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Abstract

Organic electrochemical transistors (OECTs) are characterized by ion infusion into
channel volume during gate modulation. The electric and ionic charges couple within
the channel of OECTs, leading to much higher transconductance than that of a field-
effect transistor. OECTs are well studied in channel materials and the application of
biosensing. However, short-channel devices have been rarely reported. In this thesis, I

will focus on the fabrication and application of short-channel OECTs as follows:

Firstly, vertical short-channel OECTs are prepared with aluminum oxide as a spacer
between source and drain electrodes. Short-channel OECTs with physical channel
lengths down to 0.86 nm have been realized, which show high on-off current ratio and
low gate leakage. For both p-type and n-type short-channel OECTs, an on-off ratio of
10° in channel currents and an ideal subthreshold slope of 60 mV/dec have been

achieved when the channel length is longer than 1.8 nm.

Secondly, the transient response of vertical short-channel OECTs is investigated with
the variation of channel area, channel thickness, channel length and gate channel
distance. Channel area and thickness are two main factors that influence the OECT
response time. With a small channel area and thinner channel thickness, the transient
response of PEDOT:PSS -based OECT below 1 ps is achieved for the first time. The n-
type OECT can also realize a record fast response of 0.32 ms. Using fast response and
high transconductance OECTs, electrocardiogram (ECG) and electrooculogram (EOG)
recording on human subjects are demonstrated. A complementary inverter based on p-
type and n-type OECTs is established with a record high gain (456 V/V), which is

attributed to the small subthreshold slope of both devices.

LIU Hong |



QQ THE HONG KONG POLYTECHNIC UNIVERSITY Abstract

Thirdly, biosensors based on OECTs are fabricated for the detection of COVID-19 IgG.
OECT enables the detection of antibodies by converting charged biological signals into
electrical signals. By adjusting the concentration and pH value of the test electrolyte,
the COVID-19 IgG biosensor can realize a detection limit of 1 fM in PBS samples, and
10 fM in saliva and serum samples. The IgG detectable region is from 10 fM to 100 nM
in serum and saliva, which can cover those SARS-CoV-2 IgG levels of COVID-19
patients. By adding a voltage pulse during the antibody incubation process, the reaction
time can be reduced to only 5 minutes. A portable meter is designed and constructed to

conduct wireless detections, which can be operated by mobile phone through Bluetooth.

In summary, the simple solution-gated device structure, miniaturized device size and
low working voltages of OECT devices will lead to broad potential applications in
bioelectronics. The study of new device structures can not only obtain high-
performance organic transistors, but also promote the transistor scaling down to the

next generation.
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Chapter 1 Introduction

1.1 Background

Organic electronic materials have been widely applied in light-emitting diodes,' thin-
film transistors,” solar cells,® and bioelectronics* for their good electrical performance,
flexibility, stretchability, and large-area low-cost processing techniques. The
development of organic electronics in biological applications attract massive attention
in recent decades.>® In this chapter, The applications of organic electronics in the field
of biomedicine are introduced. Organic bioelectronics can selectively detect, monitor,
and record biological signals and physiological states, and convert relevant parameters
into electrical data. According to different functions, the applications can be divided
into neural interfaces, electronic skin, biofuel cells, biosensors, and electrophysiology

monitoring (Figure 1.1).

(1) Neural interfaces

The neural interface, also known as a brain-computer interface (BCI), enables the
connection of human or animal brains to external devices. With their good conductivity
or semiconductor properties as well as biocompatibility, flexibility, and stretchability,
organic materials are highly suitable for providing interfaces between living systems
and electronic devices, and for realizing the integration between nervous systems and
computers.”® Brain-computer integration encompasses invasive and non-invasive
approaches that correspond to brain connection in vivo and in vitro. Microelectrodes
attached to the cerebral cortex need to be small enough to provide sufficient resolution
while also being flexible and having small contact resistance.” Conductive polymers
like polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) possess
outstanding electrical properties, which allow them to create interfaces with high charge

capacity and low impedance.'® In the future, it may be possible to break through
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traditional neural reflex arc limitations with a neural interface. Connecting brain neural
signals directly with computers could allow for direct control and communication with

external electronic equipment.

(2) Electronic skin

The development of electronic skin benefits from advances in organic materials, which
are usually morphologically plastic. High mechanical performance is essential to
withstand continuous and repeated stretching and bending. Polymer molecular designs
can be tailored to meet different types of applications, while surface modification
techniques can improve the biocompatibility and stability of organic films.!"!? Flexible
substrates such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN),
parylene, and polydimethylsiloxane (PDMS) are commonly used.!* In addition,
electronic skin needs to have sensing functions such as temperature sensors, humidity
sensors, and pressure sensors, as well as the skin protection functions.!*!> The
sensitivity of the sensors determines whether weak signal variations can be captured,
and the density of the sensor determines the spatial resolution. It is worth noting that
the complete realization of electronic skin also requires the transmission of detected

signals to the sensory organs and nervous system.'®
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Figure 1.1 Organic bioelectronic devices have a wide range of potential applications,
including neural interface, electronic skin, biofuel cell, biosensors, and
electrophysiology monitoring.'”?

(3) Biofuel cell

Electronic equipment is reliant on energy support for its operations. This energy can be
supplied through either portable commercial flexible batteries or energy harvesting
systems such as triboelectric generators, biofuel cells, and solar cells. Furthermore,
enzymes can be utilized to convert metabolites (such as lactic acid, glucose, uric acid)
found in body fluids like urine, sweat, and saliva into electrical energy, resulting in
sustainable energy generation under mild conditions.”> With greater collaboration
between the energy management circuit, a fully integrated self-powered sensing system
can be designed, making it possible to drive wearable biosensors and enable real-time
health monitoring.>* Despite extensive research on biofuel cell systems, generating
enough energy from body fluids to support long-term health monitoring remains a

challenge.
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(4) Biosensors

Biosensors can convert biological signals into readable electrical signals, allowing them
to perform qualitative and quantitative analyses of biomolecules.?® Generally, label-free
specific bioassays comprise of two steps: immobilization of the bio probe and specific
binding with the analyte.?® This could include the hybridization of nucleic acids, the
reaction between enzymes and metabolites, or the binding of antigens and antibodies.
The variation in electrical signals (such as voltage, current, capacitance) can be used to
obtain vital biomolecular information like species, concentration, amount, and state.
Compared to electrochemical analysis, transistor-based biosensors can amplify
electrical signals in situ and exhibit greater sensitivity. Currently, organic thin-film
transistors have realized the detection of single molecule.?” Biosensors can be combined
with wearable electronics to real-time monitor the level of metabolites such as glucose,

lactate, and uric acid.?®

(5) Electrophysiology monitoring

Unlike biosensors that test biomolecules, electrophysiological sensing directly
measures weak electrical signals produced by the human body.?” These signals, known
as action potentials, are generated when muscle or brain cells are stimulated, and they
can be transmitted to the skin surface from multiple cells.*° Physiological signal testing
can be done either in vivo or in vitro. In vivo detection provides more sensitive signals
with larger signal-to-noise ratios. Electrophysiological signals mainly include
electrocardiogram (ECQG), electroencephalogram (EEG), electrocorticography (ECoQG),
electromyogram (EMG), and electrooculography (EOG).>! ECG signals, generated by
heart muscle cells, can be used to detect abnormal heart rhythm and myocardial
infarction. EEG signals, on the other hand, are weaker than ECG signals and can be

used to detect epilepsy and sleep disturbances.

The application of organic electronics in biological systems can help us understand the

mechanisms of life activities, study neural networks, and monitor physiological
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conditions. This technology serves not only as an aid to modern medical care but also
as an important component in the future growth of intelligent robots and brain-computer

integration.
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Figure 1.2 OECTs can be applied in the detection of nucleic acids, proteins, metabolites,
cells, etc. (Figures of nerve, cell, bacteria, virus are free from Servier Medical Art;
https://smart.servier.com/)

Organic bioelectronics, relies heavily on transistors as a fundamental component in
building intelligent electronic circuits, which can capture, amplify, filter, convert, and
transmit biological and physiological signals.*> Organic thin film transistors (OTFTs)
can well meet the requirements of flexible devices and better biocompatibility,” which
not only exist high electrical performances of high transconductance and fast response,
but also show high flexibility for practical applications. OTFTs can be divided into
organic field effect transistors (OFET) and organic electrochemical transistors (OECT)
according to different working principles.> The distinguishing factor between OECT
and OFET lies in the ion doping/dedoping capability of the channel materials.*> More

detailed explanations of the various structure categories and device principles will be
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provided in the following chapter.

Since the channel material is ion permeable, the electronic and ionic charges couple
within the whole volume of the channel, enabling OECT to have high transconductance.
In addition, OECT can maintain good stability in solution or solid electrolyte. The
liquid environment is also very suitable for bio detection.>* OECTs are therefore widely
used in diverse applications such as biosensors, electrophysiology recording, memory
devices, and neuromorphic devices. Additionally, OECTs show great potential in
biofuel cells and wearable detection systems.!®* OECT biosensors include the
detection of human metabolites, proteins, cells, bacteria, viruses, nucleic acids, and
other biomolecules (as shown in Figure 1.2). The following chapter of the literature
review will introduce the working principle of OECTs, channel materials, biosensing

strategies, and applications in biosensors and electrophysiology recording.

1.2 Objectives of research

Organic electrochemical transistors and their biosensing applications are very
promising. However, the generation of high-performance OECTs (i.e., high
transconductance, fast response, and stability) is crucial for their further development
and wider range of applications. Presently, efforts to improve OECT device
performance are primarily focused on the development of channel materials, while
research on novel device structures is limited. It is important to note that high
transconductance and fast response characteristics are not only dependent on the choice
of channel material but are also influenced by device structures. Increasing the channel
volume can improve transconductance, but it comes at the expense of transient response.
A more effective solution is to shorten the channel length of transistors, which improves
both transconductance and transient response parameters. Currently available
lithography-based fabrication technologies make it challenging to achieve a planar

resolution lower than 50 nm. In addition, the short-channel effect presents a significant
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obstacle to improving electrical performance as channel length is reduced. Addressing

this challenge is an urgent priority.

The research objectives include the following points. (1) Prepare vertical short-channel
OECTs: to investigate the minimum achievable channel length and identify the channel
length required to overcome the short-channel effect. Achieve high-performance
OECTs with high transconductance, high on-off current ratio, and low subthreshold
slope. Test transistor performance using different channel materials, including n-type
and p-type polymers. (2) Investigate the transient response of short-channel OECTs and
analyze related influencing factors. Use high-performance vertical short-channel
OECTs to detect electrophysiology signals (ECG and EOG). Prepare a complementary
inverter based on p-type and n-type short-channel OECTs to realize high gain, fast
response, and low energy consumption. (3) For the current COVID-19 epidemic, to
realize high-sensitive, fast, and portable detection of COVID-19 antibodies. Investigate

methods to improve the sensitivity of biological detection.

1.3 Outline of thesis

The organization of the thesis is as follows:
Chapter 1: Introduction. This chapter provides a brief introduction to the application
of bioelectronic devices in different research fields, and the application of OECTs in

biosensing.

Chapter 2: Literature review. In this chapter, the working principles of OECTs and
their differences from field effect transistors are introduced in detail. Three key
performance parameters of OECTs and various channel materials used OECTs are
summarized. The applications of OECTs in biosensors and electrophysiology recording

are introduced.
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Chapter 3: Short-channel vertical organic electrochemical transistor. A short-channel
vertical organic electrochemical transistor (OECT) was developed using Al,O3 as the
electrode spacer. By utilizing solution-gating, the OECT was able to weaken the short-
channel effect and achieve a sub-1nm channel length of 0.86 nm with an over 400 on-
off current ratio. Both p-type and n-type short-channel OECTs demonstrated over 10°
on-off current ratios and an ideal subthreshold slope of 60 mV/dec. The stable short-
channel OECTs were found to exhibit over 3960 S/m of width-normalized

transconductance.

Chapter 4. Fast response short-channel OECTs and their application in
electrophysiology recording and inverters. In this chapter, the transient response of
short-channel OECTs and related influencing factors are investigated. Fast response
(below 1 us) OECTs are applied in ECG and EOG recording. A complementary inverter
based on p-type and n-type OECTs is fabricated which show record high gain of 456

V/V and low power consumption.

Chapter 5: Ultrafast, sensitive, and portable detection of COVID-19 IgG using flexible
OECTs:. In this chapter, a COVID-19 antibody biosensor based on OECT was fabricated.
The biosensor operated by a portable meter can realize the detection of COVID-19 IgG
with 1 fM detection limit in PBS samples and 10 fM in saliva and serum samples. The

antigen antibody incubation time can be reduced to 5 minutes under a voltage pulse.

Chapter 6: Conclusions and perspectives. In this chapter, the high electrical
performances of vertical short-channel OECTs and their transient response
characteristics are summarized. The COVID-19 antibody detection based on OECTs is
discussed. The perspectives of related works mainly focus on further studying the
device operation mechanisms of short-channel OECTs and exploring more mature bio

applications.
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Chapter 2 Literature review

2.1 Introduction

Over the past 40 years, OECTs have undergone significant advancements in channel
materials, device structures, and device performance, making them a diverse and
remarkable technology that is capable of meeting the requirements for building
integrated circuits and biosensing platforms.>® This chapter begins by describing the
device physics of OECTs, including a discussion of the three key parameters
(transconductance, response time, and subthreshold slope) and their relationship with
device geometric dimensions. A summary of the most commonly used p-type and n-
type materials is provided to help readers better understand the relationship between
material properties and device performance. The chapter then introduces OECT
biosensing strategies and different types of biosensors, which can serve as a useful
reference for establishing biosensors. Finally, the chapter reviews the use of OECTs for

in vivo and in vitro electrophysiological sensing.
2.2 OECT operation mechanisms

2.2.1 Device physics

In a typical organic electrochemical transistor (Figure 2.1a), there are three electrodes
(source, drain, and gate), an organic semiconductor channel, and the electrolyte
(solution, gel, solid) connecting the gate and channel.*” In a field effect transistor, when
a gate voltage is applied, the electric field induces electric carries in the channel through
electric dipole in the dielectric layer (Figure 2.1b). Since the deflection of the electric
dipole needs a strong electric field, the gate modulation is laborious, usually requiring
tens of volts gate voltage.®® In a solution-gated structure (include electrolyte-gated

OFET and OECT), when gate voltage applied, two electrical double layer (EDL)
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formed at the gate/electrolyte and channel/electrolyte interface.>* The length of EDL is
usually no more than tens of nanometers, enabling two interface have large capacitance.
Transistors with solution-gated structure can be operated at low gate voltage (below 1
voltage). OECT channel are ion-permeable conductive polymer, in which ions can
inject into the whole polymer when gate voltage applied.*> The higher volume

capacitance of OECT results in larger transconductance.
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Figure 2.1 (a) The typical device structure and circuit diagram of OECT. (b) Diagrams
of different operation mechanisms between OFET (e.g., top gate bottom contact),
electrolyte-gated OFET, and OECT.

2.2.2 Performance parameters

(1) Transconductance

High transconductance is a significant characteristic of OECT devices, as it represents
the current amplification capability of the transistor. Transconductance is defined as the
magnitude of the change in channel current per unit change in gate voltage, and is an
important factor in determining device performance.®® For an OECT, the

transconductance at the saturation region is expressed as>’:
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G = udC* (Vryg = Vgs) (1.1)

where W is channel width, L is channel length, d is channel thickness, p is the electronic
carrier mobility, and C* is the capacitance of the channel per unit volume, Vi is the
threshold voltage. The Wd/L value in this function is determined by the geometric
dimensions of the device. The uC* represents a material-system-dependent product that
determines the geometric normalized transconductance. Having a high
transconductance is essential for achieving a large current gain in OECT-based circuits
and sensors. In OECTs with high transconductance, small variations in gate voltage can
induce significant channel currents, which can enhance the sensitivity of chemical and

biological sensors.*!

According to Equation 1.1, transconductance is positively correlated to both Wd/L and
uC*.* A large Wd/L value means a small channel resistance, whereas a high uC* value
indicates a high charge storage capacity. Organic semiconductor with high pC* level
will be discussed in detail later in materials section. In addition to the factors dominated
by channel characteristics, transconductance is also influenced by the nature of the gate
and electrolyte.* In ionic circuit, except using the nonpolarizable gate electrode (such
as Ag/AgCl), higher gate capacitance can be realized by larger gate area or thick
PEDOT:PSS film.** The nature of electrolyte (liquid, gel or solid), ion concentration,
and ionic radius determine the migration rate of ions in solutions and conjugated
polymer.** For bio application, solutions close to physiological fluid such as 0.1 M

NaCl and 1X PBS are usually chosen as the electrolyte.

The most studied high transconductance OECTs are PEDOT:PSS based, which have a
high pC* value. By adjusting the channel geometric dimensions (channel length 150
nm, channel thickness 50 um), the gm can be increased to 63.45 mS.*® Internal ion gated
OECT exhibit high volumetric capacitance, resulting in a large transconductance (52.74
mS).*” P-type accumulation material p(g2T-TT) has the top-performance uC* level, and

the gm value can reach 50 mS with an ordinary flat device structure.?! The normalized
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gm and the pC* level of p-type and n-type materials are shown in Figure 2.2.
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Figure 2.2 The normalized transconductance and uC* level of (a) p-type OECTs and
(b) n-type OECTs. a includes PEDOT:PSS/EMIM Cl, PEDOT:PSS/EMIM OTF,
PEDOT:PSS/EMIM TFSI, and PEDOT:PSS/EMIM TCM. b includes p(g3T2), p(g2T2-
g47T2), p(glT2-g5T2), p(g0T2-g6T2). ¢ includes P3gCPDT-2gT2 and P3gCPDT-1gT2.
d includes p(gDPP-MeOT2), p(IgDPP-MeOT2), and p(bgDPP-MeOT2). e includes
BBL1s5, BBLso, BBLog, and BBLi5s2. f includes P-90: TBAF(10%), P-90: TBAF(40%),
and P-90:TBAF(80%). g includes p(gNDI-gT2), p(C3-gNDI-gT2), and p(C6-gNDI-
gT2). h includes p(C4-T2-C0-EG), p(C2-T2), p(C4-T2), p(C6-T2), p(C8-T2). i
includes P(NDITEG-T), P(INDIDTEG-T), P(NDIDEG-T), P(INDIMTEG-T). j includes
f-BTI2TEG-T and f-BTI2TEG-FT. k includes f-BTI2g-TVT and f-BTI2g-TVTCN. 1
includes P(gPzDPP-2T) and P(gPzDPP-CT2). (Specific references can be found in
Table 2.1 and Table 2.2)

(2) Transient response
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Transient response is another important parameter attention-getting, especially in
OECT based circuits, neuron detection,”® and electrophysiological measurements*.
The response time is related to both the ionic and the electronic circuit, and usually
dominated by the ionic circuit due to the slow migration rate of the ions. Early in 2007,
Bernards et al. present a simplified model to express the transient characteristics of
OECTs.?” Limited by the ionic circuit, OECT response time t is dictated by the product
of the resistance of the electrolyte Rs and the capacitance of the channel Ccu. The
channel capacitance is scaled with organic semiconductor channel volume (WdL),
which represent the charge capacity brought by whole volume ion injection. On the
other hand, the electrolyte Rs is scaled with channel area 1/(WL)"?, resulting that the
transient response T is scaled with d(WL)"2.5%! In terms of the channel geometry, a
smaller channel volume, particularly the thickness, can lead to a faster transient
response. In addition, the response time can also be shortened by adjusting the
electrolyte concentration®?, electrolyte ion species>, and gate electrodes*’. Moreover,
according to the research of Friedlein et al.,>* the response time can be significantly
reduced by adjusting the gate voltage to balance the channel current and the gate current,

but the practical using of this method is limited by fixed gate voltage.

