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Abstract—Digital printing, such as inkjet, is a promising
fabrication process for both graphics and electronic circuits
due to its minimal material loss and rapid prototyping
capabilities. Soluble organic semiconductors and dispersible
metal nanoparticles are well-suited for such digital printing
techniques. This paper reviews recent advancements in
digitally printed organic thin-film transistors (OTFTs),
covering their device performances and circuit applications.

I. INTRODUCTION

Printing technologies were initially developed for graphics,
utilizing color ink. Printing differs from coating as it enables
direct patterning. Recent advancements have expanded their
capabilities into printed electronics. Printed electronics began
with the printing of metal micro- and nanoparticles for
interconnections. More recently, the emergence of soluble
organic semiconductors and oxide semiconductor precursors
has made it possible to print active semiconductor layers (Fig.
1.} One significant advantage of printing is its energy
efficiency. These processes are typically completed at or near
room temperature in ambient air, substantially reducing the
energy consumption often associated with traditional electronic
device manufacturing.

Digital printing is a category of printing methods that do not
use printing plates and masks, including techniques like inkjet
and syringe needle dispensing. Digital printing minimizes
material loss and simultaneously enables rapid prototyping,
significantly accelerating the design and development cycle of
new devices. In this paper, we review the state-of-the-art in
digitally printed organic thin-film transistors (OTFTs),
focusing on their performance characteristics and circuit
applications.

II. DEVICE FABRICATION AND CHARACTERISTICS
A. Device Fabrication

A typical structure and optical image of digitally printed
OTFTs is illustrated in Figs. 2a and 2b.[! Metal nanoparticles,
such as silver, can be used as electrode materials. The work
functions of electrodes are modified by using self-assembled
monolayers  like  pentafluorobenzenethiol  and  4-
methylbenzenethiol to improve carrier injection. Insulating
polymers such as Parylene, poly(4-vinylphenol) and poly(vinyl
cinnamate) are used for gate dielectrics. Soluble organic
semiconductor molecules usually consist of two parts: 7-
conjugated structures, such as benzene and thiophene, which

contribute to carrier conduction, and bulky groups, such as long
alkyl and triisopropylsilylethynyl groups, for solubility.
Organic semiconductors are usually used without doping as
active layers of OTFTs. Typical thicknesses for respective
layers are 20-200 nm. The channel lengths are typically 10-100
um, limited by the linewidth and alignment precision of digital
printing. Typical parameter ranges in digital printing are
summarized in Fig. 3.5

B. Performances

Fig. 2c shows the transfer characteristics of a digitally
printed OTFT in the saturation regime. The OTFT was turned
on at nearly zero gate voltage Vg = 0 V, indicating low dopant
and trap densities. The hole mobility is estimated to be 1 cm?
V157!, Subthreshold swing was 89 mV dec”!, that is close to
the theoretical limit of 60 mV dec™.

In general, OTFTs exhibit the following characteristics in
comparison with silicon MOSFETs: (1) low carrier mobility,
(2) large device dimensions, (3) mechanical flexibility, (4) low
fabrication cost, (5) compatibility with printing processes, and
(6) compatibility with large-area circuits (Table 1). The low
mobility and large device dimensions make digitally printed
OTFTs unsuitable for high-speed applications such as CPUs
and high-frequency wireless communication. On the other hand,
the mechanical flexibility and low fabrication cost in large-area
circuits make such OTFTs suitable for analog front ends for
wearable and flexible sensors that do not require high-speed
operations. Possible applications include wearable healthcare
patches and robot skins.

III. APPLICATION TO AMPLIFIERS

Many circuit applications of OTFTs have been reported so
far. Here we highlight two recent achievements using digitally
printed OTFTs.

A. High Gain, Rail-to-Rail Amplifiers Using Field Plates

OTFTs usually do not have a back gate as illustrated in Fig.
2a. Recently, a field plate structure, an additional electrode tied
to a source electrode (Fig. 4a), was found to significantly
improve the amplification capability of OTFTs.*! The field
plate modifies the distribution of carrier density in the active
layer (Fig. 4b) and causes a pinch off at a lower drain voltage.
As a result, the field plate expands the saturation regime and
simultaneously improves the intrinsic gain (Figs. 4c-e).

The transfer characteristics and voltage gain of single-stage
common-source amplifiers with and without the field plate are



shown in Figs. 4f and 4g. The utilization of the field plate
structure improved the voltage gain from 4 to 700. At the same
time, rail-to-rail output was obtained.

B. Amplifiers Operating at 200 mV

Another recent advance of digitally printed OTFTs is the
reduction of operating voltages. OTFTs had been believed to
require high operation voltages > 10 V because of the high trap
density. Recent progress in materials and processes have
successfully reduced trap density and the lowest operation
voltage of OTFT-based amplifiers is 200 mV.[>3]

IV. APPLICATION TO SENSORS

Digitally printed OTFTs can be used as analog front ends
for various flexible sensor systems or as sensors themselves.
Here we show four example applications of digitally printed
OTFTs.

A. Pulse Rate Monitoring

An ultrathin charge amplifier attached to human skin for
pulse rate monitoring is demonstrated in Figs. 5a-h.[®! The total
thickness of the circuit is 2 um, which make the circuit
attachable to human skin. Figs. 5i and 5j show the input charge
and corresponding output voltage of the amplifier. This
application leverages the flexibility and conformability of
digitally printed OTFTs to provide continuous wearable
monitoring of vital signs.

