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Abstract

Field-effect transistors (FETs) have emerged as a transformative platform in biosensing,
effectively bridging the gap between electronics and biology by measuring the intrinsic charge of
bioparticles. The development of FET-based sensing techniques can be traced back to the 1970s
with the advent of the ion-sensitive FET (ISFET). This innovation stemmed from Bergveld's
pioneering work on metal-oxide semiconductor-based FETs, which were modified to create
ISFETs. The core innovation behind ISFETs and BioFETs was the realization that replacing the
metal gate of a MOSFET-like structure with an ion-sensitive membrane could transform the device
into a robust biosensor with biomolecular sensing capabilities. This modification, involving the
replacement of the top gate with a solution gate, enables a sensing modality where the potential of
the interface between the solution and the sensing layer (typically dielectrics) can be measured.
These solid-state devices leverage the modulation of charge carriers at the semiconductor-
electrolyte interface, facilitating label-free detection of biological and chemical analytes. FET
biosensors offer numerous advantages, including intrinsic molecular charge sensing, real-time
monitoring, high sensitivity, size scalability (ranging from a few nanometers to tens of
micrometers), and compatibility with standard integrated circuit (IC) technologies such as
complementary metal-oxide semiconductor (CMOS). Over the past three decades, researchers
have harnessed the inherent charge sensitivity of FET sensors to detect a wide range of analytes,
including ions, proteins, DNA, and other biomolecules. These sensors can selectively capture
target analytes by functionalizing the FET’s gate surface with specific receptors, such as antibodies
or aptamers. This capability has positioned FET biosensors as crucial tools in medical diagnostics,
environmental monitoring, and drug development, driving innovation and expanding the frontiers

of these fields.

The widespread demand for FET sensors across diverse sensing domains underscores the critical
role of standard foundry-based fabrication methodologies. Efforts to refine FET sensor fabrication
processes for enhanced reliability, scalability, and reproducibility are crucial for mass production
and widespread adoption. Standard foundry-based fabrication techniques ensure uniformity and
consistency in device performance, enabling seamless integration into diverse sensing platforms
across industries. Most standard FET sensors (or ion-sensitive FETs) have been realized by CMOS
platforms, which allow these sensors to be manufactured in an almost flawless foundry process

that creates ICs in our cell phones. Various CMOS-based ISFET configurations were made and

il



used for different biosensing applications. Later, graphene and carbonaceous materials were used
as novel high-performance FET biosensors. However, the real breakthrough came with the efforts
to standardize graphene FETs through foundry fabrication, pioneered by companies such as Cardea
Bio and Graphena. This strategic initiative has not just made graphene FETs more accessible but
has democratized access to them, previously hindered by prohibitive costs. This development
fosters accessibility for researchers and industrial stakeholders, opening new avenues for research
and innovation. By leveraging standard foundry-based fabrication approaches, FET sensors are
poised to meet the escalating demand for reliable, high-performance sensing solutions. This
advancement could catalyze innovation across various fields, spanning healthcare, environmental

monitoring, agriculture, and beyond.

The recent introduction of the open-gate junction field-effect transistor (OG-JFET) by CMC
Microsystem represents a significant advancement in silicon-foundry-based FET sensor
technology standardization. The OG-JFET foundry enables the mass production of chips with
diverse designs on a silicon wafer, allowing for customized configurations tailored to specific
application requirements. The structural innovation of the OG-JFET, achieved by removing the
top gate of a p-type JFET sensor and introducing a soft material, indicates a new era of charge-
sensing capabilities within a JFET electronic structure. Understanding the intricate physics of the
charge sensing mechanism and its integration with microfluidics has been pivotal in unlocking the
full potential of the OG-JFET. As the technology is still in its early stages of development and
scale-up, user-friendly CAD tools and dedicated portable characterization systems have emerged
as a cornerstone for successful adoption and integration in academic and industrial research
settings. This system enhances performance and facilitates seamless integration into diverse

research environments.

