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Chapter 1. Motivation and Objective

The advent of semiconductors has transformed human existence through the introduction of
modern electronic devices and systems [1], [2]. These semiconductor devices have revolutionized
almost all application domains, where they serve as fundamental components for computation,
sensing, control, automation, communication, storage, and energy, among others[3]—[7]. The
progress in fabrication techniques has enabled the miniaturization of semiconductor devices,
resulting in compact, powerful, intelligent, and cost-effective systems. These advancements have
facilitated scalability and the convenient deployment of field-ready solutions, ultimately realizing
the potential of Internet of Things (IoT) applications at an unprecedented scale [8]-[11].

Notably, silicon metal-oxide-semiconductor field-effect transistors (MOSFETs) have emerged as
pivotal building blocks within these systems [12]. The continuous scaling of MOSFETs in
accordance with empirical Moore's law has presented the integrated circuit (IC) industry with both
remarkable challenges and promising opportunities [13], [14]. This progression has enabled a
doubling of transistor density approximately every 18 months. Consequently, it has spurred the
development and evolution of complementary metal-oxide-semiconductor (CMOS) based
systems, which offer low power consumption, high-density ICs, and high computational speed
[15], [16].

The exploration of semiconductors as a foundation for the advancement of sensors and transducers
has captivated the interest of researchers [17], [18]. Through the utilization of microfabrication
and nanofabrication techniques, sensor arrays have been developed, encompassing mechanical
[19]-[21], chemical [22], [23], optical [24], [25], thermal [26], magnetic [27], acoustic [28], and
numerous other sensing modalities. These sensors find applications in various domains, including
automobiles, smartphones, biomedical devices, and environmental monitoring, to name a few [29],
[30].

Optical computational systems, despite their high sensitivity, suffer from limitations such as high
cost, large size, and the requirement for sophisticated instruments, making them challenging to
promote or integrate into portable devices [31]. However, these limitations are not inherent to
optical computing and can be addressed by further research and development [32], [33]. On the
other hand, the classic three-electrode system, which utilizes potentiometric and amperometric
methods, offers advantages including high sensitivity and low cost. However, the mass production
and integration of the three-electrode system into other systems pose difficulties due to the lack of
a unified manufacturing standard [34]. To address these challenges, the ion-sensitive field-effect
transistor (ISFET) has garnered significant attention since its introduction in 1970 [35]. The ISFET
technology presents a promising solution by offering a balance between sensitivity, cost-
effectiveness, and ease of integration.

ISFETs represent a class of potentiometric sensors where the ion-sensing membrane is directly
integrated onto the gate region of a field-effect transistor (FET). FETs, as solid-state active devices,
possess favorable characteristics including high-input impedance and low-output impedance,
making them suitable for investigating charge accumulation across the gate oxide and translating
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it into a measurable electrical current through the modulation of the conducting channel at the
semiconductor-oxide interface. The use of ISFETs offers several advantages, including
compatibility with complementary metal-oxide-semiconductor (CMOS) analog and digital
circuits, low power consumption, rapid response, miniaturization capability, and ease integration
with readout and communication circuits.

When monitoring electrochemical reactions, ISFET has various benefits. ISFET can be mass-
produced and further integrated into various sensing systems [36], [37]. Second, ISFET has a
bigger size advantage over the three-electrode system since it only needs one reference electrode
(RE) to perform chemical assays. As an all-solid-state sensor with no delicate components, ISFET
is thus robust to acid, alkali, and water as well as being crash- and water-resistant in real-world
applications[38]-[40]. Finally, ISFET is simple to use and has the following operating principle.

The ISFET and RE make up the entire sensor system. Source, Drain, and Gate are the three
terminals that make up an ISFET. The RE supplies the bias on the electrolyte and the insulated
gate. Meanwhile, by applying a voltage to the RE, the switching of the conduction channel can be
modified. The channel current can then be affected by the drain voltage. Particularly, the positive
charges near the gate substrate travel downward when a positive voltage is applied to the RE,
leaving the negative charges behind. The substrate's negative charges are drawn to rise upward at
the same time. A conductive channel can form between the source and drain as a result of this
charge accumulating under the gate. The threshold voltage corresponds to the voltage at which the
channel forms. Negative charges will then create a drain current (Ips) in the direction of the voltage
when a low voltage is placed between the source and drain. The voltage on the RE creates an
internal electric field that controls the conductivity of the channel by regulating the quantity of
charges in the channel since the gate bias during the turn-on phase can modifies Ips.

When the ISFET is submerged in an electrolyte, the surface hydrolysis of the gate dielectric layer
will vary due to the ion concentration in the solution, and this will affect the threshold voltage and
the current of the ISFET[41], [42]. The depletion or accumulation of carriers in the channel will
then depend on how the potential distribution on the gate surface changes. The ISFET's electrical
output can fluctuate and reflect the process [43]. Electric signals can therefore be used to track the
electrochemical processes taking place in the electrolyte. For instance, Si3N4 can absorb H when
employed as the ISFET gate because the surface hydroxyl groups can react with H" and produce a
redistribution of charge on the ISFET gate. The ISFET's threshold voltage will change as a result
of the change in charge distribution, which will modify the current Ips and can be reflected in the
ISFET's electrical output through external circuits. ISFET, an electrochemical sensor that has just
been developed, has the advantages of compactness, low cost, all-solid construction, high
sensitivity, and simplicity of operation. ISFET is now one of the primary branches of modern
sensors, and its success is a result of the collaboration of research organizations around the world.

1.1 Background and motivation

The transducer and sensing element that make up the ISFET sensor have a well-established history
of development. FET devices, initially introduced by Julius Edgar Lilienfeld in 1925, are the




ancestors of the ISFET idea. Depending on the gate construction, there are many types of FETs,
such as junction FETs (JFET), metal-semiconductor FETs (MESFET), and insulated gate FETs.

W. Shockley proposed the first JFET in 1952[44]. Two heavily doped p-type areas are used to
create JFETs on an n-type semiconductor. Gate is the name of the electrode that is taken from the
p-type area. The drain and source electrodes are taken from the two ends of the n-type
semiconductor. The JFET is a double p-n junction that controls the conductive channel and
depletion layer using the gate voltage and drain voltage. As a result, the channel's conductivity will
alter, which the external circuit reflects.

In order to facilitate simpler fabrication procedures and increase working speed, Metal
Semiconductor Field Effect Transistors (MESFET) was also accomplished using a metal-
semiconductor junction to replace the p-n junction of JFET [16]. High-frequency applications
frequently use MESFETs. These transistors are made up of source and drain terminals, a
semiconductor layer, and a metal contact. The properties and behavior of MESFETs have been
examined in a number of research[45], [46]. In contrast to MESFET, the representative insulated
gate FET was first developed by Mohamed M. Atalla and Dawan Kahng at Bell Lab in 1960 to
address the issue of "surface state" that can be reduced by a sandwich structure of metal (M)-oxide
(O)-semiconductor (S), namely the well-known MOS structure. This structure uses a metal with
an insulated layer (such as SiO;) below to fabricate the gate[17]. However, due to its slow
operation and susceptibility to damage in the early stages, the true value of the MOSFET as a
signal transducer with advantages such as low cost, easy fabrication, and integration into large-
scale circuits was only realized after a few years [47]. Recognizing the advancements in MOSFET
technology, Piet Bergveld preserved the structure of the MOSFET transducer and further expanded
its application in ion sensing. This was achieved by eliminating the metal gate of the M-O-S
structure, enabling direct contact between the solution and the oxide layer for linear detection of
ions. In 1970, the world's first ISFET sensor achieved quantitative detection of Na™ through the
output of drain-source current (Ips) [48]. Upon removing the metal gate from the oxide-
semiconductor structure, it becomes possible to immobilize an additional sensitive film on the
oxide layer, enabling the detection of various types of ions and molecules. This leads to the
formation of the widely recognized classic ISFET structure, with the sensing film typically serving
as the gate. The choice of gate materials on the sensing film plays a crucial role in determining the
sensing performance of the ISFET. For instance, in the detection of H' ions, depositing different
sensitive films (such as Si3N4, Al2O3, Ta20s) onto the insulating oxide layer can alter the sensitivity
of H from 25 to 55 mV/pH, indicating a broad range of detection capabilities [49]. The successful
explanation of this phenomenon is provided by the site dissociation model proposed by Bousse et
al. in 1983 [50]. Furthermore, by replacing the sensitive film materials of the gates, the detection
of ions other than H' can be expanded.

By leveraging the extensive research on ionic detection using ISFET, the capabilities of this
technology were further extended to detect other types of analytes, including gases and
biomolecules, through the versatile design of the ISFET gate. In 1975, a significant breakthrough
was achieved as an ISFET with a gate composed of a noble metal successfully detected gases for
the first time [51]. Subsequently, in 1980, Steve Caras and Jiri Janata reported the identification of

3




the biomolecule penicillin through enzymatic reactions using ISFET [52]. This paved the way for
the establishment of numerous ISFET-based biosensors. For instance, since 1983, urea detection
has been accomplished using various functional materials, such as acetylcellulose, polyvinyl
alcohol, and albumin, immobilized on the ISFET gate [49].

The sensor's size was further optimized in 1984 when Jun-ichi Anzai et al. developed a miniature
urea sensor based on enzymatic functionalities on the ISFET gate [53]. Additionally, the
practicality of the sensor was examined by detecting urea in human serum, employing improved
enzymatic modification techniques on the gate [54]. In 1985, Yuji Miyahara et al. enhanced the
sensor's anti-interference performance, enabling simultaneous detection of urea and glucose with
minimal interference [55]. Thus, the initial applications of ISFET in gas and biomolecule detection
were successfully validated. Subsequent developments of ISFET sensors focused on clinical
applications, with an emphasis on detecting glucose, DNA, antibodies, and cells [56]. For instance,
in 1996, Vjacheslav Volotovsky et al. expanded the dynamic detection range of glucose by
enzymatically modifying the ISFET gate [57]. In 2002, Maya Zayats et al. developed a novel
immunosensor by forming an antigen-antibody complex on the ISFET device [58]. In 2006, Sunil
Purushothaman et al. reported a new method for identifying nucleotide polymorphisms using
ISFET sensors [59]. Furthermore, in 2008, Gongalves et al. utilized amorphous silicon-based
ISFETs for label-free detection of DNA hybridization [55]. These pioneering works demonstrated
the versatility of ISFET sensors, expanding their scope from ionic detection to biochemical sensing
and showcasing their potential for practical clinical applications.

One notable issue with ISFETSs is their vulnerability to Electrostatic Discharge (ESD), a common
risk that can have catastrophic consequences and cause irreparable damage to the device or
microchip. ESD refers to the sudden and rapid flow of a high current through electronic
components, typically occurring within a very short duration of time. This discharge can result
from an accumulation of static electricity and poses a significant threat to the dependability and
reliability of electronic components.

In everyday life, ESD is a common occurrence. When two different-charged objects are near one
another, the electric field either causes the insulating medium between them to break down and
create a conductive path, neutralizing the charge transfer, or the different-charged objects directly
contact one another, neutralizing the charge transfer.

When a conductive path is created, ESD happens [60]. The human body can be electrified in daily
life because to the fact that it is an electrostatic conductor and that shoes and socks are typically
constructed of materials that act as an electrostatic insulator, allowing the electrified human body
to temporarily store its electric charge. When two persons with different sorts of charges come into
contact, a conductive path is immediately formed, the charges are neutralized, and the human body
is directly affected, causing tingling, which is also a type of ESD occurrence. The equivalent
capacitance and discharge resistance of the human body are each about 100 pF and 1.5 kQ[61],
respectively. The charged human body will produce an instantaneous discharge current of ampere
(A) level in hundreds of nanoseconds when it comes into touch with other items and creates a
conductive route (ns) [62].




Without adequate safeguards, a transitory current acting directly on a chip or other device can be
enough to seriously harm it. Any stage of a device's lifecycle, from the beginning of production to
the time of final use, might expose it to ESD events. ESD events take place in a matter of
nanoseconds and account for a sizable portion of recorded failure rates overall.

The motivation behind this project thesis from the pressing need to overcome the limitations and
challenges faced by conventional electronic devices and sensing systems. While inorganic
transistors have been the cornerstone of modern electronics, their rigid nature and expensive
fabrication processes have hindered their integration into emerging applications such as flexible
electronics, wearable devices, and [oT sensing platforms.

Organic thin film transistors (OTFTs) are field-effect transistors comprising a semiconductor in
the form of a thin, typically polycrystalline layer of conjugated organic molecules[63]. They can
be fabricated at moderate temperatures and through cost-effective solution-based processes on a
wide range of low-cost flexible and deformable substrates[64]. They have great potential for a
wide variety of applications, especially for new products that rely on their unique characteristics,
such as electronic newspapers, inexpensive smart tags for inventory control, and large-area flexible
displays[63], [64].

One of the applications of OTFTs is in sensors, where they can be used to detect various physical,
chemical, or biological stimuli. For example, OTFTs can be used to sense pressure, temperature,
humidity, light, gas, pH, DNA, enzymes, antibodies, and more[65]. The sensing mechanism can
be based on the change in the electrical properties of the organic semiconductor or the gate
dielectric layer in response to the stimulus. The advantages of OTFT sensors include their low
cost, flexibility, biocompatibility, and easy integration with other electronic components[65].

One of the advantages of OTFTs against ESD is that they can be fabricated on flexible substrates,
which can reduce the risk of mechanical stress and contact-induced ESD events. Moreover, some
organic materials have self-healing properties that can recover from ESD damage to some extent.
However, these advantages are not sufficient to overcome the inherent weakness of OTFTs against
ESD. Therefore, more research is needed to improve the ESD robustness of OTFTs by optimizing
the device structure, materials, and fabrication processes[65]-[67].

The advent of OTFTs offers a promising solution to address these limitations by providing
flexibility, scalability, and cost-effectiveness. By harnessing the potential of OTFTs and combining
them with EG-ISFETs, which exhibit selective and sensitive ion sensing capabilities, we aim to
develop high-performance analog MUX with enhanced sensing functionalities. This project aims
to advance the field of integrated sensing systems by exploring the design, fabrication, and
characterization of analog MUXs using OTFTs with EG-ISFETs, with the ultimate goal of enabling
innovative applications in healthcare, environmental monitoring, and beyond. By leveraging the
unique properties of these technologies, we strive to contribute to the development of more
versatile, cost-effective, and efficient sensing platforms that can address real-world challenges and
pave the way for a new generation of electronic devices.




1.2 Challenges and Limitations

The implementation of ISFETs integrated with MUX OTFT technology in electronic sensing
systems brings forth various challenges and limitations that need to be addressed to ensure their
successful deployment. These challenges encompass technical limitations, practical
considerations, and potential drawbacks associated with this approach.

The first difference is that ISFETs can be implemented in a unipolar device (p-type or n-type
process) while multiplexors usually need to have both types to block analog signals. We address
that challenge by the use of dual-gate (p-type) OTFTs.

One significant challenge is the optimization of EG-ISFETs for reusability. While the concept of
utilizing extended gates to maximize the utilization of ISFETs is promising, it requires careful
design and engineering to ensure reliable and consistent performance across multiple applications.
The development of robust and durable extended gate structures, as well as effective gate control
mechanisms, becomes crucial to enable the reuse of ISFETs without compromising their sensing
capabilities. In order to overcome this difficulty, we suggest a unique EG-ISFET design that
includes a flexible and removable extended gate electrode that can be quickly replaced or cleaned
after each use. In order to overcome this difficulty, we suggest using an EG-ISFET design that
includes a flexible and removable extended gate electrode that can be quickly replaced or cleaned
after each use.

One practical limitation is the avoidance of increasing the number of ISFETs. While the goal is to
maximize the utilization of ISFETs through the use of extended gates, there may still be instances
where additional ISFETs are required to meet specific sensing requirements. Balancing the need
for optimal sensitivity and performance with the limitations of ISFET quantity poses a significant
challenge. Therefore, efficient selection and control mechanisms, such as MUX OTFT technology,
become crucial for dynamically choosing desirable ISFETs based on sensitivity or required
structures. By creating a revolutionary MUX OTFT technology that can efficiently select and
control numerous ISFETs, we attempt to overcome this problem. To accomplish precise switching
between several ISFETs, our MUX OTFT technology takes advantage of the high mobility and
low leakage current of organic semiconductors.

Additionally, the integration of parallel ISFETs introduces both benefits and limitations. While the
use of parallel ISFETs provides redundancy and coverage, allowing for continued sensing even if
one ISFET fails, it also presents challenges in terms of system complexity and increased power
consumption. Ensuring proper coordination and synchronization among parallel ISFETs, as well
as implementing efficient signal processing techniques, becomes essential to harness the benefits
of redundancy while minimizing the drawbacks.

Furthermore, there may be challenges related to the compatibility and integration of ISFETs with
MUX OTEFT technology. The design and fabrication of MUX OTFTs that can effectively interface
with ISFETs and provide reliable and accurate selection of desirable sensing elements require
thorough investigation. Ensuring seamless communication and interaction between ISFETs and
MUX OTFTs is critical for achieving optimal performance and functionality. We propose a novel




hybrid integration scheme to overcome this problem, integrating ISFETs and MUX OTFTs on a
single flexible substrate. The problems of thermal mismatch and interfacial defects are avoided by

our hybrid integration scheme, which uses a low-temperature, solution-based process that is
suitable for both ISFETs and MUX OTFTs.

Overall, the challenges and limitations associated with the integration of ISFETs with MUX OTFT
technology in electronic sensing systems encompass aspects such as reusability, ESD protection,
ISFET quantity management, parallel ISFET coordination, and compatibility with MUX OTFTs.
Addressing these challenges through innovative design approaches, advanced fabrication
techniques, and robust system-level integration will pave the way for the realization of highly
reliable, adaptable, and efficient ISFET-based sensing systems.

1.3 Smartkem OTFT flexible and ecofriendly technology

SmartKem is a UK company that produces organic semiconductor inks that can be used to create
flexible OTFT (organic-TFT) devices with low-temperature solution processing. The company’s
inks include organic semiconductor, organic gate insulator, passivation layer and base layer, which
are all compatible with printing methods.

Modern IC fabrication in the CMOS technology nodes requires a lot of power and has a significant
environmental impact [68]. SmartKem offers a more energy-efficient and eco-friendly alternative
with its organic electronics process. Moreover, SmartKem’s organic electronics process involves
organic materials and fewer steps than the CMOS process, which reduces the greenhouse
emissions.

One of the most scalable and efficient techniques for coating large areas with minimal material
loss is slot-die coating, which is widely used in display production lines. SmartKem’s inks are
designed for slot-die or spin coating, but they can also be adapted for digital printing (ink-jet) with
further development to achieve the same high uniformity. The spin coated OTFT devices have
mobilities of 2.5cm?/Vs at short channel with low variability (<10%) and turn on voltage of +2V
to +4V (on single gate transistors). The baking steps for the semiconductor and dielectric are
mainly for solvent evaporation, so they can be easily reduced without affecting the performance
or stability of the transistors. The technology is focused on the redesign of cross-linking chemistry
of the passivation material, which can be replaced by more intense UV light exposure and lower
temperature baking while the rest of fabrication steps can be changed without any measured impact
and the photolithographic ones lowered in temperature with acceptable changes in dimension of
processed features.

It has recently demonstrated the lowering of the complete fabrication process temperature from
180°C down to 80°C [69]. This ecofriendly fabrication process will: (1) require overall lower
energy use in manufacturing (since no PECVD is required); (2) use wider choice of plastics with
improved properties concerning transparency, biodegradability (<12 months), bio-derived (e.g.
cellulose), low-cost and (3) be able to be integrated with other processes without destroying their
devices (e.g. OTFT backplane could be processed on top of the OLED device) that also open
potential for R2R manufacturing.
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Moreover, SmartKem is one of the first companies to enable digital design on OFETs (organic
field-effect transistors) with non-complimentary logic and 3V power supplies. This creates new
opportunities for designing fully OE (organic electronics) computers, but these computers require
rethinking all design decisions from scratch.

Finally, and important, Smartkem devices fabricated on flexible substrates show good degradation
results with bending [70] what allows adapting their sensors and circuits to different environments
(wearables, industrial, etc.). A positive Vt shift in OTFT devices is observed in the atmosphere
under different bending conditions. That degradation comes from two mechanisms: the
contribution of oxygen for a positive Vr shift and the contribution of mechanical tensile bending
stress for a negative one. The main difference in degradation is the change in the molecular distance
due to different bending conditions (tensile/compressive).

1.4 Research objectives and problem statement

The primary focus of this research is to investigate the utilization of ISFETs integrated with MUX
OTFT technology in electronic sensing systems, with the aim of addressing several key challenges
and limitations. The research objectives encompass various aspects related to the application and
optimization of ISFETs and MUX OTFTs in electronic sensing.

One of the main research objectives is to explore the feasibility and benefits of employing EG-
ISFETs that are reusable. By incorporating extended gates, it becomes possible to maximize the
utilization of ISFETs without the need to increase the amount of different devices. This approach
offers the advantage of cost-effectiveness and resource efficiency, as the same ISFETs can be used
across multiple sensing applications.

Another important aspect that the research addresses is the mitigation of ESD by minimizing
human touch as much as possible. By reducing direct human contact with the sensing elements,
the risk of ESD-induced damage to the sensitive ISFETs is minimized. This approach ensures the
reliability and longevity of the sensing system, enhancing its overall performance and stability.

The research also aims to overcome the limitation of increasing the number of ISFETs by utilizing
MUX OTFT technology. By incorporating MUX OTFTs into the system architecture, the selection
and control of desirable ISFETs become feasible. This enables the customization of the sensing
system based on desired sensitivity levels or specific structures required for different applications.
Additionally, the use of parallel ISFETs provides redundancy and coverage, ensuring that if one
ISFET becomes damaged or faulty, the others can compensate and maintain accurate sensing
capabilities.