The transient response of p-type and n-type OECT devices are summarized in Table 2.1
and Table 2.2 respectively. Overall, p-type OECTs, especially PEDOT:PSS devices,
respond faster than n-type devices. The transient response of n-type devices is limited
by lower electron mobility and ion migration speed. The top-performance PEDOT:PSS
based device can reach fast response as less as 2.6 ps with internal ion gated device
structure.” The fast transient response promoted the development of integrated circuits
and kinds of electrophysiological testing.*”>> Through increasing the molecular weight,

long chain BBLis; outstand in n-type materials with a record fast response 0.38 ms.*

(3) Subthreshold slope

Subthreshold slope (SS) is a parameter measuring the switch rate between transistor on
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and off states, representing the gate voltage variation when channel current change one
decade. Low SS is helpful in improving power efficiency and decreasing energy
consumption. The subthreshold region of operation in MOSFETs has been of
considerable interest. However, it hasn’t addressed lots of attention in the OECT field.
Giovannitti et al. were the first to report OECT with an ideal SS of 60 mV/dec, which
was realized by p-type conjugated polymer p(g2T-TT).?! Because p(g2T-TT) based
OECTs are hole transporting with accumulation mode, the subthreshold region occurs
at a low gate voltage offset, in which the gate current is small. Low SS is easier to be
realized with less influence of leakage gate current. In addition, large channel geometric
dimensions Wd/L can also promote lower SS.2! PEDOT:PSS based OECTs are operated
in the depletion model, which are theoretically get higher subthreshold slope for higher
gate current in the subthreshold region. In 2022, Weissbach et al. reported PEDOT:PSS
based OECTs with a subthreshold swing of 61 mV dec™!.%” A general approach of photo
patternable solid electrolytes was introduced in this work, bringing a sufficiently low
gate current in subthreshold region. Small subthreshold slope OECTs have high voltage
gains and lower power consumption, which is significant in integrated circuits and

physiological signal detection.

2.2.3 Channel materials

As discussed above, the channel materials play a key role in device performances,
regulating the device's transconductance, transient response speed, subthreshold slope,
and stability. The character of OECT channel material is ion permeable, which usually
include a backbone for electronic charge transport, and the ionic transport can be
allowed through the bulk. Depending on the type of charges, the channel materials were
divided into p-type (hole transport) polymer and n-type (electron transport) polymer.
The physic performances of different channel materials OECTs are concluded in Table

2.1 and Table 2.2.
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(1) P-type material

According to the molecular structure and composition, the p-type channel materials
are mainly divided into 3 classes: (1) Conducting polymer composite with doped
polyelectrolyte or small molecules; (2) Conjugated polyelectrolytes; (3)
Semiconducting polymer. The most commonly used PEDOT:PSS is conducting
polymer poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(styrene
sulfonate) (PSS) polyelectrolyte, in which the holes on the PEDOT are compensated
by acceptors (SO3™) on the PSS. Except PSS, anionic polyelectrolyte dopants such
as (trifluoromethylsulfonyl)sulfonylimide (TFSI)®® and tosylate (TOS)*® were also
studied. For conjugated polyelectrolytes (such as PEDOTS®, PTHS®!), their
conjugated carbon backbone and pendant ionic side chains allow the mixed ionic—
electronic transport. For example, self-doped polyelectrolyte PEDOTS consist with
a PEDOT backbone and covalently bonded aliphatic side chains with sulfonate
functional groups. Semiconducting polymers are ion-free neutral polymers, which
have alkoxy or ethylene glycol side chains. The hydrophilic glycol side chains can
significantly enhance the volume capacitance. Types of semiconducting conjugated
polymers are abundant, such as P3HT, g2T-T, p(g2T-TT), gBDT-g2T, polypyrrole,
polyaniline, et al. Next, the two top performance p-type materials PEDOT:PSS and
p(g2T-TT) will be introduced in detail.

The most well-studied OECTs are PEDOT:PSS based, which are charactered with
high channel current, high pC* value, high transconductance, fast response, high
stability, and easy for fabrication. The typical PEDOT:PSS exhibits a uC* value
around 50 Fecm™ V7! s7!, and a Wd/L normalized transconductance around 8 S mm-
! 31 Through the nano scale short-channel*® or extremely high Wd/L channel size®?,
the transconductance can reach as high as 63.45 mS and 180 mS respectively.
Spyropoulos et al. were the first reported the internal ion-gated OECT device
structure. In their device structure, the mobile ions embedded in the channel

PEDOT:PSS, creating a self-(de)doping process with no needs of external
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electrolyte. Finally, the transconductance can reach 52.74 mS, and the response time
was shortened to 2.9 ps.*”>*° In addition, through processing like crystallizing®®, or
adding additive, the conductance and pC* level can be significant enhanced.>>%63
Ethylene glycol (EG) is additive that can improve electronic conductivity of
polymer films, and increase the pC* level to 100 F cm™ V™! s7!. Through using
ionic liquids as additives, for example, the 1-Ethyl-3-methylimidazolium (EMIM)
as cation, and the trifluoromethanesulfonate (OTF) or tricyanomethanide (TCM) as
anion, the uC* level can be increased to 426 F cm™ V™! 571,33 By introducing ionic
liquid 1-ethyl-3-methylimidazolium chloride [EMIM][PF6] and
dodecylbenzenesulfonate (DBSA) into PEDOT:PSS, the pC* can be improve to 490
F em™ V71§71 62 which is comparable to crystallized PEDOT:PSS.

It is obviously that PEDOT:PSS have many advantages among kinds of channel
materials. However, it is operated in depletion mode, which is relativity energy
consuming. In 2016, Giovannitti et al. introduced a semiconducting polymer poly(2-
(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy) [2,2’-bithiophen]-5-yl)thieno| 3,2-
b]thiophene) (p(g2T-TT)), which outpacing the PEDOT-based OECTs of the same
geometry. There are glycol side chains on the thiophene backbone of p(g2T-TT),
which can promote the penetration and transport of ions in electrolyte and enable a
large modulation in capacitance. The accumulation mode p(g2T-TT) OECTs can
perform quite stable without additives or cross-linkers. Cendra et al. studied the
performances of p(g2T-TT) OECTs with different kinds of anions in electrolyte.
Anions with a larger crystallographic radius can increase the transconductance but
also delay the transient response. The pC* value of p(g2T-TT) OECTs in different

electrolyte varies from 268 Fecm™ V7' s t0 458 Fem™ V7! s7,

In addition to the two top performance PEDOT:PSS and p(g2T-TT), efforts are made
to synthesis p-type channel materials with even higher pC* value. McCulloch group

and other researchers introduced the semiconducting polymers pgBTTT with a uC*
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value of 502 F cm™ V7! 57!, 64 the p(g2T2-g4T2) with a pC* value of 522 F cm™
V17!, 6 P3gCPDT-MeOT2 with a pC* value of 448 F cm™ V7! s7!, % and the
PTDPP-DT with a uC* value of 559 F cm™ V™' s7!. ¢’ The side chains of these high-
performance semiconducting polymers are glycolated, enabling high volume

capacitance.

(2) N-type materials

Limited by low carrier mobility, the performance of n-type OECTs is lagging far
behind that of p-type OECTs. The delayed development of n-type organic mixed
ionic-electronic conductors is mainly due to unstable electron transport caused by
reactions between the n-type material and water or oxygen.®® The LUMO level of
this n-type materials should be deep enough for efficient electron injection. N-type
materials are indispensable for building the OECT-based integrated circuit, such as
the complementary logic circuits. Although the study of n-type OECTs is no more

than ten years, the development is quick and effective in recent years.*

The first reported n-type OECT channel material is p(gNDI-gT2), which can be
stably operated in water.”” The p(gNDI-gT2) is composited with a
naphthalenediimide (NDI) backbone and long linear ethylene glycol-based side
chains. The EG side chains enable the interacting with hydrated ions and water,
which facilitate the ionic transport and result high volume capacitance (397 F cm™).
The NDI derivatives (donor—acceptor) n-type polymer make up the majority of
current n-type materials. The ratio of the backbone and EG side chains was studied,
resulting the best performance ratio of 90%, namely P-90. 7° Additives like acetone
(15%) and TBAF (40%) were found can enhance the channel capacitance and
mobility. "> Ohayon et al. found that the distance of the EG from the backbone
affects the film order, crystallinity and the electron mobility.”® Through the side-
chain engineering, the first NDI-based polymer that own uC* level over 1 F cm™

V1s1(1.29 F em™ V7! s71) was synthesized, namely (p(C6-T2). Except the NDI-
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based polymer, the DPP-based, *7° fullerene-based, ’®’” and BTI-based’®” donor-
acceptor type polymer can also receive relatively high pC* level. Specific
information can be referred to Table 2. By balancing more charges to the donor
moiety, the D-A n-type polymer P(gTDPP2FT) exhibits a record high pC* value of
54.8 F cm™ V™' s7!, high mobility of 0.35 cm? V! s}, and fast response speed. 7°

Another class of n-type OECT channel material is the fully fused acceptor—acceptor
derivatives, typically, poly(benzimidazobenzophenanthroline) (BBL). BBL is an
old material that was not used in OECT until 2018, which exhibt a uC* value of
1.99 F cm™ V7! 57!, and performed much better than many donor-acceptor type
copolymer. 3%#! Wuy et al. demonstrated that through increasing the molecular weight
of ladder-type n-type polymer BBL, the pC* value can be obviously increased to 26
F cm™ V7! 571, % The longer polymer chains may act as the connection between
crystalline regions. This high transconductance fast response long chain BBL
performed also much better than other acceptor-acceptor type copolymer like

PgNaN, 82 PgNgN, 82 gNR, # hgNR, 3 and p(g7NC;oN) %.

For bio detection, especially cell monitoring and in vivo detection, the channel
material should be stable, non-toxic, no immune response, and favorable for cell
attachment. While materials such as PEDOT:PSS have demonstrated their
biocompatibility, there is still a need to explore and expand the variety of materials

used in biosensor development.
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Table 2.1. Summarization of p-type channel materials.

Channel materials Wd/L gm gm norm nC* I C* Ton (Year) Ref

p-type (um) (mS) @S ') | Fem Vs | (em? Vs | (Fem?)

PEDOT:PSS 0.4 4.02 10.05 NA 0.05 NA NA (2013) 4
0.2 1.6 8 NA NA NA 37ps

PEDOT:PSS 0.28 2 7.14 NA NA NA NA (20132

PEDOT:PSS 0.5 5 10 NA 19£13 393413 320 s (2015)

PEDOT:PSS 2 3.51 1755 NA NA NA 49 s (2016) %

PEDOT: PSTFSILi100 | 2 341 1705 NA NA NA 90 ps

PEDOT:PSS (Crys-P) | 0.8 19 2375 490 + 41 NA 113 +1.38 NA (2018)53

PEDOT:PSS (EG-P) 0.76 4 5.26 100+ 7 NA 31079 NA

PEDOT:PSS 200 323 0.16 NA NA NA NA (2019
NA 0.8 NA NA NA NA 317 ps
NA NA NA NA NA NA 26 ps

PEDOT:PSS-PET 30 52.74 1758 NA NA NA NA (2020) 47
0.1 15 15 NA NA NA 29ps

PEDOT:PSS 167 % 10* | 63.45 3.8x10° NA NA NA 300 ps (2020

PEDOT:PSS 1.6 12,9 8.06 84+17 2264045 | 37331 NA (2020)°"

PEDOT:PSS 16.1 139 8.6 NA NA NA 138 ps (2021

PEDOT:PSS (144k-1.7) | 2.284 16.1 7.05 142.4£27.3 4 3544 NA (2022)%

PEDOT:PSS/EMIM CI | 1.05 ~125 1511 | 235+39 NA NA NA (20223

PEDOT:PSS/EMIM 1.05 ~19 18832 | 354+60 355168 | 78+7 14.4 s

OTF

PEDOT:PSS/EMIM 1.05 ~165 16216 | 314+43 NA NA NA

TFSI

PEDOT:PSS/EMIM 1.05 ~22 218£37 | 426+65 417+235 | 898 26.4 pis

TCM

PEDOT:PSS/[EMIM][P | 6 27 3.78 490 NA 12.8 NA (2020)%2

F6/DBSA
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32000 180 5.6x10° 490 NA NA NA
P(@2T-TT) 34 27 7.94 261 0.95 240 NA 2016)""
P(@2T-TT) 2 50 25 NA NA NA NA (2018)%!
P(@2T-TT) 0.8 ~19 2375 458+ 57 ~0.9 ~340 NA (2019)*
electrolyte (NaSbF6)
pP(g2T-TT) 0.55 7.1 129 78.28 038 206 NA (2020)%
EG side chain 75%
P(g2T-TT) 0.55 18.8 34.1 163.3 0.55 297 116 ps
EG side chain 100%
P(g2T-TT) 0.5 13 236 16.1 0.07 231 166 us
EG side chain 2g
p(g2T-TT) 1.11 6.2 5.5 93 041+0.14 | 24451 NA (2021)%*
peBTTT 1.08 21 19 502 3444013 | 164+7 NA
gBDT-g2T 1.10 0.47 0.43 NA NA NA NA (2016)%
P(g2T-T) 1.03 7.9 7.67 NA NA NA 1.4 ms
P(3T2) 0.75 8.9 11.87 161 0904010 | 1561 NA (2020
P(2T2-g4T2) 0.45 6.5 144 522 1724031 | 187+8 NA
p(g1T2-g5T2) 0.65 10 153 496 2614030 | 13343 NA
P(20T2-g6T2) 0.7 8.1 115 302 2954037 | 7444 NA
PTDPP-DT (CI) 1.51 72 19417 149 = 61 11£0.5 123 NA 2021)7
PTDPP-DT (BE,) 1.51 214 9816 559+ 65 254023 224 NA
p(gDPP-TT) 123 3.1 25 125422 0.57£0.09 | 184 NA 2021y
p(gDPP-T2) 0.9 6.3 7 342435 1550.17 | 196 NA
p(gDPP-McOT2) 0.82 1.4 17 5745 028+0.04 | 169 NA
P(¢TDPPT) 0.6 118 NA 65.1 0.40 16115 046ms | (2022)"
P(IgDPP-MeOT2) 0.6 7.04 1.7 174+ 25 2154027 | 808+ 1.4 578 us 2021)"
P(bgDPP-McOT2) 0.64 5.33 8.3 195 421 163£0.14 | 1200+24 516 us
P3gCPDT-2¢T2 0.57 24 3.83 92423 0.66 140 + 25 28ms | (2022)%
P3gCPDT-1gT2 0.39 72 16.83 288.6+5.5 0.90 320+ 33 36.7 ms
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P3gCPDT-MeOT2 0.44 16 34.4 448.6 £27.8 3.10 145 +37 49.3ms

Table 2.2 Summarization of n-type channel materials
Channel materials Wd/L m gm norm uC* n C* Ton (Year) Ref
N-type (um) (uS) (Scm™) (Fem ' Vis™ (cm?V-'s ) | (Fcm?)
p(gNDI-gT2) 2 21.7 0.1085 0.18 +£0.01 3.1x10™ 397 NA (2016)®
P-75 0.39 NA 0.141 0.027 1.46 x 107 188.0 NA (2018)™
P-90 0.52 NA 0.210 0.047 238 x 107 198.2 NA
P-100 0.28 NA 0.204 0.038 1.96 x 107 192.4 NA
P-90 0.87 0.78 0.009 0.0343 7.45 % 1073 261.5 41 ms (2021)%
P-90 0.88 1.5 0.017 0.02 8.5x 107 217 NA (2019)"
P-90 Acetone 15% 0.62 4.7 0.076 0.054 1.85x 107 317 NA
P-90 1.6 1.8 0.0113 0.0624 8.0x 1073 78 NA (2020)7
P-90:TBAF(10%) 1.47 44 0.0299 0.213 1.6 x 107 133 NA
P-90:TBAF(40%) 1.16 10.5 0.0905 0.257 1.8 %107 143 24 ms
P-90:TBAF(80%) 0.72 6.0 0.0833 0.24 1.6 x 107 150 NA
p(NDI-T2-L2) 1 0.84 0.0084 0.046 NA 95 40 ms (2020)
p(eNDI-gT2) 0.55 ~0.13 0.13 0.06 22x10% 221 NA (2021)%
p(C3-gNDI-gT2) 0.57 ~0.34 034 0.13 92%x10% | 72 NA
p(C6-gNDI-gT2) 0.46 ~0.37 0.37 0.16 6.3x10™ 59 NA
p(C4-T2-C0-EG) NA ~5 0.31 0.22 1.16 x 1073 188 24.6 ms (2021)
p(C2-T2) NA ~7 0.4 0.2 3.97 %107 492 6.3 ms
p(C4-T2) NA ~11.5 0.63 0.3 1.90 x 1073 158 7.5 ms
p(C6-T2) NA ~30 2.28 1.29 4.74 %1073 272 9.6 ms
p(C8-T2) NA ~7 0.15 0.13 3.76 x 1074 342 12.7 ms
P(NDITEG-T) NA NA 0.031 0.04 24 %107 165.8 NA (2022)*
P(NDIDTEG-T) NA NA 0.135 0.21 9.4x10™ 221.5 NA
P(NDIDEG-T) NA NA 0.359 0.51 2,12 %1073 239.9 NA
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P(NDIMTEG-T) NA NA 0.378 0.56 223x10° | 250.9 NA

P4gNDTI 59 ~30 0.47+ 0.06 0.27+0.04 1.42x 1073 167 +11.4 NA (2022) %

2DPP-OD-TEG 1.15 84+19 0.73 ~7 NA 61.6 500 ms (2021)™

P(gPzDPP-2T) 6.55 314 0.048 0.18 16x10° | 134 227ms | (2022)

P(gPzDPP-CT2) 0.68 29.5 0.43 1.36 0.019 91 3 ms

P(eTDPP2FT) 0.6 930 NA 54.8 0.35 156+ 24 175ms | (2022

C60-TEG 2.8 41+0.5 0.0146 72 0.03 220+ 50 80 ms (2019)

PrC60MA 2 NA 6.1 217 NA NA 20+3ms | (2022)7

f-BTI2TEG-T) 6 160 0.27 23 0.044 52 32ms | (2021)

f-BTI2TEG-FT 5.25 2500 4.6 152 0.034 443 272 ms

f-BTI2g-TVT 0.41 1 0.27 15 0.014 11019 68 ms (2022)

f-BTI2g-TVTCN 0.42 ~800 12.8 413 0.24 170 +22 52 ms

BBL 351 9700 0.276 NA 7x 107 930+ 40 NA (2018)%

BBL 0.8 65.1 0.815 1.99 2.14x10° | 731 5.2 ms (2021)¢!