This thesis is dedicated to tackling the challenges inherent in comprehending the charge-sensing
physics of OG-JFET sensors and exploring the design and simulation of these sensors to discern
the impacts of various design parameters. At the heart of this research lies developing a portable
characterization system and electro-fluidics packaging schemes to streamline testing and
characterization processes. A key objective of this endeavor is to standardize these processes,
thereby overcoming the barrier posed by the high cost and limited accessibility of conventional

characterization equipment such as probe stations and semiconductor analyzers. By providing
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researchers with accessible and cost-effective alternatives, this research seeks to democratize
access to this FET sensor foundry technology, thus fostering innovation and discovery in chemical
and biological sensing. These concerted efforts aim to accelerate the adoption and advancement of
FET sensor technology, paving the way for transformative breakthroughs in scientific inquiry and

technological applications.
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Figure 3-1- 1. The mechanism of operation of OG-JFET in interaction with electrolytes and ions.
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Figure 3-1- 2. The OG-JFET standard fabrication process. (a) Substrate wafer (Silicon <100>,
100 mm diameter, - 420 +/- 25 pm thick, Resistivity 0.006 to 0.02 Ohm-cm); (b) Alignment
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channel opening. (b) Optical Microscopy image of the designed sensor based on the standard
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Figure 5-2. Experimental results. (a): The Ids-Vgs curve used for the derivation of gm-Ids (Lo =
5 um) (b): the experimental results of the gm of the sensor for different back-gate voltages (Lo =
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Figure 6-2. Schematic of the fabricated OG-JFET sensor used for testing the dry DNA. The
sensing area is shown as the drain/source arrangements. The design consists of seven drains with
one common source. Drain 1 has been used in this report to measure the mass DNA
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layer. (second mask); (e) Front and back-side ion implantation; (f) implantation annealing; (g)
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(1) Pad and channel OPENINg...........cciiiiiiiiiieii e 219
Figure 6-4. The sensor surface was clean and non-chemically treated before testing with DNA
L0101 0] (O ST PR TP 220
Figure 6-5. Schematic of OG-FET sensor showing the main material composition of sensor... 222
Figure 6-6. Ids-Vgs and Ids-Vds curves of OG-JFET with no sample...........cccoooenvviiiniiniennns 224
Figure 6-7. OG-JFET sensor response to different concentrations of DNA solvated in ultra-pure
water. The droplet of DNA in ultrapure water has been put on top of the sensing area. The curves

result from the sensor response to the dried DNA in the solution. ..........cccccvvveriiiiniiiieniieenninn, 225
Figure 6-8. The effect of the washing process on the sensor reSponse. ..........ccocveevveervenineernenn 226
Figure 6-9. Sensitivity analysis of OG-JFET to dry DNA. Sensor response to different DNA
concentrations N dry MOME. ........eiuieiuiiiiieiie ittt be e be e r e e sneesneennnes 226
Figure 6-10. COMSOL simulation result of modeled DNA charge on the OG-JFET sensor which
shows an almost linear dependency between current and the DNA concentration. ................... 228
Figure 6-11. The electrical potential along the centerline (shown in figure inset). Cons:

(O0) 1 1eT 113 21 5 () TP T PV UPT PR PPRPRN 229
Figure 6-12. The current sensitivity obtained from COMSOL simulation at Vds =5 V and Vg =

O T PP T TRV PP PR PPRTRN 230

Figure 7-1. The sensing mechanism of OG-JFET for detection of charge distributed on native
Si0; as the outer layer of OG-JFET due to evaporation of solution and accumulation of DNA
charge. Top left: The enhancement of the hole concentration in the channel due to the attachment
of DNA. Bottom left: The hole is transported in the channel when no adsorption occurs. ........ 238
Figure 7-2. The simulation box (water and ions not shown) used in the MD simulation (a): the
dimension of SiO; slab. (b): the length of dsDNA. (¢): the initial distance between few atoms of
dsDNA and surface atoms 0f S1O2.......uuiiiiiiiiiiiiii s 245
Table 7-1. The information on the synthesized DNA used in the experiments. ............ccccceennen. 248
Figure 7-4. Result of MD simulation of DNA adsorption on silica in dehydrated mode. (a): ds-
DNA induced surface potential of SiO> in solution mode with 14nm water box. (b): the snapshot
of DNA in solution mode. (c¢): the DNA-induced surface potential of SiO2 in extreme conditions
of dehydration (low water molecules). (d): a snapshot of DNA wholly laid on the SiO; surface.
(e): denaturation of dsDNA in dry mode (extreme dehydration). (f): DNA in a box with 2 nm
water. (g): DNA in a box with 7 nm water. (h): DNA in a water box with 14 nm water............ 249
Figure 7-5. Three distances were measured on the adsorbed DNA on the surface of SiO2 when
water molecules are diminished due to the evaporation to a thin layer of 10 nm % 10 nm x 1nm
(X, y, and z). Due to evaporation, it appears that dsSDNA denatures on the surface and no longer

xxil



holds helical structure in extremely low water density. (a): comparison of three distance values
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Chapter 1

