.

Besides analog circuits, a digital library for a flexible
low-voltage organic TFT technology was established by
Elsobky et al., including inverters, NAND gates, flip-flops and
shift registers [216]. This library could be the building blocks
for more complex circuit and system designs. In addition,
CMOS logic circuits have also been reported with flexible
n-type and p-type TFTs, demonstrating low operating voltage
[217] and short stage delays (<10 ns) [80].

Recently, Bao et al. reported low-voltage high-performance
flexible TFTs that can be used both for analog and digital
circuits [79]. The amplifier demonstrates a high gain of >200
V/V, and combinational logic gates and ring oscillators showed
an average stage delay of 42.7 + 13.1 ns. Based on these
circuits, a self-biased tunable gain amplifier and a sequential
circuit of D-type flip-flop were demonstrated.

18 20 22 24
Vo)

18 20 22 24
vV, V)

(e) Unconditioned EOG signal
o= Vo

P
"5%’""“‘ ~ Amplified EOG signal

Up Up Up Up Up Up
. V.
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——

Fig. 19. Ultralow power circuit with a high gain for e-skin interface. (a)
Schematic circuit diagram of a common-source amplifier. (b) Measured
output voltage (Vo) and gain (Ay) as a function of input voltage (Viy). (c)
Measured operating current (Ipp) and power (Poy) as functions of Vi,. (d)
Circuit configuration for electro-oculography (EOG) amplification with the
amplifier. (e) EOG signal obtained before and after amplification. Adapted
from [66].
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With this significant development in TFT circuits, we
envision the future of TFT systems. There have been a number
of reports, such as flexible active-matrix display [218], [219],
wearable healthcare monitoring [220], etc.

VI. CONCLUSION AND OUTLOOK

We reviewed different thin-film technologies for e-skin
sensor interfaces, comparing their performance attributes from
the standpoint of low-cost manufacturing and mechanical
flexibility. Although sensors investigated hitherto have been
demonstrated to be skin-like, it is not apparent that sensor
interface circuits are well-suited for establishing skin-like
system-behaviour. Progress on low power organic CMOS
circuits and intrinsically flexible/stretchable organic TFTs
coupled with recent advances in ultralow power and flexible
thin-film electronics would greatly boost further development
of e-skin in real-world applications. More importantly, for
low-cost manufacturing, we have witnessed significant
developments in printing technologies with increased
resolution. In the past few years, printed organic TFTs have
been demonstrated to operate at voltage. These developments
are significantly advancing the printed electronics area.

We also reviewed different sensor examples and compared
different the signal types along with the required and
compatible interface circuits. By reducing both operating
voltage and operating current, the power consumption of
interfaces can be as low as or even less than 1 nW. Finally, we
reviewed TFT compact models, with which ultralow power
e-skin sensor interface circuits have been designed and
demonstrated. Indeed, with use of compact modeling for circuit
simulation, we will see the advent of low-cost TFT-based
sensor interfaces as a high-performance building block for
analog front-end circuits.

The ultralow power design for sub-nW sensor interfaces
presented here can potentially allow use of energy acquired
from micro-harvesters (of the order of pl/cycle) to enable
batteryless operation. This will significantly boost the
deployment of e-skin with bio-signal amplification and
processing rather than just discrete functional circuit blocks.
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