BBL:PEI 1.67 380 2.28 NA NA NA 167 ms (2021)”7

BBL 15 0.04 25 0.617 1.94 3.59x 10 | 540+20 0.89ms | (2022)%

BBL 60 0.04 ~7 1.92 49 9.42x107° | 520+32 0.52 ms

BBL 98 0.04 ~16 4.04 102 0.0205 499+ 19 0.43 ms

BBL 152 0.04 ~42 11.1 259 0.044 589 +26 0.38 ms

PgNaN 15 ~180 0212 0.662 6.50x10° | 100+6 NA (2021)%

PgNgN 5 ~2.9 0.007 0.037 1.89x 107* 239 +£97 NA

eNR SE-S 7900 0.402 2.5+0.1 0.013 198 + 12 195ms | (2022)%

hgNR 7.5E-5 7500 0.263 1.2+£0.04 9% 1073 129+3 128 ms

gNR 3.5E-5 NA 1.21 5.12 0.0178 288 + 12 94 ms (2022)%

p(g7NCoN) 14.9 580 0.37 1.83 0.012 153 +34 NA (2022)%
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2.3 OECT biosensors

Because of OECT’s simple device structure, high current gain, and high stability in
solution, they are wildly applied in biosensors for the detection of metabolites, nucleic
acid, protein, and cells.”® OECT biosensors can transform bio signals into electrical
signals. The modification of biomolecules on the transistor interface can lead to changes
in electrical potential or interface capacitance, thus altering the voltage or current of the
electrical signal being measured.”” Compared with inorganic materials, organic
semiconductors and conductive polymers are easier to be fabricated on flexible
substrates without the degrading of original electrical properties. Therefore, OECTs can
also be applied in wearable biosensing for health monitoring.'? In this part, different

modification methods, sensing strategies, and bio-reorganization sites will be discussed.

2.3.1 Modification strategies

Strategies for bio modification are mainly divided into the physical adsorption, covalent
binding, and bio-affinity interaction. Bare solid interfaces including the clean metal gate
electrodes and inactive channel surfaces are usually difficult for bio grafting. Self-
assembled monolayers (SAM) are introduced to provide surface functional groups
through silanization or gold—thiol contacts. According to the chemical nature of solid
interface and molecules to be grafted, the head and tail groups of SAM can be designed.
The SAM layer are usually utilized for the connection of DNA or protein probe, which
can provide carboxyl and amino end groups. In the case of antibody detection, one
possible method is to use thioglycolic acid (TGA) with its thiol group in contact with a
gold gate electrode, while the end carboxyl group is covalently bound to probe antigens.
101 Moreover, it is also feasible to directly modify the thiol functional group on the bio

probe (such as ssDNA) for grafting on the gold gate electrode, escaping the SAM step.

102

Bio probe can also be immobilized on solid interface through physical adsorption,
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which is widely used in enzyme-catalyzed reactions. Physical adsorption is a simple
process that does not harm the enzyme's activity. Chitosan and Nafion are commonly
used to assist the immobilization and improve the selectivity of enzymatic reactions.!*
Besides, the biotin avidin system (BAS) is often applied in transistor biosensors. The
side chain of biotin ends with a carboxyl group, which can connect antibodies and other
biological macromolecules. Biotin and avidin have strong affinity and specificity and
are less affected by reagent concentration and pH value of the environment.!** In
addition to the solid interface modification, analytes labeling with nano materials or

enzymes are also commonly used as a signal amplification strategy. Specific examples

are given next for the explanation of different kinds of bioassays.

2.3.2 Bio reorganization

Bio-recognition sites for bio probe modification include the surface of the gate
electrode, the surface of the channel, and in electrolyte. The specific binding with
analytes includes nucleic acid hybridization, antigen-antibody binding, and enzyme
catalysis reaction, et al. (Figure 2.3). Usually for higher sensitivity and selectivity,

bioassays often involve interface modifications and analyte labeling.

Gate Gate Gate
/4 ( o
z N i j\> Electrolyte p @R
\ (N _ = 7
\ bacg ) g‘ f"‘%\/l
Y
" AL < &
Electrolyte & / G Electrolyte
Source Drain Source Drain Source Drain

Figure 2.3 Scheme of three bio recognition sites (gate, channel, electrolyte) and
different selective bio-binding types. The reaction between DNA strands,
antigen/antibody, and enzymes/substrates are selectivity, which guaranteed the
successful detection.

(1) Gate modification
The gate electrode is considered to be a stable and convenient bio-recognition site. The

OECT biosensor gate electrodes are generally made of inert metal materials (such as
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gold, and platinum), which ensures the stability of the gate electrode in various liquid
environments (water, high oxygen, acid, or alkali). Through SAM layer,?>!0%106
functional groups such as hydroxyl, carboxyl, and amino groups are easily modified on
the gold electrode for the next step of biological modification. Au can also directly
connect with the biomolecules having sulfhydryl groups, such as the designed ssDNA
probes.!?? In the research of Fu et al., (Figure 2.4a), mercaptoacetic acid SAM layer
was modified on Au gate to provide dense carboxyl groups for the next modification of

probe antibodies.®” The enzymes were introduced as a label of the analyte to amplify

the bio signal, resulting a very low detection limit (10 fg mL') of cancer biomarkers.

Except the inert gold electrodes, there are some functionalized gate electrodes, such as
platinum electrocatalytic electrodes, and photoelectric effect electrodes. Platinum can
catalyze the reaction of analytes such as hydrogen peroxide, dopamine (DA), uric acid
(UA), and ascorbic acid (AA).!%7 In the work of Xie et al.(Figure 2.4b), OECT was
applied in the monitoring of neurotransmitter dopamine in rat brains.!®” The redox
reactions of dopamine can be catalyzed by Pt gate and transmit the electrons to gate
electrode, bring a decrease of gate potential. Finally, the mapping of evoked dopamine
release at brain regions was demonstrated. To achieve high selectivity in metabolite
analysis, enzymes (such as glucose oxidase, phosphatase, lactase, etc.) can be modified
on the gate electrode to react with the corresponding analytes.!?*!% In a research that
detect glucose exported from chloroplasts (Figure 2.4c), the PEDOT:PSS gate was
modified with platinum nanoparticles and chitosan-crosslinked glucose oxidase.!*” The
GOx and CHIT mixture was physically absorbed on gate surface to react with glucose,
and the H>O> produced can further react with Pt NPs. Electrons generated in this process
can be directly transferred to the gate electrode and change the effective gate voltage.
The gate potential variation brought by this direct charge transfer is obvious, which can
achieve highly sensitive detection of metabolites.!!*!!! The utilize of nano material for
higher sensitivity and selectivity is common in gate modification.!'? Yan et al. had

previously reported an flexible OECT for the detection of uric acid in saliva, in which
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the Pt gate was physically modified with PANI/Nafion-graphene bilayer (Figure 2.4d).
13 The bilayer can block the charged molecules such as AA and DA to enhance the
detection sensitivity. Finally, the UA detection limit can reach 10 fM with very good

selectivity.

In an organic photo electrochemical transistor (OPECT) biosensor,'!* the gate electrode
is generally a transparent conductive electrode (such as ITO) modified with
photosensitive species (such as CdS QDs). The light-generated gate potential can be
varied by the steric hindrance of analyte, or the light quenching material labeled on the
analytes. In research of Song et al. (Figure 2.4¢),'"> CdS QDs and probe DNA were
modified on the surface of ITO gate, and then the target DNA labeled with gold
nanoparticles were connected to quench the photoelectric effect of cadmium sulfide.
The sensitivity of this sensing is orders of magnitude higher than the steric hindrance

effect DNA biosensor. Lin and Zhao’s group have done lots of research on OPECT

biosensors in recent years, including the detection of enzyme,''®!'” proteins,!!4118-121
RNA,122’123 and ATP124.
a b
p: . .° o2 \ \ \ PEDOT‘PS‘S"’ ‘: Neurotransmitters
oo o ;.; ATH,0, Cnamei. :’/:\‘; /
©.°5° 8030 H,0 E ¥ : s ‘,\

\

H,0

000 O Pt-GATE

. Lo, - &
0 020o. " /ic HO “?’ by %
5o H,0, HO )g/.}i' G

c D-glucose . _ GOx'&d HK)XPNZE' d X €
Pt Gate "')
Dgluwse_X X Sseggesia,
1,5-lactone GOx 0 b {
5. 3 ,g suU-8
Gold 3 e donor
EEN Ee  cds qps

‘GOX Qchitosan 9 PtNP =

Figure 2.4 OECT biosensors with gate electrodes as bio recognition sites. (a) Detection
of cancer protein biomarkers, the human epidermal growth factor receptor 2 (HER2).
Horseradish peroxidase (HRP) and Au NPs are used as nanoprobe to enhance the
detection sensitivity.'” (b) Real-time mapping of dopamine in vivo. The Pt gate
catalyze the redox reaction of dopamine. (¢) Detection of glucose exported from
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chloroplasts. The PEDOT:PSS gate was physically modified with glucose oxide and Pt
nanoparticles. % (d) Detection of glucose and uric acid. The Pt gate is modified with
PANI/Nafion-graphene bilayer.!!'* (e) Detection of DNA. The ITO/CdS QDs gate has a
photoelectric conversion function.!''

(2) Channel modification

Bio modification on channel is not as common as gate modification in OECT biosensors
since most channel material is not as stable as inert metal electrode. For channel
modifications, biomolecules can directly generate steric hindrance on the surface of
organic semiconductors or change the interface charge distribution and capacitance.
Moreover, some conductive polymer is rich in functional groups for bio grafting. In
research of Feno et al. (Figure 2.5a),!% poly(3,4-ethylenedioxythiophene):tosylate
(PEDOT:TOS) and polyallylamine hydrochloride (PAH) composites channel was
fabricated for the detection of acetylcholine (LOD: 5 uM). In which, the PAH
component can provide amino moieties as anchoring sites for the immobilization of the
acetylcholinesterase (AchE). It is noteworthy that the application of nanomaterials for
higher sensitivity also works in channel modification. In the study of Chou et al.,'?®
poly(EDOT-COOH-co-EDOT-EG3) nanotubes were decorated on the channel layer
(Figure 2.5b). The poly(EDOT-COOH) can chemically immobilize cortisol antibodies
on channel, and poly(EDOT-EG3) can minimize nonspecific binding of other
biomolecules. The nanotube structure was verified to immobilize more cortisol
antibodies than bald PEDOT:PSS film. In the case of detecting cellular activity, channel
modification is more commonly used than gate modification.!?’-13 Cells are prone to
attach and grow on the surface of organic semiconductor films. Single cell detection
was realized by detecting the impedance of a dielectric microparticle (Figure 2.5¢).'?’
With the optimized device geometry, the OECT-based impedance sensor shows a high
gain (20.2 dB) compared with single electrode-based impedance sensor. In 2018,
Pitsalidis et al. demonstrated the cells growing in three-dimensional porous
PEDOT:PSS-based scaffold channel (Figure 2.5d). Cells attached on the PEDOT:PSS
pores and formed tissue, resulting the poor charge injection. Finally, the cells growth

can be monitored by transistor electrical performances (channel current and response
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time) variation.

The gate electrode and the channel can both be settled as bio-recognize sites at the same
time in one biosensor. Inal’s group has done researches in metabolite detection with an
n-type accumulation mode organic electrochemical transistor.'*!31:132 [n 2018, they put
forward a new concept in metabolite detection based on n-type OECT (Figure 2.5¢).®
The electron-transporting organic semiconductor is able to has direct electrical
communication with oxidase and promote the ion-to-electron transducing qualities,
which results higher sensitivity and fast response. The hydrophilic side chains of the n-
type polymer P-90 serve as polar groups for enzyme modification, as well as promoting
ion transport and injection. In addition to metabolites sensing, the detection of cell
activities can also be conducted at both gate and channel sites. !33-13° Francesco's group
used PEDOT:PSS-based OECTs to detect the growth and detachment of both leaky-
barrier (NIH-3T3) and strong-barrier (CaCo-2) cell lines (Figure 2.5f). The planar
configuration, in which cells grow on both the gate and channel, has been shown to

have higher sensitivity due to the dual passage of ions through the cell layer.
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Figure 2.5 OECT biosensors can use either the channel (a-d) or both the gate and
channel (e-f) as the bio-recognition site. (a) The immobilization of AchE on channel for
the detection of acetylcholine.'? (b) Polymer nanotubes immobilized on channel for the
detection of cortisol. '?° (c) Single cell detection with a cell growing on the surface of
channel.'?” (d) Monitoring cell growth in 3D scaffold PEDOT:PSS-based channel.!®
(e) The metabolite detection based on n-type OECT, in which the LOx was modified
on both channel and gate surface.”® (f) The growth of cells on both the gate and channel
leads to higher detection sensitivity.'*?
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(3) Reaction in electrolyte

The reactions that happened in the electrolyte are mainly related to enzymatic catalysis
metabolites detection and cell tissue integrity monitoring. Through embedding the
enzyme in solid state electrolyte, flexible OECTs can detect various metabolites
including glucose, lactate, and alcohol (Figure 2.6 a,b) .!*’"!3 This method of placing
enzymes into ion gel electrolyte is useful for portable detection and wearable
electronics because the flexible device can stick to the skin surface to detect metabolites
in sweat. To monitor cell growth, cells can be cultured not only on the channel surface,

but also suspended in the electrolyte to avoid damaging the integrity of the channel
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film.'4° A transwell filter allowing ions penetration was placed in electrolyte to separate
the gate and channel (Figure 2.6 c). If healthy cells attach to the filter to form a barrier
tissue, ion migration to the channel will be hindered. This cell sensor can be applied in

drug screening to identify drugs that disrupt cell-tissue barriers.
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Figure 2.6 OECT biosensors with reaction in electrolyte. (a) Detection of lactate with
flexible OECT devices, the enzyme was entrapped in the sol-gel electrolyte.!*® (b)
Alcohol sensing by disposable paper-based OECT, the enzyme alcohol dehydrogenase
(ADH) and its cofactor are trapped in electrolyte gel.!* (c) Cell layer cultured on
transwell filter is used as the barrier to regulate the ions penetration.'*’

VOUT

2.3.3 Electrophysiology recording

Cells can generate action potentials when they are stimulated, which can be recorded
in vivo with tiny electrodes or detected in vitro by electrodes pasted on the surface of
the body.'*! Different types of cells produce electrical signals with different frequencies,
ranging from one to hundreds of milliseconds. The action potentials or electric fields
caused by cells can be generated and transmitted outward to the skin surface, which can
then be measured by electrodes attached to the skin surface. Because the action

potentials generated by specific muscles and organs are different, the detected
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electrophysiological signals are divided into electrocardiography (ECQ),
electroencephalography (EEG), electromyography (EMG), electrooculography (EOG),

and in vivo electrocorticography (ECoG).!#?

The specific descriptions are as follows. (1) ECG signal is caused by cardiomyocytes.
The rhythmic action potential generated by the sinoatrial node can be delivered to all
cardiomyocytes by ion transport between cells, simultaneously initiating contraction
and relaxation. Following is the transmission of generated electric field to the skin
surface. The ECG wave contains three main parts, the P wave, the QRS complex, and
the T wave, which represents the activity of different ventricles of the heart. The
waveform of the ECG changes depending on where the electrodes are located. (2) EEG
records the activity of cortical brain cells. EEG needs to observe the frequency,
amplitude, and phase parameters of brain waves, which have four main frequency bands:
a, B, 6, and 0. EEG can be used to detect epilepsy, sleep disorders, and neurological
disorders. (3) EMG records the potential changes of muscle cells after being stimulated
by nerves or electric currents. Epidermal EMG shows a potential difference between
the two electrodes, which have larger noise than the signal of intramuscular EMG. The
electrodes of EMG are usually placed on sebum-thin muscles to get stronger signals.
EMG has no specific waveform and needs to filter out high frequency noise. (4) EOG
detects electrostatic potential and can be used to record eye movements. There is a
resting potential across the omentum, positive on the corneal side and negative on the
scleral side. For left and right eye movements, electrodes are placed on the inner and
outer corners of the eye, and when moving up and down, the electrodes are placed on
the upper and lower eyelids. The potential difference between the two electrodes can
be recorded. (5) ECoG also records the activity of brain cells, but it is invasive. Due to
direct contact with brain cells, it has a higher spatial resolution, larger signal amplitude,

and is less susceptible to other electrophysiological signals such as EMG and EOG.
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Figure 2.7 In vitro electrophysiological sensing of (a,c) EEG, (b) ECG, (d) EOG, and
(e) EMG based on QECTs 2!1:47:33,143.144

To achieve favorable electrophysiology recording, devices should possess the following
characteristics: (1) High transconductance. High transconductance means higher
current gain and high resolution, a small change of gate potential can induce large
current variation. (2) Low subthreshold slope. Different from the current gain, when

signals are transferred to voltages, devices with a low subthreshold slope can induce
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larger voltage gain and higher transconductance efficiency. (3) Fast response. This
parameter is important for electrophysiological sensing because the active potential
switching is fast, especially for the detection of high frequency EEG. The response time
of OECTs has been improved to below 10 us with different techniques, which fully
meet the testing needs. (4) Wearable electronics. Organic devices are suitable for the
preparation of flexible and stretchable electronics. By combining with integrated
circuits, signals at different positions can be mapped. Overall, for both in vitro (Figure
2.7) and in vivo recording (Figure 2.8), OECTs have achieved good experimental

results.

(1) In vitro electrophysiology sensing

George D. Spyropoulos reported an internal ion-gated organic electrochemical
transistor (IGT), which has high-transconductance, fast response, biocompatibility, and
conformability.>> In IGT, mobile ions are trapped in the conducting polymer and form
a self-(de)doping process that is no need of ion exchanging from the electrolyte. The
IGTs can be applied in integrated circuits such as digital logic gates and cascaded

amplifiers. They are micrometer-scale and are easily attached to the skin or scalp
without broking the skin (Figure 2.7a). EEG signals are record with the o, B, v

frequency bands, and demonstrate the reactivity of posterior dominant rhythm to eye
closure. Takao Someya group has attributed a lot to ultrathin soft bioelectronics.'** They
demonstrated a wearable electrophysiological sensor based on a thin gel electrolyte
(Figure 2.7b). The soft electrode can be attached to dry skin and monitor bio signal

stably for more than one week.