INTRODUCTION

1.1. Motivation
Adopting standard foundry processes is crucial in high-volume semiconductor-based biochip
fabrication and integration with biomedical sensing devices, especially FET sensors, which are
promising in biomedical applications [1]. In FET sensors, standard foundries, such as those used
in IC semiconductor manufacturing, offer high precision, reproducibility, and scalability, which
are critical for producing consistent quality and performance in FET-based sensing chips [2]. This
standardization is essential as producing FET sensors through in-house laboratories (often in
universities) usually leads to variations in device performance metrics, complicating the
consistency of biological sensing results in batch testing [3], [4]. Leveraging standard foundries
provides significant advantages in addressing these challenges. These processes, refined through
decades of semiconductor industry advancements, enable precise control over the microfabrication
of ICs, MEMS, and NEMS devices, ensuring the reliable production of complex miniaturized (nm
to um) structures [5], [6]. Standardizing these processes allows for the seamless integration of
electronic and biological assays on a single chip, enhancing the functionality and versatility of
electronic chips for biosensing applications [7]. This integration is crucial for advancing the
development of reliable, high-performance biomedical sensors, paving the way for innovative

medical diagnostics and health monitoring applications [8], [9].

Standard foundry processes encompass other technological merits, providing numerous
advantages in FET-based biochip development for point-of-care (PoC) purposes [10]. Fabricating
the sensing element directly on the circuit chip enables the integration of multiple functions, such
as sensing, signal processing, and data transmission, all onto a single, compact chip [11]. This
integration reduces the sensor’s overall size and power consumption, making it ideal for portable
and implantable medical devices [12], [13]. Additionally, these foundries can produce high-density
arrays of sensors, as exemplified by products like the Ion Torrent company, which allow for the

simultaneous monitoring of numerous biological interactions with high sensitivity and specificity
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using CMOS-based ISFET sensors [14]. The provided technology has enabled the production of
millions of sensing pixels on a single chip, which can be integrated with microfluidics to enhance
functionality [15]. The established infrastructure and economies of scale associated with standard
semiconductor manufacturing also contribute to cost-effective production, making advanced
biochip technologies more accessible for widespread research and clinical applications. This
accessibility is crucial for the proliferation of innovative diagnostic tools and therapeutic
monitoring systems, ultimately advancing the field of biomedical sensing and improving patient

carc.

Several companies, particularly university spin-offs, leverage standard foundry processes to
develop and produce FET-based sensors. For instance, Cardea Bio integrates graphene-based
biological FETs into their biochips, utilizing standard graphene semiconductor foundry processes
to ensure precision and scalability [16]. Their biochips are designed for various applications,
including real-time molecular diagnostics, the CRISPR chip, and hall-effect measurement [17].
The established manufacturing techniques have enabled Cardea Bio to produce a high-quality,
reliable standard graphene sensing platform for numerous purposes, demonstrating the significant
advantages of leveraging these advanced processes in producing cutting-edge biosensing

technology [18], [19].

Another example is DNAe, which specializes in semiconductor-based genomic analysis using
silicon ISFET sensors based on CMOS technology [20], [21]. DNAe employs standard foundry
processes to create next-generation sequencing devices incorporating silicon FETs, realized with
CMOS technology [22], [23]. The DNAe’s devices offer rapid, point-of-care diagnostic
capabilities by integrating electronic and biological components on a single chip. DNAe's use of
standard semiconductor fabrication techniques ensure the production of cost-effective, high-
performance sequencing tools, exemplifying the benefits of leveraging established foundry

processes in advancing genomic analysis technologies for personalized medicine [24], [25].

The most recent example is Graphenea, which manufactures standard nanoscale graphene FET
chips. Graphenea focuses on producing high-quality graphene materials and devices, including
graphene FETs (gFETs) [26]. By leveraging standard foundry processes, Graphenea ensures its
graphene-based biosensors' consistent quality and reproducibility [27]. These gFET-based

biosensors find applications in diverse fields, ranging from healthcare diagnostics to



environmental monitoring, showcasing the versatility and scalability of biochips produced through
standardized manufacturing techniques [28], [29]. This approach highlights the potential of
standard foundry graphene FET technology in creating reliable, high-performance biosensors for

various advanced applications.
1.1.1. Emergence of a new silicon FET foundry based on JFET electronics