The problem statement revolves around the need to enhance the reliability, efficiency, and
versatility of ISFET-based sensing systems. By addressing the challenges of reusability, ESD
protection, minimizing ISFET quantity, and implementing MUX selection, the research aims to
contribute to the development of robust and adaptable electronic sensing systems. These
advancements have the potential to impact various fields such as biomedical diagnostics,
environmental monitoring, and chemical analysis, where accurate and reliable sensing capabilities
are crucial.




This research focuses on investigating the integration of ISFETs with MUX OTFT technology to
overcome challenges and limitations in electronic sensing systems. The objectives encompass the
utilization of reusable EG-ISFETs, ESD mitigation, minimizing ISFET quantity, implementing
MUX selection, and utilizing parallel ISFETs for increased reliability. By addressing these
objectives, the research aims to advance the performance and applicability of ISFET-based sensing
systems, enabling their wider adoption and improving their overall effectiveness in diverse sensing
applications.




Chapter 2. State-of-the-Art

In living things, the presence of protons, ions, and small molecules frequently results in the
generation of biological signals. In order to interpret the electrical signal generated by the
biological signal and monitor the levels of these species in situ, biosensors are essential. Among
these signals, cellular pH levels play a crucial role because they reveal important details about
intracellular processes like cell membrane transport. To ensure normal cellular function,
intercellular processes, and cell growth, proper pH levels must be maintained[71], [72].
Consequently, monitoring and controlling pH in cells hold significant potential for diagnostic and
therapeutic applications [73]. In the realm of biosensors, electrical sensors in the form of wireless
wearable platforms offer excellent prospects for medical applications due to their accurate
detection, high sensitivity, low power consumption, rapid response, and ease of signal processing
[74]. While ion-selective electrodes are commonly used in electrical biosensors, FETs have
emerged as a versatile alternative, excelling in the continuous monitoring of small-scale analyte
levels [75].

While conventional ISFETSs integrate the sensing and transducer units, they have certain drawbacks
such as chemical instability and optical interference with sensitivity. In contrast, extended-gate
ion-sensitive field-effect transistors (EG-ISFETs) offer the advantage of reusability by replacing
only the detachable sensing unit when the sensing membrane is damaged. Since the sensing unit
is more cost-effective to produce compared to the transducer unit, EG-ISFETs are suitable for
disposable biosensors. However, both conventional EG-ISFETs and ISFETs still face challenges
in achieving high sensitivity, as they are limited by the Nernst limit of 59.15 mV/pH at room
temperature.

Moreover, the fabrication of large arrays of EG-ISFETs using silicon-on-insulator (SOI) wafers
for complementary metal-oxide-semiconductor (CMOS) processes is often associated with high
costs and requires elevated process temperatures[76]. On the other hand, thin-film transistors
(TFTs) based on low-temperature polycrystalline silicon (poly-Si) or metal oxide semiconductors
have been extensively studied for the production of large-area liquid crystal displays (LCDs) and
organic light-emitting diode (OLED) display panels. These TFT technologies offer the potential
for large-area device manufacturing at lower costs [77]. Metal oxide TFTs, in particular, hold
promise for transparent, flexible, and wearable electronic device fabrication on temperature-
sensitive substrates [78].

2.1 Advancements in OTFT Technology

Since the inception of thin-film transistor (TFT) technology in 1962 [79]-[81], it has made
significant strides and found widespread application across various fields. The rapid progress of
liquid crystal display (LCD) technology in the 1970s created new opportunities for TFT,
particularly in fulfilling the pressing need of the LCD industry for a semiconductor switch device
capable of driving large area active matrix (AM) on glass [82]. In response to this demand, Le
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Comber et al. introduced amorphous silicon (a-Si) based TFT devices for AM LCD (AMLCD) in
1979 [83]. The subsequent introduction of hydrogenated a-Si (a-Si:H) in 1980 further enhanced
the mobility of TFT, catering to the requirements of AMLCD [84].

Over time, TFT technology has advanced in tandem with the growth of flat panel display (FPD)
technology, which relies on TFT as its fundamental component. However, the mobility of a-Si:H
TFT falls short for FPD devices that necessitate higher TFT mobility to optimize driving
performance. In 1980, Depp et al. demonstrated that poly-crystalline silicon (p-Si) TFT devices,
boasting a typical carrier mobility of 102 cm?/Vs, serve as an excellent alternative to meet the
demands of high resolution and substantial current driving requirements [85]. Although TFT
mobility reached 50 cm2 cm?/Vs, its practical application was severely limited by the high process
temperature exceeding 300 °C. Consequently, various techniques for producing low-temperature
polysilicon were explored, leading to the development of low-temperature polysilicon (LTPS). In
1989, Serikawa et al. pioneered the use of laser irradiation to lower the annealing temperature of
polysilicon [86]. However, the commercial promotion of TFT faced constraints due to the
requirement of annealing at 300 °C to achieve reliable results. By reducing the LTPS process
temperature to below 150 °C, it became possible to manufacture LTPS TFT arrays on the same
glass substrate as amorphous Si TFT arrays [87]. Compared to a-Si:H TFT, LTPS TFT exhibits
carrier mobility tens to hundreds of times greater. Notably, LTPS LCD offers advantages such as
quick response times, excellent resolution, and high aperture ratio. With the recent advancements
in internet of things (IoT) technology, TFT arrays have also found application in the low-cost
integrated circuit (IC) industry. In 2021, Biggs et al. published a 32-bit Arm microprocessor
constructed with metal-oxide TFT technology on a flexible substrate, opening the door for the
development of affordable, fully flexible smart integrated systems [88].

In addition to traditional silicon-based technologies, extensive research has been conducted on
various novel materials to fabricate TFTs. Among these materials, organic semiconductors (OSCs)
have garnered significant attention. OSCs present a promising option for flexible electronics, as
they can function effectively within a specific range of mechanical deformation. The first OTFT,
which utilized polyacetylene as the semiconductor, was described by Ebisawa et al. in 1983 [89].
Further advancements in the field led to the development of flexible polyimide substrates for all-
polymer integrated circuits by Drury et al. in 1998 [90]. OTFT devices offer several advantages,
including low cost, structural flexibility, and the ability to fabricate large-area structures through
solution-based techniques. However, they still face challenges in terms of performance uniformity
and device stability [67], [91], [92]. Despite these challenges, OTFTs have found applications in
electrophoretic displays, radio frequency identification (RFID), biomedical sensors, and driving
arrays for mini-LED backlight sources [93]-[97].

In recent decades, extensive efforts have been devoted to improving the device mobility of OTFTs
through material chemistry and processing techniques [98]-[103]. In power-constrained electronic
systems, reducing leakage current is of paramount importance [104]. The quality and thickness of
the Organic Gate Insulator (OGI) layer play a crucial role in controlling leakage, and patterning
the OSC layer can effectively suppress parasitic leakage from the channel region [105]-[107]. One
significant challenge to overcome is the intrinsic channel leakage current caused by small carrier
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injection from the drain contact [108]. The carrier mobility (n) of OTFTs has now exceeded 2
cm?/Vs, surpassing that of amorphous silicon transistors (cm?/Vs) [109]-[112]. However, for high-
resolution displays, the mobility of OTFTs still falls behind that of inorganic semiconductor
materials such as LTPS TFTs and oxide semiconductors like IGZO TFTs [113]-[115]. Therefore,
enhancing the output current and improving reliability are crucial considerations for the
commercialization of OTFTs.

In the case of p-type OTFTs, minority carrier electrons can be injected from the drain electrode
into the lowest unoccupied molecular orbital (LUMO) states of the OSC under the application of
a moderately positive gate voltage in the OFF-state or deep subthreshold regime. This minority
carrier injection becomes more severe for narrow bandgap (E¢) OSCs, such as donor-acceptor (D-
A) structure molecules that have been extensively studied for their high mobility due to strong
intermolecular contacts enabling efficient intermolecular charge transport [116], [117]. The
injection of minority carriers leads to performance instability and trapped electrons in the OSC
layer or at the interfaces [118], [119]. To mitigate the adverse effects of minority carrier injection,
two different techniques have been developed for electrons in p-type OTFTs [120]-[124]. One
approach involves incorporating molecular additives into the channel as specific charge-carrier
electron traps, preventing the injected electrons from contributing to conduction [121], [122].
However, achieving complete electron avoidance while maintaining hole conduction in the ON-
state presents challenges [125]. The other technique aims to limit electron injection by increasing
the height of the electron injection barrier through contact doping or incorporating a wide bandgap
interfacial layer at the contact interface [120], [123], [124]. However, complete elimination of
electron injection is not achieved due to the limitations of charge transfer doping in OSCs, and the
migration of dopants within the OSC layer can lead to device instability [126], [127].

The utilization of dual gate p-type organic thin-film transistors (OTFTs) represents a state-of-the-
art approach in the field of organic electronics. Dual gate OTFTs offer enhanced control over
device performance by allowing independent modulation of both the threshold voltage and the
subthreshold swing. This unique feature enables precise tuning of the transistor characteristics,
such as the on/off ratio and the output current. Furthermore, dual gate OTFTs exhibit improved
stability and reduced hysteresis, which are critical for reliable operation in various applications.
The use of a self-assembled monolayer (SAM) interfacial layer at the metal-semiconductor contact
enhances carrier injection and reduces contact resistance, leading to enhanced device performance.
Additionally, the incorporation of a sputtering-resistant polymer gate insulator layer and carefully
designed ultra-thin organic semiconductor islands helps mitigate leakage current and parasitic
effects, further improving the overall device reliability. The advancements in dual gate p-type
OTFTs pave the way for the development of high-performance and reliable organic electronic
devices for a wide range of applications, including flexible displays, sensors, and low-power
integrated circuits.
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2.2 Progressin EG-ISFETs and lon Sensing

Significant progress has been made in the field of EG-ISFETs and ion sensing, offering promising
advancements in sensing technologies. EG-ISFETs have emerged as powerful tools for ion
detection and have witnessed notable developments in recent years [128]-[130].

EG-ISFETs are solid-state devices that utilize a sensitive ion-sensitive membrane in conjunction
with a field-effect transistor structure to detect ions in a solution[131]. These devices offer several
advantages, including high sensitivity, miniaturization potential, and compatibility with CMOS
technology for integrated circuit applications. The progress in EG-ISFETs has led to enhanced ion
sensing capabilities and broader application prospects.[132], [133]

Over time, there have been successful demonstrations of large-scale integration of these sensors,
creating microarrays of ISFET primarily for neurophysiological measurements [134], [135].
Another significant application that requires sensing capabilities is DNA sequencing. Traditional
DNA sequencing methods rely on optical techniques, such as fluorescent dyes and plasmon
resonance, for detecting hybridizations. However, these optical methods have drawbacks such as
increased size, cost, power requirements, low robustness, and longer processing times [136]-[138],
which make them unsuitable for portable point-of-care (PoC) platforms. To overcome these
limitations, researchers have explored non-optical methods.

To address the challenges and improve the accessibility of DNA sequencing, the US National
Human Genome Research Institute (NHGRI) initiated the $1000 genome project in 2004. The goal
was to significantly reduce the cost of DNA sequencing from $10 million to below $1000 [139].
This cost reduction has had a profound impact, enabling real-time monitoring and rapid detection
of infectious diseases like COVID-19, as well as potential breakthroughs in diseases like cancer.
ISFET-based pixel array technology has emerged as a promising option to realize the vision of a
more scalable, low-cost, and portable sequencing solution. Additionally, the advent of biochip
revolution has shifted the focus of lab-on-chip (LoC) sensor platforms towards electrolyte imaging
and DNA sequencing [140]-[142]. These LoC devices streamline large-scale laboratory processes
by integrating multiple stages of sample handling into a single microchip. This integration not only
minimizes contamination risks but also reduces the reliance on specialized laboratory equipment
and trained clinicians.

As extensively discussed in [143], the utilization of ISFET pixel arrays offers the capability to
monitor and control multiple reactions concurrently, which is crucial for various applications
including genetic sequencing and extracellular imaging [144]-[146]. Moreover, these arrays
enable spatial averaging to enhance readout resolution and provide the added benefit of sensor
redundancy [142]. However, despite the significant advancements in ISFET applications, the
readout architectures based on ISFETs often encounter several imperfections that hinder their
widespread use in commercial point-of-care (PoC) applications.

One significant area of advancement is the improvement in the performance parameters of EG-
ISFETs. Efforts have been made to enhance the sensitivity, selectivity, response time, and stability
of these devices [131]-[133]. Through the development of novel ion-sensitive materials and
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optimization of device structures, researchers have achieved higher sensitivities, enabling the
detection of ions at lower concentrations. Selectivity has been enhanced by utilizing ion-specific
membranes and surface modifications that allow for targeted ion detection.

2.3 Integration of OTFTs and EG-ISFETs in Analog MUXs

ISFETs, despite their advantageous features, experience non-idealities in the form of trapped
charge and drift [147]. Trapped charge introduces non-uniform DC offsets across an ISFET array,
with reported values reaching several volts [148], [149]. Drift causes temporal signal variations,
arising from either chemical or electrical factors, and even affects the ISFET's gate voltage at
chemical equilibrium [150], [151]. Consequently, various compensation methods have been
proposed, broadly classified into two categories: chip post-processing and on-chip circuit
compensation [152]. Chip post-processing involves UV light irradiation to eliminate trapped
charge, but this additional step increases fabrication costs and time [153].

Alternatively, on-chip circuit compensation techniques can be employed, which can be further
subdivided into two main categories: Programmable Gate ISFETs (PG-ISFET) [154] and the use
of a reset switch on the floating gate [155]. PG-ISFETs utilize a capacitor on the floating gate to
compensate for trapped charge, albeit at the expense of reducing pH sensitivity. In contrast, direct
feedback to the floating gate through a reset switch effectively sets the gate voltage, eliminating
the effect of trapped charge. Moreover, periodic resetting can minimize the impact of chemical
drift. However, the addition of a reset switch introduces electrical drift through leakage, which can
affect long-term measurements. Nonetheless, this approach is suitable for high-speed applications
where the frequency of resetting is high enough to minimize the leakage effect.

Presently, there is a strong emphasis on implementing robust sensing arrays with adequate
compensation for these non-idealities. ISFET arrays are commonly employed in low-frequency
biomedical applications such as DNA amplification detection [156], where speed and resolution
requirements are relatively low. Other applications mentioned in the literature include enzyme
kinetics monitoring [157], food safety assessment [158], and neural activity recording [159].

To achieve high-speed readout, current mode signal processing methods are being explored and
applied. These methods eliminate the need for op-amps and charging of voltage nodes, which can
reduce bandwidth compared to traditional voltage mode methods [160]. Analog signal processing
is accomplished using the current conveyor, which plays a similar role to an op-amp in voltage
mode. Other signal operations, such as amplification, addition, and subtraction, are simplified by
joining current branches or utilizing current mirrors [161]. Multiple CMOS arrays have employed
current mode operation, particularly in motion imagers [162], [163]. Several of these arrays
demonstrate high resolution and high-speed performance, such as a 40x40 array with 25,000
frames per second (fps) in a 0.35um process [164], and a 192x124 array with 48,000 fps in 0.5um
CMOS technology [165]. Consequently, similar techniques can be applied in the context of high-
speed ion imaging.

However, while the recent research endeavors have primarily focused on increasing the number of
ISFETs in sensing arrays, it is important to acknowledge that this competitive race may not lead
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to a definitive winner. Instead, a more meaningful and conclusive outcome can be achieved by
incorporating OTFT MUXs into the system. These MUXs offer a potential solution for selecting
the desired EG-ISFET and customizing the sensitivity or performance according to specific
requirements.

By integrating OTFT MUXs into the ISFET array architecture, researchers can introduce a higher
level of control and versatility. These MUXs act as intelligent electronic switches, allowing for
precise and selective activation of individual EG-ISFETs within the array. This capability enables
the tailoring of sensitivity or performance, ensuring optimal functionality for diverse applications.

The incorporation of OTFT MUXs introduces a dynamic element to the traditional static
configuration of ISFET arrays. Instead of being limited to a fixed setup, the system can adapt and
respond to specific sensing needs by activating or deactivating specific EG-ISFETs as desired.
This flexibility empowers researchers to optimize the array's performance for different analytes or
operating conditions, enhancing its overall efficiency and accuracy.

Moreover, the utilization of OTFT MUXSs opens up possibilities for advanced signal processing
and data acquisition techniques. By selectively routing signals from chosen EG-ISFETs, complex
algorithms and data fusion methodologies can be applied to extract valuable information and
improve the reliability of measurements. This intelligent signal routing contributes to more robust
and sophisticated sensing systems.

Furthermore, the integration of OTFT technology with ISFET arrays offers additional benefits.
OTFTs are known for their characteristics such as low power consumption, flexibility, and
compatibility with large-scale manufacturing processes. These advantages enable the development
of flexible and conformable sensor arrays that can be seamlessly integrated into various
applications, including wearable devices, biomedical diagnostics, environmental monitoring, and
beyond.

2.4 Theoretical Framework

The theoretical framework provides the groundwork for comprehending the fundamental ideas and
concepts that guide the investigation. Analog Multiplexers (MUXs), Organic Thin-Film
Transistors (OTFTs), Extended Gate lon-Sensitive Field-Effect Transistors (EG-ISFETs), and the
benefits of dual gate architecture will all be covered in this part.

Organic Thin-Film Transistors (OTFTs) are a class of transistors that utilize organic materials as
the semiconducting layer. These materials offer unique properties such as flexibility, low-cost
manufacturing, and compatibility with large-area fabrication processes. The operation of OTFTs
is based on the modulation of charge carriers within the organic semiconductor layer, controlled
by the application of voltages to the gate, source, and drain terminals. Understanding the
fundamental theories behind the operation and performance of OTFTs is essential for optimizing
their design and exploring their potential applications in various fields, including sensing, displays,
and electronic circuits.
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Extended Gate Ion-Sensitive Field-Effect Transistors (EG-ISFETs) are a specialized type of
ISFETs that incorporate an extended gate electrode. ISFETs are devices used for ion sensing,
particularly for measuring pH levels in various biological and chemical applications. The extended
gate in EG-ISFETs enhances their sensitivity to ion concentrations and provides a means for
selective ion detection. By understanding the working principles of EG-ISFETs, researchers can
develop strategies to improve their sensitivity, stability, and selectivity for specific ion species.

Analog MUXSs are electronic devices that enable the selection and routing of analog signals from
multiple input channels to a single output channel. They play a crucial role in data acquisition and
sensor array applications. MUXs allow for efficient utilization of limited resources by enabling
the sharing of common components, among multiple sensors or signal sources. Exploring the
working principles of MUXs is important for designing effective signal routing architectures and
optimizing the overall performance of sensor arrays.

Dual gate architecture is a concept that involves the incorporation of two gate electrodes in a
transistor device. This configuration offers several advantages, including enhanced control over
the device characteristics, improved signal-to-noise ratio, and increased stability. By utilizing a
dual gate architecture, researchers can optimize the performance of transistors and sensors,
particularly in terms of sensitivity, linearity, and noise reduction. Understanding the advantages
and design considerations associated with dual gate architecture is essential for developing
advanced transistor devices and sensor systems.

By delving into the theoretical framework of OTFTs, EG-ISFETs, MUXs, and dual gate
architecture, researchers can gain valuable insights into the principles governing their operation,
performance, and potential applications. This knowledge will serve as a solid foundation for the
subsequent sections, where we will explore the working principles and applications of each of
these components in more detail.

2.4.1 Dual gate architecture and its advantages

The minority carrier electrons may be injected from the drain electrode into the OSC's lowest
unoccupied molecular orbital (LUMO) states when a moderately positive gate voltage is used for
the OFF-state or deep subthreshold regime. For narrow bandgap (Eg) OSCs, such as donor-
acceptor (D-A) structure molecules, which have been extensively researched for high mobility
because of their strong intermolecular contacts permitting efficient intermolecular charge
transport, the minority carrier injection is more severe[166], [167].Electron injection led to
abnormal electrical behavior and a rise in leakage current[168]—[170]. Performance instability was
also brought on by the trapped electrons in the OSC layer or at the interfaces[171]—-[173]. In order
to reduce the negative consequences of minority carrier injection, two different types of techniques
have been developed (electrons in p-type OTFTs)[174]-[178].

One method is to add molecular additives to the channel as specific charge-carrier electron traps,
which prohibit the injected electrons from assisting in conduction[57], [58]. Unfortunately, it is
challenging to manage this approach in processes for complete electron avoidance without
interfering with the transit of holes in the ON-state [179]. The other technique is to limit electron
injection by increasing the height of the electron injection barrier by contact doping or adding a
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broad E; interfacial layer at the contact interface[56], [59], [180]. When the rise in electron current
begins to outpace the fall in hole current, there is a current minimum. Leakage current caused by
electron injection starts to take precedence when Vgs moves toward a more positive value in the
OFF-state.

One method to lower electron injection by raising the height of the electron injection barrier is the
dual gate structure. The electrons can be repelled from the OSC layer and both sour-to-drain and
leakage current can be reduced by applying a negative voltage to the back gate [63], [181], [182].
We indicate that the dual gate OTFTs display excellent performance, stability, low-voltage
operation, and logic capabilities.

2.4.2  Measuring Microfluidics materials

Microfluidics is a burgeoning area of study that deals with the microscale treatment of fluids; it is
most often distinguished by objects that have critical dimensions less than 1 mm. Researchers can
use a variety of physical laws that scale well at this scale, including quick diffusion [183], laminar
flows [184], Dean flow [185], rapid heat transport [ 186], and taking advantage of the high surface
area to volume ratio [187]. Microfluidics is used in a wide range of industries, including analytical
chemistry [186], molecular biology [188], energy production [189], cell separations [185], and
energy generation.

A large portion of the work in the subject of microfluidics was carried out utilizing soft lithography,
which Whitesides [190] first developed in 1998. Soft lithography techniques, particularly for
polydimethylsiloxane (PDMS), have been extensively studied [191], [192]. The need for
cleanroom manufacturing, while well-developed by the microelectromechanical systems (MEMS)
community, is still expensive and time-consuming, and was one of the key challenges of soft
lithography in the beginning. Recently, this has been somewhat mitigated by low-cost mold-
making techniques, as discussed by Faustino [193]. In addition to soft lithography, other
fabrication techniques for submillimeter channels have been developed by microfluidic engineers
for several reasons, including lower costs, quicker turnaround times, less expensive materials and
tools, and improved functionality.