Pierre Leleux verified that OECTs can measure a broad range of typical clinical
electrophysiological signals, in which ECG, EOG, and EEG were all demonstrated.'*
EOG was recorded through changes in channel current when the eyeball moves up and
down and from side to side (Figure 2.7d). It can also detect symptoms of drowsiness,

and detect the frequency and duration of spontaneous blinks. Claudia Cea*’ reported
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high performance ion-gated organic electrochemical transistor (5 pm channel length,
2.9 usrise time, 1.5 mS transconductance) for both in vivo and in vitro monitoring. In
this work, even high frequency EMG signals can show low noise and high SNR (Figure
2.7 e).

It's worth noting that the in vitro sensing OECTs mentioned above are primarily based
on a PEDOT:PSS channel, with few reports utilizing other high-performance materials
aside from p(g2T-TT). Vishak Venkatraman used p(g2T-TT) based OECT to detect
electroencephalogram (Figure 2.7 c), taking advantage of its low subthreshold slope
and high voltage gain.?! In addition, different from PEDOT:PSS, p(g2T-TT) based
OECTs are enhanced mode, enabling low power consumption. More channel materials
are expected to have prominent applications in OECT based electrophysiological

sensing.
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Figure 2.8 OECT based in vivo electrophysiological sensing of (a) ECoG, (b) EMG,
and (c)EEG 203414

(2) In vivo electrophysiology sensing

The in vivo detection by OECTs relies on its flexibility and biocompatibility. Dion
Khodagholy fabricated PEDOT:PSS based OECT on the 2 pm thick parylene film
substrate.* Ultrathin devices were patched on the somatosensory cortex of rats for
ECoG detection (Figure 2.8 a). The ultra-flexible OECTs arrays have a high signal-to-
noise ratio for epilepsy recordings. In addition to being attached to brain cells to detect
ECoG, it can also be placed on muscle cells (Figure 2.8 b) and on the heart (Figure 2.8
¢) to detect EMG and ECG.?%!% These ultra-flexible multielectrode OECT arrays can
conformal contact with the surface of organs and behaving high spatial-temporal
resolution. Compared with in vitro detection, in vivo sensing shows an obvious higher

signal-to-noise ratio, which is promising for brain-computer integration.
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Chapter 3 Short-channel vertical organic

electrochemical transistor

The limitations of short-channel effects and fabrication techniques make it difficult to
promote Moore's Law. Although many new technologies are trying to reduce transistor
channel length and gate length, however, they are still limited by poor device
performances and practical availability. Here we report a vertical organic transistor with
a channel length as short as 0.86 nm, which is dependent on the thickness of the oxide
spacer. Organic electrochemical transistors (OECTs) based on this vertical structure can
overcome the short-channel effect and achieve excellent transistor performances. The
on-off current ratio of ultra-short (0.86 nm) channel OECT is 476. Both p-type and n-
type devices with channel lengths longer than 1.8 nm can realize on-off current ratio of
over 10°and ideal subthreshold slope of 60 mV/dec. Short-channel OECTs can achieve
high width-normalized transconductances of 3960 S/m. OECTs that operate at low
voltages can overcome the short-channel effect, making them a promising technology

for the development of next-generation electronic devices.

3.1 Introduction

Moore's law predicts that the number of transistors in a dense integrated circuit doubles
about every two years.!*® The fabrication of transistor is now struggling on 5 nm and 3
nm nodes.!'*” Further reducing the transistor size depends on the development of more
sophisticated fabrication processes or the creation of ingenious device structures. Due
to the limitation of lithography technology, it is almost impossible to fabricate planar

structure transistors with a channel length below 10 nm.'*?

The current state-of-the-art fabrication techniques for transistors with dimensions
smaller than 10 nm are based on vertical structures. 1-nanometer physical gate length

MoS; transistor was realized in 2019 by Ali Javey’s group.'*’ In their device, a single-
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walled carbon nanotube (SWCNT) gate and a MoS: channel are spaced by a ZrO; gate
dielectric. The physics gate length is dependent on the thickness of ZrO». In this work,
the key to reduce the source-to-drain tunnelling leakage current is decreasing the
thickness of the MoS: film. After two years in 2022, a gate length approaching 0.34 nm
was realized by sidewall MoS; transistor, which is gated by the edge of graphene.!** In
addition to the above two latest shortest gate lengths, the channel length can be
shortened to 0.62 nm. In 2021, reported by Yuan Liu et al.,'>! a vertical MoS; transistor
with a 0.65 nm channel length was fabricated with an on-off current ratio of 26. The
channel length is determined by the thickness of the semiconductor layer. From the
latest progresses, it can be summarized that there are two key points to achieve the nano
dimension (either gate length or channel length). (1) Sophisticated device structure. An
alternative method is using vertical device structures, in which, the thickness or
boundaries of the thin films (including semiconductor layers or dielectric layers) are
used to define transistor dimensions. (2) Low leakage current. Leakage current mainly
includes source-to-drain tunnelling current and source-to-gate leakage current, which
are determined both by the device structures and materials. Low off current ensures the

modulation capability of short-channel transistors.

To achieve an ultra-short-channel length in a vertical transistor, the channel length can
be determined by either the thickness of the semiconductor layer or the edge length of
the dielectric spacer. One of the challenges associated with the continuous reduction of
channel length is the increased tunnelling current, which can negatively impact the on-
off switching characteristics of the transistor. The level of the source-drain tunneling
current is related to the applied voltage, overlap area, spacer film thickness, and
properties of spacer materials.'>> Obviously, choosing a dielectric spacer is better than
directly using the semiconductor film between two vertically stacked electrodes in
obtaining a small tunneling current. AlO3 is an available high dielectric constant
insulating material, which thickness can be precisely controlled by low-temperature

atom layer deposition technology.'>?
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It is important to note that smaller dimensions increase the probability of deviation
during device fabrication and create more challenges in precisely controlling device
topography. To maintain uniform geometry size and electrical performance, it is
necessary to avoid complicated and rigorous device preparation processes. For example,
in the fabrication process of two-dimensional material field effect transistors,
techniques such as film stripping, transfer, etching, and van der Waals metal integration
technique are often involved. Regularizing the area and thickness of 2D materials is
often challenging, and the thin-film transfer process can increase variability in device
performance. The photolithography and etching steps required in these approaches can
also make fabrication more complicated, which may not be suitable for low-cost electric
circuits. In contrast, organic semiconductors may offer simpler fabrication processes

that are more cost-effective.

Organic electrochemical transistors outstand for their simple device structure, low
applied voltages (below 1 volt), and high transconductance, which is a critical
ingredient of flexible and low-cost organic electronics.>!** OECT channel current is
modulated by gate voltage through ion doping/dedoping from the electrolyte to organic
semiconductors. Few reported vertical structure OECTs use parylene as channel spacer,
which is about a few hundred nanometers and cannot acquire the ultra-short-channel

length,'5>:156

In this chapter, a straightforward but delicate vertical device structure is designed and
demonstrated. An aluminum oxide layer is fabricated as a channel spacer between two
vertically stacked electrodes, and the channel length is determined by the Al,Os layer
thickness. The low-temperature atom layer deposition is conducted with 5-67 cycles
pulses, with channel length varying from 0.86 nm to 12 nm. Three organic
semiconductors, the most studied PEDOT:PSS, the top performer p-type polymer

p(g2T-TT), and a newly reported high-performance n-type polymer p(g7NCioN) are
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tested as channel materials. The on-off current ratio is 476 even with 0.86 nm ultra-
short-channel length. OECT devices with channel lengths larger than 1.8 nm can reach
on-off current ratio of over 10° and ideal subthreshold slope of 60 mV/dec. The short-
channel effect is significantly reduced in OECTs due to their low gate voltage, low drain
voltage, and high gate capacitance. Short-channel OECT device can achieve high
width-normalized transconductances of 3960 S/m, which is less limited by channel

width and thickness, and shows good stability under long time testing.

3.2 Experimental Section

3.2.1 Materials

Poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS) (Clevios PH-
1000) aqueous solution was purchased from Heraeus Ltd. GOPS [(3-
glycidyloxypropyl)trimethoxysilane] was purchased from International Laboratory,
USA. P(g2T-TT) and p(g7NCioN) were synthesized by Iain McCulloch’s group.3>*
SU-8 photoresists, AZ5214 photoresists were purchased from Microchemicals GmbH.
Chloroform, methylpyrrolidone, dimethyl sulfoxide (DMSO), and glycerin were
purchased from Sigma-Aldrich Co.

3.2.2 Device fabrication

Electrodes (source, drain, and gate) were fabricated by multiple photolithography and
magnetron sputtering (Figure 3.1). Photoresist AZ5214E was negatived patterned for
smooth metal edges. 10 nm Cr and 40 nm Au were sputtered on clean silicon oxide
substrate. The first layer of photolithography was prepared for the source and gate
electrode. For the Ag/AgCl gate, another layer of photolithograph and magnetron
sputtering of Ag was added to cover the Cr/Au gate electrode. The third layer of
photolithography pattern was shared by an aluminum oxide dielectric layer and the

drain electrode. The dielectric layer AlO3 was deposited by atom layer deposition
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(ALD) using the TMA/H20-plasma gas pulse at 80 °C. The thickness of AlbO; was
controlled by TMA/H>0O plasma cycle numbers. The second layer of Cr/Au drain
electrode was deposited by magnetron sputtering. The metal electrodes lift off process
was conducted by immersing in methylpyrrolidone (NMP) overnight. The overlap
width of the two electrodes is 5 + 1 um. The SUS layer was used for photolithography
to shield the Au electrodes from the aqueous electrolyte. Subsequently, a channel
window was created using the fifth layer of photoresist. To prepare Ag/AgCl electrode,
the Ag gate was immersed in 0.5 M HCI and applied a positive voltage (0.3 V, Pt

cathode) for 1 min.

Photolithography

Photolithography Photolithography Atom layer deposition
Sputtering (Cr/Au) Sputtering (Ag) Sputtering (Cr/Au)
[ Polymer window H SU8 window

Figure 3.1 Fabrication process of the short-channel vertical OECT. Inset is the
microscope image of the device. The widths of top and bottom electrodes are 10 pm
and 60 pm respectively. The electrodes overlap is about 5%10 pm?, and the channel
width is 5 pm, channel area is about 5%20 pm?.

As to channel materials, PEDOT:PSS was mixed with dimethyl sulfoxide (DMSO) and
glycerin (both with a volume ratio of 5% and cross-linker (3-glycidyloxypropyl)
trimethoxysilane (GOPS) (1%). PEDOT:PSS was then spin-coated (3500 t/s, 30s) on
the positive patterned AZ5214E photoresist and annealed at 110 °C for 20 min. P(g2T-
TT) (2 mg/ml) and P(g7NCioN) (5 mg/mL) were diluted in chloroform separately and
spin coated (1000 r/s) on the patterned AZ5214E layer. The resulting films were then

annealed at 100°C for 30 min.
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3.2.3 Device characterization

The electric characteristic transfer curves, output curves of OECT devices, and
tunneling currents were tested by Keithley 4200A-SCS Parameter Analyzer. The device
stability was tested by Agilent 33220A waveform generator and Keithley source meters
(Keithley 2400). The AFM images were tested by Scanning Probe Microscope (Asylum
MFP-3D Infinity).

3.3 Results and Discussion

3.3.1 Device structure with ultra-short-channel

(1) Negative patterned electrodes with smooth edges

To prevent short circuits, it is important to ensure that the edges of the vertically stacked
electrodes are smooth. Photolithography can be categorized into two types: positive
pattern and negative pattern (Figure 3.2). The negative pattern process is prone to
obtaining neat and smooth electrodes, which also makes the lift off process to be easier.
The Cr /Au electrodes prepared by the two kinds of processes are shown in Figure 3.3.
According to the AFM morphology characterization, it can be verified that the edge
prepared by the negative pattern process is a smooth slope, and there are no uplifted
metal spikes. According to the microscope images, it can also be observed that the
overlap edges of the top electrode and the bottom electrode are cleaner and tidier.
Smooth edges prevent the connection of source-drain electrodes, which aids in

achieving a shorter channel length.

LIU Hong 41



QQ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 3

a. Positive photoresist process b. Negative photoresist process
. X 3
— ek — TEsK
substrate substrate
Exposure Development . First exposure Reversal bake,
i

flood exposure, development.
‘
!
I
‘
H T H I
!
Sputtering Lift off Sputtering Lift off

Figure 3.2 The photolithography process of (a) positive pattern and (b) negative pattern.
The electrode edges fabricated by the two methods are different.
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Figure 3.3 AFM images of (a) positive patterned and (b) negative patterned Cr/Au
electrode. The micrographs show the overlap of top and bottom electrodes.

(2) Preparation of Al2O3 layer with different thickness.

H>0 and trimethylaluminum (TMA) pulse were used for the deposition of Al,O3 films.
The pulse time of H>O and TMA are both 0.015s, which were separated by 10 s nitrogen
purging. The substrate temperature keeps 80 °C during the whole process. AFM images
of AlbOs3 film deposited with different cycle numbers were shown as Figure 3.4. The
thicknesses of Al,O; film with 5, 7, 10, 14, 27 ALD cycles are about 0.86 nm, 1.2 nm,

1.8 nm, 2.4 nm, and 4.8 nm respectively, which shows a very good linear relationship.
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Figure 3.4 (a-e) AFM images of the Al,Os film deposited with 5, 7, 10, 14, and 27 ALD
cycle pulses. The corresponding average thicknesses are 0.86 nm, 1.2 nm, 1.8 nm, 2.4
nm and 4.8 nm. (f) Relationship of Al>O;3 film thickness with the ALD cycle numbers.

(3) Vertical OECTs and morphology characterization

The vertical structure was fabricated by twice photolithography and magnetron
sputtering (Cr/Au) process and one ALD process. The top Cr/Au electrode shares the
same photolithography pattern with the Al,Os layer. Figure 3.5a shows the scheme of
the vertical structure, in which the channel length is depended on the thickness of the
AL Os layer. AFM stereogram shows smooth surfaces of the top and bottom electrodes
overlap. Both the top and bottom electrodes have a height of around 50 nm. Figure
3.5bc shows AFM image and optical microscope image of electrodes overlap. The
bottom electrode is 10 um width, overlap length of two electrodes is about 5 pm. The
schemes of OECT device (transverse and longitudinal sections) are shown in Figure
3.5de. In which, the organic semiconductor was spin coated on the edge of top electrode.
The electrodes that used as leads are covered by photoresist SU8 to minimize the gate

leakage current.
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Figure 3.5 Vertical short-channel OECT device structure. (a) Structure of oxide spacer
determined short-channel. On the right is the AFM stereogram of the stacked electrodes.
(b) AFM image of overlapped top and bottom electrode. The heights of both electrodes
are around 50 nm, the overlap length is around 5 pm, and the ALD is 7 cycles (~ 1.2
nm AlO3). (¢) Microscope image of the source drain electrodes overlap. (d) The
transverse and (e) the longitudinal sections schemes of the OECT device.

In addition to observing the electrode morphology and the AlO; film thickness
thorough AFM images, the existence of the Al,O3 layer is also observed with high-
resolution transmission electron microscopy (HRTEM) and high-magnification EDS
mapping (Figure 3.6). The EDS mapping image shows signals of Au, Cr, and Al. The
signals of Al and Au overlapped because their EDS energy values are close, making
peaks divided together. By HRTEM image, the AlbOs3, Cr, and Au layers can be
distinguished by the contrast differences. The thickness of AlO3 is around 1 nm (7
cycles ALD).
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HAADF Au Cr

Mix(Au Cr Al )

Figure 3.6 HAADF image, EDS mapping, and HRTEM image of Au-Al2O3-Cr-Au
layers.

3.3.2 Oxide tunneling current

The thickness of the Al>O; layer determines the transistor channel length. However,
using an ultra-thin AlOj3 layer results in higher tunneling current, which is dependent
on several factors such as the material of the metal electrode and oxide layer, the
thickness of the oxide layer, the overlap area, and the applied voltage. The influence of
the overlap area is shown as Figure 3.7. The Al2O3 thickness is around 1.2 nm with 7
cycles ALD, and the overlap length is about 5 pum. The tunneling current increase with
the increasing of bottom electrode width (10 pm, 15 um, 40 pm), and exhibit a good

linear relationship.
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Figure 3.7 The tunneling currents with different electrodes overlap area. (a) The
micrographs of source drain electrodes with different overlap area. (b) The tunneling
currents with 10, 15, 40 um overlap width. (c) The linear relationship between tunneling
current and the overlap area.

Tunneling currents of Al2Os film with different thicknesses were tested as shown in
Figure 3.8. With the increase of Al;O3 thickness, the tunneling current decreased
obviously. When the ALD cycle number is 4, the voltage bias and current are a linear
relationship (Figure 3.8b), which means that the source and drain electrodes are shorted.
The electrode resistance is around 200 ohms with 50 nm Cr/Au electrodes. With 7, 14,
27 cycles ALD, the IV curves exhibit exponential increase, [ = A*exp (-V/t) +yo. The
value of A and yo are found to be almost equal, the exponential function can be
approximated as I = A*[1+exp (-V/t)]. With the increasing of Al,Os3 thickness, the

values of A decrease rapidly, and the t values have no obvious change.

On the other hand, the asymmetry of I-V curves under positive and negative voltage
bias can be observed. That means electrons are easier to cross Au-Al2Os- Cr barrier than
Cr-Al203-Au barrier. Therefore, for electrical characterization, always keeping the Cr
electrodes at lower potential is helpful to decrease the tunneling current. Figure 3.8¢c

shows the detail of tunneling currents with different ALD cycles numbers from 4 to 27.
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Figure 3.8d shows the relationship between tunneling current and ALD cycle numbers

under 0.1 V and 0.5 V voltage bias. With the decreasing of ALD cycles, especially under

10 cycles, the tunneling current increases dramatically beyond the exponential increase.

The above findings pertain to the investigation of source drain tunneling current.
However, for a complete OECT device, it's important to factor in the impact of gate
current on the device's electrical performance. Figure 3.8¢ shows the OECT device
current distribution diagram. Finally tested Ids includes oxide tunneling current,

portions of gate current, and channel current flowing through the semiconductor

polymer.
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Figure 3.8 (a) Energy band diagram of Cr-Al,O3-Au structure. (b) The linear (4 cycles)
and exponential (7, 14, 27 cycles) fitting of tunneling IV curves. (¢) The tunneling
current between source and drain electrodes with different Al2O3 film thickness. ALD
cycles numbers are from 4 to 27. (d) Relationship between tunneling current and ALD
cycle numbers under 0.1 V and 0.5 V voltage bias. (¢) The current distribution diagram
of OECT devices.

3.3.3 OECT electrical performances

OECT devices with different channel lengths (from 0.86 nm to 12 nm) were fabricated.