The open-gate junction field-effect transistor (OG-JFET) has been introduced by CMC
Microsystem as a potential electronic biological/chemical sensing platform capable of interfacing
soft materials with a semiconductor sensor [30]. The OG-JFET foundry enables mass production
of OG-JFET chips with versatile designs on a single silicon wafer, offering tailored configurations
to meet specific application demands. Although initially intended for chemical and biosensing
purposes or multipurpose applications, there were uncertainties regarding its utilization for these
purposes. Understanding the intricate physics governing the charge sensing mechanism,
integrating it seamlessly with microfluidics for sample delivery, and characterizing the sensor with
a portable readout system has been crucial in unlocking the full potential of the OG-JFET.
However, despite these advancements, the technology was still in its early stages of development
and scale-up compared to well-established CMOS foundry-based FET sensors available today. In
this context, we initiated a project to comprehend the physics behind the sensing mechanism of
OG-JFET for solution charge sensing, utilizing numerical models to understand the device's
working principle under different biasing conditions and developing a low-cost characterization
readout system for sensor analysis and easier fluidic handling. This portable system enhances
testing performance and facilitates seamless integration into various research environments,

paving the way for further exploration and innovation.

Therefore, we conducted experiments and employed different instruments to characterize the
sensor, understand the charge sensing mechanism, and interface the sensor with biological
molecules like DNA, cells like oral neutrophils, and chemicals like alcohol and ions. Through
numerical simulations, we provided a new application platform for parametric analysis of the
sensor, offering insights for design comparison in the COMSOL simulation environment. A
multiphysics simulation study was conducted to understand the sensor's charge-sensing response
to ions and its interaction with DNA. It demonstrated the sensor's charge sensing mechanism and

its integration potential with fluidics and packaging to hold a solution sample on the sensing site.



The results of these efforts could serve as a starting point for future users of this standard
technology to understand better the sensing mechanism, design strategies for fluidic integration,

and electrical readout design for developing a portable characterization system.

1.2. Research Gaps, Challenges, and Solutions
The OG-JFET sensor is a back-gated FET sensor designed with an opened top to facilitate the
introduction of sample solutions onto the sensor's semiconductor channel. Typically supplied in
diced chip form, the sensor requires electronic characterization before solution testing. However,
this process presents numerous hands-on challenges, particularly in the connection of the sensor
to a semiconductor analyzer for reliable characterization and the delivery of solution samples onto
the sensor. Traditionally, utilizing a probe station for characterization offers limited space in the
chuck area, making it cumbersome to handle the sensor, disconnect it, and reconnect it to probe
the sensor pads. This compromises the reliability of characterization and complicates the delivery
of solution samples. Consequently, a pressing need arose to engineer instrumentation and solutions
to circumvent the limitations imposed by the probe station system. Furthermore, integrating a
microfluidics chip with the sensor while maintaining connectivity to the semiconductor analyzer
posed additional challenges. Given the necessity for sensor integration and fluidics packaging,
standardized design strategies for layout design became imperative to accommodate fluidics
handling—a consideration not previously addressed or provided by technology providers.
Therefore, innovative engineering solutions were sought to streamline the process, enhance
reliability, and ensure seamless connectivity between the sensor and semiconductor analyzer,
thereby overcoming the inherent challenges associated with sensor characterization and solution

delivery.

We devised two innovative solutions for implementing OG-JFET, leveraging 3D printing
techniques and microfluidics to address the challenges. In the first design, we developed a new
continuous microfluidics scheme integrated with a control PCB and probing system to establish
connectivity between the sensor and the semiconductor analyzer via dedicated SMUs (Source
Measure Units). This solution entailed utilizing a two-layer microfluidic configuration, enabling
the creation of a three-dimensional microfluidic structure from two distinct 2D microfluidic layers.
Notably, this integration scheme is not limited to OG-JFET sensors but can also be adapted to

characterize any FET sensor using a semiconductor analyzer. In our second design, we engineered



a compact electro-fluidics packaging scheme tailored to connect the sensor to a semiconductor
analyzer, such as Kiteley, or a portable readout system. This smaller packaging solution offers
enhanced versatility, allowing for flexible integration with various analytical platforms while

maintaining the reliability and efficiency required for accurate sensor characterization.