One way to measure pH levels of microfluidics systems is using ISFETs. ISFETs are a type of
sensor that can detect changes in ion concentrations, including hydrogen ions (H+), which are
responsible for pH. The ISFET consists of a thin film of metal oxide that acts as the sensing element
and is placed near the gate of a FET. The FET modulates its threshold voltage in response to
changes in the concentration of ions in the film, allowing for the detection of pH levels [194]—
[196].

When monitoring electrochemical reactions, ISFET has many benefits. ISFET can be mass
produced and further integrated into other sensing systems because it is based on the common
complementary metal-oxide-semiconductor technique[194]-[198].

ISFETs can be implemented with OTFTs by connecting the top gate electrode to the media where
the pH measurement must be performed. In this way, the drain to source current will depend on
the electrical charge related to the pH. Furthermore, pH electrode and gate electrode can be
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separated (while connected with a good conductor) to produce the extended gate electrode. This
allows an easier integration of the electrode with the measurement environment and increase the
level of reuse of the ISFET sensors, expensive than electrodes, that can trap chemical materials
and degrade its behavior.

2.5 Fundamentals of OTFT and EG-ISFET

Over the past few decades, significant efforts have been made to gradually replace conventional
inorganic semiconductors (such as silicon and gallium arsenide), silicon oxide insulators, and
metals (like aluminum and copper) with environmentally friendly organic materials that can be
manufactured using cost-effective techniques. The primary focus of these efforts has been to
enhance the electrical properties and stability of organic materials. The electrical characteristics of
basic devices, such as organic transistors, play a crucial role in improving the performance of
electronic circuits.

In electronic applications, it is essential for transistors to exhibit a large current modulation ratio
(known as Ion/Iofr ratio) since they are commonly utilized as switches. In the "on" state, a transistor
should allow a substantial drain current to flow, while in the "off" state, the drain current should
be negligible. Achieving this combination of requirements is most effectively accomplished with
a semiconductor material that possesses a high intrinsic resistivity and a large carrier mobility.
These properties enable efficient switching and reliable operation in electronic circuits, thereby
enhancing their overall performance.

2.5.1 Substrates

Many of the OTFT devices focus on utilizing cost-effective and flexible substrates, enabling the
production of large-area products with enhanced design flexibility. Various materials are employed
in different applications, such as sensors, OLED lighting and displays, organic photovoltaic (OPV)
cells, and flexible dye-sensitized solar cells [199]-[202]. Glass and metals like stainless steel,
alumina, or titanium foil, known for their excellent barrier properties, find extensive use in these
applications. Additionally, flexible and lightweight plastics and polyesters like PET and PEN have
gained significant attention in roll-to-roll production for large-area applications [203]-[208].
Paper, being derived from renewable resources, has emerged as a promising candidate for
affordable and eco-friendly electronic applications [209]-[211].

2.5.2  Organic Semiconductors

The two main categories of organic semiconductors are small molecules and polymers. The
chemical structures of small molecules, as opposed to polymers, are clearly defined, guaranteeing
the certainty of intrinsic properties like the energies of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO) [212]-[214]. This characteristic
allows small molecules to possess relatively definite crystal structures and lattice parameters,
resulting in high crystallinity. Furthermore, organic small molecules offer the possibility of
achieving single crystals with ultrahigh purity and low trap density, leading to enhanced carrier
mobility in thin films, as the mobility is strongly influenced by the crystallinity, defects, and traps
present in the film [215].
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Thermal evaporation is a commonly employed method for growing organic small molecule films.
The molecular and crystal structure of these molecules allows for precise control of the processing
conditions during evaporation, as their known thermodynamic properties, such as boiling point
and vapor pressure, can be accurately predicted [216], [217]. This level of control enables real-
time monitoring and tracking of the film's growth speed and thickness. Although challenges like
surface roughness and the existence of polymorphs can arise during evaporation [218]-[220], the
evaporability of organic small molecules provides significant advantages in optimizing the
morphology and uniformity of the thin film, thus mitigating device variation.

Organic small molecules can be further classified based on their conductivity type, namely p-type,
n-type, and ambipolar materials. It is important to note that while ambipolar or n-type behavior
typically occurs in vacuum or inert atmospheres, these materials tend to exhibit p-type conductivity
in ambient environments [221]. Among the widely studied p-type small molecules is pentacene,
and to enhance its solubility for solution processing, triisopropyl-silylethynyl (TIPS) groups are
often added to its molecular structure [222]. Additionally, rubrene and copper phthalocyanine
(CuPc) have also received considerable attention in the early 2000s [223]. Recent advancements
have led to the development of new series of p-type organic small molecule semiconductors.

Compared to p-type materials, high-performance and high-stability n-type organic small molecules
are relatively less common [224], [225]. This can be attributed to the fact that the LUMO energy
of organic semiconductors is often high, making the injected electrons prone to trapping by oxygen
and water in the surrounding air, thereby suppressing electron transport. Additionally, commonly
used air-stable metals with high work functions result in the formation of high Schottky barriers at
the contacts, which are not suitable for efficient electron injection [226]. Notable examples of n-
type small molecules include fullerene (C60) and its derivatives, naphthalene carbodiimide
(NTCDI), and fluorinated copper phthalocyanine (FCuPc) [227]-[229]. However, these materials
still face challenges in terms of performance and stability compared to p-type materials. Recent
studies indicate a preference for p-type-only architectures in organic circuits, despite efforts to
develop complementary circuits [230]. Nevertheless, there are some exceptional n-type
semiconductors that exhibit the potential for application in complementary circuits. One such
example is the derivative of 4,8-bis[5-(3-cyanophenyl)thiophene-2-yl] benzo[1,2-c:4,5-
c'bis[1,2,5]thiadiazole (TU-3) with a low-lying LUMO energy of 4.3 eV, good solubility, and air
stability [231].

Semiconducting polymers represent another category of organic semiconducting materials. The
first organic transistor was based on poly(3-hexylthiophene) (P3HT), emphasizing the significance
of semiconducting polymers [232]. Unlike small molecules, semiconducting polymers exhibit
variations in polymerization degrees, molecular weights, and packing structures due to differences
in synthesis routes and thin film deposition conditions. Obtaining a single crystal in
semiconducting polymer thin films is generally challenging, and traditional thermal evaporation
methods used for small molecules are not applicable to polymers. Charge transport in
semiconducting polymers heavily relies on chain alignment and aggregation states in the thin film,
necessitating consideration at multiple length scales. Recent advancements in the understanding
of crystal structures in conjugated polymers have been noteworthy [233]. Furthermore, significant
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progress has been made in improving the structural precision and sequence homogeneity of
polymers, reducing structural and energetic disorder and enhancing charge transport in bulk or thin
films [234], [235]. Researchers have developed various polymerization and assembly strategies to
achieve controlled molecular weight and low dispersity, contributing to improved charge transport
[236]-[238].

However, semiconducting polymers offer excellent versatility for modification. By adjusting alkyl
side chains and conjugating units in the polymer backbone, the solubility, molecular packing, and
charge transport properties can be finely tuned [239]-[241]. Solution processing methods also
enable the production of high-quality and uniform thin films, making semiconducting polymers
suitable for circuit fabrication. Additionally, certain semiconducting polymers possess inherent
stretchability, which can be further enhanced through side-chain engineering, offering potential
applications in stretchable and wearable devices [242].

Semiconducting polymers encompass a wide range of materials, and one extensively researched
branch is diketopyrrolopyrrole (DPP)-based polymers. By incorporating donor moieties like
dithienylthieno[3,2-b]thiophene (DTT) to form a donor-acceptor (D-A) structure, DPP-based
polymers can exhibit high carrier mobility, stability, and solution processability [243]. Introducing
DPP-based polymers into polymer elastomers such as polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS) allows for precise adjustment of the mechanical properties of
the semiconducting layer, particularly improving stretchability [244]. Recently, several
commercially available semiconducting polymers with good performance and solution
processability have been developed, including Lisicon® SP500, which can achieve a mobility of
up to 2 cm?/Vs [245].

2.5.3 Gate Insulator

The gate insulator assumes a crucial role in the operation of OTFTs. Its functions include
preventing undesirable leakage charge between the gate electrode and the semiconductor, as well
as accumulating charge carriers at the semiconductor interface to facilitate the flow of charge
between the source (S) and drain (D) electrodes. As a result, the properties of the gate insulator
significantly impact the device performance of OTFTs, including factors such as operating voltage
[246] and operational stability [247]. Moreover, since the gate insulator directly interfaces with
the organic semiconductor, it has a substantial influence on the crystallinity of the semiconductor,
which, in turn, affects the charge mobility of the OTFT [248]. Therefore, the development of new
gate insulators that possess excellent insulation properties and suitable interfacial properties
matching those of the semiconductor is crucial for optimizing OTFT performance [249]-[251].

Among the available options, polymers have emerged as favorable candidates for gate insulator
materials in OTFTs. This is primarily due to their mechanical flexibility, cost-effectiveness, and
superior processability in comparison to inorganic materials [251], [252]. Furthermore, the
chemical functionalities present in polymers play a vital role in optimizing and precisely
controlling interfacial properties, thus influencing device performance [253]-[255]. For instance,
the inclusion of surface fluorine functionalities in fluoropolymers has been proposed to enhance
the operational stability of p-type OTFTs [247], [253], [256], [257].
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Polymer gate dielectrics provide benefits such as high process throughput, low fabrication costs,
and a lower thermal budget compared to inorganic dielectrics. Since OTFTs are intended for
inexpensive applications, achieving high throughput and utilizing low-cost processes are crucial
considerations. Therefore, high-quality, solution-processed polymer gate dielectrics are the most
suitable choice for fabricating OTFTs and integrated circuits. The first organic integrated circuits
with a solution-processed polyvinyl phenol gate dielectric were reported by Duray et al. in 1998
[90]. Subsequently, in 2000, a solution-processed photoresist (Olin Hunt Model SC100) was
employed as the gate dielectric layer in OTFTs and even in fairly complex integrated circuits [258].

One notable disadvantage of solution-processed polymer gate dielectrics is their minimum film
thickness. In contrast, high-temperature, vacuum-deposited inorganic gate dielectrics offer the
advantage of scalable thickness with relative ease. When utilizing solution-processing techniques
for polymers, the resulting films tend to have thicknesses greater than 100nm. However, there is a
complementary technique that can address this limitation and improve the characteristics of
polymer dielectrics while reducing their thickness.

This technique involves the use of insulating, organic Self-Assembled Monolayers (SAMs). By
incorporating SAMs, it becomes possible to enhance the properties of polymer dielectrics and
reduce their thickness, thereby enabling the fabrication of fast integrated circuits with lower power
consumption. These SAMs can achieve thicknesses ranging between 2 and 3nm and provide
leakage currents comparable to, or even smaller than, those typically obtained with high-quality
silicon oxide films [259].

2.5.4 Conductor Materials

2.5.4.1 Silver inks

Silver (Ag) is widely regarded as a highly advanced electrode material in the field of printed
electronics due to its excellent oxidation resistance and chemical stability [260], [261]. Previous
studies by Y. Ueoka have demonstrated the feasibility of utilizing Ag as an electrode material for
IGZO-based TFTs within specific operating ranges [262]. However, when sintering the printed Ag
electrode, the application of heat affects both the Ag electrode and the IGZO layer, leading to the
deterioration of TFT performance due to certain additives present in the Ag ink that contaminate
the IGZO channel [263], [264]. To mitigate these interfacial reactions, the implementation of an
interlayer between the IGZO channel and the electrode has been explored [265]. Unfortunately,
the sintering process of the interlayer not only requires additional heat treatment but also
significantly prolongs the overall process time, resulting in inefficiencies.

2.5.4.2 Metal

Metals are commonly used as conductor materials in thin-film electronics. Copper (Cu) [266],
[267], gold (Au) [268]-[272], and aluminum (Al) [273]-[275] are popular choices due to their
high electrical conductivity, with values of 59.8 10° $S/m, 42.6 10°$S/m , and 37.7 10°$S/m,
respectively [276]. Chromium (Cr) [268], [269], [277] and titanium (Ti) [266], [278], [279] have
lower electrical conductivity but are often used as adhesive layers to improve the adhesion of other
metals like Au, platinum (Pt) [280], [281], and palladium (Pd) [282]. However, Cr has limited
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ductility and a smaller rupture strain level (0.5%) compared to metals like Cu, which restricts the
minimum achievable bending radius [283].

Molybdenum (Mo) [284], [285] and magnesium (Mg) [286] are commonly employed in thin-film
electronics due to their biodegradability and biocompatibility. Mg is also water-soluble, making it
suitable for bioresorbable implants, while Mo can degrade in an acidic environment like zinc (Zn)
or iron (Fe) [287].

2.5.5 Biosensors based on EG-ISFET

One way to measure pH levels in cells is using ISFETs. ISFETs are a type of biosensor that can
detect changes in ion concentrations, including hydrogen ions (H"), which are responsible for pH.
The ISFET consists of a thin film of metal oxide that acts as the sensing element and is placed near
the gate of a FET. The FET modulates its threshold voltage in response to changes in the
concentration of ions in the film, allowing for the detection of pH levels [288]-[290].

When monitoring electrochemical reactions, ISFET has many benefits. ISFET can be mass
produced and further integrated into other sensing systems because it is based on the common
complementary metal-oxide-semiconductor technique[194]-[198].

Ion-sensitive field-effect transistors with extended gates are known as EG-ISFETSs. It is a particular
kind of sensor that can determine the amount of ions present in a solution by observing changes in
the surface potential of a sensing oxide layer [291]. By adopting an extended conductive layer to
separate the sensing oxide layer from the gate oxide of a thin-film transistor (TFT), the gate oxide
is shielded from the electrolyte solution and the sensor's stability and robustness are increased.
Many applications, including biosensors, environmental monitoring, and food quality
management, are possible with EG-ISFET sensors[130]. Microelectrode array (MEA) is the gate
material of the EG-ISFET, enabling the simultaneous detection of numerous analytes in a single
sample. Because of its ability to monitor pH levels in cells as well as other ionic species, the EG-
multiplexing ISFET is a useful tool.

The EG-ISFET has been used in a variety of applications, including the measurement of pH levels
in cells, tissues, and biofluids [292]-[295]. It has been used in cancer cell research, where changes
in pH levels can indicate the presence of cancerous cells [294]. It has also been used in stem cell
research, where pH levels are used to monitor stem cell differentiation into specific cell types[296],
[297]. In addition to its use in medical applications, the EG-ISFET has also been used in
environmental monitoring, where it can be used to measure pH levels in water and soil [298],
[299]. The EG-ISFET has also been used in food safety applications, where it can be used to detect
the presence of harmful bacteria in food products [299].

2.6 Working principals of analog MUXs

Analogue multiplexers are electrical devices that pick one of numerous input signals and route it
to a single output. They are widely utilized in many applications, such as data collecting systems,
signal processing, and communication systems. [159], [300]-[304]. Analogue multiplexers can be
built with a variety of technologies, including bipolar junction transistors (BJTs), FETs, Metal
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Oxide Semiconductors (MOS) and OTFTs. Because of their distinct properties, OTFTs are a

particularly appealing solution for multiplexer applications.
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Figure 1. System-level architecture with focus on modules interconnections and components [300]

An analogue multiplexer based on OTFTs is commonly designed using a matrix of transistors, with
each column representing an input signal and each row representing a select line (Figure 1). A
series of select lines controls the matrix, which is used to pick the chosen input signal. The selected
signal is then routed to the output after passing through a buffer amplifier.

When compared to standard silicon-based transistors, the usage of OTFTs in multiplexer circuits
allows for low-noise operation, good signal quality, and improved performance[305]. To provide
best performance, the design of an analogue multiplexer based on OTFTs must consider crosstalk
between neighboring input signals.

Traditional sensor designs sometimes need complicated circuitry and wiring in order to handle
several sensors and their associated connections. This may enhance the complexity of circuit
design, signal routing, and overall system integration. Furthermore, managing and controlling
several sensors can be difficult, especially in applications requiring a high number of sensors.

The suggested solution intends to simplify the sensor system design, speed up the integration
process, and minimize the overall complexity associated with sensor deployment and operation by
combining EG-ISFET technology with analogue OTFT multiplexers.

In this paper, we propose a novel approach where we merge EG-ISFET technology with analogue
OTFT multiplexers. The primary objective of this integration is to address the issue of complexity
and enhance the reusability of sensors. By combining these two technologies, we aim to leverage
the unique characteristics of each component to create a more efficient and versatile sensing
platform. The EG-ISFET provides sensitive and accurate ion detection capabilities, while the
analogue OTFT multiplexers enable the integration of multiple sensors into a single device,
reducing complexity and enhancing the scalability of the system. This integration offers a
promising solution for applications requiring reusable sensors with improved performance and
simplified circuitry.

The proposed integrated structure, as illustrated in Figure 2, showcases the successful merging of
EG-ISFET technology with analogue OTFT multiplexers. This visual representation provides a
clear understanding of the combined system and the interaction between the EG-ISFET and the
OTFT components. The figure highlights the physical arrangement and connectivity of the
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different elements, showcasing how the integration enhances the overall functionality and
performance of the sensor platform. This visual aid aids in comprehending the design and serves
as a valuable reference for further analysis and discussion of the integrated structure's capabilities
and potential applications.
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Figure 2. System architecture showcasing the integration of ISFETs and MUX for enhanced functionality connected to
external components (electrodes and microcontroller unit)

2.7 Interdigitated transistors

The inverted/staggered and co-planar OTFT structures are the most widely used devices when
looking for large transistor width [67]. Interdigitated electrodes are often used to compensate for
the low OSC conductivity in OTFTs. The source and drain electrodes have a comb-like shape and
their teeth are alternately interlocked with each other. This increases the channel width per unit of
area and allows higher current density [306]. Maximizing the transistor width per unit area allows
to place more transistors on the same substrate. However, this geometry still has some limitations
in terms of performance, as it depends on careful alignment of OSC crystals along the Drain and
Source (D/S) electrodes during OSC deposition. This involves using a nitrogen flow, changing the
temperature, and adjusting the solvent type and ratio [307]-[309].

2.8 Corbino-shaped transistors

Circular-shaped transistors, also known as Corbino transistors, are less frequently employed in
circuit designs; instead, this gate shape is more frequently used in the display field to open or close
a light-emitting diode (LED). The channel in this transistor architecture is shaped like rings. The
Corbino disk, first reported by M. Corbino in 1911, is a disk with inner and outer concentric ring
contacts [310]. It has been primarily used in magneto-resistance measurements [311] and has more
recently been adopted for organic thin-film transistor (TFT) architectures [312], [313].

An annular-shaped electrode was initially used in 1996 in hydrogenated amorphous silicon (a-
Si:H) TFTs to give a lower gate-to-source capacitance and a lower photocurrent level in active-
matrix liquid crystal displays (AM-LCDs) [314]. Ring-shaped and circular electrodes were utilized
in the pseudometal-oxide semiconductor field-effect transistor in 1999 to describe the electrical
properties of silicon-on-oxide wafers by device geometrical features [315].

For small transistor widths, the Corbino TFT's circular channel design reduces the drain
capacitance per unit of transistor width. By decreasing the output capacitance, switching speed and
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frequency response is boosting, and this improves the device's performance [316], [317]. The
Corbino TFT is appropriate for sensors and other high-speed signal processing applications. To
prevent the direct current (DC) component of the input signal from having an impact on the output
signal, the suggested sensor makes use of the Corbino TFT. The sensor's operational point is set to
the desired value by supplying a bias voltage to the Corbino TFT's gate terminal[316]. As a result,
the input signal may be measured by the sensor more precisely and steadily. Because to its
distinctive circular form and low drain capacitance, the Corbino TFT can detect signals regardless
of the input signal's DC component. It also has a high switching speed. One example of such an
application is a large-area active-matrix organic light-emitting diode (AMOLED) display
pixel[318].
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Chapter 3. Tools, Technology and System Level concerns

This section provides a top-down view of the design decisions driven by a prototype built for
ISFET sensing and presents the technology details, EDA tools, and test components utilized in this
research. In this section, we describe the experimental setup, outlining the specific equipment,
instruments, and their interconnections.

Along this research work, it is crucial to note the unavailability of precise electrical (spice) models
for OTFTs and dual-gate OTFTs for the available technologies, that let to work directly on a layout
design to fabrication and test loop. As a result, our analysis and investigations primarily relied on
experimental measurements and empirical observations rather than simulations. Despite the
absence of simulation capabilities, we were able to obtain valuable insights and draw meaningful
conclusions through rigorous experimental testing and characterization of the OTFTs. These
practical findings contribute to a comprehensive understanding of the OTFTs' performance and
their suitability for the intended application, highlighting the significance of experimental
approaches in the absence of precise simulation models.

3.1 Full-custom IC Design Tools

FOSS (Free and Open-Source Software) [319] tools, including schematic capture, electrical
simulation, and layout edition together with the related verification tools (DRC, ERC, LVS, etc.),
play a crucial role for full-custom integrated circuit (IC) design by providing cost-effective and
accessible solutions for engineers and designers. Two notable FOSS tools in the layout domain
that have been using in this thesis are Glade and Klayout.

Glade is a well-known FOSS freeware program that offers a complete platform for IC layout
design. Creating and altering integrated circuit layouts is made easier by its user-friendly interface
and selection of functionalities. Glade supports several layout formats, including GDSII, a style
that's used in the semiconductor sector.

One of the key strengths of Glade is its intuitive graphical user interface (GUI), inspired in the
Cadence full-custom layout EDA tool, which allows designers to interact with the layout elements
easily. The GUI provides tools for placing components, creating interconnections, defining layers,
and managing design rules. It also offers features for visualization, such as zooming, panning, and
highlighting specific layout areas.