Three kinds of conducting polymers, the most studied PEDOT:PSS, the top performer
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p-type polymer p(g2T-TT), and a newly reported high-performance n-type polymer
p(g7NCioN), were tested with the short-channel vertical OECTs. Transfer curves of
devices with different channel lengths were shown in Figure 3.9a. For p(g2T-TT) based
devices (Vd =-0.1 V), the on current with different channel lengths are similar, and the
main differences are shown at the off current. In devices with channel length from 0.86
nm (5 cycles) to 1.2 nm (7 cycles), the oxide tunneling current is the main component
of the off current, which is larger than the gate leakage current Ig. This result is
consistent with the tunneling current discussed above. For devices with channel lengths
from 1.8 nm to 12 nm, the tunneling current is very small, and the off current is mainly
affected by the gate current Ig, which is independent of the channel length. The same is
applied to other two polymer p(g7NCioN) (Vd=0.1 V) and PEDOT:PSS (Vd=-0.1 V).
Because of the lower gate voltage and lower polymer conductivity at the off state,
p(g7NCioN) devices show a very low gate current. Therefore, n-type devices are tested
with lower off current, which are mainly affected by the tunneling current. For
PEDOT:PSS devices, due to the higher gate voltage (1V) at the off state, the gate current
is larger, decreasing the on-off current ratio. Figure 3.9b shows that the short-channel
OECT exhibits output curves with well-defined linear and saturation regimes. Due to

the low operating voltages, low tunneling currents can be obtained even with very thin

A1203 film.
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Figure 3.9 (a) Transfer curves of OECT devices with different channel lengths (from
0.86 nm to 12 nm). Three typical channel materials p(g2T-TT), p(g7NCioN) and
PEDOT:PSS were demonstrated. (b) Output characteristics of OECT devices, the
channel lengths are 2.4 nm.

The on-off current ratios of three kinds of OECT devices with different channel lengths
are concluded as Figure 3.10a. When channel lengths are longer than 1.8 nm (include),
the on-off current ratios of p(g2T-TT) and p(g7NC1oN) devices are all higher than 10°,
and are higher than 10° for PEDOT:PSS devices. When the channel length is shorter
than 1.8 nm, the on-off current ratios decrease rapidly. Same happened for subthreshold
slope (Figure 3.10b). Devices with channel length longer than 1.8 nm can all achieve
ideal subthreshold slope of 60 mV/dec, which is less affected by short-channel effects.
Electrolyte gating facilitate very high gate coupling which enables full control of the
charge carrier density via ions diffusing into the semiconducting channel.'>” Therefore,
short-channel effects are drastically decreased. Even though there was a reported OECT
realized ideal subthreshold slope by p(g2T-TT) channel, ¥7 but its channel current not

across multiple orders of magnitude like the short-channel OECT devices. From the
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transfer curves above, the p(g2T-TT) device can keep ideal subthreshold slope of 60
mV/dec over a current range of about 4 orders of magnitude, while the n-type
p(g7NCioN) also keep over 3 orders of magnitude. Affect by the larger gate leakage
current, the PEDOT:PSS device can keep ideal subthreshold slope over a current range

around 2 orders of magnitude.
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Figure 3.10 (a) The relationship between on-off current ratio and the channel length.
(b) The relationship between subthreshold slope and the channel length.
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Figure 3.11 Transfer curves (in linear mode) of short-channel OECTs with three kinds
of semiconductor polymers.

Figure 3.11 shows the transfer curves of OECTs in linear mode. It can be observed that

the channel length has little influence on the channel current. For PEDOT:PSS devices,
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the on current and transconductance change little even if the channel length is increased
by a factor of 10. Similarly, comparable levels of the channel on currents were also
tested when changing the channel width. A 40 um width bottom electrode was used to
vary the channel width. The Al,O3 thickness is 2.4 nm to ensure a very low tunneling
current. The AZ5214E channel windows were fabricated with 5, 10, 20, and 40 um
widths, which determines the channel width (Figure 3.12 a). Results show that the
channel on currents of p(g2T-TT) and PEDOT:PSS devices have no fold change with a
larger channel width (Figure 3.12 bc). One reason may be that the channel current is

limited by parasitic resistance.
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Figure 3.12 (a) Micrographs of OECT devices with different channel widths (5, 10, 20,
and 40 um). Transfer curves of (b) p(g2T-TT) devices and (c) PEDOT:PSS devices with
different channel widths. Vd is -0.1 V, and channel length is 2.4 nm.
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To decrease the parasitic resistance, the thickness of the Cr/Au electrodes was increased
from 50 nm to 120 nm, and the parasitic resistance drops to around 50 ohms. Both the
channel current and the transconductance are increased (Figure 3.13). Finally, the
transconductance of p(g2T-TT) and PEDOT:PSS device can reach 19.8 mS (Vd =-0.6
V) and 19.1 mS (Vd =-0.8 V) respectively. High width-normalized transconductances

about 3960 S/m are realized for both devices.
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Figure 3.13 The transconductance of OECT devices with 120 nm thick Cr/Au
electrodes. The transfer curves (ab), transconductance curves (cd), and output curves
(ef) of p(g2T-TT) and PEDOT:PSS devices are shown.

3.3.4 Short-channel device stability

The vertical short-channel device stability was tested in 0.1 M NacCl electrolyte with
long time gate voltage pulses. PEDOT:PSS device was tested over 2 hours with 1
second per cycle, Vg is 0.5 V/0 V pulse, Vd is -0.1 V. P(g2T-TT) device was tested 3
hours with 1 second per cycle, Vg is -0.5 V/0 V pulse, Vd is -0.1 V. P(g7NCoN) device
was tested about 2 hours with 2 seconds per cycle, Vg is 0.5 V/0 V pulse, Vd is 0.1 V.
The results (Figure 3.14) show that the short-channel vertical structure is stable, what
makes difference is the stability of the conductive polymer. Two p-type OECT devices

show better stability than n-type OECT devices.
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Figure 3.14 The stability of vertical short-channel OECTs.

3.4 Summary

Time (s)

By improving the fabrication strategies and adjusting the device parameters, high-

performance short-channel vertical OECTs were realized. OECT device structure can

overcome the short-channel effect and realize sub-1nm (0.86 nm) channel length. By

reducing electrodes overlap area, the source drain tunneling current can be controlled

in a small range even with 1 nm Al,Oj3 thickness. Both p-type and n-type short-channel

OECTs can achieve on-off current ratios higher than 10° and ideal subthreshold slopes

of 60 mV/dec. The transconductance of p(g2T-TT) and PEDOT:PSS devices are 19.8

mS and 19.1mS respectively, and the width-normalized transconductances are as high

as 3960 S/m. The short-channel OECTs can maintain long-term stability under

sustained voltage pulses. These good transistor performances were demonstrated for

both p-type and n-type organic semiconductor materials.
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Chapter 4 Fast response short-channel
OECTs and its applications in

electrophysiology recording and inverters.

The transient response is an important parameter in electronics and circuits, especially
in high-frequency circuits. However, OECTs are knowns as slow response devices. In
this chapter, the transient response of short-channel OECT is investigated by adjusting
the channel geometric dimensions. High performances short-channel OECT was
successfully applied in the monitoring of in vitro ECG and EOG. Complementary

inverters with high gain and low power consumption were demonstrated.

4.1 Introduction

Transient response plays a crucial role in the development of high frequency
bioelectronics. OECTs are slow devices, with time constants typically longer than 1 ms.
Their slow switching speeds rely on the injection of ions into the conductive polymer,
almost irrelevant with carries drift times along the channel. In Bernards model the
transient behavior of OECTs includes the injection of cations from the electrolyte into
the organic film and the removal of the holes at the source electrode.’” In this model,
the spatial variation of the voltage and the hole density are ignored. In the model
established by Pushpa R. Paudel in 2022,!°® the case of asymmetrical distribution of
channel carriers is supplemented, in which, the response of the channel current consists
of two parts: the lateral ion moving and the vertical ion moving. In recent state-of-the-
art works, 3% by changing the device structure and using additives in the active layer,
the response time can be decreased to a few microseconds, but no faster than 1

microsecond yet.
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Over the past few years, OECTs have experienced significant advancements in various
applications such as high-performance transistors, bio-detection, electrophysiological
signal recording, and neuromorphic devices.”®!®!1%1  The detection of
electrophysiological signals can be used for monitoring the activity of organs or tissues,
and disease diagnosis. Action potentials are generated when the cell membrane is
stimulated, which can be transmitted through the tissue to the skin surface and recorded
by instruments. In vivo signals (heart surface, muscle surface, and cerebral cortex)
exhibit lower noise. Non-invasive in vitro detections are attenuated during transmission
and are easily affected by non-target electrical signals. Physiological electrical assays
such as EEG require fast-response devices to accurately record high-frequency signals.
OECT has been applied to the detection of physiological signals on the body surface
and in vivo, including EEG, ECG, EOG, EMG, and ECOG.*” OECT is characterized
by high transconductance, low operating voltages, and good biocompatibility. The
structure of the OECT is very simple, making it possible for direct electrolyte-gated
operation. The ultra-thin OECTs can be comfortably attached to the surface of tissues

or organs and can monitor signals stably.>*

As we have investigated in chapter 3, the use of oxide as a channel spacer in vertical
OECTs allows for the reduction of the channel length to under 1 nm. Therefore, only
the speed of ion doping/dedoping needs to be considered in transient response. In this
chapter, we investigated the transient response of the short-channel vertical OECTs. By
adjusting the area and thickness of organic semiconductor film, the transient response
can be reduced to below 1 pus. Fast response, high transconductance OECTs are further
applied in the monitoring of electrocardiogram (ECG) and electrooculogram (EOQG).
The low noise recording of the electrophysiology signals relies on the fast response
speed and high current gain of short-channel OECTs. In addition, complementary
inverters based on p-type and n-type OECTs were fabricated, which showed a recorded
high static voltage gain of 456 V/V. The high voltage gain relies on the sharp

subthreshold slopes and balanced electrical performance of p-type and n-type OECTs.
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4.2 Experimental Section

4.2.1 Materials

AZ5214E photoresists, SU 8 photoresists were purchased from Microchemicals GmbH.
Poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS) (Clevios PH-
1000) aqueous solution was purchased from Heraeus Ltd. Methylpyrrolidone,
chloroform, dimethyl sulfoxide (DMSO), and glycerin were purchased from Sigma-
Aldrich Co. GOPS [(3-glycidyloxypropyl)trimethoxysilane] was purchased from
International Laboratory, USA. P(g2T-TT) and P(g7;NCioN) were synthesized by lain

McCulloch’s group.3>87

4.2.2 Device fabrication

(1) Vertical short-channel OECT fabrication

The vertical short-channel transistor fabrication can be referred to the chapter 3. For the
preparation of the PEDOT:PSS channel layer, Clevios PH-1000 was mixed with DMSO
and glycerin (both with a volume ratio of 5%) for improving the stability and
conductivity of channel layer. In addition, the GOPS cross-linker was added to prohibit
PEDOT:PSS dissolution. The thickness of the channel film was adjusted by diluting the
polymer solution. For p(g2T-TT) and p(g7NCioN), they were diluted by chloroform.
PEDOT:PSS was diluted by DI water without changing the concentration of additives.
The channel length can be adjusted by the thickness of AlOs3. The gate channel
distances are adjusted by the initial mask. The organic semiconductor areas were

adjusted by patterned channel window areas.

(2) Fabrication process of complementary inverter.
The fabrication process of the complementary inverter is similar as single transistor
device. Specifically (Figure 4.1), the first photolithography layer and sputtering were

conducted for the bottom electrodes. The second layer was fabricated for the Ag/AgCl
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gate, and the third layer was fabricated for the top Cr/Au electrodes. After finishing the
electrodes fabrication, SU-8 encapsulation, and channel window pattern, the polymers
p(g2T-TT) and p(g7NC1oN) were spin coated on corresponding area. After baking at
110°C for 30 min, extra AZ5214 photoresist was lifted off. The polymer thickness was

optimized to obtain well-matched transfer characteristics.

P channel N channel
| 1

Photolithography Photolithography Photolithography Photolithographs
Sputtering (Cr/Au) Sputtering (Ag) Atom layer deposition Spin coating
Sputtering (Cr/Au) Lift off

Figure 4.1 Fabrication process of OECT based complementary inverter.

4.2.3 Device characterization

(1) Electrical characterizations

The electric characteristic transfer curves of OECT devices and complementary
inverters were tested by Keithley 4200A-SCS Parameter Analyzer. The response time
of OECT devices was tested by an Agilent 33220A waveform generator (to apply gate
voltage pulses), an SR570 low noise current preamplifier (to apply drain voltage), and
a Tektronix TBS2072 digital storage oscilloscope (to convert the channel current into
voltage signals). The transient response and AC amplification of inverters were tested
by an Agilent 33220A waveform generator (to apply gate voltage), a Keithley 2400
source meter (to apply Vdd), and a Tektronix TBS2072 digital storage oscilloscope (to
record output voltage). The thickness of polymer film was tested by Scanning Probe

Microscope (Asylum MFP-3D Infinity).

(2) ECG and EOG recording
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For ECG and EOG recording, the high transconductance and fast response PEDOT:PSS
based devices were used. The gate voltage was applied by Keithley 2400 source meter.
The human body is connected in series between the gate electrode and the Keithley
2400 source meter through two commercially available Ag/AgCI colloid electrodes. A
SR570 low noise current preamplifier was used to provide a drain voltage and convert
the channel current into voltage signals, which is further recorded by a Tektronix

TBS2072 digital storage oscilloscope.

The waveforms of measured electrophysiology signals depend on the position of the
two Ag/AgCl colloid electrodes. For ECG recording in this work, two electrodes were
placed in a symmetrical position of the heart. The measured signals were filtered by a
bandpass filter between 0.5 and 40 Hz. For EOG recording, two electrodes were placed
on the outer corners of the eyes, or above and below the eyelids. The measured signals

were filtered by a bandpass filter between 0.01 and 2 Hz.

4.3 Results and Discussion

4.3.1 Transient response of short-channel OECT

For short-channel device, it is necessary to consider whether the entire volume of
polymer or only the part of the polymer near the channel affect the response speed. A
schematic diagram of geometric dimensions of the short-channel OECT is shown as
Figure 4.2. The Channel area A., channel thickness d., channel length L., and gate
channel distance d. are possible influencing factors of transient response time in short-
channel OECTs. P(g2T-TT) based OECT was used to investigate the effects of
geometric dimensions. The electrolyte for transient testing is 1M NaCl. It should be
noted that this part of results only applies to OECT with channel lengths less than tens

of nanometers, and it was not compared with long-channel (over 1 um) devices.
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Figure 4.2 Schematic diagram of geometric dimensions of vertical short-channel OECT.

(1) Channel area factor

Firstly, devices with different channel areas A; (5%20 pm?, 10¥20 um?, 20*20 pm?,
60*20 um?) were fabricated, channel area images can be referred to Figure 3.12.
Channel currents have no obvious variation with different channel widths. The channel
length L. is 2.4 nm, the channel thickness d. is around 50 nm (2 mg/mL p(g2T-TT)),
and the gate channel distance d. is 30 pm. Figure 4.3 (a-d) shows the channel area
dependent response time. The transient response of an OECT can be calculated by
fitting an exponential to the drain current change upon the gate voltage. As the polymer
area decreases, the response speed decreases obviously from 122 ps to 51 ps. Results
indicate that the movement of the ions occurs throughout the whole polymer volume,

not just in the area near the channel.
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Figure 4.3 (a-d) The transient response of p(g2T-TT) OECTs with different channel
areas. (e) Transfer curves of p(g2T-TT) devices with different polymer concentration.
(f-h) The transient response of p(g2T-TT) OECTs with different channel thicknesses.

(2) Channel thickness factor

Secondly, the channel thickness was adjusted by different p(g2T-TT) concentration (2,
1,0.5,0.2 mg/mL). The channel area keeps 5*20 um?, the channel length keeps 2.4 nm,
and the gate channel horizontal distance is 30 um. Figure 4.3 e shows the transfer curves
of p(g2T-TT) devices with different polymer concentrations. When the polymer
concentration decreases from 2 mg/mL to 0.5 mg/mL, the channel current change little.
When p(g2T-TT) further decreases to 0.2 mg/mL, the channel current decrease about
an order of magnitude, but still have an over 10° on-off current ratio. Even if the
concentration of polymer is diluted by a factor of 100, the gate voltage still retains its
modulation capability. Short-channel vertical transistors can support thinner
semiconductor films. The polymer thicknesses were tested by AFM, as shown in Figure
4.4. The channel thickness decreases rapidly as the polymer is diluted. The thickness of
PEDOT:PSS and p(g2T-TT) was around 10 nm after diluting 4 times, and become

discontinuous (around 3 nm) after diluting 100 times.

Transient response results were shown as Figure 4.3 (f-h). It is found that thinner film
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thickness can promote the transient response time, which means the ion doping still
happen in whole polymer volume. Influences on response time caused by channel area

and thickness were concluded in Figure 4.5a. Only when the ions and charge carriers

of the whole volume polymer reach equilibrium, the device can reach steady state.
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Figure 4.4 Thickness of (a) PEDOT:PSS film and (c) p(g2T-TT) film with different
polymer concentrations. AFM images of (b) PEDOT:PSS film and (d) p(g2T-TT) film
after dilution.

(3) Channel length and gate channel distance factors

On the other hand, the channel length was varied from 1.2 nm to 12 nm, and gate
channel horizontal distance was varied from 30 um to 0.5 mm. The polymer area keeps
5%20 um?, and the p(g2T-TT) concentration is 2 mg/mL. Test results are shown as
Figure 4.5b, both two parameters have no obvious influence on transient response
within the variation region. Reasons may be that the channel length is much shorter
than the channel thickness, and the ion doping dedoping speed is slower than the carrier

mobility. Therefore, when channel length scales down to nanometers, the channel

LIU Hong 61



QQ THE HONG KONG POLYTECHNIC UNIVERSITY Chapter 4

length no longer affect the transient response time. As for the gate channel distance, the

variation may not have much effect on electrolyte resistance.
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Figure 4.5 (a) Relationship between response time and channel area and channel
thickness for p(g2T-TT) based OECTs. (b) Relationship between response time and
channel length and gate channel distance for p(g2T-TT) based OECTs.