B. Flexible Potentiostat for Health Monitoring

Non-invasive health monitoring using sweat instead of
blood is a promising approach for the healthcare of infants, the
elderly and the disabled.[® Sweat is known to include various
biomarkers such as Na*, K*, CI", glucose, and lactate. These
biomarkers are important for conditions like heat stroke and
diabetes, and for assessing sport performance. Electrochemical
detection of such biomarkers is suitable for miniaturizing
sensor devices, although current devices are often rigid and not
highly conformable on human skin. Digitally printed OTFTs
can be used to comprise a flexible potentiostat printed on a thin
plastic film.>!'% One potentiostat needs to include at least two
amplifiers: one for the feedback between reference and counter
electrodes, and the other for the transimpedance amplification
at working electrode. Fig. 6 illustrates a flexible potentiostat
designed for monitoring lactate in sweat. The system exhibits a
sensitivity of 1 V. mM™! in detecting varying concentrations of
lactate.

C. Proximity Sensors

Digitally printed OTFTs can be configured as ultrathin
proximity sensors, enabling non-contact detection of objects.!'!]
The operation principle of an OTFT-based electrostatic sensor
is illustrated in Figs. 7a and b. A 4x4 array of OTFT-based
electrostatic sensors can perform proximity sensing. These
sensors utilize an extended gate to interact with external electric
fields generated by charged objects, allowing for non-contact
detection. The ultrathin form makes them useful as robot skins.

D. Electrostatic Imaging

The same principle of OTFTs can be used for imaging of
static charges on various objects.!'?! Electrostatic monitoring in
industries is important in reducing risks like electronics failures
due to electrostatic discharges. Fig. 8 demonstrates the imaging
of static charges on a polyethylene terephthalate film using an
array of 128 OTFTs. This non-contact high-resolution method
offers advantages in in-line monitoring in various industries.
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Fig. 2. (a) Schematic structure, (b) cross-polarized optical microscope image, and
(c) transfer characteristics of digitally printed OTFT.?

Parameters Range
Interconnection linewidth (um) > 180
Via hole area (um?) 300 X 300
Channel length (um) 10-100
Channel width (um) 100-1000
Specific capacitance (nF cm-2) 7-20
Hole mobility (cm? V-1 s1) <30
== 500 um Electron mobility (cm? V-1 s1) <1

Fig. 3. (a) An example of OTFT-based integrated circuits and (b) typical design
parameters for digitally printed OTFTs.!

Table 1. Comparison between printed OTFT and silicon MOSFET

Printed OTFT Silicon MOSFET
Carrier mobility 0.1-30 cm* V'!s™! ~1000 cm? V''s™!
Operation frequency <MHz > GHz
Young’s modulus 1-10 GPa 100-200 GPa
Fabrication cost low high
Printable? yes no
Compatible with large yes no
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Fig. 4. (a) Field plate (FP) structure. (b) Simulated carrier density in the
semiconductor layer. (c-e) Output characteristics of three OTFTs with different
field plate lengths. Lg and L are (¢) 0 um, 69 pum, (d) 14 pm, 68 um, (e) 55 pm,
68 pm, respectively. Gate voltages are =21 V (top), —18 V, =15V, ..., 0V
(bottom). (f) Transfer characteristics and (g) voltage gain of common-source
amplifier with and without a field.!*!
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Fig. 7. (a)(b) Operation principle of OTFT-based electrostatic sensors. (c)(d)
Proximity sensing by an array of 4x4 OTFT-based electrostatic sensors.[!'"
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Fig. 5. (a-h) An ultrathin charge amplifier attached on human skin for pulse rate
monitoring. (i) Input charge and (j) output voltage of the amplifier.

>~
c
S

| [1HE

()
| NN
) a)
Feedback control unit Detection unit 2/
I,
IN ~ A
Reference T Enzymatic \5/ A
electrode electrode /A\
Counter Lactate N A
electrode \ ° O; d:se """"
8 FEG-OFETs in one set 16 sets
Doty ° o i o«— Lactat
fluids™> o Pyruvate o Aclae =
Human tissue d (Kuiem), 6
- ‘ — -
120- :.‘. ‘ \W.‘ 7
c - o e 7 g
3 o 5 - i i :
0mM e - I = =
sensitivity = 1 VmM O o = F
S.Zg_ 0.1mM Y
- w
el F 0.2 mM 5 60 -
S 261 ' :
o < E 40- -
> F z 2 4
sal 0.5 mM 2
) - 2cm
L 1 \ 1 . 1 0 e
0 500 1000 1500 2000 0 20 40 60 80 100 120 140 160

. Static sensor reading count
Time (sec)
Fig. 8. (a)(b) Optical images and (c) circuit diagram of an array of 128 OTFTs for
electrostatic imaging. (d) Electrostatic imaging of a polyethylene terephthalate
film using an array of 128 OTFTs and (e) dual-color toners.!'”

Fig. 6. (a) Optical image, (b) schematic diagram, and (c) result of a flexible
potentiostat for monitoring lactate concentration in sweat.!”!