Glade integrates cutting-edge layout optimization methods, enabling designers to boost the
effectiveness and performance of their IC designs. Design rule checking (DRC) capabilities are
offered to guarantee adherence to production requirements and restrictions. Glade also supports
netlist extraction, making it possible to integrate it with other electrical design automation (EDA)
tools in the design flow without any issues.

Another potent FOSS software tool for IC layout design and editing is called Klayout. It has a
wide range of tools and functionalities to handle complicated layout editing tasks. Klayout is
compatible with common file formats since it supports a number of layout formats, including

26



GDSII, OASIS, and CIF. Klayout has a number of noteworthy features, including the ability to
script, which enables designers to automate layout modification activities using either the built-in
scripting language or external scripting languages like Python and Ruby.

Klayout provides an extensive set of editing functions, including operations for geometry
modification, layer manipulation, text handling, and merging of layout elements. It supports
hierarchical layout editing, allowing designers to work with large and complex IC designs
efficiently. The software also includes powerful visualization tools, such as 2D and 3D rendering,
that aid in understanding and analyzing the layout structure.

Table 1. Main Layout editors in EDA tools

Software Description & Creator/owner License/Installation

Klayout FOOS layout editor Free software
Matthias Kofferlein

Glade FOOS layout editor Free software
Peardrop Design Systems

LinkCAD (v8) FOOS layout file formats conversion | License based
Bay Technology

Clewin (v4) layout editor License based
WieWeb software

LayoutEditor layout editor free, reduced, full
Juspertor GmbH License

Tanner L-Edit IC | professional layout editor Network license pool
Mentor (Siemens) Installation guide

Virtuoso Layout professional layout suite License based

Suite Cadence

Expert professional layout suite License based
Silvaco

AutoCAD mechanical drawing Paid CAD tools
AutoDESK

Solidworks mechanical drawing Paid CAD tools
Dassault Systems

GDSII Toolbox Matlab/Octave GDSII import module | Free addon/ functions
UIf Griesmann for Matlab/Octave

Gdspy Python GDS import/modify module. Free addon/functions
Lucas Heitzmann for Python

Both Glade and Klayout offer a rich set of features for IC layout design, making them valuable
tools in the FOSS ecosystem. Their ease of use, compatibility with industry-standard file formats,
and capabilities for automation and customization make them attractive choices for designers
seeking reliable and efficient solutions for IC layout and schematic design. That’s the main reason
to choose theses tools, initially Glade, later on Klayout for most of my designs. Along this research
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https://www.klayout.de/
https://peardrop.co.uk/
http://www.linkcad.com/
https://wieweb.com/site/
https://layouteditor.com/
https://www.mentor.com/tannereda/l-edit
https://www.epfl.ch/research/facilities/cmi/process/photolithography/layout-design/l-edit-installation/
https://www.cadence.com/en_US/home/tools/custom-ic-analog-rf-design/layout-design/virtuoso-layout-suite.html
https://www.cadence.com/en_US/home/tools/custom-ic-analog-rf-design/layout-design/virtuoso-layout-suite.html
https://www.silvaco.com/products/custom_ic_cad/layout_editing/expert.html
https://www.autodesk.com/
https://www.solidworks.com/
https://sites.google.com/site/ulfgri/numerical/gdsii-toolbox?authuser=0
https://github.com/heitzmann/gdspy

we also evolved from drawing layer shapes to generate them using python scripts for almost all
my layout design.

Table 1 compares various software tools that can be used for designing and editing integrated
circuits (ICs). Among them, Klayout and Glade are the most popular free and open-source software
(FOSS) options for IC layout. However, Glade recently launched a premium service that offers
additional features and support for a fee.

3.2 Characterization and Test tools
Along this thesis I used different tools. I'm citing in this section those that are more relevant.

3.2.1 B1500 Keysight

The B1500 Keysight device was selected as the best instrument for the initial characterization of
the experimental setup because of its cutting-edge characteristics and compatibility with the
necessary experimental parameters. This incredibly flexible semiconductor parameter analyzer
provides a broad range of measurement options, enabling accurate assessment of the electrical
characteristics of transistors. It offers insightful information regarding the operation and
performance of the transistors under study. [320]-[322].

An advantage of the B1500 Keysight device is its ability to handle different types of semiconductor
materials, including organic thin-film transistors (OTFTs) and inorganic semiconductors. This
versatility enables comprehensive analysis and comparison of various transistor types, which is
crucial for evaluating their performance and suitability for specific applications.

The user-friendly interface and intuitive software of the B1500 Keysight device make it easy to
control and acquire data. Its advanced measurement capabilities, such as generating [-V curves,
allow for the extraction of vital information about the transistor's characteristics. These
measurements play a critical role in assessing transistor behavior, efficiency, and provide valuable
insights for further analysis and optimization.

Considering its features, compatibility, and measurement capabilities, the B1500 Keysight device
emerges as the most suitable instrument for the initial characterization of the experimental setup.
Its ability to handle different semiconductor materials, user-friendly interface, and advanced
measurement capabilities make it an indispensable tool for accurately assessing the electrical
properties of transistors and gaining valuable insights into their performance characteristics.

3.2.2 Digilent Analog Discovery

The Analog Discovery 2 is a multifunctional and portable test and measurement device that
combines various instruments, including an oscilloscope, waveform generator, logic analyzer, and
power supplies. This versatility allows for seamless integration of different measurement
techniques, making it an ideal choice for conducting multiple tests on the experimental devices.
Its user-friendly software interface provides intuitive control and data visualization, allowing for
easy configuration of measurements and comprehensive analysis of the device under test.
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The flexibility of the Analog Discovery 2 is evident in its compact size and USB-powered
functioning, which enable easy setup of the experimental environment anywhere. By simply
plugging the device into a computer, rapid measurements can be performed in the lab or outdoors
without the need for elaborate setups or heavy equipment. This portability, combined with its
comprehensive software capabilities, makes the Analog Discovery 2 the most suitable tool for
conducting numerous tests in the experimental setup. It streamlines the testing process, providing
detailed insights into the electrical performance of the devices and facilitating thorough evaluation
and analysis. With the Analog Discovery 2, the experimental setup can undergo a wide range of
tests, ensuring comprehensive characterization and understanding of the devices under
investigation.

3.2.3 Rigol dp832A

The Rigol DP832A is a programmable DC power supply with a wide range of capabilities and
functionality for the testing setup. To address the power needs of diverse devices and components,
it includes three separate output channels that can each give up to 30 volts and 3 amps of current.
Additionally, it includes an intuitive user interface and a sizable color display that make monitoring
and controlling the parameters of voltage, current, and power simple.

One of the most significant features of the DP832A is its programmability, which allows for the
automation of test settings and the execution of complex sequences of voltage and current outputs.
This improves experiment efficiency and frees up the researcher's time for data analysis and
interpretation. The power supply also includes several protection systems, such as overvoltage,
overcurrent, overtemperature, and short-circuit protection, to protect both the power supply and
the associated devices or components.

The DP832A also provides excellent connectivity, accuracy, stability, and advanced features. It
offers USB, LAN for seamless integration with computers and remote control and monitoring
capabilities. It ensures precise and accurate power delivery with high-precision voltage and current
measurements, low ripple output, and waveform generation and data logging capabilities. These
features contribute to the reliability, flexibility, and versatility of the power supply in achieving the
desired experimental outcomes and obtaining high-quality data.[323]-[325]

3.2.4 JMP Software

JMP software, an SAS Institute offering, is a complete and engaging platform for data analysis and
visualization. It allows users to access, prepare, explore, analyze, model, share, and communicate
data using a variety of tools and techniques. It also supports data quality and reliability, process
and product optimization, data science and machine learning, and data education and learning
resources. JMP software runs on both Windows and Mac OS X operating systems and connects
with other SAS products and platforms.

One of the key features of JMP software is its interactive data visualization capabilities. Users can
produce and modify interactive graphs, charts, and plots that facilitate successful data analysis and
sharing. Users can quickly generate visual representations of their data and alter them to highlight
significant patterns or trends using a straightforward drag-and-drop interface. These interactive
visualizations make it easier to make decisions based on data.
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Another important feature of JMP software is its comprehensive statistical analysis tools. Users
can perform various analyses and hypothesis testing, from basic descriptive statistics to advanced
multivariate analysis. Users can conduct regression analysis, ANOVA, factor analysis, cluster
analysis, and more, all within the JMP environment. The software’s interactive nature facilitates
the exploration of different analysis options and the ability to visualize the results in real-time.
JMP software also offers robust data cleaning and preprocessing tools, advanced modeling and
predictive analytics tools, and reporting and presentation tools. These tools help users ensure the
integrity and reliability of their data, build, and evaluate predictive models, and collaborate and
share their analysis results with others.

JMP software supports integration with other data sources and software applications. It can connect
to various data formats, including spreadsheets, databases, and statistical file formats. JMP also
provides integration with programming languages like R and Python, allowing users to leverage
the capabilities of these languages within the JMP environment. JMP software has been widely
adopted in industries such as healthcare, manufacturing, finance, and academia. Its versatility and
comprehensive feature set make it suitable for a wide range of applications, including quality
control, process improvement, experimental design, and data exploration.

3.3 System level approach to integrating EG-ISFETs arrays

This subsection is intended to show the evolution of the design approaches in which I have been
involved that lead to the research proposal that we will develop in following chapters.

3.3.1 1 EG-ISFET Array

The first attempt to implement an ISFET platform was using single gate OTFT fabrication process
from Neudrive Ltd. Top-gate OTFT devices from Neudrive allows fabricating sensors with a five-
mask process. First, 50 nm thick gold (Au) electrodes are defined as source and drain and
evaporated onto the substrate (i.e., SU-8 planarized Corning Eagle glass). After that, a 20nm
organic semiconductor (OSC) layer is spin coated. Then, 300nm of Organic Gate Insulator (OGI)
are deposited. Another electrode is evaporated and photo-patterned over the OGI as gate’s
electrode. Gate’s electrode is served as an etch mask for oxygen plasma removal for surplus areas
of OSC and OGI. Finally, the passivation layers are coated and patterned photolithographically to
implement as vias between source/drain metal and gate electrode with interconnection[326]. The
process is shown in Figure 3.

(a) (b) (©

— | a1 [

(d) @) (f)

Figure 3. fabrication process of single gate OTFTs
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Our first design Figure 4 used an 8 ISFET sensor array with a reference electrode. In this design
the extended gate was placed in the same chip that the ISFET. OTFTs drains and sources were
connected to SoC board through a connector and a set of Op-Amps. Input Op-Amp change the
digital output signal from the SoC to -3V to enter OTFT drains. OTFTs sources connect the SoC
board through trans-conductance amplifiers. The SoC ADCs measure the converted voltages.

The outer metallic ring was designed with a double purpose: first, it allows biasing the reference
electrode closer to the extended gate electrode and second, to check the connectivity between
OTFT sensor array and the board. Thus, we can inject a signal there and sense it with the DAC of
the SoC. There is also a reference OTFT (bottom) that can be used for test and calibration purposes.
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Figure 4. EG-ISFET array of 8 with a reference electrode

We selected the NXP-QN9080 (NXP, n.d.) SoC as a main component of the real-time embedded
acquisition platform. QN9080 is an ultra-low power Bluetooth Low Energy (BLE) MCU with on-
chip memory, USB 2.0 full-speed interface. It integrates a 32-bit ARM Cortex-M4F core with BLE
(v5.0) compliant radio, link controller, host stack and GATT profiles.

The SoC has 8 ADC channels of 16 bits accuracy which can measure small changes from the
sensors. To accelerate the development time, we used directly a prototyping board (NXP-
QN9080DK in shown in Figure 5) containing that SoC. Between that prototyping board and the
sensor array, we design an adaptation board, which inverts positive voltage coming from GPIOs
to drive the OTFTs (shown in Figure 6.a). As said, OTFTs sources are connected to ADCs through
a transconductance amplifier with a RC low-pass filter to reduce noise (Figure 6.b) shows.

31



Figure 5. QN9080DK
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Figure 6. Voltage inverter schematic (a) and Trans-conductance schematic with 20KQ resistor (b)

According to the actual OTFT current levels, we would like to have 50nA resolution. Thus, we
need 20K resistor:
AV 1mVv

Al =2 =2 — 5004 (1)

R 20KQ

The SoC ADC is set to 12 samples per second. In this implementation, we multiplex two of the
channels of the array since we reserve two ADCs channels for the acquisition of the DAC value
(that goes to the outer ring) and reference transistor for TFT calibration.

On this hardware platform, we have built the ARM SoC code for (1) the correct sensor connection;
(2) the OTFT stimuli; (3) the OTFT response; (4) the protocol with the host (PC/Smartphone
application); (5) the USB configuration and transmission; and (6) the Bluetooth configuration and
transmission. We have also built the corresponding application for PC (in Python) while for the
smartphone we have used the NXP app. PC USB and Smartphone Bluetooth instances are shown
in Figure 7.a and Figure 7.b respectively.

Thus, the PC software can display the values of the sources (voltage and current) in real-time and
can store these values both instantaneous and average mode in two separated CSV files.
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(b)

Figure 7. USB connection for PC platform (a) and Bluetooth connection for smartphone platform (b)

Figure 8.a and Figure 8.b show the sensor currents while biasing voltages from -5V to 5V to its
extended gate using a probe station and through PC software.

Chart Title

0.00£+00
-6 -4 -2 0 2 4 6

-1.00E-05
20

-2.00E-05

-3.00E-05

-4.00E-05

-5.00E-05

-7.00E-05

-8.00E-05

-9.00E-05

-1.00E-04

(a) (b)

Figure 8. Sensor current sample using Keysight BI500A (a) and PC software (b) to drive the extended gate in the
range for -5V to 5V

The results obtained from Figure 6.a and Figure 6.b provide valuable insights into the accuracy of
our initial system within the voltage range of -0.1V to -0.9V. The acquisition methods employed,
utilizing the Keysight B1500A instrument and PC software, have demonstrated reliable and precise
measurements. These findings validate the effectiveness of our approach in capturing the desired
data with high precision.

However, along the course of implementing this strategy. First, we encountered restrictions in the
study since we could only take measurements on a restricted number of transistors. This was
mostly due to socket problems experienced while connecting the transistors to the PCB. Another
difficulty we encountered was the danger of causing harm to the EG-ISFETs during the
experiment. The presence of scratched lines on the EG-ISFETs resulted in their destruction,
reducing the number of working devices available for testing. It was vital to develop procedures

33




and processes that ensured the safety and preservation of the EG-ISFETs throughout handling and
experimentation, reducing the risk of damage and increasing the overall dependability of the
results. Furthermore, we discovered ESD problems that hampered the system's performance. ESD
can cause unintended electrical disturbances, affecting measurement precision and stability.

Due to the limits and constraints of the first strategy, a second approach was developed to
overcome these concerns. The goal of this new strategy was to solve the socket concerns, prevent
the destruction of EG-ISFETs due to scratched lines, and reduce the influence of ESD on the
system.

3.3.2 2" EG-ISFET array

To address the challenges and improve the overall system performance, the second approach
incorporated several key elements. One notable improvement was the utilization of different
substrates for the OTFTs and EG components. This distinction was crucial as it allowed for cost-
effectiveness, with the disposable EG components being more affordable compared to the
manufacturing of OTFTs. This approach enabled efficient and economical analysis for chemical
and biological applications.

The second approach also involved IC design, specifically implementing two OTFTs per chip.
This design choice provided enhanced functionality and expanded measurement capabilities. The
integration of USB connection, power management, software analysis, and a prototype box further
contributed to the overall system efficiency and convenience. This design is shown in Figure 9.

Figure 9. Two OTFTs on a chip

A notable advancement in the second approach was the ability to measure three EG-ISFETs
simultaneously. This improvement was achieved by connecting the chips on the acquisition board
to two electrodes, where the first electrode served as a reference and the second electrode was
dedicated to the EG. This arrangement facilitated simultaneous and parallel measurements,
significantly increasing the efficiency and throughput of the system.
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To mitigate the risk of damage caused by ESD and eliminate the need for chip replacement, the
second approach introduced the use of switches for selecting the appropriate OTFTs. This feature
ensured that the system remained resilient to ESD events, reducing the chances of chip failure and
improving the overall reliability of the measurement setup.

In terms of physical implementation, a mechanical box with switches was incorporated into the
system. This box allowed for easy and efficient switching between different OTFTs, further
enhancing the versatility and flexibility of the measurement setup. Additionally, the integration of
SIM cardholders for individual replacement enabled convenient and rapid replacement of specific
components when needed.

(b)

Figure 10. (a) The system under test, (b) the system inside the box with all channels connected.

Figure 10.a provides a visual representation of the system under test, showcasing its components
and configuration. This allows for a clear understanding of the setup and the arrangement of
different channels within the system. On the other hand, Figure 10.b demonstrates the system with
all channels connected inside a box, highlighting the comprehensive connectivity and integration
achieved.

Figure 11.a showcases the software interface used in conjunction with the system. This intuitive
and user-friendly interface allows for seamless control, monitoring, and data analysis. Through the
software, users can easily configure test parameters, visualize real-time measurements, and extract
relevant data for further analysis and interpretation. In Figure 11.b, a series of tests were performed
on the system, exploring its capabilities and evaluating its performance under various conditions.

Despite the advantages offered by the second approach, there were still some noteworthy aspects
to consider. On the positive side, the sensing process was executed accurately at the electronic
level, ensuring reliable measurement results. Furthermore, for chemical measurements,
collaborations with Neudrive and Indian partners provided expertise and resources, enabling
comprehensive analysis in the field of chemistry.

35



7w - o x
File Help

Capture Session View Stored Session
Data directory Leg File name Show Graph
No Directory selected No file selected
Sample per second 12
Seconds to display Display Options
[V Activate DAC ® Voltage  Resistor (K)
DIP SW 1 (OTFT 1) & 1(R) ™ Current
2
DIP SW 2 (OTFT 2) & 1R
21
DIP SW 3 (OTFT 3) & 1(R)
2

DAC (aprox. -1 to 4)[ 14 |

Capture Data | M 1
(a) (b)
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However, one significant disadvantage of the second solution was reliability concerns with the
physical switches. Although the switches were designed to aid in the selection of appropriate
OTFTs and improve system efficiency, they faced reliability and durability difficulties. The
physical switches tended to wear down over time, potentially resulting in malfunctions or incorrect
measurements. This underlined the necessity for more improvements in switch design or the
investigation of alternative options to assure long-term reliability.

Another issue that persisted despite the design's small size was the problem of ESD. While efforts
were made to minimize the impact of ESD events by employing separated chips, the problem still
persisted to some extent. ESD could adversely affect the functionality and performance of the
system, potentially leading to measurement inaccuracies or chip failures. Addressing this issue
would require implementing additional protective measures or exploring ESD-resistant materials
or technologies to enhance the system's resilience against ESD events.

One of the problems we encountered during the testing process was related to NeuDrive's
fabrication process. The stability of their process was not consistent, and their wafers exhibited
unusual behavior with regards to output currents. Even when the W/L of the transistors were
similar, they did not produce the same output values. During the testing process, an array of
transistors fabricated by NeuDrive was evaluated, revealing numerous issues with their output.
Figure 10.a and Figure 10.b show these arrays, which include transistors with different W/L.
However, the behavior of these transistors did not align with our expectations. For instance, even
when transistors had the same W/L, they did not consistently yield the same current on the arrays.
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Figure 12. (a) The array of interdigitated (b) the array of Corbinos

All these problems, including the issues with the fabrication process, have prompted us to develop
a new chip proposal and collaborate with a different foundry for our work. The details of this new
chip proposal will be discussed in the next chapter.
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Chapter 4. A new generation of ISFET arrays

According to our previous design and test experience, we reach the conclusion that the best
structure for an array of OTFT based ISFETSs requires:

e Choosing a reliable fabrication process.

e Separating extended gates and reference electrodes from the ISFETs in order to separate spare
parts from reusable measurement devices

e Integrating several ISFETs together with multiplexes in the same chip to allow: (i) substitute
failing devices by good ones by SW and (ii) allow changing the sensitivity of the devices
without changing the hardware.

¢ Disposing of good analog multiplexers that can block the source to drain signal when required.
This cannot be done with single gate p-type OTFT.

e Establish simple communication to interface to any MCU.

This lets to the architecture shown in Figure 2 from chapter 2.

4.1 Dual-gate OTFT fabrication process

This work uses a dual gate structure that consists of five metal masks to build ISFETs and MUXES,
as shown in Figure 13. The structure is based on the technology of SmartKem Co. In this strategy,
the first mask is used to sputter and shape Mo/Al/Mo back-gate metal by photolithography and
wet etching with the thicknesses of 11nm/70nm/60nm (Figure 13a).

The back-gate layer was then spin coated with the base layer, which was then UV-cured (Figure
13b). This layer has a thickness of about 0.5 um. The second mask is devoted to gold deposition
for the source and drain metals, is roughly 50nm thick and is photolithographically patterned
(Figure 13c). Gate layer fabrication involves several stages.

Self-assembled monolayers (SAM) and organic semi-conductors (OSC) with a 30nm thickness are
spin coated and baked as the initial stage (Figure 13d). Next, Organic Gate Insulator (OGI), (SRL)
spin coating, and UV curing were applied (Figure 13e). The thicknesses of the OGI and SRL are
150nm and 400nm, respectively. Then, Mask 3 is used, followed by a photolithographic pattern
(Figure 13f). All additional OGI, SAM, SPL, and OSC have been eliminated using mask 3 (Figure
13g). This layer is around 50 nm thick.