The response time of devices with three kinds of polymers was tested as shown in
Figure 4.6(a-c). The polymer areas are 5*20 um?; channel length is 2.4 nm; electrolyte
is 1 M NaCl; and the gate channel horizontal distance is 30 pm. P(g2T-TT)
concentration is 0.2 mg/mL, PEDOT:PSS was diluted by 4 times without decreasing of
channel current, and p(g/NCioN) (5 mg/mL) was not diluted for higher
transconductance. The transient response time of PEDOT:PSS (0.97 ps) is much faster
than p(g2T-TT) (7.6 us) and p(g7NCioN) (0.32 ms). PEDOT:PSS device can get
optimum performance because of the thin film thickness and the low capacitance. The
comparison of transient response between short-channel OECT and other reported state
of the art OECTs is shown in Figure 4.6(e,f). The short-channel OECTs are the record

fast devices among both p-type and n-type OECTs.
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Figure 4.6 (a-c) Transient response of p(g2T-TT), p(g7NCioN), and PEDOT:PSS OECT
devices. (e) Comparation of response time of PEDOT:PSS based, and p(g2T-TT) based
OECTs in recent years 3#4752:5387.159-161 (fy Comparation of response time of n-type

OECTs in recent years, only devices faster than 100 ms were discussed.’®®!
69.72,73,76,79,92.96

PEDOT:PSS OECT device can realize fast response speed less than 1 ps, and the
response speed of p(g2T-TT) can be improved by an order of magnitude. P(g7NCioN)
responds faster than other n-type polymers with even higher mobility.>® In Bernards
model*” and Friedlein model'*, they show how to balance the gate voltage and drain
voltage levels and minimize the response time of OECTs. This is also applicable to our
transient response testing, and faster response time of 0.4 us (Figure 4.7) is realized.
When the channel voltage Vd is changed from negative to a positive voltage, Ids and
Ig have the same current direction, which means the Ig response promotes the source
drain current response speed. By setting the value of Vg or Vds, the source drain
response speed can exceed the ionic speed.'” Finally, Vd was set to +0.05 V, and the

Vg pulse was set to 0.5 V/ 0 V for PEDOT:PSS devices and to -0.5 V/ 0 V for p(g2T-
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TT) devices. The results are shown in Figure 4.7, which demonstrate that both the

accumulation and depletion p-type OECT devices can achieve transient responses in

the hundreds of nanoseconds range.
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Figure 4.7 Gate voltage and channel voltage balanced response speed of (a)
PEDOT:PSS and (b) p(g2T-TT) OECT devices.

4.3.2 ECG and EOG recording

(1) ECG recording

The active potential of cardiomyocytes can be transmitted to the skin surface, and
recorded by equipment. By connecting the human body to the gate electrode, the active
potential can induce the gate voltage variation, and further change the channel current.
Transfer curve of PEDOT:PSS based short-channel OECT is shown as Figure 4.8a. For
ECG recording, the gate voltage level is set at 0.35 V, which also corresponds to the
value for maximum transconductance (1.3 mS). This choice is based on the fact that the
gate voltage offset at this point can induce the largest variation in channel current. The

device connection is shown as Figure 4.8b. The ECG signal is transmitted to the gate
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electrode, and the channel current variation is amplified by the current preamplifier and

recorded by an oscilloscope.

Two gelatinous Ag/AgCl electrodes were positioned on the volunteer's right shoulder
and left abdomen, with both electrodes being symmetrical to the heart. The waveform
pattern changes depending on the specific location of the electrodes. The tested ECG is
shown as Figure 4.8c, having typical waveforms of P wave, QRS complex and T wave.
The heart beating period of the volunteer is 0.82 seconds (73 beats per minute), and the

amplitude of the wave is around 0.8 mV. The ECG signals can be monitored for a long

time by stable OECTs.
06 15 . ,
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z — ) " \
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Figure 4.8 (a) Transfer curve and transconductance of PEDOT:PSS OECT device. (b)
Scheme of the equipment connections and detection process of ECG recording. Vg =
0.35V, Vd= 0.1V, the electrolyte is 0.1 M NaCl. (c) A representative ECG waveform
recorded by OECT, and longtime stable ECG monitoring.

(2) EOG recording
There is a resting potential across the retina, which changes during the eyeballs
movement. Horizontal eyeballs movements can be recorded by placing electrodes in

the outer corners of eyes. The up and down movement of the eyeballs can be recorded
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by placing electrodes above and below the eyelid. The tested EOG was shown as Figure
4.9. During the recording process, the volunteer moves their eyes in a straight-up-
straight-down direction to record vertical potential changes, and in a straight-left-
straight-right direction to record horizontal potential changes. According to the results,
the potential changes are around 0.5 mV. This technique is useful for eye movement
tracking. This technology can be applied not only in disease detection, but also in virtual

reality and augmented reality.

Time (s)

Figure 4.9 (a) Recording of the electrical activity during upward and downward
movements of the eyeball. (b) Recording of the electrical activity during leftward and
rightward movements of the eyeball.

4.3.3 OECT-based complementary inverter

An organic complementary circuit is built by p-type p(g2T-TT) OECT and n-type
p(g7NC1oN) OECT. As the circuit diagram in Figure 4.10a, the drain electrode of the p-
type OECT is connected to Vpp, while the source of the n-type OECT is connected to
ground. Two OECTs share one Ag/AgCl gate immersed in 0.1M NaCl. To match the
performance of the n-type OECTs, the thickness of p(g2T-TT) film was reduced to
around 10 nm, getting a similar on current about 10 pA (Figure 4.10b). Transfer curves

of two devices meets at Vd = 0.07 V, and the subthreshold slope is about 98 mV/dec for
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p(g2T-TT) device and 64.2 mV/dec for p(g7NCioN) device. The channel on-off current
ratio of both devices can reach 10°-107. Because of the high and balanced devices
performances, a record-high static voltage gain up to 456 V/V is achieved when Vdd is
0.6 V (Figure 4.10cd). The switching voltage (0.27 V) is close to the half of Vdd. Due
to the low driving voltage of both OECTs, the complementary inverters show very low
power consumption. The static power consumption (Pstiic) is below 0.5 nW with Vdd
from 0.2 Vto 0.5V, and 1 nW at Vdd = 0.6 V. The dynamic power consumption (Pdynamic)
increases from 9 nW (Vdd=0.2V) to 1.3 uW (Vdd = 0.6V) (Figure 4.10e). The
parameters of reported electrolyte-gated transistor inverters were shown in Table 4.1.
Only inverters with gain higher than 20 were discussed here. The inverter in this work
can get highest gain at the lowest supplied voltage. P(g2T-TT) OECT has microseconds
response time, therefore, the switching speed of the invert is mainly limited by the n-
type OECT. The transient frequency results 1.5k HZ (Figure 4.10f), which is much

higher than other inverters based on electrolyte-gated transistors.
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Figure 4.10 (a) Scheme of OECT-based complementary inverter. (b) Transfer curves
of p-type p(g2T-TT) OECT and n-type p(g7NCioN) OECT (Vd = 0.1 V). (c) Voltage
transfer curves of the inverter with Vdd range from 0.2 V to 0.6 V, and (d) the
corresponding voltage gain. (¢) Power consumption of inverter under different Vdd. (f)
The switching speed of the OECT-based inverter is 0.64 ms, with Vin being a 0.5 V/0
V pulse and Vdd set at 0.5 V.

OECT inverter can also be applied in alternating current amplification. The small

amplitude of input voltage can induce large output voltage. Circuit scheme of the AC

amplification is shown as Figure 4.11a. Vdd is 0.6 V, input voltage should be settled
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around the highest gain voltage. For this pair of OECTs, the Vin is a sinusoidal 10 mV
AC voltage with an offset of 310 mV. The output signal is shown as Figure 4.11b with

an amplitude of 352 mV and a dynamic voltage gain of 17.6 V/V.

The AC dynamic gain is Vdd independent, which is over than 20 V/V when Vdd is 0.7
V (Figure 4.11¢). The AC gain is not as high as the static voltage gain in Figure 4.10.
One reason for this is that the waveform generator's minimum output voltage (10 mV)
is still significantly greater than the voltage sampling interval of the voltage transfer
curve. Additionally, the AC gain is independent of frequency (Figure 4.11¢). The Cut-

off frequency is much small than DC signals.
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gain=17.6
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Figure 4.11 (a) Scheme of complementary inverter for AC signal amplification. (b) The
inset shows a sinusoidal AC input (Vin is 10 mV with an offset of 310 mV at 2 Hz and
Vdd is 0.6 V) and the corresponding amplified output. (¢) The Vdd dependent voltage
gain. (d) The frequency dependent output voltage amplitude (Vin is 10 mV).

Table 4.1 The parameters of electrolyte-gated inverters. Only inverters with voltage
gain higher than 20 V/V are discussed here.
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Transistor | Configuration Channel Supply Maximum | Static Power | Dynamic Year
material voltage | gain consumption | power
V) consumption
OECT Unipolar PEDOT:PSS 0.8 26 / / 2018162
OECT Unipolar Crys-P 0.8 107 / / 2019103
OECT Complementary | p(Cs-T2-Co-EG) | 0.8 28 / 57.7nW | 20215
OECT Complementary | P(g42T-T) 0.7 100 2 nW 22 uW | 2021
BBLis2
OECT Complementary | 2DPP-OD-TEG | 1.4 50 / / 202174
OECT Complementary | P(ga2T-T) 0.7 25 12 nW 2.7 uW | 2022164
BBL
OECT Complementary | P(g2T-TT) 0.6 25 / / 2022165
2 TEG
OECT Complementary | P(g2T-TT) 0.6 456 1 nW 1.3uW This
P(g7NC1oN) work
EG-FET | Complementary | CNT 1 20 / / 2013166
EG-FET | Unipolar ZnO 3 22 / / 2019167
EG-FET | Unipolar Zn0O 2 60 / / 2022168
EGT- Complementary | (DPP-g2T) 0.7 113 15 nW 1.25uW | 20211°
hybrid IGZO

4.4 Summary

In conclusion, adjusting the channel's geometric dimensions by reducing its area and

thickness can reduce the response time to below 1 ps. However, even with this

improvement, the n-type short-channel OECT still exhibits a slow transient response

when compared to p-type OECTs. The fast-response short-channel OECT is used for

skin surface ECG and EOG recording, as it is able to detect two types of

electrophysiology with low noise. OECTs featuring high transconductance, ideal

subthreshold slope, and fast response are also utilized in complementary inverters.
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Inverter based on p-type p(g2T-TT) OECT and n-type p(g7NCioN) OECT shows a
record high static gain of 456 V/V when the Vdd is 0.6 V. The power consumption of
inverter is as low as 1 nW, and the switching speed is 0.64 ms. AC signal can also be
efficiently amplified with a voltage gain over 20 V/V. This high-performance short-
channel OECT is very suitable for the application of electrophysiology recording and

high gain circuits.
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Chapter 5 Ultrafast, sensitive and portable
detection of COVID-19 IgG using flexible

organic electrochemical transistors

The outbreak of COVID-19 and its continued spread have seriously threatened the
public health. Serologic assay is significant in infection diagnosis, seroepidemiological
study and vaccine evaluation. However, convenient, fast and accurate antibody
detection remain a challenge in this protracted fight. Here, we report an ultrafast, low
cost, label-free and portable SARS-CoV-2 IgG detection platform based on organic
electrochemical transistors (OECTs), which can be remotely controlled by a mobile
phone. To enable a faster detection, voltage pulses are applied on the gate electrode of
the OECT to accelerate the combination between the antibody and antigen. By
optimizing the ion concentration and pH value of the test solutions, we can realize
specific detections of SARS-CoV-2 IgG within several minutes with a detectable region
from 10 fM to 100 nM in serum and saliva, which can cover those SARS-CoV-2 IgG

concentrations of COVID-19 patients.

5.1 Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been spreading globally since January 2020.!7° Even
though massive efforts have been taken in the past one year, the spread of the virus
remains severe in many countries. The COVID-19 has not only posed a great threat to
global public health, but also caused enormous economic and social burdens on affected
countries. Notably, rapid and accurate diagnosis of novel coronavirus infection plays
an important role in choosing appropriate treatment methods, saving people's lives, and

preventing virus transmission. At present, novel coronavirus diagnosis is mainly
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divided into ribonucleic acid (RNA) detection and antigen antibody detection.!”!
Antibody testing plays an important role in COVID-19 in several aspects.'”? Firstly, it
can be used to screen asymptomatic and RNA false-negative infections.!”>!”* Secondly,

t.!7> Antibodies play an important role in

it is useful in clinical health assessmen
neutralizing virus. People with low antibody levels have a risk of secondary infection,
and severe patients with low levels of antibodies may be at a risk of death. Thirdly,
antibody testing is important for vaccine development and evaluation.!”® In addition, it
is also important for seroepidemiological study for analyzing the infection rate and

population immunity rate in different areas 77178,

At present, the detections of COVID-19 antibody mainly include enzyme-linked

)!7 and colloidal-gold lateral-flow immunoassays

immunosorbent assay (ELISA
(LFIA)'80. ELISA is highly accurate, while the operation process is complicated,
making it difficult to achieve both portable and high-throughput detection. LFIA is easy
to operate and portable, but with relatively low sensitivity, and prone to misdiagnosis.
Therefore, for the detection of COVID-19 antibody, we need to develop a highly
sensitive and rapid detection method, which can be easily operated for point-of care
testing and large population screening. In addition to serum-based assays, SARS-CoV-
2 IgG in saliva can be detected, which have advantages of noninvasive and self-

collection. Because antibody concentration in human saliva is orders of magnitude

lower than in serum, exquisite analytical sensitivity is needed.'®!"'%3

Organic electrochemical transistors (OECTs) have been recognized as high-
performance transducers as well as amplifiers that can convert biological signals into
electrical signals. OECT-based biosensors have the advantages of high sensitivity, low
cost, easy fabrication and mechanical flexibility and are suitable for high throughput
and multiplexing detections of biomarkers.?”!>*13%A typical OECT has a simple device
structure that consists of three electrodes (gate, source, drain), an organic

semiconductor channel between source and drain, and an electrolyte medium
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connecting the gate and the channel. The device has a low working voltage, good
biocompatibility, and excellent stability in the electrolyte.”® In recent years, OECTs
have been successfully used in the detection of various biomolecules, including nucleic
acids, proteins, metabolite, etc.!9%19%185 Here, we report OECT-based biosensors for the
detection of SARS-CoV-2 IgG for the first time, which is controlled by a portable meter
and a mobile phone through Bluetooth. SARS-CoV-2 spike protein is immobilized on
the gate electrode through covalent binding, and SARS-CoV-2 IgG is bound with spike
protein through antibody-antigen reaction during incubation, leading to a response of
the device performance. Our device can detect SARS-CoV-2 IgG with an ultralow
detection limit of 1 fM in aqueous solutions, and 10 fM in serum and saliva. The
detection range in serum is from 10 fM to 100 nM with a good linear relationship,
perfectly matching the serum specific IgG levels in COVID-19 patients. The ultralow
detection limit in saliva can also satisfy the needs of exquisite analytical
sensitivity. 81182 To accelerate the testing process, we developed a novel technique by
applying voltage pulses on the gate during incubation, which can decrease the
incubation time of about 50%. Due to the rapid reaction of antigens and antibodies and
the label-free approach, the whole test time can be completed within 5 min. Excellent

selectivity of the devices for SARS-CoV-2 IgG detection is verified in our results.

5.2 Experimental Section

5.2.1 Materials

Dimethyl sulfoxide (DMSO), glycerin, N-(3-(dimethylamino)propyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), mercaptoacetic
acid (MAA), bovine serum albumin (BSA), human serum IgG, hydrochloric acid (HCI),
ethanolamine (MEA), human serum and phosphate buffered saline (PBS, pH 7.2)
solution were all purchased from Sigma-Aldrich Co. SARS-CoV-2 spike protein (S1,
His Tag; molecular weight: ~79 KD), and SARS-CoV-2 IgG (S1 RBD antibody,

molecular weight: ~150 KD) were purchased from GenScript (Nanjing) Co.,Ltd. SU-8
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photoresists, AZ5214 photoresists were purchased from Microchemicals GmbH.
Poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate) (PEDOT:PSS) (Clevios PH-
1000) aqueous solution was purchased from Heraeus Ltd. (3-Glycidyloxypropyl)

trimethoxysilane (GOPS) was purchased from International Laboratory, USA.

5.2.2 Device fabrication

The OECT device was fabricated by multilayer photolithography technology. After the
first photoetching layer, Au electrode (Cr 10nm, Au 40 nm) was deposited by
magnetron sputtering and the lift off process (Figure 5.1). The channel length (L) and
width (W) of the devices were 30 and 120 pum respectively. Through a second layer of
photoresist, the SU-8 photoresist was patterned and solidified on the Au electrode,
acting as an insulating layer to protect the Au electrodes from the aqueous electrolyte.
Finally, a channel window was opened by the third layer of photoresist. For preparation
of the PEDOT:PSS channel layer, (Clevios PH-1000) was mixed with dimethyl
sulfoxide (DMSO) and glycerin (both with a volume ratio of 5%) for improving the
conductivity and stability of organic channel. In addition, the cross-linker (3-
glycidyloxypropyl) trimethoxysilane (GOPS) was added to the above solution to
prohibit PEDOT:PSS dissolution. PEDOT:PSS was then spin-coated on the patterned
photoresist and annealed at 110 <C for 20 min. Another lift off process was conducted

for removing the redundant PEDOT:PSS film.
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Figure 5.1 Device fabrication process. (a-d) Au electrodes deposition on PET substrate.
(e-f) SU-8 photoresist as an insulating layer. (g-j) Patterning of PEDOT:PSS film
between source and drain electrode. (K) Images of multiple devices on one PET
substrate. (I) Microscope image of device channel.

5.2.3 Gate bio-functionalization

To get a clean gate electrode surface, Au electrodes (D = 0.6 mm) were treated with
piranha solution (H202/H2SO4, V/V = 3/7) for 5 min, followed with a regular clean

process. The cleaned gold electrode was immersed in the MAA (50 mM) solution in
dark overnight to give carboxylic groups, which were activated afterwards in a mix-
solution of EDC (20 mg/mL) and NHS (10 mg/mL) aqueous solution for 1 h at 25 <C.
After immersing the gate electrode in SARS-CoV-2 spike protein solution (1 M in 10
mM PBS solution, 2 |L) for 2 h at 25 T, the antigen capturing SAM was formed by
conjugation between the amine groups of the antigen and the activated carboxylic
groups on the gate surface. Afterwards, the gates were treated with ethanolamine (MEA)
(1 M, in 10 mM PBS solution) for one hour to eliminate the unreacted carboxylic groups.
BSA solution (0.1 mg/mL) was further added for 1 hour to block the remaining
nonspecific binding sites of the Au electrode. Finally, 5 plL SARS-CoV-2 IgG with a

certain concentration (diluted by PBS/ serum/ saliva) was added to bind with SARS-
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CoV-2 spike protein for several minutes at 25 <C. During the 1gG incubation, voltage
pulses were applied to accelerate the antigen antibody binding. After each step of the
functionalization, the gate electrodes were rinsed thoroughly in water to remove

possible residues.