Furthermore, providing researchers with an estimation of the sensor output response for specific
bias conditions and geometric values is paramount in the layout design process. Recognizing this
need and challenge, we developed a user-friendly COMSOL simulation App to facilitate fast and
efficient simulations of OG-JFET. This simulation tool lets researchers quickly assess the sensor's
behavior, considering specific material properties and geometries. The COMSOL simulation App
serves as a valuable resource for comprehending the semiconductor physics of OG-JFET sensors
and the intricate multiphysics involved in their charge-sensing capabilities. We have demonstrated
how this simulation platform offers insights into the sensor's response to ions, water solutions, and
DNA molecules, even under extreme dehydration conditions. Additionally, to deepen our
understanding of DNA sensing in such extreme states, we utilized molecular dynamics (MD)
simulation techniques to unveil the charge and potential changes occurring on the silica layer atop
the sensor. Through these simulation efforts, researchers gain invaluable insights into the sensor's
behavior and interaction with various analytes, paving the way for enhanced sensor design and

optimization.

Another significant challenge in the characterization and biosensing applications of OG-JFET is
the absence of a dedicated characterization system capable of assessing the sensor while
maintaining a stable fluidic package mounted on it. This limitation impedes the comprehensive
analysis of the sensor. Compared to conventional methods involving probe stations and
semiconductor analyzers, it restricts researchers from diverse backgrounds to a low-cost sensing
platform. To address this challenge, we have developed a low-cost portable readout system
specifically designed to characterize the sensor's I-V curves. This versatile system can characterize
OG-JFET sensors and be utilized for various FET sensors. By offering a cost-effective alternative
to traditional characterization setups, our portable readout system empowers researchers to

conduct comprehensive sensory analysis with greater accessibility and affordability.



1.3. Organization of thesis

This section overviews this thesis's structure, consisting of eight journal papers published or
submitted. Each paper addresses one of the challenges mentioned in the last subsection.

1.3.1. Chapter 1: Introduction
This chapter presents research motivation, challenges, solutions, scientific and technological gaps,
research goals, and objectives. The discussion encompasses three levels of contribution: design

and implementation strategies, simulation and modeling, and readout system and chip packaging.

1.3.2. Chapter 2: A Literature Survey

This chapter reviews recent research on FET sensors, including the physics of operation, FET
sensor’s structure, functionalization strategies, and readout circuit design strategies for FET
biosensors. This chapter has already been published as "Abbas Panahi, Deniz Sadighbayan, Saghi
Forouhi, and Ebrahim Ghafar-Zadeh, Recent Advances of Field-Effect Transistor Technology for
Infectious Diseases, Biosensors 2021, 11, 103. The role of Abbas Panahi was writing the initial

draft, performing the comments, and finalizing and submitting the paper.

1.3.3. Chapter 3: OG-JFET Sensing System

Part 1: This chapter presents the design, implementation, and characterization of a multi-channel
OG-JFET sensor aimed at comprehending its response to varying pH of solution representing the
ion sensitivity of the device. This chapter was published as “ Abbas Panahi, Hamed Osouli Tabrizi,
Priyadarshini Mangannavar, Oleg Chebotarev, Andrew Fung, Ebrahim Ghafar-Zadeh, “Open-Gate
Junction Field Effect Transistor (OG-JFET) for Life Science Applications: Design,
Implementation, and Characterization,” IEEE Sensor Journal, Volume: 21, Issue: 23, 01 December
2021. Abbas Panahi's contribution to this paper was the chip design, fluidics fixture design,
simulation, device characterization, dry and wet experiments, and writing the original paper draft

and submission.

Part 2: This chapter presents multiphysics simulations and characterizations of a multichannel
sensor, examining its response to DNA molecules (voltage-bio charge relationship), human
exhaled breath, and oral cells (oral neutrophil cells). These investigations serve to elucidate its
charge-sensing mechanism further. This chapter has been published as: Abbas Panahi, Deniz
Sadighbayan, and Ebrahim Ghafar-Zadeh. 2021. “Electronic Sensing Platform (ESP) Based on
Open-Gate Junction Field-Effect Transistor (OG-JFET) for Life Science Applications: Design,


https://ieeexplore.ieee.org/abstract/document/9585600

Modeling and Experimental Results.”, Sensors 21, no. 22: 7491.
https://doi1.org/10.3390/s2122749. Abbas Panahi's contributions included chip design,
implementation, characterization, multiphysics simulation, experiments related to pH and DNA,

human exhalation on the chip, writing the initial draft, and paper submission.