The remaining region is then spin coated with the passivation layer at a height of 2000 nm (Figure
13h). With the use of mask 4, the passivation layer copies the design using photoresist patterns.
Finally, mask 5, also known as gate contact metal, is used for patterning sputtered gold, and wet
etched in a technique identical to previous metal layers (Figure 131).
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Figure 13. Different steps of mask process: (a) Fabrication of first layer (Mo/Al/Mo back-gate metal) by sputtering,
photolithography and wet etching (thickness: 11 nm/70 nm/60 nm). (b) Spin coating and UV/thermal curing of base
layer. (c) Sputtering, photolithography and wet etching of second metal layer. (d) Spin coating and baking of SAM
and OSC layers (thickness: 30 nm OSC). (e) Spin coating and baking of OGI layer, spin coating and UV/thermal
curing of SRL layer (thickness: 150 nm OGI and 400 nm SRL). (f) Sputtering, photolithography and wet etching of
third metal layer (thickness: 50 nm). (g) Spin coating and UV/thermal curing of passivation layer (thickness: 2 um).
(h) Patterning of passivation layer using photoresist and dry-etch transfer. (i) Sputtering, photolithography and wet
etching of fifth layer.

Once we fabricated a similar set of test structures in this new process, the SmartKem chips,
displayed stable results. Even so, some fabrication issues can be observed during the
manufacturing process. In interdigitated transistors fabricated by SmartKem, the first row which
has the smallest W/L the current flow is around 900uA when back-gate voltage is -40v. The second
row which has twice W/L compared to the first row has a 1.8mA current when its back-gate voltage
1s -40v. This pattern has been followed by all other W/L ratios even row 5 which has W/L ten times
bigger than row 1, has current ten times bigger than row 1 transistors. Corbino transistors also
follow this pattern, and their current is half of row 1 of interdigitated transistors.

4.2 Design considerations

To ensure that the current passing through the MUXs does not have any significant effect on the
ISFETs, a design consideration is made to adjust the width-to-length ratio (W/L) of the MUX
transistors. In this approach, the W/L ratio of the MUX transistors is chosen to be larger than that
of the ISFET transistors. By increasing the W/L ratio of the MUX transistors, their channel width
is effectively widened relative to the channel length.

This design choice serves two important purposes. First, it helps to minimize the impact of MUX
current on the operation of the ISFETs. The larger W/L ratio reduces the resistance in the MUX
channels, allowing a higher current-carrying capacity and ensuring that the MUX current remains
negligible compared to the ISFET current. This ensures that the ISFETs can function independently
and accurately measure the ion concentrations without interference.

Second, the increased W/L ratio in the MUX transistors enables a higher current flow through the
MUX channels when required. This ensures efficient switching and routing of signals in the MUX
circuitry, facilitating the proper functioning of the analog multiplexing operation. By appropriately
scaling the W/L ratio between the MUX and ISFET transistors, a clear separation is established
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between their respective current paths, enabling reliable and accurate operation of both
components within the integrated system.

In these designs, two different types of transistors have been employed: interdigitated transistors
and Corbino transistors, both with various sizes. The Corbino transistors were built in parallel to
increase the equivalent gain (W/L) for this type of transistor. This will be explained in more detail
in the following paragraphs. The overall function of the circuit can be impacted by the performance
characteristics that different transistor sizes may display. Hence, to make sure the circuit satisfies
the specifications, a careful study and selection of the suitable transistor sizes are required.
Increased sensitivity, improved signal-to-noise ratio, and decreased overall transistor resistance
are all made possible by the simultaneous employment of Corbino transistors. Also, the ability to
parallel various numbers of Corbino transistors in various areas of the circuit gives designers more
choice when creating circuits with diverse requirements and standards.

The determination of the W/L for each transistor is crucial when considering the current flow
through the ISFETs as calculated from equation (1)[327], [328]. The W/L ratio plays a significant
role in determining the current-carrying capacity and overall performance of the ISFETs.

w %5
Ip = T:UCL' [(VGS — Vr)Vps — %] (1)

By appropriately selecting the W/L ratio for each ISFET transistor, it is possible to optimize their
electrical characteristics and ensure accurate measurement of ion concentrations. A larger W/L
ratio allows for a wider channel width relative to the channel length, resulting in reduced resistance
and improved current flow capability. This enhanced current capacity is particularly important in
applications where the ISFETs need to handle higher currents or exhibit improved sensitivity.

The designed dies were created with four primary ideas in mind. The first design is comprised of
a die containing all Corbino transistors with changing W/L ratios, whereas the second design has
all interdigitated transistors with varying W/L ratios. The third design uses just identical W/L-sized
interdigitated transistors. The fourth design, which combines Corbino and interdigitated transistors
with comparable W/L ratios for both types, completes the set.

Achieving the desired W/L ratio for Corbino transistors can be a challenging task. To address this
issue, several research papers have proposed formulations that offer guidance in determining the
appropriate W/L ratio (2) where R and R are the inner and outer radii of the corresponding TFT,
respectively[329]-[334]. In this thesis, we have adopted one such formulation to ensure accurate
and consistent results.

r (2

The selected formulation, based on the recommendations from these papers, takes into account
various factors such as device geometry, material properties, and desired performance
characteristics. By following this formulation, we were able to establish a suitable W/L ratio for
the Corbino transistors used in our study.
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It is important to note that the chosen formulation serves as a starting point, and further
optimization and fine-tuning may be required based on specific design requirements and
experimental observations. Nonetheless, incorporating the suggested W/L ratio from reputable
research papers has provided a valuable reference for achieving reliable and reproducible results
in our thesis work.

Figure 14 shows the schematic circuit implemented in out chips according to the architecture
presented in Figure 2. All OTFTs are dual-gate but they will be implemented using different
topologies which will be explained later on.
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Figure 14. OTFT schematic of one eight of our sensor chips. The chip contains 8 similar structures implemented with
different variants (transistor shape, dimension, etc.)

Our design strategy employs two different types of transistors for its further evaluation:
interdigitated transistors and Corbino transistors, both with various sizes. The Corbino transistors
were built in parallel to increase the equivalent gain (W/L) for this type of transistor (explained in
more detail in the following paragraphs). The overall function of the circuit can be impacted by
the performance characteristics that different transistor sizes may display. Hence, to make sure the
circuit satisfies the specifications, a careful study and selection of the suitable transistor sizes are
required. Increased gain, improved signal-to-noise ratio, and decreased overall transistor resistance
are all made possible by the simultaneous employment of Corbino transistors. Also, the ability to
parallel various numbers of Corbino transistors in various areas of the circuit gives designers more
choice when creating circuits with diverse requirements and standards.

By considering the insights and recommendations from the literature, we have strived to enhance
the accuracy and performance of the Corbino transistors. This approach ensures that our research
aligns with established practices and contributes to the advancement of the field.
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4.3 Packaging considerations

In order to ensure a consistent and standardized design approach, we opted for a unique design for
all of the dies used in this thesis. To achieve this, we selected the QFN64[335]-[337] (Quad Flat
No-Lead 64) design structure, which provided us with a versatile and accessible layout for our
experiments and analyses. This package is shown in Figure 15.

QO

e

0,70 + 0,05

ﬂ

7152008
. REF

DES)

B0 £0005 950 £0.06

-
w

7.15 005

ﬂﬂﬂﬂﬂﬂﬂgﬂﬂﬂﬂﬂﬂ

[ i iy aiaayilagigiy

ba—0.25 s0.05
0.50 BSC

-00B3058a) 00— e

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS
APPLY SOLDER MASK TO AREAS THAT ARE NOT SOLDERED

800010 0.75 £ 0.05 Ri=0.115

r"— 4 SIDES) | i A=t ”P-l 63 64 }

IN 1 TOP MARK UUUUUUUUUUUUUUUU;'”t"f”':I
@ :\( S ; i

750 REF _
(4-SIDES)

5010 —=|

|
!
!
!
|
i
!
|
i
JUUUU0UOU00T

ﬂﬂﬂﬂﬂﬂﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂ

i
|
i
|
i
!
]

—_-I_”——n.zmaEF ~|_| l—azeanos
NOTE: e (.00 - 0.05 L s .50 BSC
1. DH.‘}\WING CONFORMS TO JEDEC PACKAGE DUTLINE MO-220 VARIATION WHJR-5 BOTTOM VIEW—EXPOSED PAD
2. ALL DIMEMSIOMS ARE IN MILLIMETERS

3. DIMENSIONS OF EXPOSED PAD ON BOTTOM OF PACKAGE DO NOT INCLLUDE
MOLD FLASH. MOLD FLASH, IF PRESENT, SHALL NOT EXCEED 0.20mm ON ANY SIDE. IF PRESENT

Figure 15. QFN 64-Lead package

The utilization of the QFN64 design structure offered several advantages. Firstly, it facilitated easy
access to various components and test points within the die, enabling efficient probing and
measurements. This accessibility played a crucial role in accurately characterizing the performance
and behavior of the devices under investigation.
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Furthermore, to enhance the uniformity and symmetry of the design, we implemented a quarter-
repeating pattern in each corner of the die. This rotational symmetry ensured that each section of
the die mirrored the others, allowing for consistent and balanced electrical properties throughout
the entire device.

By adopting the QFN64 design structure and incorporating rotational symmetry, we aimed to
streamline the fabrication and characterization processes while maintaining design consistency.
This approach not only improved the reliability and reproducibility of our results but also
facilitated comprehensive analysis and comparison across different sections and dies within the
thesis.

These designs are shown in Figure 16. Corbino transistors (Figure 16.a) have been used in parallel,
with varying numbers of transistors paralleled in each section. Each Corbino transistor has a size
of W=1960 and L=4. The first set has four parallel Corbino transistors, the second set has eight
parallel Corbino transistors, the third set has two parallel Corbino transistors, and the last set has
just one parallel Corbino transistor.

Figure 16.b, the second design incorporates interdigitated transistors of varying sizes to produce
varied sensitivity ranges on a single chip. The first circuit utilizes W/L ratios of 980, while the
second circuit employs ratios of 1960 and the third circuit uses ratios of 3920. The final set of
interdigitated transistors uses a W/L ratio of 2940 as well. The interdigitated transistor design uses
a variety of W/L ratios across all of the transistors, in contrast to the Corbino transistor design,
which uses parallel transistors. With this method, designers can alter the transistors' sensitivity and
linearity in accordance with certain circuit needs, producing dependable and customized
performance.

On the other hand, in Figure 16.c, a different design approach is adopted using interdigitated
transistors with a consistent W/L ratio of 980. This design simplifies the circuit design process by
eliminating the complexity of varying transistor sizes. By using matching transistor sizes, a more
uniform performance across the circuit is achieved. The redundancy offered by interdigitated
transistors with the same W/L ratio becomes advantageous, as it enhances circuit reliability.

In the event of a transistor failure, having identical-sized transistors allows for backup
functionality, particularly critical in applications where a defective transistor can lead to severe
consequences. However, it is important to note that this design strategy may limit the flexibility to
customize the transistors' performance properties. Therefore, a thorough optimization of the circuit
characteristics is required to strike the right balance between benefits and drawbacks, as previously
discussed.

The advantages of Corbino and interdigitated transistors are combined (Figure 16.d) in the
interdigitated/Corbino architecture. Corbino transistors can be chosen in this architecture from a
group of interdigitated transistors using MUXs. This provides a compromise between the
advantages of both types of transistors and allows for greater flexibility in circuit design.

The circuit's flexibility to accommodate varied requirements and standards is further improved
using interdigitated transistors with a variety of W/L ratios and the ability to parallel varying
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numbers of Corbino transistors in various regions of the circuit. The use of interdigitated transistors
with the same W/L ratio also adds redundancy, enhancing the circuit's overall reliability.
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Figure 16. four designs that use the ISFET topology: (a) Corbinos with varying W/L ratios, (b) interdigitated
structures with different W/L ratios, (c) interdigitated structures with similar W/L ratios, and (d) a combination of
Corbinos and interdigitated structure.

A straightforward 90-degree rotation of the die can give access to similar transistors because each
quarter of the dies is repeated four times on each die. This design strategy not only makes it simpler
to test and characterize the transistors. Rotational access to similar transistors makes it possible to
create intricate circuits that need many transistors with the same or similar properties.

The advantages of Corbino and interdigitated transistors are combined (Figure 16.d) in the
interdigitated/Corbino architecture. Corbino transistors can be chosen in this architecture from a
group of interdigitated transistors using MUXs. This provides a compromise between the
advantages of both types of transistors and allows for greater flexibility in circuit design. The
circuit's flexibility to accommodate varied requirements and standards is further improved using
interdigitated transistors with a variety of W/L ratios and the ability to parallel varying numbers of
Corbino transistors in various regions of the circuit. The use of interdigitated transistors with the
same W/L ratio also adds redundancy, enhancing the circuit's overall reliability. Table 2 presents
the various types and sizes of W/L (width-to-length) ratios employed in this design. As evident
from the data presented in Table 2, the corbino ISFETs occupy significantly larger areas compared
to the interdigitated ISFETs.
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Table 2. Different Types and Sizes of W/L Ratios in the different chips implemented.

Type No. of W/L Area (pm?) Chip
transistors

Corbino 1 1960/4 = 490 445628.3072 (a)

Corbino 2 parallel 3920/4 =980 1108114.167 (a), (d)

Corbino 4 parallel 7840/4 = 1960 1729239.002 (a)

Corbino 6 parallel 11760/4 = 2940 2596160.980 (d)

Corbino 8 parallel 15680/4 = 3920 3432244521 (@)
Interdigitated 1 3920/4 =980 49728 (b), (c)
Interdigitated 1 7840/4 = 1960 93240 (b)
Interdigitated 1 11760/4 = 2940 135884 (b), (d)
Interdigitated 1 15680/4 = 3920 177240 (b)

4.4 Characterization & Test

To assess the performance of the transistors in the EG-ISFET sensors and OTFT MUXs
configuration, a series of preliminary characterization experiments were carried out. These
experiments played a crucial role in gaining valuable insights into the behavior and efficiency of
each transistor, with a specific focus on extracting its threshold voltage (V). To ensure accurate
and consistent measurements, the experiments were conducted under tightly controlled
environmental conditions, including fixed bias, and temperature.

By employing the B1500 Keysight and leveraging the expertise available at Integrated Circuits
and Systems Testing Laboratory from the Institute of Microelectronics of Barcelona (IMB-CNM-
CSIC) [338] facility, which offers cutting-edge capabilities for testing and characterization
purposes, we were able to obtain comprehensive data regarding the electrical behavior of the
transistors. This information was pivotal in assessing and optimizing the performance of the EG-
ISFET sensors and OTFT MUXs configuration. The controlled experiments, carried out in a state-
of-the-art facility, allowed us to draw meaningful conclusions about the effectiveness and
efficiency of each transistor, enabling further enhancements and refinements to be made.

These preliminary tests uncovered crucial information about the functionality and behavior of each
transistor. According to the results, the MUX transistors had the lowest Vi, values, suggesting they
could be the most susceptible to environmental changes. This information was instrumental in
further testing and adjustment of the sensor structure.

4.5 Device Characterization

To evaluate the performance of different transistors in the EG-ISFET sensor and OTFT MUX
configuration, we conducted preliminary characterization experiments. These experiments
provided vital insights into the behavior and efficiency of each transistor by extracting its Vi, or
threshold voltage. By measuring the Vi, we could determine the voltage at which the transistor
begins to conduct and understand its operating characteristics. Figure 17 and Figure 18 show the
arrays that are generated to measure I-V curves of transistors.
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Figure 17. Photo of the fabricated array of interdigitated transistors

Figure 18. Photo of the fabricated array of Corbinos

The preliminary characterization experiments were conducted in controlled environments with
fixed bias. This ensured consistent and reproducible results, allowing us to compare the
performance of each transistor accurately. The experiments involved applying varying voltages to
the transistors while monitoring their response, specifically focusing on the Vi values. These
preliminary tests uncovered crucial information about the functionality and behavior of each
transistor. By analyzing the Vu values, we gained insights into the electrical properties and
sensitivity of the transistors.

Once we obtained the Vi values for each transistor in our EG-ISFET sensor and OTFT MUX
configuration, we were able to determine the optimal effective voltages. To enhance the gain and
precision of the sensor, we selected the most effective voltages for each transistor. Our careful
selection of voltages ensured that the sensor could detect even the smallest changes in its
environment. To ensure the sensor's optimal performance in a variety of real-world applications,
we employed these adjusted voltages in additional testing and calibration of the sensor.

To enhance the sensitivity and precision of the sensor, we carefully selected the most effective
voltages for each transistor based on their Vi, values. These optimized voltage levels were chosen
to ensure that the transistors operated within their desired range, maximizing their performance
and sensitivity. By utilizing these adjusted voltages, we aimed to improve the overall performance
of the sensor in detecting and measuring target analytes.




To validate the effectiveness of the adjusted voltages and ensure the sensor's optimal performance
in a variety of real-world applications, we conducted additional testing and calibration. This
involved subjecting the sensor to different environmental conditions and measuring its response.
By comparing the obtained results with the expected values, we could assess the accuracy and
reliability of the sensor.

The I-V curve illustrates the relationship between the applied voltage and the resulting current
flowing through the transistors. Based on the obtained results, a clear relationship between the Vi
and the back-gate voltage (Vpack-gate) Of the transistors can be observed. It is evident that as the
Vhack-gate VOltage increases, the Vi, of the transistors decreases. The decrease in Vi, with an increase
in Vpack-gate VOltage suggests that a higher back-gate voltage facilitates the conduction of current
through the transistors at lower applied voltages. This finding has practical implications for device
design and operation, as it indicates that adjusting the back-gate voltage can effectively modulate
the transistor's behavior and optimize its performance.

These preliminary tests uncovered crucial information about the functionality and behavior of each
transistor. During this test, the voltage of V4¢ was maintained at a fixed value of -5V. The Viack-gate
and Viep-gate 0f the OTFTs were systematically varied to extract the Vi of each transistor. This
information was instrumental in further testing and adjustment of the sensor structure. As the back
gate voltage decreases, the threshold voltage increases. This behavior is evident in the data
presented in Table 3, where the results for a back gate voltage of -38V are provided. According to
the definition, Vin,1na represents the gate voltage intercept when the drain current is equal to 1nA
for a specific channel length (L) and width (W). In Figure 19.a, the I-V curve illustrates that a
drain current of 1nA intersects with the curve at a gate voltage of 9.5V when the back gate voltage
is set to -38V. This behavior is observed consistently across the other OTFT structures tested.
However, an interesting observation can be made when the Viack-gate 1s increased to 0. In this case,
it becomes evident that the interdigitated transistor with double the channel width experiences
significant stress and ultimately fails under the same voltage condition of -27V. On the other hand,
the corbinos structure (Figure 19.b) demonstrates remarkable stability under different Vpack-gate and
Viop-gate conditions. The corbinos configuration, with its distinct design and electrode arrangement,
exhibits a robust performance and maintains its functionality even under varying voltage biases.

1_Drain Norm LW & N(I_Drain Norm LW) vs. Vtop_gate 1_Drain Norm LW vs. Vtop_gate
Width Width

(@) ®)

Figure 19. I-V curves for interdigitated OTFTs with W/L = 3920/4
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Table 3. Variation in Vi for OTFTs at Vback-gate = -38V

Type W/L Vih,1nAmean(V)
Corbino 490 12.8+6%
Interdigitated 980 9.5+5%
Interdigitated 1960 9.6+5%
Interdigitated 2940 9.7+5%
Interdigitated 3920 9.8+5%
Interdigitated (MUX) 9800 9.9+5%

The extraction script used to obtain the Vi, values from the I-V curves is provided in Appendix A.
This script serves as a valuable tool in automating the data extraction process, ensuring accuracy
and efficiency. By following the steps outlined in the script, researchers and practitioners can
replicate the Vi extraction procedure and obtain consistent results. The script incorporates the
necessary calculations and algorithms to extract the threshold voltage from the I-V curve data,
considering the specific characteristics and parameters of the transistors under investigation. Its
inclusion in the appendix allows for easy reference and provides transparency in the research
methodology.
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Figure 20. Mobility test of dual gate transistors

Figure 21 illustrates the fabricated design for different dies, showcasing the variations and
diversity in the physical realization of the design across multiple instances. Figure 22 shows the
fabricated dies, which have been successfully produced on a 4-inch glass substrate provided by
SmartKem.

The code found in Appendix B serves the purpose of generating interdigitated designs within the
Glade software. It provides the necessary code to create intricate interdigitated patterns efficiently.
By referring to this code, users can replicate or modify interdigitated designs with ease, enhancing
their productivity and flexibility in the design process.
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Figure 21. fabricated dies by SmartKem (a) all-corbinos design (b) all-interdigitated with different W/L ratio design
(c) interdigitated/corbino design (d) all-interdigitated with same W/L ratio design
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g

Figure 22. Fabricated dies on a 4inch square substrate
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4.6 Performance Tests

In this section, we will delve into the performance of the conducted tests and thoroughly examine
the obtained results. We will analyze the data to gain a deeper understanding of the outcomes and
draw meaningful insights from them. The results obtained from the tests will be subjected to
comprehensive analysis, enabling us to explore the underlying trends and patterns.

The performed tests have provided valuable insights into the behavior and characteristics of the
components under investigation. By carefully examining the obtained results, we can uncover
important information regarding their performance and functionality. The analysis will involve
studying various parameters, such as current-voltage (I-V) curves, threshold voltage (Vi), and
other relevant measurements. These results will be crucial in evaluating the suitability and
effectiveness of the tested components for their intended applications.

Through meticulous data analysis, we will aim to draw meaningful conclusions and identify any
noteworthy observations or trends. The obtained results will be compared and contrasted, enabling
us to identify any significant variations or dependencies. By delving deeper into the data, we can
gain a comprehensive understanding of the behavior of the components and make informed
interpretations. This analysis will serve as a foundation for further optimization and refinement of
the components, allowing for enhanced performance and functionality.

To evaluate the operational capabilities of the MUX and EG-ISFET sensors, our experimental
setup involved the utilization of the Analog Discovery 2 [339] in conjunction with a standard
power supply unit. In order to establish a consistent measurement system, we maintained fixed
voltages for Vpp, Vss, and Vgg. By configuring the measurement system accordingly, we
systematically varied the voltage applied to the top gate of the EG-ISFET sensor and concurrently
measured the resulting output current. At each step of the voltage sweep, we diligently recorded
the corresponding values to capture the comprehensive characteristics of the sensor. Throughout
the testing process, we ensured the uninterrupted connection of each sensor to the MUX, thus
enabling reliable and continuous data collection. Notably, the experimental tests were conducted
under controlled UV-light conditions, known to enhance the performance of OTFTs and provide a
more representative assessment of their functionality.