5.2.4 Serum and saliva sample preparation

Serum sample was purchased from Sigma-Aldrich, which was from human male AB
plasma, USA origin, sterile-filtered. Saliva sample was taking from a healthy female
volunteer by putting a sterilized cotton ball underside of her tongue for 5 min. The
saliva was squeezed from the cotton inside a syringe and injected into a sterile glass
bottle. Then the saliva sample was diluted for 5 times by 10 mM PBS to decrease the
viscosity for further use. For IgG detection in serum and saliva, 1 pM IgG in 10 mM

PBS were serial diluted with serum and saliva, respectively.

5.2.5 Device characterization

The transfer characteristics of the devices were measured by a portable meter that is
controlled by a mobile phone through Bluetooth. After each step of the immobilization,
the gate electrodes were rinsed thoroughly in water, and tested in electrolyte. Transfer
characteristics were taken with Vg = 0~1 V, Vps = 0.05 V, and the relative change of
the gate voltage AVg was calculated after the antigen antibody reaction. Electrolyte
with different concentrations were obtained by diluting the standard PBS solution with
deionized water, and hydrochloric acid was added to adjust the pH value. The voltage
pulses (frequency: 10* Hz, voltage: -0.5 V, pulse width: 10 ps, rise/fall time: 5 ns) was
generated by a 20 MHz function/arbitrary waveform generator (Agilent 33220A). The
atomic force microscopy (AFM) was taken by Scanning Probe Microscope (Bruker
NanoScope 8). The Fourier transform infrared spectroscopy (FTIR) was taken by the
Bruker Vertex-70 FTIR. Electrochemical impedance spectroscopy (EIS) measurements
were carried out with a three-electrode system using a Zahner Zennium pro

electrochemical workstation, with platinum gauze counter electrode, and Ag/AgCl
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reference electrode. The electrolyte is 10 mM PBS (pH = 7.2).

5.2.6 Design and fabrication of wireless portable meter

The meter can be divided into three main components (Figure 5.2), which include
microcontroller, OECT-based sensor, and a Bluetooth transmission system. The meter
can operate and read data from a mobile phone via Bluetooth. Details about the design

of the portable meter can be found in supplementary materials.

Figure 5.2 Photographs of the portable meter. (a) The circuit board of the detection
system, including a microcontroller, a Bluetooth transmission component and a socket
for the insertion of the OECT chip. (b) The appearance of portable meter in small size.
The wireless portable IgG detection platform include a OECT-based sensor, a readout
circuit and a user application program.'® The readout circuit have a low-power
microcontroller (STM8L152C6), a high performance DAC (MCU built in 12-bit DAC
with output buffer), a ADC (16-bit ADC (ADS 1110) module via I2C communication).
The circuit board was powered by 3.7 V lithium battery with power management
module.

5.3 Results and Discussion

5.3.1 Design of the device and portable measurement system

OECTs are fabricated on a plastic PET substrate by photolithography (Figure 5.1), in
which Au source, drain and gate electrodes are deposited by magnetron sputtering and
an organic channel made of Poly(3,4-ethylenedioxythiophene)—poly(styrenesulfonate)
(PEDOT:PSS) is prepared by spin coating.!®® The patterned PEDOT:PSS channel is
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between the source and drain electrodes and an insulating layer (SUS8 photoresist) is in
the left area for electrode encapsulation. The device is connected to a portable meter
(Figure 5.3) that is controlled by a mobile phone through Bluetooth. The device
performance is measured by dripping a small volume (5 puL) of aqueous solution (e.g.
phosphate-buftfered saline (PBS) solution) on the surface. Under optimum fabrication
conditions, the device shows very stable performance in PBS solution and a fast

response of channel current to a change of gate voltage (Figure 5.4).

Source
Gate
Drain

pulse

LAY

J

S o
o; % Spike protein
A ' w
> |
Q/ Au gate electrode MAA |
; ) SARS-COV-2

Figure 5.3 Scheme of the portable sensing system and the gate modification processes
of the IgG sensor. The device is connected to a portable meter that is controlled by a
mobile phone through Bluetooth. The biological modification on a gate electrode is
carried out with several steps.
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Figure 5.4 Stability and respond speed of OECT devices. (a) The transfer
characteristics (Ips versus Vg, Vbs= 0.05 V) of an OECT measured in a PBS solution
after multiple tests. Inset is the forward to backward full sweep. (b) Transient response
of an OECT measured in PBS solution, the response times of t(off-to-on) and t(on-to-
off) are 0.6 ms and 3 ms respectively.

The Au gate can be conveniently modified with biomolecules on the surface and used
for sensing SARS-CoV-2 IgG (Figure 5.3). The clean Au electrode is firstly modified
with a chemical self-assembled monolayer (SAM) of mercaptoacetic acid (MAA)
through gold-thiol binding.'®” After the chemical activation of the carboxylic groups,
the antigen (SARS-CoV-2 spike protein) is conjugated to the chem-SAM layer through
the covalent bond between carboxyl and amino group. Bovine serum albumin (BSA) is
added afterwards to fill the vacancy left and minimize non-specific bindings.
Subsequently, 5 pL solution of target SARS-CoV-2 IgG is incubated on the gate
electrode for a certain period of time (<30 min). The receptor-binding domain (RBD)
of spike protein can specifically bind with SARS-CoV-2 IgG. The device is rinsed by
deionized (DI) water after each step. Finally, the device is measured by the meter after
dripping 5 pL electrolyte on the device surface. SARS-CoV-2 IgG solutions with
different concentrations are tested with the OECT sensors to obtain the relationship

between the device response and the IgG concentration.

Atomic force microscopy (AFM) was used to confirm effective antigen and antibody
immobilization on the gate electrode (Figure 5.5). The stepwise modification images

were presented with different image color bars for better observation (Figure 5.5 ab).
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The Gaussian fits to the height histograms (Figure 5.5¢) can visualize the gradual
increase in height. Before the immobilization of spike protein, the gold gate electrode
exhibits a smooth surface, and the root mean square (RMS) roughness is 0.32 nm. The
height of the Au grains on the gate electrode is 1.87 + 0.66 nm. After the immobilization
of spike protein, massive particles can be observed on the surface of the gold electrode.
The average size of the spike protein is 10-20 nm, and the feature height of particles
after BSA blocking is 4.59 = 1.75 nm. The RMS roughness is increased to 0.798 nm.
Furthermore, with the binding of SARS-CoV-2 IgG to spike protein, a significant
increase in particle size can be observed. The particle radius is 20-30 nm, and the RMS
roughness is further increased to 0.885 nm. The height of protein particles is increased
to 8.17 + 1.77 nm, verifying the binding of antibody with antigen. The height of antigen
and antibody complex is around 6.3 nm, which is similar with those previously

reported. 3518

EDC/NHS Spike-protein:. = ] “MER/BSA " i

EDC/NHS

cC 60 Au
——EDC/NHS
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Figure 5.5 (a, b)AFM images of the Au gate electrode after step by step modifications.
(c) The gaussian fits of the height histograms after stepwise modification. (a) and (b)
are same images with different color scales.

Frequency (%)

The successful immobilization of protein on the gate surface is also confirmed by
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Fourier transform infrared spectroscopy (FTIR) (Figure 5.6). Two prominent
vibrational bands of the protein backbone can be observed after the immobilization of

antigen and antibody.!*%!%!

Figure 5.6 shows the Fourier transform infrared
spectroscopy (FTIR) test result before and after the protein immobilization. A control
experiment was conducted through immobilize a high density of BSA film. Compared
with the transmission spectrum of Au film, there were two distinct vibrational bands

1

around 1657 cm™ and 1548 cm™ after the immobilization of spike protein. The two

bands correspond to the amide I (1600—1690 cm™') and amide II (1480—1575 cm™)
bands, which are the two prominent vibrational bands of the protein backbone.!?*!°!
The amide I band is attribute to the C=O0 stretch vibrations of the peptide linkages, and
the amide II band is mainly caused by N-H and C-N stretching vibration.!”! After further
immobilization of BSA and SARS-CoV-2 IgG, two prominent vibrational bands were
retained and slightly enhanced. Because the quantity of antigens and antibodies
immobilized on the gate electrode were much less than that of the BSA film, the peak
intensity of antigens and antibodies is not as obvious as the BSA film, but the positions

of the two are consistent. Peaks between 2000 cm™! and 2500 cm™' are caused by

background noise. The peak around 2350 cm™! is caused by carbon dioxide.

1 Au gate
e e A W aan i W PR
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Figure 5.6 Fourier Transform Infrared Spectroscopy (FTIR) of the gate electrodes.
Transmittance spectrum of clean Au gate (line 1); Au gate with spike protein (line 2);
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Au gate with spike protein and BSA (line 3); Au gate with spike protein, BSA and IgG
(line 4); and Au gate with BSA film in high density (line 5) are shown.

5.3.2 SARS-CoV-2 1gG detection

The detection process of IgG includes the following three steps. (1) To incubate IgG
solution on the gate modified with spike protein for a certain period of time. (2) To
remove IgG solution and physically absorbed biomolecules on the gate by rinsing DI
water. (3) To characterize the device performance in a separate electrolyte. The
electrolyte properties such as the ion concentration and pH values can be optimized to
get the biggest device response. Transfer curves (Ips vs Vi) of OECTs are tested before
and after the immobilization of SARS-CoV-2 IgG (Figure 5.7a). At the beginning, the
electrolyte used for testing is 10 mM PBS solution with a pH value of 7.2, which is
regarded as the commonly used test environment. With the increase of SARS-CoV-2
IgG concentration, the transfer curves gradually shift towards more negative gate
voltages. The inset is the enlarged graph of the transfer curves. 72 mV gate voltage shift
AV is observed with 100 nM SARS-CoV-2 IgG incubated on the gate electrode for 10
minutes. The detection limit is 10 pM, corresponding to a gate voltage shift AV of 12
mV (Figure 5.7b). The voltage shift can meet the requirement of signal to noise ratio

(S/N) higher than 3 for the detection limit.!*? All tests were repeated at least three times.
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Figure 5.7 Detection of SARS-CoV-2 IgG using OECTs operated in PBS solution. (a)
The transfer characteristics of OECTs after incubation of SARS-CoV-2 IgG solutions
with different concentrations in sequence. (b) Relative change of the gate voltage AVg
as a function of IgG concentration. (¢) Schematic diagram for protein dipole and
potential drops in the two double layers. (d) Relative change of the gate voltage AVg
as a function of incubation time. (All tests were conducted in electrolyte: 10 mM PBS,
pH=7.2)

Proteins are made up of zwitterionic amino acid compounds, which can be positively
or negatively charged depending on the isoelectric point (pI) and pH value of the
electrolyte.!”® The SARS-CoV-2 IgG is positively charged in PBS solution (pH = 7.2)
since its isoelectric point i1s calculated to be 8.2 by on-line bioinformatics resource
Expasy. The surface potential of the gate electrode can be influenced by charged
molecules and change the effective gate voltage of the transistor. The positive charge
of protein induces an electric dipole and a potential barrier across the electric double

layer (EDL) on the gate/electrolyte interface (Figure 5.7¢c).

The channel current /psof an OECT is given by the following equations: 3’
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Wuc; %
Ips = — l(vp v+ %) Vps  (when [Vps| < |V, = V7))

Vp = qpot/C;

V:gEff = Vi + Vostset > (5.1)

where W is the channel width, L the channel length, u the hole mobility, C; the effective
capacitance per unit area of the transistor, ¥, the pinch-off voltage, V,¥ the effective
gate voltage, g electronic charge, po the initial hole density in the organic semiconductor
before the application of a gate voltage, ¢ the thickness of the organic semiconductor
film, and Ve 1s the offset voltage related to the potential drop at the two EDL
interfaces.!” C; is equal to the total capacitance of the two interfacial capacitors

connected in series, which is given by:!**

_ _CgCa
F T ercas C2
where Cys and C, are the capacitances of the interfaces between the electrolyte and
PEDOT:PSS and between the electrolyte and Au gate, respectively. S is the area of

active layer.

After the immobilization of SARS-CoV-2 IgG on the gate surface, an electric dipole is

formed on the gate surface. The induced potential change on the Au gate electrode can

be expressed by!®:
nQ
A = go’ggf tige (5.3)

where 7 is the coverage of protein molecules on the surface of gate electrode, which is
related to the concentration SARS-CoV-2 IgG; QO is the net charge for one IgG
molecule, which is related to the pH value of the test environment; ¢y is the dielectric
permittivity of the free space; ¢ 1s the relative dielectric constant of IgG layer; and #6
is the effective interaction thickness related to the Debye length in the electrolyte, which
will be discussed later. Thus, the positively charged protein on the gate surface can
change the surface potential of the Au gate, leading to a shift of the transfer curve to a

lower gate voltage.
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The immobilization of SARS-CoV-2 IgG on the gate electrode shows little effect on
the capacitance of the gate electrode C, (Figure 5.8). The typical dielectric constant &,

31%_and the total height of antigen and antibody () is around 6.3

of a protein is about
nm (Figure 5.5). According to C = ¢,£0/d, the capacitance of protein layer is around 0.42
uF/cm? if the electrode is fully covered with the protein. However, the actual value of
the gate capacitance is much higher than that of a pure protein layer, indicating that the

gate capacitance is mainly determined by the EDL and SAM layer on the Au gate

surface.
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Figure 5.8 Frequency dependent capacitances of an Au gate electrodes after stepwise
modifications. (a) Scheme of the detail gate electrode modification process. (b) The
capacitance variation of gate electrodes after reactions with chemicals and
biomolecules. (c¢) The detail of Figure 5.8a. SARS-CoV-2 IgG (100 nM) was incubated
for 10 minutes on gate electrode after previous modification. The last curve (PBS)
means that PBS was incubated for 10 minutes on the gate electrode after previous
modification.

Rapid detection is very important in the diagnosis of COVID-19 for continuous large
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numbers of infections.'®” Notably, the devices are label-free and can be measured very
quickly with a portable meter, thus the test time is mainly limited by the incubation time
of IgG on the sensor. Hence, we have tried to optimize the incubation time in the
following experiments. SARS-CoV-2 IgG solution with a concentration of 100 nM was
dripped on the gate area for a certain period of time for incubation and then the transfer
curve of the device was measured in 10 mM PBS. This process on the same device was
repeated for several times and the device performance as a function of accumulated
incubation periods was obtained (Figure 5.9). Therefore, we can obtain the correlation
between the gate voltage shift AV of the device and incubation periods (Figure 5.7d).
The offset of the transfer characteristic gradually increases, and a significant response
can be found even after 2 min incubation. The relationship can be fitted with an
exponential function AVg=A[1—exp(—#/7)], where 7= 4.6 min is a time constant and 4
=75 mV is the saturation value of AV:. Notably, the response of the device can reach

89% of the maximum shift after 10 min incubation and saturate after 20 min.

00 02 04 06 08 10 00 02 04 06 08 10
Ve (V) Ve (V)

Figure 5.9 The transfer characteristics after the incubation of IgG (100 nM) with
different periods. (a) SARS-CoV-2 IgG, and (b) Human serum IgG are demonstrated
respectively. (Electrolyte: 10 mM PBS, pH = 7.2).

To confirm the specificity of the sensor in detecting SARS-CoV-2 IgG, IgG purified
from normal human serum was tested with the same condition (Figure 5.10). The
transfer curve of the device shows negligible shift after incubation in the human serum

IgG for 10 min while an obvious shift induced by SARS-CoV-2 IgG can be found at
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the same measurement condition (Figure 5.10a). The incubation of the sensor in pure
BSA solution did not lead to any response in its transfer curve, indicating an excellent
stability of the device in the aqueous solutions. In addition, the device was tested in the
normal human serum IgG solution with different incubation periods and no obvious
signal was observed in the whole region, indicating excellent selectivity of the device
(Figure 5.7d). Furthermore, different concentrations of SARS-CoV-2 IgG mixed with
100 nM human serum IgG were tested by the device (Figure 5.10b). The device
response to the SARS-CoV-2 IgG was not influenced by the serum IgG, indicating that
the device could selectively detect the target antibody without any interference from

other antibodies from serum.

a b
80 180 - Spike protein
—_—10"2M 101 M
I 10 M 10°M
150 160 4 108 M —107M
60 )
- *’8 . 140+
> = < 80
£ 2 120
©40- 50 a < 80
3 ~ 1004%
00 0z 04 06 08 10 040
Vg (V) 3
204 804 =20 i
]
60 Ol
10" 10" 107 10° 10® 107
T 1 ﬁ 40 : 1gG ICor\nemrati?n (M) | | .
SARS-COV-2 1gG PBS BSA  Human serum IgG 0.0 0.2 04 0.6 0.8 1.0

Vg (V)

Figure 5.10 The selectivity of OECT-based SARS-CoV-2 IgG biosensor. (Electrolyte:
10 mM PBS, pH = 7.2). (a) The gate voltage shifts (AVg) after incubations in SARS-
CoV-2 IgG (100 nM), PBS, BSA (0.1 mg/mL), and human serum IgG (100 nM)
solutions. The inset is the corresponding transfer curves. (b) The transfer curves after
incubations of different concentrations of SARS-CoV-2 IgG together with 100 nM
human serum IgG. Inset is the gate voltage shifting AV as a function of SARS-CoV-2
IgG concentration.

5.3.3 Sensitivity enhancement by increasing Debye length

In an electrolyte, a positively charged protein is surrounded by anions due to
electrostatic interaction and its surface charge can be screened within the Debye length
of the EDL.!"® Therefore, a protein with a distance to the gate longer than the Debye

length should have little influence on the gate potential. Consequently, the Debye length,
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which is related to the ion concentration of an electrolyte, will dramatically influence
the performance of our IgG sensor. The Debye length in an electrolyte solution is given

byZ 199

ekT
2N 4q21

Ap = , (5.4)

where ¢ is the absolute permittivity of the electrolyte, & is Boltzmann's constant, 7 is

the temperature, N4 is Avogadro's number, and / is the ionic strength of the solution.

To test the effect of Debye length on the device performance, the PBS electrolyte was
diluted at different concentrations (10 mM, 1 mM, 100 uM, 10 uM and 1 uM) and used
in the detections of SARS-CoV-2 IgG. The shifts of the transfer curves measured in 10
uM PBS (Figure 5.11a) are more pronounced in comparison with the responses
obtained in 10 mM PBS solution. Notably, the maximum gate voltage offset AVg
corresponding to 100 nM IgG is increased from 72 mV to 127 mV. Figure 5.11b shows
the shifts of the transfer curves induced by IgG measured in PBS solutions with
different concentrations. With the decrease of PBS concentration, the sensitivity of the

IgG sensors gradually increases, and the detection limit is decreased from 10 pM to 100

M.
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Figure 5.11 Detection of SARS-CoV-2 IgG in diluted PBS solutions. (a) The transfer
characteristics of OECTs after incubation of SARS-CoV-2 IgG with different
concentrations in sequence. (Electrolyte: 10 uM PBS, pH=7.2) (b) Relative change of
the gate voltage AVg as a function of IgG concentration. (Electrolyte: PBS with
different concentration from 10 mM to 1 uM, pH = 7.2) (¢) The comparation of Debye
lengths of PBS solutions and protein height. (d) The variation of gate voltage AV and
Debye length with the change of PBS concentration. The concentration of SARS-CoV-
2 1gG solution detected by the device is set to be 1 nM.