The primary objective of the sensor circuit functionality test was to validate the proper functioning
of both the EG-ISFET sensor and the analog MUX. To achieve this, we meticulously examined
the performance of the MUX in terms of its ability to effectively control the signal flow originating
from the various OTFT sensors. Additionally, we verified the accuracy of the transfer function
between each OTFT MUX channel and the resulting output current. This transfer function was
assessed by measuring the voltage across a resistor load. This comprehensive testing process
enabled us to confidently ascertain the overall functionality and performance of the EG-ISFET
sensor and analog MUX within the sensor circuit.

4.6.1 Multiplexing function
MUX OTFTs have been designed such that their W/L is much larger than the ISFET one to
maximize sensitivity. All our designs have the same size W/L = 39200/4 (all dimensions are um).
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To test the multiplexing function, we set the voltages in the electrical nodes of schematic of our
sensors represented in section 4 and according to the Table 4. And to convert the output current to
a measurable voltage, a 1MQ resistor was utilized during the testing phase. This resistor served
the purpose of converting the varying current signals into corresponding voltage values. The
obtained results, depicted in Figure 23, demonstrated the behavior of the input signal applied to
the EG-ISFET electrode as it passed through the MUX under different control voltage conditions.

When the control voltage of the MUX was set to -10V, representing an "on" state, the input signal
(-5V to +5V ramp signal) experienced maximum output range as indicated by the bottom blue
curve in Figure 6. Conversely, when the MUX voltage reached +8V, indicating an "off" state, the
output range was reduced to a minimum of 0+0.01V, as shown by the top green curve. This
behavior confirmed that the MUX effectively blocked the input signal from reaching the output in
the "off" state, while allowing it to pass through and achieve the maximum output range in the
"on" state. To ensure clarity in Figure 23 and highlight the behavior of the output signal, the
applied input ramp signals for the various MUX control voltages were intentionally misaligned
and not included in the illustration. This decision was made to better illustrate the distinctive output
signal response corresponding to different MUX control voltage settings.

Table 4. Input values ranges for multiplexer test (dynamic)

1/0 Dir. Unit Value

Vop Input Voltage -5
VBGmux Input Voltage -38
VBG sensor Input Voltage -38
V16, mux Input Voltage -10 ~ +8
VG sensor Input Voltage -5~+45
Source Output Current Measure

(a) (b)

Figure 23. Signal propagation from the EG-ISFET gate to the output of the MUX for different top-gate voltages and
(a) an interdigitated and (b) a Corbino topology (W/L = 3920/4 for both)

Corbino transistors exhibit a faster response from input to output compared to other transistor
configurations. This characteristic is manifested by the presence of less curved responses in the
output. The reason behind this behavior lies in the larger output capacitance per width of the
Interdigitated topologies employed in Corbino transistors. The larger output capacitance per width
in the Interdigitated topologies allows for a more efficient transfer of signals from the input to the
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output. This increased capacitance enables a higher rate of charge/discharge, resulting in a faster
response time. As a result, the output waveform of Corbino transistors appears less curved,
indicating a more direct and rapid transition from the input to the output. By leveraging the
advantages of the Interdigitated topologies, Corbino transistors demonstrate enhanced
performance in terms of speed and responsiveness. This makes them a favorable choice in
applications where fast signal processing and efficient signal transfer are crucial.

4.6.2 Global sensing function

In this section, our objective is to examine the global transfer function that describes the
relationship between the voltage applied to the input of the ISFET and the resulting output current
after passing through the analog MUX. To facilitate this analysis, we employ a 1M£Q resistor at the
output, which enables us to convert the output current into a corresponding voltage. This
conversion is essential for obtaining accurate transconductance values for each of the circuit
designs under evaluation. The outcomes of these tests are presented in Figure 24, where each bar
represents the output current observed when the input signal is a square spanning from -5V to 5V.
By analyzing the variations in output current for different input voltage levels, we can determine
the transconductance values, which allows us to evaluate the effectiveness and efficiency of the
circuit designs.
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Figure 24. Global transfer function results showing the relationship between the input voltage applied to the ISFET
and the corresponding output current after passing through the analog MUX.

4.6.3 Transconductance results
The Transconductance findings from the experimental measurements are shown in the Table 5.
Brotherton [340] suggested calculating the transconductance (gm) based on the following formula:

dlg  pWGVp
av, L

9m

By considering a capacitance value of Ci = 6 nf/cm?, we can calculate the transconductance for
different transistor designs. By calculating the transconductance, we can assess the effectiveness
of the transistor in controlling the flow of current through the channel.
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Table 5 shows the summary of these findings offers a thorough comparison of the improvements
made by various design configurations during the final test. The table makes it simple to evaluate
each design's performance and makes it easier to determine which design is the most profitable. It
is possible to learn a lot about the amplification potential and effectiveness of the various
configurations by analyzing the gains made by each design. For assessing and choosing the best
design for a given application, the gain values achieved are crucial information. Measurements
have been done on 8 different chips fabricated in the same run.

Table 5. Transconductance comparison between different design under Vg, mux =-10

No. Design topology gm
1 1 Corbino (W/L=1960/4) 1.18e-07+5%
2 2 Corbinos (W/L=3920/4) 1.21e-07+5%
3 4 Corbinos (W/L=7840/4) 1.44e-07+5%
4 6 Corbinos (W/L=11760/4) 1.35e-07+5%
6
7
8

Interdigitated (W/L=3920/4)  1.49e-07+5%
Interdigitated (W/L=7840/4)  1.47e-07+5%
Interdigitated (W/L=11760/4) 1.09e-07+5%

Measurements for both the 8 corbinos (5.76e-08+5%) and large (W/L=15680/4) interdigitated
(8.90e-08+5%) designs exhibit a decrease in the output voltage, suggesting that the input voltage
needs to be lower than -5V to achieve maximum output range and the corresponding accurate
transconductance.

4.7 Further advantages

Modern IC fabrication in the CMOS technology nodes requires a lot of power and has a significant
environmental impact [68]. Smartkem offers a more energy-efficient and eco-friendly alternative
with its organic electronics process. Moreover, Smartkem organic electronics process involves
organic materials and fewer steps than the CMOS process, which reduces the greenhouse
emissions.

One of the most scalable and efficient techniques for coating large areas with minimal material
loss is slot-die coating, which is widely used in display production lines. Smartkem inks are
designed for slot-die or spin coating, but they can also be adapted for digital printing (ink-jet) with
further development to achieve the same high uniformity. The spin coated OTFT devices have
mobilities of 2.5cm?/Vs at short channel with low variability (<10%) and turn on voltage of +2V
to +4V (on single gate transistors). The baking steps for the semiconductor and dielectric are
mainly for solvent evaporation, so they can be easily reduced without affecting the performance
or stability of the transistors. The technology is focused on the redesign of cross-linking chemistry
of the passivation material, which can be replaced by more intense UV light exposure and lower
temperature baking while the rest of fabrication steps can be changed without any measured impact
, and the photolithographic ones lowered in temperature with acceptable changes in dimension of
processed features.
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It has recently demonstrated the lowering of the complete fabrication process temperature from
180°C down to 80°C [69]. This ecofriendly fabrication process will: (1) require overall lower
energy use in manufacturing (since no PECVD is required); (2) use wider choice of plastics with
improved properties concerning transparency, biodegradability (<12 months), bio-derived (e.g.
cellulose), low-cost and (3) be able to be integrated with other processes without destroying their
devices (e.g. OTFT backplane could be processed on top of the OLED device) that also open
potential for R2R manufacturing.

Smartkem is one of the first companies to enable digital design on OFETs (organic field-effect
transistors) with non-complimentary logic and 3V power supplies. This creates new opportunities
for fully designing OE (organic electronics) computers, but these computers require rethinking all
design decisions from scratch.

Smartkem devices fabricated on flexible substrates show good performance with bending [70]
what allows adapting their sensors and circuits to different environments (wearables, industrial,
etc.). A less than 18% positive Vr shift in OTFT devices is observed in the atmosphere under
different bending conditions. That degradation comes from two mechanisms: the contribution of
oxygen for a positive Vr shift and the contribution of mechanical tensile bending stress for a
negative one. The main difference in degradation is the change in the molecular distance due to
different bending conditions (tensile/compressive).

Figure 25 illustrates our design (together with other designs) implemented on a PEN (polyethylene
naphthalate) substrate. The PEN substrate offers several advantages, such as flexibility, durability,
and chemical resistance, making it suitable for various applications in flexible electronics. By
utilizing the PEN substrate, the overall device becomes lightweight and bendable, allowing for
seamless integration into wearable devices, flexible displays, and other portable electronic
systems. The implementation on PEN demonstrates the feasibility of fabricating complex
electronic circuits on flexible substrates, opening up new possibilities for the development of
flexible and portable electronic devices.
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Figure 25. Implementation of several designs (including our sensors) on a flexible PEN substrate from Smartkem.
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Chapter 5. Towards building more complex EG-ISFET arrays

In order to build more complex arrays with some digital control management embedded into the
same chip, we started building a set of digital cells (library) aimed to be used on a classical back-
end ASIC design flow. This way we will be able not only to handle the control of the multiplexing
signals but also to embed a digital core to communicate with MCUs with a reduced number of
input-output signals using common light protocols such as 12C or SPI.

Building that PDK requires several steps: (1) Defining a set of rules that will be common for all
cells in the library (such as a common cell height); (2) Deciding the set of cells available in de cell
library; (3) Designing the layout of these cells; (4) Fabricating and characterizing the performance
parameters of the cells (capacitances, delays, energy consumption); and (5) building de set of files
required but the IC design tools since all tools use almost the same format and data structures.

In this way, technology-specific data is converted by semiconductor foundries into a set of library
files and programming scripts that may be used with commercial Electronic Design Automation
(EDA) products [341]. A process design kit (PDK) is what these scripts and libraries are known as
specifically.

Even that Moore’s law seems to be ending for the silicon microelectronics when reaching the
physical limits for devices, the evolution of silicon microelectronics is still alive nowadays as a
worldwide deployment of foundries from major companies (TSMC, Intel, Global Foundries,
Samsung, ...) of advanced technology nodes as formerly predicted by International Technology
Roadmap for Semiconductors (ITRS) and currently by International Roadmap for Devices and
Systems (IRDS) [342]. Consequently, EDA tools and virtual components (IP) complexity has been
evolving following the wave of manufacturing technologies also increasing complexity and cost.

Consequently, IC design and related training at under-graduate and post-graduate studies got
difficult to follow that wave, even if the EDA tool providers facilitate tool and methodology
trainings. Something similar happened with research activity due to the high cost of the tight chain
founder-EDA-IP that require a many-man-power effort to build complex chips for research
validation purposes, except for the cases when FPGAs can be used, with the corresponding penalty
in energy, speed and portability.

To answer this problem several initiatives appeared that have been quickly diffused among the
university research community. I grouped those different initiatives as OpenHW.

First great initiative was the offer of free silicon access through the eFabless.com Open MPW
Program, sponsored by Google, on Open-source PdK for the 130nm CMOS from Skywater[343],
As said by them, the shuttle program is open to anyone, provided that their project is fully open
source and meets the other program requirements. Costs for fabrication, packaging, evaluation
boards and shipping are covered by Google. Its currently in its 7™ edition.

Second even great initiative was to integrate different existing open-source tools to build consistent
EDA tool chains and methodologies for back-end digital design. OpenLane[344], [345], derived
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from the OpenRoad project[346], consisting in integrating different existing open-source tools on
a reliable methodology to build digital circuits from technology independent HDL (Verilog)
descriptions. The success of the eFabless.com Open MPW Program is partly due to the use of
OpenLane to build the circuits on the Skywater open source 130nm PDK. The Google SkyWater
130A open source PDK, is a joint venture between Google and SkyWater Technology foundry. It
is used by OpenLane as its default PDK and provides a fully open-source Process Design Kit and
associated materials. Designs can be created using this PDK to be later manufactured at SkyWater's
facilities.

Third world-wide initiative is the widely diffused royalty-free open ISA for RISC-V [347] with
many different deployment resources (e.g., HDL HW code, SW & OS resources, prototyping &
deployment platforms). It boosted up the research of architectures and implementations for
different domains: from ultra-low power devices (e.g., Pulpino [348] or SERV [349] platforms)
to high-performance computer (HPC) oriented to vectorial processing (e.g.,[350]).

We strongly believe that the field of flexible digital electronic circuits can greatly benefit from the
current wave of technological advancements, making their implementation more accessible and
increasing their widespread adoption. One key advantage of these circuits is their expected low
fabrication cost, which can significantly reduce the traditionally high costs associated with
Application-Specific Integrated Circuits (ASICs) and provide easier access to virtual components
for rapid system development, albeit with less complexity compared to silicon-based counterparts.

To support this vision, we have embarked on a project to develop open-source PDKs and customize
EDA tools specifically for flexible digital circuits. Our initial focus is on building a 2.5um PDK
based on the Smartkem PMOS process, along with tailoring it to seamlessly integrate with the
OpenLane EDA tools and with the goal of incorporating a RISC-V instance. Through these efforts,
we aim to encourage a transition from traditional silicon designers to the realm of flexible digital
integrated circuits, particularly in the realms of education and research.

By providing open-source PDKs and adapting EDA tools, we hope to democratize the
development and utilization of flexible digital circuits, empowering a broader community of
designers and researchers to explore their potential. This initiative seeks to foster innovation,
collaboration, and knowledge-sharing in the field while driving advancements in flexible
electronics.

5.1 Digital circuits with flexible organic electronics technologies

The history of digital IC implementations allows analysing their increase in according to
technology evolution that impacts transistor count and transistor density. Initial circuits were
implemented in PMOS or NMOS processes and later CMOS has been predominant. Remember
that their corresponding transistor count per n input inverting gate is (n+1) in NMOS and 2n in
CMOS. Looking at the implementations reported at the Wikipedia [351] and selecting only those
below 800nm (shown in Table 6) we can get an estimate based on the CPUs released to the market.
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Table 6. Early silicon CPU implementations

Processor Tr count Date Tech (nm) Area (mm?)  Tr density
Intel 4004 2250 1971 10000 12 188
Intel 8008 3500 1972 10000 14 250
Intel 4040 3000 1974 10000 12 250
TMS 1000 8000 1974 8000 11 727
MOS Tech 6502 4528 1975 8000 21 216
Toshiba TLCS-12 11000 1973 6000 32 344
Motorola 6800 4100 1974 6000 16 256
Intel 8080 6000 1974 6000 20 300
Motorola 6809 9000 1978 5000 21 429
RCA 1802 5000 1976 5000 27 185
Zilog Z80 8500 1976 4000 18 472
Motorola 68000 68000 1979 3500 44 1545
Intel 8085 6500 1976 3000 20 325
Intel 8086 29000 1978 3000 33 879
Intel 8088 29000 1979 3000 33 879
WDC 65C02 11500 1981 3000 6 1917
Intel 80186 55000 1982 3000 60 917
WDC 65C816 22000 1983 3000 9 2444
ARM 1 25000 1985 3000 50 500
Motorola 68020 190000 1984 2000 85 2235
ARM 2 27000 1986 2000 30 893
Intel 80386 275000 1985 1500 104 2644
Intel 80286 134000 1982 1500 49 2735
DEC MultiTitan 180000 1988 1500 61 2951
ARM 3 310000 1989 1500 87 3563
R4000 1350000 1991 1000 213 6338
Motorola 68030 273000 1987 800 102 2676
Intel iI960CA 600000 1989 800 143 4196
Hitachi SH-1 600000 1992 800 10 60000
Pentium 3100000 1993 800 294 10544

If we look at the circuit implementations published using organic electronics technologies in Table
7, we can observe that they are far from these number probably because they include few memories
(highly dense structures) and are not done full custom.

Table 7. Early organic IC implementations

Processor Dev count Date Tech (nm) Core (mm?) Trdens
IMECPragmatIC 6502 16392 2022 800 24,9 658
PragmatlIC Cortex-M 56340 2021 800 59,2 952
UMan. BNN FlexIC 3500 2020 800 5,86 766
UMan. Dedicated ML 3000 2019 800 5,6 559
IMEC RFIDtag 8000 2017 10000 50,55 34
IMEC 8-bit ALU 4528 2016 5000 225,6 16

Nevertheless, we can see from both tables that with a 2.5um process, we can reach something like
30 tr/mm? (but a large surface with good yield is available).
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Area, speed and power efficiency of a circuit are determined by standard cell library, circuit
structure for its optimization, delay requirements, etc. Efficiency for one metric does not
necessarily indicate that for another, and comparing logical designs based on variations in gate
count is not a reliable way to determine how well-designed their expected hardware is.
Comparisons are often done based on benchmark designs (ISCAS85 for combinational circuits,
ISCASS89 for sequential circuits, ITC99 for test). The gate count is only a good representative of
the design area in low-speeds, and it is never a proper indicator for power consumption.

Several European foundries (PragmatIC, KIT & InnovationLab, Smartkem, IMEC) are
considering offering their flexible organic electronics IC PDK (e.g., under the Europractice
framework) as recently presented in webinars.

5.2 Open-PDK proposal for Smartkem 2.5uM PMOS

However, switching to organic semiconductors presents a number of new challenges, including a
roughly 1,000-fold decrease in electron mobility compared to silicon, a requirement for unipolar
design due to the typical p-type and n-type high-performance organic semiconductors, a larger
minimum feature size limited by material degradation and dissolution during photolithographic
patterning, and a significant variation in device current and threshold voltage.

Our design flow is based on building a PDK and tailoring it for OpenLane, the automated flow
from RTL to GDSII. OpenLane is built on a variety of OpenROAD, Yosys, Magic, Netgen, CVC,
SPEF-Extractor, CU-GR, Klayout, and other custom scripts for design exploration and
optimization. The flow carries out all ASIC back-end implementation processes, starting with RTL
HDL Verilog code and ending with GDSII descriptions for the layout masks. As for OpenRoad,
PDF information follow OpenDB [352] and allows LEF/DEF conversion with RosettaStone for
(1) Creating OpenDB databases from bookshelf and PDK information; (2) Missing information
(e.g., cell types) are populated based on target PDK; (3) Existing macro blocks are properly scaled
based on placement site definitions; etc.

OpenLane can work with any PDK that fulfils its requirements. OpenLane flow is composed of 39
stages. In the case of SmartKem 2.5um PDK, only 2 metal layers are used for routing.
Consequently, OpenLane transistor density decreases, and runtime increases significantly
compared to Skywater PDK with 5 routing metals layers.

To build and add a new PDK platform in OpenLane, key technology and library components must
be provided based on the technology node information. To get the proper design and physical
layout for a PDK for SmartKem 2.5um PMOS technology, several files and information must be
submitted, that derive from the standard silicon CMOS PDK procedures[353].

The first step is to create a Design Exchange Format (.def) file that will be used at any stage of the
layout generation process. Then, a Liberty (.lib) file must be generated for the standard cell library
that contains input and output characteristics for every cell including area, timing and power
parameters. The Liberty Timing Model (.lib) must be created next (NLDM). Generating the
Liberty Wire Load Models (.lib) to account for parasitic estimations based on each net fanout can
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also crucial (but not as much as for submicron processes). The HDL synthesis should ideally permit
back-annotation of parasitic information. Finally, the Library Exchange Format (LEF) contains
technological data on the design requirements for metal layers, vias, and spacing. The Macro LEF
file of the standard cell PDK contains input/output pin designations along with MACRO
specifications for every cell. The last step is A mapping from LEF/DEF to GDS layers and
datatypes, which Klayout has been selected in this PDK.

Floor planning is supported by OpenLANE at both the entire chip top level and for soft macros.
OpenROAD's integrated floorplanner and I/O placer is used by OpenLANE for soft macros [6].
Using the mapped netlists, the floorplanner creates a Design Exchange Format (DEF) file that
specifies the macro die and core sizes. Additionally, it specifies the rows and tracks that will be
utilized for standard-cell routing and placement. The generation of the power distribution network
is done as part of the floorplan process. Around the macro core, OpenLANE builds power rings
and straps that run horizontally and vertically. Decoupling capacitors and tap cells (if necessary)
are positioned in the macro core area's open spaces at the conclusion of the floorplan stage.

For proper function of the typical cell-based physical design flow, we must also supply technology-
dependent data, such as design rules, layer mapping, and parasitic models. The PDK
must contain each of these files. The four separate mask layers of the described OTFT technology
are listed in Table 8 along with the fundamental design principles for each layer. The design
guidelines were produced by Smartkem group and are based on the alignment limitations and
fabrication experiences of our standard OTFT fabrication cycle.

Table 8. layer map

Layer name Description Mask depth Min width Min spacing
BG Back gate metal (Ti) 100nm 3.5um 2.5um
SD Metal layer for SD (Au) 50nm 3.5um 2.5um
TG Top gate metal (Au) 50nm 3.5um 2.5um
PAS1 Via layer (SU8) lum 3.5um 2.5um
Gate Interconnection metal (Au) 50nm 3.5um 2.5um

5.3 Cell library proposal

Nowadays, deployed OTFT circuits are still frequently device-based, and designers must hand-
draw large final circuit designs, which is a non-scalable method of creating complex systems. The
community must adopt a standardized design methodology and implement strict verification to
facilitate the design of organic circuits and guarantee good yield for complicated circuit systems.
We describe the creation of an organic standard cell library based on experimentally constructed
and measured OTFTs in this section.

Current standard cell layout designs adhere to a particular architecture, which calls for a
predetermined standard cell height in terms of horizontal metal routing rails. This is compatible
with the back-end design flow's positioning of standard cells and power/ground rails in horizontal
rows and are following 13 tracks structure.
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There are three types of ratioed logic, each determined by the polarity of the threshold voltage: (1)
Biased-load, (2) diode-load and (3) Zero-Vs, which, depending on the device properties and circuit
performance, each has advantages and disadvantages. Even though they have simpler
architectures, biased-load and diode-load inverters perform poorly. The additional Zero-Vg;s
included in the pseudo inverter, on the other hand, allows the bias voltage of the load transistor to
vary depending on the input voltage and offers a rail-to-rail output voltage swing. With the Zero-
Vs, the pseudo inverter's performance improves significantly. The pseudo-type inverter was
chosen as the design style for the entire library despite requiring twice as many transistors since it
offers more controlled and desirable performance.

When compared to a diode-load inverter which is shown in Figure 26 (a), the Zero-Vgs inverter,
displayed in Figure 26 (b) produces gains and noise margins that are comparatively high. The
larger gain of the first one reasons why it is currently quite frequent in an OTFT-based circuit
design, despite there being some speed and robustness against big threshold voltage variation
limitations. Additionally, pentacene is the industry standard for organic electronic circuitry's
semiconducting materials, and pentacene OTFTs frequently exhibit depletion-mode p-type
behavior with a positive threshold voltage (V1>0). Therefore, Zero-Vgs is more frequently utilized
in modern organic circuits[353].

The suggested standard cell library has nine fundamental logic cells that can be utilized to
implement all necessary logic functions. We exclusively employ organic p-type TFTs in this work
since they perform and operate more reliably than n-type TFTs.

Backgate | Vin

@) (b)
Figure 26. different type of inverter topologies (a) Diode load (b) Zero Vas

The cell library includes a variety of combinational gates (from NOR2 to AOI23) and sequential
gates (DFF, DFFS, DFFR) that operate at 3.3V and 5V supply voltages, as well as some macrocells
built with them. PVT characterization is currently underway to complete the entire PDK and all
cell datasheets. Table 9, provides an overview of the cell libraries used in our study, along with
the corresponding number of transistors and their respective areas (one finger transistors).
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Table 9. Cell Library Information

Cell Library Number of Transistors Cell Width Area (Um?)
Inverter 2 68.5 11028
NOR2 3 95 15295
NOR3 4 1215 19561
NOR4 5 148 23828
NAND2 3 90 14490
NAND3 4 1115 17951
XOR 14 416.5 67056
D-Latch 10 285.5 45965
DFF 22 624 100464
DFFS 23 645.5 103925
DFFR 23 645.5 103925
AOI21 4 116.5 18756
AOI211 5 143 23023
AOI31 5 138 22218
MUX2 11 329.5 53049
MUX4 25 723 116403

We created several widths for these libraries by adding fingers to these basic models, and as a
result, we provided different models for each cell, including linear transistors as basic models and
multi-finger transistors to increase transistor width. OpenLane will decide which models to use in
the core (based on user-defined configurations). Figure 27 displays inverter four variants made
with various fingers. The linear inverter is shown in Figure 27 (a). Figure 27 (b) has two source
fingers, while the Figure 27 (c) has two sources and drain fingers. Three source and two drain
fingers have been produced on the Figure 27 (d).

Figure 27. 4 different widths of inverter with ratiol

To measure the cell libraries accurately, we implemented them within a custom-designed QFN64
structure that we developed. This structure allows for easy access to the cell inputs, overcoming
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the limitations of semiconductor tools like the B1500, which have a restricted number of inputs
and outputs. By using our QFN64 structure, we can measure the performance of the cells.

The pad structure in the QFN64 design measures 9mm x 9mm, offering a compact footprint for
efficient utilization of board space. The pin numbering convention follows a specific direction,
where Pin 1 serves as a reference point for orientation. When viewing the QFN64 package from
the top ("TOP" view), the pin numbering starts from the specified direction, ensuring consistent
identification. Similarly, when observing the package from the back ("BACK" view), the pin
numbering is visible, maintaining orientation consistency. This clocking mark is shown in Figure
28.

Figure 28. The clocking mark of the QFN 64 pad design

5
=

() (b) (c)

Figure 29. Different implemented positions of cell libraries: (a) Generating ring oscillators, (b) Implementing cell
libraries with one and two fingers (each half), (c) Implementing cell libraries with three and four fingers (each half)

Figure 29 showcases the different implemented positions of cell libraries. In subfigure (a), ring
oscillators are generated using the cell libraries. Subfigure (b) demonstrates the implementation of
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cell libraries with one and two fingers (each half), while subfigure (c) illustrates the
implementation of cell libraries with three and four fingers (each half). These variations in finger
count offer flexibility in designing and optimizing the performance of integrated circuits.

In order to comprehensively understand the static and dynamic characteristics of the cells, we
conducted extensive characterizations on the inverters linked with technology and device
optimization in order to achieve standardized voltage ranges (e.g. 0-3.3V supply voltage). Figure
30 provides an insightful view of both the layout of the inverters and the corresponding
characterization results at different development stages[354].

35 - -3.0
——VBG-33
3.0 VBG=34 | 2.5

2.5
2.0

2.0

Output [V]

1.5
‘ 1.0

0.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Figure 30. Extracted from [354]: (a) Test structure for an inverter (b) static characterization (Voo =3.3V, Vin=0-3.3V,
Vi =4.5-5.5V) and (c) & (d) dynamic characterization with (Voo =10V, Vin = 3.3 Vrp, Vec=3.5 V, Vour = 500 mVpp,
f=100MHz)

We have also been personalizing the Open Lane tool to be used with our cell library. The main
issue is to validate that the routing algorithms that work with 5 metal layers for wiring can be used
for the Smartkem process that has only 2 metal layers available for wiring. We succeeded in this
process for small and medium size benchmark circuits of similar complexity of those that we are
targeting).
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Figure 31 shows the results obtained with Open Lane for the Universal Shift Register circuit with
5 and 2 metal layers. The synthesis time spent by the tool are 1135 and 4013 seconds with the area
of 472,88x471,04 um? 1003,26x1001,44 um* respectively, what means that our goal of disposing
of a tool to implement digital designs is achievable.

(a) (b)
Figure 31. (a) layout of Universal Shift Register in 5 metal layers and (b) the same layout in only 2 metal layers

Contained within Appendix C is the code specifically tailored for the creation of cell libraries using
the Klayout software.
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Chapter 6. Conclusion

The internet of things or ciber-physical systems paradigms structure the human knowledge in three
elementary levels: the devices that sense the real-world magnitudes, the edge that is closer to the
user and integrates data surrounding and reacts for critical issues, and the cloud that accounts for
long term storage, analysis and predictions in a local/individual or global/population levels.
Sensors are the most common and populated elements of this view and include many different
types: mechanical, optical, chemical, biological, etc. Among them chemical and biochemical
sensors are key for measuring relevant magnitudes for our quality of life, from environmental data
(air, water, etc.) to our personal biometric constants or to the parameters controlling mass
production industrial plants to name some examples. ISFETs are popular devices to measure many
magnitudes and convert chemical parameters into electronic signals. Therefore, there are many
implementation options to implement such sensors and add them into the information chain.

This thesis presents and demonstrates the validity of a proposal for the design and fabrication of
eco-friendly organic chips integrating dual-gate OTFT-based EG-ISFETs with multiplexors to
allow an easier system integration of sensor devices into the IoT chain.

The extended gate allows separating (1) the functionalization of the EG electrodes to measure
different chemical and biochemical components from (2) the transduction effect implemented by
ISFETs. Furthermore, it is possible to reuse the ISFET chip for many measurements since the EG
is the only part that need to be changed for different measurements in time or material. The option
to switch between several ISFETs integrated on the same chip is provided by analog multiplexors
implemented with dual-gate OTFTs. That solution allows different functionalities, from (1)
flexible gain adjustment or (2) the substitution of faulty sensors without changing the measurement
system. The sensor system's overall functionality and durability are greatly improved as a result.

We have examined the performance of four alternative designs based on interdigitated and Corbino
structures in terms of output voltage, current, area, and transconductance under various input
conditions through comprehensive experimentation and evaluation. Our findings suggest that the
best design option depends on the requirements of a particular application as well as the trade-offs
between various sensor properties. However, it is clear from the acquired data that among the
evaluated designs, the interdigitated transistors with a W/L ratio of 3920/4 demonstrate the most
advantageous performance. The design in question has the maximum transconductance value,
demonstrating how well it converts input voltage signals to output current. The interdigitated
transistors' increased transconductance denotes their improved sensitivity and responsiveness,
which makes them ideal for applications requiring accurate signal amplification and detection.
This emphasizes how crucial it is to take the desired use case into account when choosing the best
sensor design.

We have also noted areas that need further study and development. These include enhancing the
devices' performance by optimizing their width-to-length (W/L) ratio, assuring long-term stability,
and looking into integration possibilities with other parts or systems. By addressing these issues,
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the field of EG-ISFETs and MUX OTFTs will advance, creating new opportunities for their use in
a variety of fields.

This study has made significant contributions to the field of sensor technology and integrated
circuit design by presenting a novel approach to enhance the performance and cost-effectiveness
of ISFET sensors. By integrating extended gate ISFETs with MUX OTFTs, we have demonstrated
improved sensor functionality and reduced manufacturing costs compared to conventional ISFET
arrays. This innovative design enables the reuse of the same chip for multiple measurements,
minimizing human interference and potential damage caused by electrostatic discharge.

One of the key contributions of this research is the development of different designs based on
interdigitated and Corbino structures for EG-ISFETs connected to MUX OTFTs. Through rigorous
experimentation and analysis, we have evaluated the performance of these designs. Moreover, this
research has contributed to the field by uncovering the advantages and limitations of the proposed
designs. We have demonstrated that the interdigitated structure excels in stability and performance
under certain conditions, while the Corbino structure exhibits enhanced robustness against
variations in back gate voltage and threshold voltage.

6.1 Limitations and future research directions

Despite the significant contributions and promising results obtained in this study, there are certain
limitations that should be acknowledged. Firstly, the characterization and evaluation of the
interdigitated transistors were primarily conducted under specific operating conditions and input
ranges. It is important to further explore the performance of these transistors under real conditions
and use microfluidic materials to assess their reliability in practical applications.

Secondly, while the chosen W/L ratio of 3920/4 for the interdigitated transistors demonstrated
favorable performance, there may exist an optimal W/L ratio that could further enhance their
functionality. Future research could focus on systematically varying the W/L ratio and
investigating its impact on key performance parameters such as transconductance, output current,
and stability. This would provide valuable insights into the trade-offs between device dimensions
and performance, enabling the design of interdigitated transistors that are tailored for specific
applications and requirements.

In addition to the mentioned limitations and future research directions, another crucial aspect that
deserves attention is the development of accurate and reliable SPICE models for dual-gate OTFTs.
SPICE models play a vital role in circuit simulation and allow for the prediction of the behavior
and performance of complex electronic systems. Therefore, the generation of comprehensive
SPICE models specifically tailored to dual-gate OTFTs would greatly facilitate their integration
into larger circuit designs and enable efficient optimization and analysis.

Creating accurate SPICE models for dual-gate OTFTs poses certain challenges due to their unique
operating principles and complex electrostatic interactions. Future research should focus on
developing robust modeling techniques that capture the intricate interplay between the dual gates,
channel material properties, and device geometry. Incorporating physically meaningful parameters
and accurately characterizing key phenomena such as carrier mobility, threshold voltage, and
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capacitance is crucial for achieving reliable and predictive SPICE models[355]-[357]. By
developing comprehensive and validated SPICE models, researchers and circuit designers can
simulate and optimize the behavior of dual-gate OTFTs within complex circuits, enabling the
exploration of various design parameters, performance trade-offs, and system-level interactions.
This advancement would greatly contribute to the widespread adoption and integration of dual-
gate OTFTs in diverse applications, ranging from flexible displays and sensors to integrated
circuits for wearable electronics and Internet of Things (IoT) devices.
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Appendix A

In Appendix A, we present the extracted script used in JMP software for the calculation of the V.
This script encompasses the specific steps and functions utilized to extract the Vi, values from the
obtained data. The script includes data manipulation techniques, statistical calculations, and
graphical representations to facilitate the Vi extraction process.

Variability Chart(

:Width

)s

Y( :"VTH (Vd=-5V)"n ),

X( :Width, :Vback_gate ),

Model( "Main Effect" ),

Historical Sigma( © ),

Analysis Type( "Choose best analysis (EMS REML Bayesian)" ),
Connect Cell Means( 1 ),

Show Group Means( Vtop_gate, Vback_gate ),
Show Grand Median( 1 ),

Variability Summary Report( 1 ),

XBar Control Limits( 1 ),

"Gauge R&R"n( 6, 0, 0, 0 ),

"Gauge R&R Report"n( 1 ),

Points Jittered( 1 ),

Show Box Plots( 1 ),

Mean Diamonds( 1 ),

Mean Plots( 1 ),

Local Data Filter(

Add Filter(
columns(
:Vtop_gate, :Vback_gate, :Vdrain, :Sweep Direction, :Test,

)>

Display( :Vtop_gate, N Items( 4 ), Size( 178, 68 ) ),
Display( :Vback _gate, N Items( 4 ), Size( 178, 68 ) ),
Display( :Sweep Direction, N Items( 4 ), Size( 178, 68 ) )

SendToReport(

)
Dispatch(
{"variability Chart for VTH (Vd=-5V)"},
nyn
ScaleBox,
{Format( "Fixed Dec", 12, 1 ), Min( -0.03125 ), Max( 2 ), Inc( 0.1
Minor Ticks( 1 ), Add Ref Line(
0, "Dotted", "Medium Light Gray", "", 1
), Label Row( {Show Major Grid( 1 ), Show Minor Grid( 1 )} )}
)
Dispatch(
{"Variability Chart for VTH (Vd=-5V)"},
"Variability Chart”,
FrameBox,
{Frame Size( 1183, 329 )}
)
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)s

)s

Dispatch(
{"Variability Chart for VTH (Vd=-5V)"},
"Variability",
FrameBox,
{Frame Size( 77, 329 )}

)
Dispatch(
{"Variability Chart for VTH (Vd=-5V)"},
ll2ll,
ScaleBox( 2 ),
{Format( "Fixed Dec", 12, 1 ), Min( -0.03125 ), Max( 2 ), Inc( 0.1
Minor Ticks( 1 ), Add Ref Line(
0, "Dotted", "Medium Light Gray", "", 1
), Label Row( {Show Major Grid( 1 ), Show Minor Grid( 1 )} )}
)>
Dispatch(
{"Variability Chart for VTH (Vd=-5V)"},
"Variability Chart",
FrameBox( 2 ),
{Frame Size( 1183, 329 )}
)>
Dispatch(
{"Gauge R&R Mean Plots", "Mean of VTH (Vd=-5V) by Vback_gate"},
oy
ScaleBox,
{Format( "Fixed Dec", 12, 1 ), Min( -0.03125 ), Max( 2 ), Inc( 0.1
Minor Ticks( 1 ), Add Ref Line(
0, "Dotted", "Medium Light Gray", "", 1
), Label Row( {Show Major Grid( 1 ), Show Minor Grid( 1 )} )}
)
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Appendix B

In Appendix B, we provide the PCell code used for generating interdigitated transistors on Glade-
Python language. PCell (Parameterized Cell) is a technique commonly used in layout design
automation to generate repetitive structures with varying parameters. The PCell code allows for
the efficient generation of interdigitated transistor layouts with different dimensions and
geometries, providing flexibility and automation in the design process.

HHHHEHHHHHHAH AR R
# Cell Name: Partially-Overlapped OTFT with connections for test pads

# Technology: SmartKem-CPI

# vl 12/2020 A.Rezaee

# Contact: ashkan.rezaee@uab.cat

HHHHEHHHHHHAH R

from ui import *
from DRCrules import * # Follow rules for the parametrized cell

def P_OTFT K(cv, w=100, 1=4, nf=4) :
# Device layers
playerl="PasI" # Passivation 1 layer
player2="Pas0" # Passivation 2 layer

# player3="Pas02" # Passivation 3 layer
clayerl="MET1" # Metal 1 layer

clayer2="MET2" # Metal 2 layer
clayer3="MET3" # Metal 3 layer
clayer4="MET4" # Metal 4 layer
tlayer="TEXTA" # Text layer

#Initial position -100,25

posx = -100

posy = 25

# Max and min values for enter in the caracterization cell
w_max = 200

w_min = 28

a_max = 200
a_min = 28
1 max = 200

# Check rules and change to minimum or maximum.
if 1 < M1_S:
1=MLS
cv.dbReplaceProp("1", 1)
print("\n *** Warning *** transistor length lower than allowed")
print("Finger length set to", 1 ,"um\n")

if 1 > 1 max:
1 =1 max
cv.dbReplaceProp("1", 1)
print("\n *** Warning *** transistor length higher than allowed")
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print("Finger length set to", 1 ,"um\n")

if w > w_max:
W = w_max
cv.dbReplaceProp("w", w)
print("\n *** Warning *** transistor width higher than allowed")
print("Finger width set to", w ,"um\n")

if w < w_min:
W = w_min
cv.dbReplaceProp("w", w)
print("\n *** Warning *** transistor width lower than allowed")
print("Finger width set to", w ,"um\n")

1lib = cv.1lib()
tech = 1lib.tech()
dbu = 1lib.dbuPeruu()

height_dib = M1 _W*(nf+1)+(2*M2M1_0s)+nf*1
h_flag = False

while height_dib < a_min:
nf+=1
height_dib = M1_W*(nf+1)+(2*M2M1_0Os)+nf*1
h_flag = True

while height_dib > a_max:
nf-=1
height_dib = M1_W*(nf+1)+(2*M2M1_0s)+nf*1
h_flag = True

if h_flag == True:
cv.dbReplaceProp("nf", nf)
print("\n *** Warning *** transistor number of fingers and length not allowed")
print("Finger number set to", nf ,"\n")

# Create transistors layers
wd= int(w*dbu)
1d= int(1l*dbu)

# Met3 F-Gate

layer = tech.getLayerNum(clayer3, "drawing")

rectangle = Rect( int(-wd/2), @, int(wd/2), height_dib*dbu)
cv.dbCreateRect(rectangle, layer)

# Metl B-Gate

layer = tech.getLayerNum(clayerl, "drawing")

back_gate = Rect( int(-wd/2), @, int(wd/2), height_dib*dbu)
cv.dbCreateRect(back_gate, layer)

# Met2 source

layer = tech.getLayerNum(clayer2, "drawing")

rectangle = Rect( int(-M1_W-M1_S-MIM2_U-w/2)*dbu, M2M1_Os*dbu, int(-M1_S-M1M2_U-
w/2)*dbu, dbu*(M1_W*(nf+1)+(1*M2M1_0s)+nf*1l))
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cv.dbCreateRect(rectangle, layer)

# Met2 drain

layer = tech.getLayerNum(clayer2, "drawing")

rectangle = Rect( int(+M1_S+MiM2_U+w/2)*dbu, M2M1_0Os*dbu,
int(M1_W+M1_S+MiM2_U+w/2)*dbu, dbu*(M1_W*(nf+1)+(1*M2M1_Os)+nf*1))

cv.dbCreateRect(rectangle, layer)

# Fingers in MET2
for i in range(nf+l):
layer = tech.getLayerNum(clayer2, "drawing")
rectangle = Rect(int(-M1_S*(1-i%2)-MIM2_U-w/2)*dbu, (M2M1_Os+(M1_W+1)*i)*dbu,
int(M1_S*(i%2)+M1M2_U+w/2)*dbu, (M1_W+M2M1_Os+(M1_W+1)*i)*dbu)
cv.dbCreateRect(rectangle, layer)

gate_via = Rect( int(-(P2_D/2)-6)*dbu, (P2M2_0)*dbu, int(P2_D/2+6)*dbu,
(P2M2_0+P2_D)*dbu)

## # Pads

len_path = 150

# Source Pad

origin_padl = Point((-250)*dbu, (-200)*dbu) # Point where the origin of
the pad 1 will be located

end_padl = Point((2*1len_path-400)*dbu, (2*len_path-350)*dbu) # Point where the pad
1 will end

# Gate Pad

origin_pad2 = Point((2*len_path-190)*dbu, (-200)*dbu) # Point where the
origin of the pad 2 will be located

end_pad2 = Point((2*len_path-40)*dbu, (2*len_path-350)*dbu) # Point where the pad
1 will end

# Drain Pad

origin_pad3 = Point((2*len_path-150)*dbu, (50)*dbu) # Point where the
origin of the pad 3 will be located

end_pad3 = Point((2*len_path)*dbu, (2*len_path-100)*dbu) # Point where the pad 1
will end

# Back Gate Pad

origin_pad4 = Point((2*len_path-600)*dbu, (50)*dbu) # Point where the
origin of the pad 3 will be located

end_pad4 = Point((2*1len_path-450)*dbu, (2*len_path-100)*dbu) # Point where the pad
1 will end

# layer = tech.getLayerNum(clayerl, "drawing")

rl = Rect(origin_padl, end_padl)

r2 = Rect(origin_pad2, end_pad2)
r3 = Rect(origin_pad3, end_pad3)
r4 = Rect(origin_pad4, end_pad4)

R=[rl,r2,r3,r4]

layerlist=[clayerl,clayer4]
for layer in layerlist:
layer = tech.getLayerNum(layer, "drawing")
for element in R:
cv.dbCreateRect(element, layer);
layer = tech.getlLayerNum(clayer2, "drawing")
cv.dbCreateRect(ri, layer);
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cv.dbCreateRect(r3, layer);
# layer = tech.getLayerNum(clayer3, "drawing")
# cv.dbCreateRect(r2, layer);

layer

rl
r2
r3
r4
cv

cv.
.dbCreateRect(r4, layer);

cv

= tech.getLayerNum(playerl, "drawing")# Passivation layer 1
Rect(rl.left()+5*dbu,rl.bottom()+5*dbu,rl.right()-5*dbu,rl.top()-5*dbu)
Rect(r2.left()+5*dbu,r2.bottom()+5*dbu,r2.right()-5*dbu,r2.top()-5*dbu)
Rect(r3.left()+5*dbu,r3.bottom()+5*dbu,r3.right()-5*dbu,r3.top()-5*dbu)
Rect(r4.left()+5*dbu,r4.bottom()+5*dbu,rd.right()-5*dbu,r4.top()-5*dbu)