To better understand the Debye length effect on the device performance, we calculated
the Debye length at different PBS concentrations (Figure 5.11¢). Here, the total height
of antigen-antibody complex is 6.3 £1.77 nm. When the ion concentration of PBS is
higher than 1 mM, the Debye length is less than the distance between IgG and the gate
and thus the positive charges on the protein will be screened by anions and cannot form
a dipole with the gate. When the concentration of PBS solution is 10 uM or less, the
Debye length is increased to over 22 nm, which is much bigger than the size of the
proteins. Therefore, the whole positively charged protein can form a dipole with the
gate at this condition and consequently the most pronounced effect can be obtained.

Indeed, we can find the lowest detection limit (100 fM) of the IgG sensor when the PBS
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concentrations are 10 and 1 pM. The relationships between gate voltage shifts and IgG
concentrations obtained in 10 uM and 1 uM PBS solutions are very similar (Figure
5.11b), indicating that further increase of the Debye length will not improve the device
performance anymore. For the same concentration of IgG while different PBS
concentrations used in device characterization (Figure 5.11d), we can find that the
device responses are also dependent on the PBS concentration. With the decrease of
PBS concentration, the shift of the transfer curve increases and saturates at the

concentrations around 10 pM.

5.3.4 Sensitivity enhancement by increasing net charge of IgG

Another possible approach to improving the sensitivity of the IgG sensor is to increase
the surface charge of IgG in solutions. It has been reported that the surface charge of
proteins is influenced by the pH value of the solution.??® Actually, the surface charge is
related to the difference between the isoelectric point (pl) of the proteins and the pH
value of the solution. When pl is identical to the pH value of the solution, no surface
charge can be found on the proteins. Considering that SARS-CoV-2 IgG has an
isoelectric point of 8.2, the protein is more positively charged when it is tested in

solutions with lower pH values.

To enhance the surface charge of IgG, the devices were tested in acidic environment
with different pH values (from 7.2 to 4.0). When pH value is 5.0, the device response
(AVg) to 100 nM SARS-CoV-2 IgG tested in 10 uM electrolyte is increased to 163 mV
(Figure 5.12a). The device responses to IgG at different pH values are shown in Figure
5.12b. Notably, when the pH value of the electrolyte is 5.0, the detection limit is as low
as 1 fM. However, the device responses to IgG are decreased when the pH value is
further decreased to 4.0. This effect may be related to the weak dissociation of antigen
antibody complex in acidic environment.?! In this case, the binding of antigens and
antibodies is weakened. Thus, it is reasonable to study the effect of pH between 7.2 and

5.0 on the device performance.
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Figure 5.12 Detection of SARS-CoV-2 IgG by measuring OECTs in electrolytes with
different pH values. (a)The transfer characteristics of OECTs after incubation of SARS-
CoV-2 IgG with different concentrations in sequence. (Electrolyte: 10 uM PBS, pH =
5.0) (b) Relative change of the gate voltage AV as a function of IgG concentration
measured in electrolytes with different pH values. (¢c) The scheme of net charge
variation of a protein in electrolytes with different pH values (pH = 7.2 and 5.0). (d)
Relative changes of the gate voltage AV for different IgG concentrations (1, 0.1 and
0.01 nM) as a function of pH values of the electrolytes on the OECT. (e) The transfer
characteristics of OECTs after incubation of SARS-CoV-2 IgG (in saliva) with different
concentrations in sequence. (f) The comparation of device responds at different IgG
concentrations in detecting SARS-CoV-2 IgG in PBS, serum, and saliva. (Electrolyte:
10 uM PBS, pH =5.0)

According to site-binding theory, the potential drop A¢ at the interface between protein

and the electrolyte is given by:2%2%3

—23KC B
Ap =23 " az = (pl —pH) , (5)

where pl is the pH value at the point of zero charge of the protein (isoelectric point),
pH is the pH value of the electrolyte. a represents the antibody coverage on the
electrode surface, mainly related to the concentration of the protein. § can be expressed
by the acidic equilibrium constants of the related amino acids reactions.??? Thus, Ag is
the maximum potential drop that can be obtained between the protein and the gate

electrode.
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As shown in the scheme (Figure 5.12 c¢), positively charged antibodies can form an
electric dipole on the gate electrode surface. The more net charge the protein carries,
the stronger the electric field is created (E2>E1, E1 and E; are the electrostatic fields
formed in gate electrolyte interface with pH=7.2 and 5, respectively). Thus, the
potential change A¢ increases with the decrease of pH value. The relationship between
gate voltage shift and pH value was shown (Figure 5.12 d). The pH sensitivity is 16-26
mV/pH for different IgG concentrations, which are much smaller than the ideal value
at room temperature (59 mV/pH).2® This can be attributed to an incomplete protein
coverage on the electrode surface. We can find that the pH sensitivity gradually
decreases with the decrease of IgG concentration, which further confirms that less
coverage of protein can decrease the pH sensitivity. In addition, we have tried to further
optimize the concentration of spike protein solution on the gate modification and found
that the device response saturates when the concentration is higher than 0.5 pM. Hence,
the modification condition of the spike protein (1 uM) on the gate is not necessary to

be changed (Figure 5.13).

1

140-: {/

107 10° 10°
Spike protein concentration (M)
Figure 5.13 Results of effective gate voltage shifting with different spike protein
concentration. Different concentration of spike protein (0.1 uM, 0.2 uM, 0.5 uM, 1 uM,
2 uM, 5 uM) were modified on the gate electrode for the detection of SARS-CoV-2
IgG. The tests were conducted in optimized electrolyte (10 uM PBS, pH =5). Results
shows that spike protein concentration higher than 0.5 M can get similar high signals.
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5.3.5 SARS-CoV-2 IgG detection in serum and saliva samples

Since the actual detection environment is much more complicated than a PBS solution,
we diluted the SARS-CoV-2 IgG in serum and saliva and incubated on gate electrodes
for 10 minutes. After IgG (in diluted saliva) incubation, the transfer curves shift to
negative voltage positions (Figure 5.12¢), which is consistent with the result in PBS
solution while the resultant variations are relatively lower. Figure 5.12f shows device
responses in different detection environments. For 10 fM IgG concentration, the devices
show average responds of 19 mV and 18 mV in serum and saliva samples, respectively,
which can meet the requirement of signal to noise ratio higher than 3. Thus, the
detection limits of the devices in measuring IgG in saliva and serum samples are 10 fM.
SARS-CoV-2 IgG detections in saliva and serum both show good linear relationship in
their concentration range (Figure 5.14). The detection range in serum is from 10 fM to
204

100 nM, perfectly matching the serum specific IgG levels in COVID-19 patients.

High sensitivity in saliva sample can also settle the problem of a low antibody level in

saliva, which is normally 2-4 order of magnitude lower than that in serum '31:182,
IgG in serum
IgG in saliva
-
Vol
AVg= 243 + 16.14 logC g (serum), s O
100 2 y 7
. R?=0.995 LY.
E AVg= 224 + 15 logC, (saliva), YN
] 2_ e
TD R2=0.995 P-4
o7
z .
- re
50 e
P
e
L4
Vg
z
0 -
108 1013 10" 10° 107

IgG Concentration (M)

Figure 5.14 The linear relationship for IgG detection in serum and saliva. IgG detection
in serum have good linear range between 10 fM and 10 nM with a coefficient of
determination R? of 0.995, and IgG detection in saliva have good linear range between
10 fM and 100 nM with a R? of 0.995. (Test electrolyte: 10 uM PBS, pH = 5.0)
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5.3.6 Enhanced testing speed by voltage pulses

As shown in Figure 5.15a, to further reduce the IgG incubation time, voltage pulses
(frequency: 10* Hz, voltage: -0.5 V, pulse width: 10 ps, rise/fall time: 5 ns) were applied
between the gate and another electrode during incubation. The positively charged IgG
molecules can be driven by the electric field to the gate in the solution and an enhanced
antigen and antibody binding efficiency is expected to be achieved.?*>?% The effect of
voltage pulses on the binding efficiency of antigens and antibodies was tested under
optimized conditions (electrolyte: 10 uM PBS, pH = 5; SARS-CoV-2 IgG 100 nM).
The device responses (A Vi) versus incubation time () can be fitted with an exponential
function AVg= A [1—exp(—t/7)] (Figure 5.15b). With voltage pulses during incubation,
the time constant 7is 2.5 min, while the control device without voltage pulse shows the
time constant of 4.6 min. Notably, the response of the device can reach 55% after 2 min
incubation. For the detection of different concentrations of IgG, the effects of

incubation time (with pulse) are shown in Figure 5.15c.
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Figure 5.15 Detection of SARS-CoV-2 IgG after applying voltage pulses on gate
electrode during IgG incubation. (a) The scheme of IgG migration under voltage pulses
between two electrodes during incubation process. (b) Relative change of the gate
voltage AVg of OECTs as a function of incubation time. (Electrolyte: 10 uM PBS, pH
=5.0). The control tests were conducted by detecting human serum IgG with the same
conditions. (c) Relative change of the gate voltage AVg as a function of IgG
concentration in PBS solution with different incubation time. (d) Device responses to
IgG in PBS, serum, and saliva samples with 5 min incubation under voltage pulses.

The transfer characteristics measured at different conditions are presented in Figure
5.16. Hence, 2 min incubation under voltage pulse can lead to a detection limit of 1 fM
in PBS. To ensure that the voltage pulse effect can be applied in practical applications,
we added the voltage pulses in the serum and saliva samples. The device responses as
a function of incubation time of serum and saliva samples under voltage pulses are
shown in Figure 5.17. The time constant T was decrease from 5.4 min to 3.2 min in
serum sample, and from 5.3 min to 3.5 min in saliva samples, which further indicates
that the voltage pulse can accelerate the IgG detection of our devices. In addition, the

non-specific binding from pure serum and saliva is found to be negligible (Figure 5.17).
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The relatively longer time constants for the tests in saliva and serum than that in PBS
can be attributed to the complexity and high viscosity of the saliva and serum samples.
The device responses at different IgG concentrations of the three type samples was
tested with an incubation time of 5 min and a detection limit of 10 fM IgG can be

achieved in saliva and serum samples (Figure 5.15d).
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Figure 5.16 The transfer characteristics were measured after incubating IgG at different
periods with and without voltage pulses under an electrolyte of 10 uM PBS with
pH=5.0. (a) IgG (100 nM) was incubated without voltage pulses. (b) IgG (100 nM) was
incubated with voltage pulses. Transfer characteristics were also measured after IgG
incubation with different concentrations for (c) 2 minutes with pulses, (d) 5 minutes
with pulses, and (e) 10 minutes with pulses.
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Figure 5.17 The relative change of the gate voltage (AVG) was measured as a function
of the incubation time for (a) serum sample and (b) saliva sample under an electrolyte
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of 10 uM PBS with pH=5.0. The background signal of the serum and saliva was
detected, which was much lower than the specific SARS-CoV-2 IgG signal.

Table 5.1 Comparison of the SARS-CoV-2 IgG detection results of different techniques.

Target Methods Detection limit Time needed Portable | Label References
analyte (Y/N) free
(YN)
IgG OECT 1 fM (150 fg/mL) 2 min in PBS; Y Y Our work
5 min in saliva
and serum
IgG Electrochemical | 250 ng/mL (IgG) Within 10 min | Y N 207
IgM platform, 250 ng/mL (IgM)
CRP ELISA 50 ng/mL (CRP)
N protein 500 pg/mL (N
protein)
IgG LSPR 0.5pM (0.08 ng/mL) | Within 30 min | N Y 208
IgG ELISA 2 ng/mL (IgG) 15min (IgG); | Y N 209
S protein 4 pg/mL (S protein) 40 min
N protein 62 pg/mL (N protein) | (Antigens)
IgG LFIA 5 ng/mL (IgG) 10 min Y N 210
IgM 20 ng/mL (IgM)
IgG Fluorescence - 15 min Y N 21
IgM immunoassay
IgG LFIA - 15 min Y N 212
IgM

OECT: organic electrochemical transistor
CRP: C-reactive protein

ELISA: enzyme-linked immunosorbent assay
LSPR: localized surface plasmon resonance
LFIA: lateral flow immunoassay

5.4 Summary

In conclusion, we have developed portable, label-free and low-cost biosensors based
on OECTs for rapid and highly sensitive detections of SARS-CoV-2 IgG. The gate
electrodes of the OECTs are modified with SARS-CoV-2 spike protein that can
selectively capture the IgG through the specific antibody-antigen reaction. The
positively charged IgG molecules in aqueous solutions form electrical dipoles on gate

surfaces and modulate the channel currents of the OECTs. By optimizing the
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measurement conditions, including electrolyte ion concentration and pH value, high
device sensitivity has been achieved. The detection limits of the devices can reach 1 fM
in aqueous solutions and 10 fM in saliva and serum samples, which are much better
than many existing electrochemical methods (See Table 5.1).272!2 Notably, the
detectable region can cover the concentrations of the specific antibody in the serum and
saliva of COVID-19 patients, promising a high potential for practical applications.
More importantly, faster detection of IgG has been realized by applying voltage pulses
on the gates of OECTs during incubation and stable signal can be obtained within 5 min.
The testing process has been remotely operated with a mobile phone by controlling a
portable meter via Bluetooth, which can meet the requirement of fast and point-of-care
detection of COVID-19 antibody. It is expected that the biosensor can also be used in

the fast detections of many other diseases that may generate antibodies.
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Chapter 6 Conclusions and Perspectives

6.1 Conclusions

This thesis is focused on the developing of high-performance short-channel OECTs,
and their application in biosensing and integrated circuits. In the literature review
section, the OECT device physics, performance parameters, and channel materials are
summarized. The biosensing strategies and electrophysiology recording methods are
comprehensively introduced. Currently, the electrolyte-gated organic thin film
transistors are almost all planar structures, in which the channel length is limited by the
photolithography technique (over 50 nm). In vertical OECT, the source and drain
electrodes can be spaced by a dielectric layer, and the channel length is determined by
oxide spacer thickness. The low source drain tunneling current lead to high-
performance OECTSs even with 1 nm channel length, which overcome the short-channel
effect. Short-channel OECTs are further applied in electrophysiology recoding and
complementary inverter. For the current COVID-19 pandemic, the OECTs are applied
for the highly sensitive and portable COVID-19 antibody detection. The specific

contents are as follows.

Firstly, short-channel vertical OECTs are fabricated with Al,O3 as channel spacer.
Small electrodes overlap area and low voltage bias lead to low source drain tunneling
currents. The minimal channel length of OECT can reach 0.86 nm, which shows an on-
off ratio of 476 in the channel current. Devices performances of three kinds of channel
materials PEDOT:PSS, p(g2T-TT), and p(gzNC1oN) are tested. When channel length is
larger than 1.8 nm, both p-type and n-type OECT devices can realize more than 106 on-
off ratio in channel currents, and an ideal subthreshold slope of 60 mV/dec. The
conductive performance is limited by the parasitic resistance, which can be improved

by increasing the thickness of source drain electrodes. High transconductances of 19.8
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mS and 19.1 mS were achieved for p(g2T-TT) devices and PEDOT:PSS devices,
respectively, despite having a channel width of only 5 um. Short-channel OECTSs can
work steadily with over 10000 gate voltage pulses. This vertical structure may also be

applicable for other solution-gated transistors.

Four factors that could potentially impact the transient response time of short-channel
OECTs were examined: channel area, channel thickness, channel length, and gate-
channel distance. Results indicate that decreasing channel area and thickness can lead
to improved transient response. Finally, the response time of p-type PEDOT:PSS-based
OECT is 0.97 ps, and the response time of n-type p(g7zNC1oN)-based OECT is 0.32 ms.
The response time of p-type PEDOT:PSS-based OECT is 0.97 us, while the response
time of n-type p(g7NC10N)-based OECT is 0.32 ms. These figures represent the fastest
response times recorded among both p-type and n-type OECTSs. The fast response and
high transconductance OECTs are successfully applied in ECG and EOG recording.
Complementary inverter based on p-type OECTs and n-type OECTSs are fabricated. The
two OECTs displayed low subthreshold slope and a comparable on-current level. The
resulting inverter shows a record high gain of 456 V/V. Additionally, the inverter
proved effective for amplifying AC signals, boasting a voltage gain of 21 V/V. Such
high-performance vertical short-channel OECTs hold significant potential for

widespread application in biosensing and integrated circuits.

Thirdly, the ultrafast, sensitive and portable detection of COVID-19 IgG is realized
using flexible OECTs. The spike protein is modified on the gate surface to selectively
bind with antibodies. Positively charged 1gG can form an electrical dipole on the gate
interface and change the effective gate voltage. A portable meter is designed to apply
voltages and detect electrical signals. The sensitivity is promoted by increasing Debye
length and protein net charges. A voltage pulse is added during the antibody incubation
process to reduce the incubation time. Finally, the OECT based biosensor can detect

1fM COVID-19 IgG in PBS samples, and 10 fM COVID-19 IgG in serum and saliva
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samples. Only 5 min incubation time is needed under the pulse acceleration. This
platform shows good selectivity by differentiating from other human serum antibodies.
This platform is also applicable for the detection of other protein biomarkers, and for

testing and screening of large-scale infectious diseases.

6.2 Perspectives

Currently, the theoretical mechanism underlying short-channel vertical OECTs is yet to
be studied. Although studies have shown that short-channel OECTs exhibit low source-
drain tunnelling and gate leakage currents, the theoretical models for these aspects need
to be established. The development of such models can serve as a reference for future
studies, such as exploring the replacement of aluminum oxide with other oxides having
higher dielectric constants, using metal electrodes with different work functions, and
determining if shorter channels can be achieved with smaller overlap areas.
Additionally, it is worth investigating the proportion of gate leakage in the channel
current to assess if better device performance can be achieved with lower gate leakage

current.

In this thesis, the transient response time of the n-type OECT lags behind, possibly due
to the higher material capacitance and film thickness. Further testing is required to
confirm the relationship between the type of material and response speed. Additionally,
the transient response of the OECT-based complementary inverter is limited by the n-
type OECT, which could be replaced by other high mobility and low capacitance n-type
materials. Furthermore, the complementary inverter could be utilized for ECG and EOG

testing to achieve a higher signal-to-noise ratio.

To facilitate the practical application and commercialization of OECT-based COVID-
19 antibody detection, clinical trials are necessary. Additionally, there is a need to
consider the fabrication of low-cost, large-area OECT devices. To achieve this, the

expensive photolithography and deposition techniques can be replaced by printing
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technology, which enables the production of a large number of transistors on flexible
substrates. Furthermore, OECT can be utilized in the detection of other biomarkers,

such as influenza A virus and cancer biomarkers.
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