.dbCreateRect(ri, layer);
cv.

dbCreateRect(r2, layer);
dbCreateRect(r3, layer);

## # Test Pads conecions

# Source

layer = tech.getLayerNum(clayer2, "drawing")

a=max((M1_W*(nf+1)+(1*M2M1_Os)+nf*1),28)

# rectangle = Rect( (-110)*dbu, (2*1len_path-355)*dbu,int(-M1_S-M1M2_U-
w/2)*dbu, a*dbu)

rectangle = Rect( int(-20-M1_S-M1M2_U-w/2)*dbu, (2*len_path-355)*dbu, int(-M1_S-
M1M2_U-w/2)*dbu, (P2_D+2*P2M2_0)*dbu)

cv.dbCreateRect(rectangle, layer)

rectangle = Rect( (-250)*dbu, (-70)*dbu, int(-M1_S-MIM2 U-w/2)*dbu, (-40)*dbu)

cv.dbCreateRect(rectangle, layer)

# Drain
layer = tech. getLayerNum(clayerZ "drawing")
rectangle Rect(int (+M1_S+M1M2_U+w/2)*dbu, M2M1_0s*dbu,

int(20+M1_S+M1M2 U+w/2)*dbu, (125)*dbu)
cv.dbCreateRect(rectangle, layer)
rectangle = Rect(int(+M1_S+M1M2_U+w/2)*dbu, (100)*dbu, (225)*dbu, (125)*dbu)
cv.dbCreateRect(rectangle, layer)

# F-Gate

layer

= tech.getLayerNum(playerl, "drawing")# Passivation layer 1

rectangle = Rect((-5)*dbu, 5*dbu, (5)*dbu, (15)*dbu)
cv.dbCreateRect(rectangle, layer)

layer

= tech.getLayerNum(clayer4, "drawing")

gate via.setBottom(-20*dbu)

cv.dbCreateRect(gate_via, layer)
gate_via.setRight((int(len_path/2)+len_path-40+P2_D)*dbu)
gate_via.setTop((-30-P2_D)*dbu)

cv.dbCreateRect(gate _via, layer)

gate via.setBottom((len_path-205)*dbu)
gate_via.setLeft((int(len_path/2)+len_path-60)*dbu)
cv.dbCreateRect(gate_via, layer)

# B-Gate
layer = tech.getLayerNum(clayerl, "drawing")
BGate = Rect(Point((-10)*dbu, (20)*dbu), Point((10)*dbu, (200)*dbu))

cv.dbCreateRect(BGate, layer);

BGate

= Rect(Point((-225)*dbu, (180)*dbu), Point((1@0)*dbu, (200)*dbu))

cv.dbCreateRect(BGate, layer);
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cv.update()
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Appendix C

In Appendix C, we present the PCell code implemented in the Klayout-Python language for
generating interdigitated transistors. This code serves as the core component of each cell library,
allowing for the generation of transistors based on the specific design requirements. By calling this
code, designers can easily generate the desired number of transistors needed for their circuit design.

def transistor(self, level, x, y, w i, n_i, 1 i, bg, load, Int_Con, ov_1l, ov_r,
out):

# Other design rules and other "fixed" variables

# Layer properties

dbu = self.layout.dbu

# Assign layers using list comprehension

layers = [self.layout.layer(i, @) for i in [0, 1, 2, 3, 4, 6, 7, 9]]
# Unpack layers into variables

txt, bm, bl, sd, gm, pv, gc, pv2 = layers

# fetch the parameters

nr = 128 # Number of points in a circle
# Global variables

metal_ov = self.o / dbu

via = self.via / dbu

via_ov = self.via_ov / dbu
finger_sep = self.s / dbu
PDN_S_dbu = self.PDN_S / dbu
finger_width = self.fw / dbu
gm_ov = self.gm ov / dbu

# Local variables

ov_1l /= dbu

ov_r /= dbu
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vd_vs self.vd vs

bg_ov = metal_ov

n=nli

channel_length = 1_1i / dbu
channel width per f = w i / dbu
posx = x / dbu

posy =y / dbu

round = 1 / dbu

# Calculations

via_size = (via + 2 * via_ov)

Top_Edge = posy + channel_width_per_f / 2 + metal_ov +\
2 * finger_sep + finger_width + PDN_S_dbu # Top edge of Cell
Bottom_Edge = posy -(channel_width_per_f / 2 + metal_ov +\

2 * finger_sep + finger_width + self.rail * finger_width + PDN_S_dbu) #
Bottom edge of Cell

VDD_B_E = Top_Edge # VDD bottom edge

VDD_T E = VDD_B_E + (self.rail * finger_width) # VDD top edge
VSS B E = Bottom_Edge # Vss top edge

VSS T E = VSS_B_E + (self.rail * finger_width) # Vss bottom edge

finger_length = finger_sep + channel_width_per_f + 2 * metal_ov # Correct

# Create a region for a single finger with the given length and width

single finger_region = pya.Region(pya.Box(@, @, finger_length, finger_width))

# Move the single finger to the center of the bounding box

single finger_region.move(-single_finger_region.bbox().center())
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# Create an empty region for all fingers

finger_region = pya.Region()

# For each finger, create a new region by moving the single finger region
horizontally by half the

# finger separation multiplied by -1 or 1 (depending on the index), and
vertically by the finger + channel length

for i in range(n + 1): # For each finger
ifi%2==1:
lr =1
else:
1r = -1
finger_region = finger_region + single_finger_region.moved(
lr * (finger_sep / 2), (finger_width + channel_length) * i)
# Centring the fingers

finger region.move(-finger_region.bbox().center())

# Generating region for source backbone using pya.Box function and calculating
its position with respect to finger_region bounding box

source_backbone_region = pya.Region(pya.Box(

9, 0,

finger_width,

(n - n% 2) * (finger_width + channel_length) + finger_width))
source_backbone_region = source_backbone_region.moved(

finger_region.bbox().left - finger_width,
finger_region.bbox().bottom)

# Generating region for drain backbone using pya.Box function and calculating
its position with respect to finger_region bounding box

drain_backbone_region = pya.Region(pya.Box(
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0, 0,
finger_width,
(n -2+ n%2) * (finger_width + channel_length) + finger_width))
drain_backbone_region = drain_backbone_region.moved(
finger_region.bbox().right,
finger_region.bbox().top - drain_backbone_region.bbox().top\

- (((n + 1) % 2) * (finger_width + channel_length)))

source_drain_region

pya.Region()

source_drain_region = source_drain_region + finger_region

source_drain_region

source_drain_region + source_backbone_region

source_drain_region

source_drain_region + drain_backbone_region
source_drain_region.merge()

source_drain_region.round_corners(round, round, nr)

Left Edge = posx + source_drain_region.bbox().bottom - finger width #Left edge
of Cell

if (level == 0):

rotation = pya.ICplxTrans(float (1), float(90), True, posx, posy)
else:

rotation = pya.ICplxTrans(float (1), float(90), False, posx, posy)

self.cell.shapes(sd).insert(source_drain_region, rotation)

# Gate - Gate height calculations, Region creation and adding the region to
the "gm" layer

gate_height = (n) * channel_length + (n + 1) * finger_width + 2 * gm_ov
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gate_region = pya.Region(pya.Box(

0,0,channel_width_per_ f,gate_height)).round_corners(round, round, nr)

gate_region.move(-pya.Box(0, @, channel_width_per_f, gate_height).center()) #
Centre the gate

self.cell.shapes(gm).insert(gate_region, rotation)

# Back gate layer
vbg cover = pya.Region(pya.Box(
VDD _B_E,
gate_region.bbox().bottom - bg_ov,
VSS T_E,
gate_region.bbox().top + bg ov
))

self.cell.shapes(bm).insert(vbg_cover, rotation)

# Passivation layer for Transistor
# Drive transistors
if load == False:
# Back gate connection
VBG_Ele out = pya.Region(pya.Box(

posx - vbg_cover.bbox().top, VDD_T_E, posx - vbg cover.bbox().bottom,
posy)) # Vbg electrode

self.cell.shapes(bm).insert(VBG_Ele_out)
if level != 0O:
# If the lower via selected

if out != 1:
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PV_Region = pya.Region(pya.Box(
gate_region.bbox().left,
gate_region.bbox().top,
gate_region.bbox().left + via_size,
gate_region.bbox().top-via_size
)).round_corners(round, round, nr)

self.cell.shapes(gc).insert(PV_Region, rotation)

self.cell.shapes(gm).insert(PV_Region, rotation)

self.cell.shapes(pv).insert(PV_Region.sized(-
via_ov).round_corners(via_size, via_size, nr), rotation)

# If the upper via selected
if out != @:

PV_Region = pya.Region(pya.Box(
gate_region.bbox().right,
gate_region.bbox().top,
gate _region.bbox().right - via_size,
gate_region.bbox().top - via_size
)).round_corners(round, round, nr)

self.cell.shapes(gc).insert(PV_Region, rotation)

self.cell.shapes(gm).insert(PV_Region, rotation)

self.cell.shapes(pv).insert(PV_Region.sized(-
via_ov).round_corners(via_size, via_size, nr), rotation)

# Reversed tarnsistor
if level == 0O:
# If the lower via selected
if out != 1:
PV_Region = pya.Region(pya.Box(
gate region.bbox().left,

gate_region.bbox().bottom,

111



gate_region.bbox().left + via_size,

gate_region.bbox().bottom + via_size

)).round_corners(round, round, nr)
self.cell.shapes(gc).insert(PV_Region, rotation)
self.cell.shapes(gm).insert(PV_Region, rotation)

self.cell.shapes(pv).insert(PV_Region.sized(-
via_ov).round corners(via_size, via_size, nr), rotation)

# If the upper via selected
if out != @:

PV_Region = pya.Region(pya.Box(
gate_region.bbox().right,
gate_region.bbox().bottom,
gate_region.bbox().right - via_size,
gate_region.bbox().bottom + via_size
)).round_corners(round, round, nr)

self.cell.shapes(gc).insert(PV_Region, rotation)

self.cell.shapes(gm).insert(PV_Region, rotation)

self.cell.shapes(pv).insert(PV_Region.sized(-
via_ov).round_corners(via_size, via_size, nr), rotation)

# Load transistors
if load==True:
if out != 0:
# Gate via
PV_Region_gm = pya.Region(pya.Box(
gate region.bbox().right,
gate_region.bbox().top,
gate_region.bbox().right - via_size,
gate region.bbox().top - via_size))

self.cell.shapes(gc).insert(PV_Region_gm, rotation)
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self.cell.shapes(gm).insert(PV_Region_gm, rotation)

self.cell.shapes(pv).insert(

PV_Region_gm.sized(-via_ov).round_corners(via_size, via_size,
nr),
rotation)
# Back gate via
PV_Region_bm = PV_Region_gm.move(@, via_size)
self.cell.shapes(gc).insert(PV_Region_bm, rotation)
self.cell.shapes(bm).insert(PV_Region_bm, rotation)
self.cell.shapes(pv).insert(
PV_Region bm.sized(-via ov).round corners(via_size, via_size,
nr),
rotation)
# Output SD via
PV_Region_sq_via = PV_Region_bm.move(via_size, finger_width)
self.cell.shapes(gc).insert(PV_Region_sq_via, rotation)
self.cell.shapes(sd).insert(PV_Region_sq_via, rotation)
self.cell.shapes(pv).insert(
PV_Region_bm.sized(-via_ov).round_corners(via_size, via_size,
nr),
rotation)

# SD to BG via
sd_gc_via = pya.Region(pya.Box(
PV_Region_sq_via.bbox().right,

PV_Region_bm.bbox().top,
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PV_Region_sq_via.bbox().left - via_size,
PV_Region_bm.bbox().bottom
)) .round_corners(round, round, nr)

self.cell.shapes(gc).insert(sd_gc_via, rotation)

# SD_out
sd_out = pya.Region(pya.Box(
posx - channel_length / 2,
posy + drain_backbone_region.bbox().right,
posx - sd_gc_via.bbox().top,
posy + drain_backbone_region.bbox().right - finger width,
)).round_corners(round, round, nr)

self.cell.shapes(sd).insert(sd_out)

if out ==

PV_Region = pya.Region(pya.Box(
gate_region.bbox().left,
gate_region.bbox().top,
gate region.bbox().left + via_size,
gate_region.bbox().top-via_size
)).round_corners(round, round, nr)

self.cell.shapes(gc).insert(PV_Region, rotation)

self.cell.shapes(gm).insert(PV_Region, rotation)

self.cell.shapes(pv).insert(PV_Region.sized(-
via_ov).round corners(via_size, via_size, nr), rotation)
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# Vdd and Vss Positions
if level == @ or level ==
if level == 1:
offset = n % 2 * (-1) * (finger_sep + finger_width)
else:

offset 0

bottom = drain_backbone_region.bbox().bottom + offset

top = drain_backbone_region.bbox().top + offset

vdd pya.Region(pya.Box(posx + top, VDD _B E - finger sep - finger_width
- PDN_S_dbu, posx + bottom, VDD_T_E))

self.cell.shapes(sd).insert(vdd)

elif level == 3:
bottom = source_backbone region.bbox().bottom
top = source_backbone_region.bbox().top

vss = pya.Region(pya.Box(posx - bottom, VSS T E + finger_sep + finger_width
+ PDN_S _dbu, posx - top, VSS_B_E))

self.cell.shapes(sd).insert(vss)

# Define variables

right_edge = posx + source_drain_region.bbox().top + finger_width # Right edge
of Cell

if vd_vs is True:

vdd_box = pya.Box(Left Edge - ov_1l, VDD B E, right edge + ov_r, VDD T E)
# VDD rail box

vss_box
# VSS rail box

pya.Box(Left Edge - ov_1l, VSS B E, right edge + ov_r, VSS T E)

# Create Regions and insert into layout

vdd_ele = pya.Region(vdd_box) # Create VDD rail region
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regions

VDD_T_E

VDD_B_E)

VSS_B_E)

vss_ele = pya.Region(vss_box) # Create VSS rail region

v_ele = vdd_ele + vss_ele # Add regions together to create combined voltage

self.cell.shapes(sd).insert(v_ele) # Insert into cell shape in layout

VBG_Ele = pya.Region(pya.Box(Left_Edge - ov_1, VDD_T_E, right_edge + ov_r,
+ self.rail * finger_width)) # Vvgb rail

self.cell.shapes(bm).insert(VBG_Ele)

VDDTregion = pya.TextGenerator.default_generator().text\

("vDD", ©.001, 2*self.via).move(posx - gate region.bbox().top,

VSSTregion = pya.TextGenerator.default_generator().text\

("vss", ©.001, 2*self.via).move(posx - gate region.bbox().top,

Tregion = VDDTregion + VSSTregion

self.cell.shapes(sd).insert(Tregion)

# Connection

# Source/Drain to Gate

if Int_Con == 1:

# Lower output
if out != 1:
D1_D2 = pya.Polygon([
pya.Point(posx - vbg_cover.bbox().top,
posy - gate_region.bbox().right + via_size),
pya.Point(posx - vbg cover.bbox().top,
posy + source_backbone_region.bbox().left),

pya.Point(posx - 2 * vbg_cover.bbox().top -

gate region.bbox().top,
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posy + source_backbone_region.bbox().left),

pya.Point(posx - 2 * vbg_cover.bbox().top -
gate_region.bbox().top,

posy + source_backbone_region.bbox().left + finger_width),
pya.Point(posx - vbg cover.bbox().top - via_size,

posy + source_backbone_region.bbox().left + finger_width),
pya.Point(posx - vbg_cover.bbox().top - via_size,

posy - gate_region.bbox().right + via_size)
1) .round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)

# Out via connection
PV_Region_sq = pya.Region(pya.Box(

posx - vbg_cover.bbox().top,

posy - gate_region.bbox().right + via_size,

posx - vbg cover.bbox().top - via_size,

posy - gate_region.bbox().right)).round_corners(round, round, nr)
self.cell.shapes(gc).insert(PV_Region_sq)
self.cell.shapes(sd).insert(PV_Region_sq)
self.cell.shapes(pv).insert(

PV_Region_sq.sized(-via_ov).rounded_corners(via_size, via_size,

nr))

#Connection

conn = pya.Region(pya.Box(
PV_Region_sq.bbox().left,
posy - gate_region.bbox().right + via_size,
PV_Region_sqg.bbox().left + metal ov + 2 * via size,

posy - gate_region.bbox().right)).round_corners(round, round, nr)
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self.cell.shapes(gc).insert(conn)
# Higher output
if out != 0:
D1_D2 = pya.Polygon([
pya.Point(posx - vbg_cover.bbox().top,
posy + gate_region.bbox().right - via_size),
pya.Point(posx - vbg cover.bbox().top,
posy + drain_backbone_region.bbox().right),

pya.Point(posx - 2 * vbg cover.bbox().top -
gate_region.bbox().top,

posy + drain_backbone_region.bbox().right),

pya.Point(posx - 2 * vbg cover.bbox().top -
gate_region.bbox().top,

posy + drain_backbone_region.bbox().right - finger width),
pya.Point(posx - vbg cover.bbox().top - via size,

posy + drain_backbone_region.bbox().right - finger_width),
pya.Point(posx - vbg cover.bbox().top - via_ size,

posy + gate region.bbox().right - via_size)
1) .round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)

# Out via connection
PV_Region_sq = pya.Region(pya.Box(

posx - vbg cover.bbox().top,

posy + gate region.bbox().right - via size,

posx - vbg cover.bbox().top - via size,

posy + gate_region.bbox().right)).round_corners(round, round, nr)
self.cell.shapes(gc).insert(PV_Region_sq)

self.cell.shapes(sd).insert(PV_Region_sq)
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self.cell.shapes(pv).insert(

PV_Region_sq.sized(-via_ov).rounded_corners(via_size, via_size,

nr))

#Connection
conn = pya.Region(pya.Box(
PV_Region_sq.bbox().left,
posy + gate_region.bbox().right - via_size,
PV_Region_sq.bbox().left + metal ov + 2 * via size,
posy + gate_region.bbox().right)).round_corners(round, round, nr)

self.cell.shapes(gc).insert(conn)

# Drain to Drain
if Int_Con == 100:
D1_D2 = pya.Region(pya.Box(

posx + channel length / 2 + finger_width,
posy - source_drain_region.bbox().right,
posx - channel_length / 2 - 2 * vbg cover.bbox().top - finger_width,
posy - source_drain_region.bbox().right + finger_width
)).round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)

# Drain to Source
if Int_Con == 110:
# Load
if load == True:
D1_D2 = pya.Polygon([

pya.Point(sd out.bbox().left,
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sd_out.bbox().top),
pya.Point(posx - PV_Region_gm.bbox().top,
posy + source_backbone_region.bbox().left + finger_width),

pya.Point(posx - PV_Region_gm.bbox().top - vbg cover.bbox().top -
finger_width - channel_length / 2,

posy + source_backbone_region.bbox().left + finger_width),

pya.Point(posx - PV_Region_gm.bbox().top - vbg cover.bbox().top -
finger_width - channel_length / 2,

posy + source_backbone_region.bbox().left),
pya.Point(sd_out.bbox().left + finger_width,
posy + source_backbone_region.bbox().left),
pya.Point(sd_out.bbox().left + finger_width,
posy + drain_backbone_region.bbox().right)
1) .round_corners(round, round, nr)
self.cell.shapes(sd).insert(D1_D2)
# Drive
if load == False:
D1_D2 = pya.Polygon([
pya.Point(posx - channel_length / 2,
posy + drain_backbone_region.bbox().right),
pya.Point(posx - vbg cover.bbox().top - finger width,
posy + drain_backbone_region.bbox().right),
pya.Point(posx - vbg_cover.bbox().top - finger_width,
posy + source_backbone region.bbox().left + finger width),

pya.Point(posx - 2 * vbg cover.bbox().top - 2 * finger width -
channel_length / 2,

posy + source_backbone region.bbox().left + finger width),

pya.Point(posx - 2 * vbg cover.bbox().top - 2 * finger width -
channel_length / 2,

posy + source_backbone_region.bbox().left),
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pya.Point(posx - vbg_cover.bbox().top,

posy + source_backbone_region.bbox().left),
pya.Point(posx - vbg cover.bbox().top,

posy + drain_backbone_region.bbox().right - finger_width),
pya.Point(posx - channel_length / 2,

posy + drain_backbone_region.bbox().right - finger_width)
1) .round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)

# Source to Drain
if (Int_Con == 101):
D1_D2 = pya.Polygon([
pya.Point(posx + channel length / 2 + finger width,
posy + source_backbone_region.bbox().left),
pya.Point(posx - vbg_cover.bbox().top - finger_width,
posy + source_backbone region.bbox().left),
pya.Point(posx - vbg cover.bbox().top - finger_width,
posy + drain_backbone_region.bbox().right - finger_width),

pya.Point(posx - 2 * vbg cover.bbox().top - 2 * finger_width -
channel_length / 2,

posy + drain_backbone_region.bbox().right - finger_width),

pya.Point(posx - 2 * vbg cover.bbox().top - 2 * finger_width -
channel_length / 2,

posy + drain_backbone region.bbox().right),
pya.Point(posx - vbg cover.bbox().top,
posy + drain_backbone_region.bbox().right),
pya.Point(posx - vbg_cover.bbox().top,
posy + source_backbone region.bbox().left + finger width),

pya.Point(posx + channel_length / 2 + finger_width,
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posy + source_backbone_region.bbox().left + finger_width),
1) .round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)

#Drain to Drain
if (Int_Con == 111):
D1_D2 = pya.Region(pya.Box(

posx - channel_length / 2,
posy + drain_backbone_region.bbox().right - finger_width,
posx - channel_length / 2 - 2 * finger_width - 2 * vbg_cover.bbox().top,
posy + drain_backbone_region.bbox().right
)).round_corners(round, round, nr)

self.cell.shapes(sd).insert(D1_D2)
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