1.3.4. Chapter 4: Microfluidics Integration

This chapter elucidates integrating a microfluidics device with OG-JFET, providing a
comprehensive overview of the fabrication process and implementation. Additionally, a
mathematical modeling approach has been developed and introduced to delve into the charge-
sensing mechanism of OG-JFET. Furthermore, a finite-element method (FEM) simulation is
presented to gain insights into fluid transport within the fabricated microfluidics chip. This chapter
has already been published as Panahi, A.; Ghafar-Zadeh, E. “A Hybrid Microfluidic Electronic
Sensing Platform for Life Science Applications.” Micromachines 2022, 13, 425. Abbas Panahi's
contributions included sensor chip design, microfluidics chip design, simulation and fabrication,
sensing system implementation and characterization, mathematical modeling of the device and

charge sensing model, writing the original draft, and paper submission.

1.3.5. Chapter 5: Performance Analysis of OG-JFET (Simulation and Experimental
Study)

This chapter delves into the performance analysis of OG-JFET and conducts a design parameter
study to elucidate the impact of various geometrical and material parameters on the sensor
response. Two key performance metrics, transconductance, and device efficiency, are thoroughly
examined. The chapter presents an in-depth discussion on the effects of different design parameters
on these metrics, providing valuable insights into optimizing sensor performance. This chapter is
based on the following paper submitted to the IEEE Access journal. Contributions of Abbas Panahi
were chip characterization, simulation of OG-JFET chip, parametric design, data analysis,

preparing the initial draft of the paper, and submission of the paper.

Paper: Abbas Panahi, Ebrahim Ghafar-Zadeh, “Performance Analysis of Open-Gate Junction FET:

A New Foundry-based Silicon Transistor for Biochemical Sensing Applications”

1.3.6. Chapter 6: OG-JFET Application in Emerging DNA Storage
This chapter introduces OG-JFET as a novel FET sensor for emerging DNA storage applications.

It demonstrates how OG-JFET structure enables DNA measurement, fulfilling the initial


https://doi.org/10.3390/s2122749

requirements of DNA storage applications for the first time. Additionally, a simple finite element
method (FEM) simulation model is provided in the paper to gain further insight into the response
of the OG-JFET. This chapter has already been published in the Journal of IEEE Transactions on
Instrumentations and Measurements as: Abbas Panahi, Morteza Ghafar-Zadeh, Anthony Scime,
Sebastian Magierowski; Ghafar-Zadeh, E. “Novel Field-Effect Transistor Sensor for DNA Storage
Monitoring”. IEEE Trans. Instrum. Meas. 2022, 71, 1-11. Abbas Panahi’s contributions included
chip design, chip preparation, and characterization, performing DNA experiments on the chip and
the COMSOL model for the OG-JFET chip for DNA sensing, initial draft writing, and paper

submission.

1.3.7. Chapter 7: Molecular dynamics simulation of DNA adsorption on the OG-JFET
sensor surface and related experiments

This chapter presents a molecular dynamic simulation analysis of DNA adsorption on interdigital
OG-JFET, shedding light on the structure and state of DNA during extreme dehydration phases
characterized by low water molecule density. The simulations demonstrate that DNA, in its highly
dehydrated state, absorbs onto the surface, altering the surface potential of SiOz. This surface
potential alteration correlates with sensor current changes and subsequent detection. Experimental
validation on ID-OGJFET is conducted using the portable characterization system, which aligns

with the simulation concept and further corroborates the findings.

This chapter is based on a paper submitted to Sensors and Actuators A: Physical. Abbas Panahi’s
contributions include chip design, chip characterization, conducting DNA tests on the chip, and

performing molecular dynamics simulations of DNA interactions with the sensor’s surface.

1.3.8. Chapter 8: Evaporation-based sensing mechanism enabled with high-surface area
OG-JFET

This chapter introduces a novel sensing system based on the evaporation of a sessile droplet on the
ID-OGIJFET to analyze the droplet's polar solution content, such as ethanol and methanol. The
discussion delves into how the structure of OG-JFET and the innovative design of interdigital OG-
JFET enable a unique sensing mechanism on a FET structure. This mechanism relies on the
evaporation of a droplet, allowing for the tracking of evaporation and correlation of the droplet's
content to the time of evaporation using a FET sensor. This chapter is based on a paper submitted

to the Journal of IEEE Transactions on Instrumentations and Measurements. Abbas Panahi’s



contributions were chip design, chip characterization, simulation, performing all experiments, and

writing the initial paper draft and submission.

1.3.9. Chapter 9: Conclusions and Recommendations for the Future Work

This chapter summarizes the conclusions and discussions from the preceding chapters of this
thesis, along with recommendations for future research. It encapsulates the essential findings and
dialogues, providing a cohesive overview of the study's outcomes. Subsequently, it outlines
suggestions for future investigations, guiding potential avenues for further exploration and

advancement.
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Paper 1: Recent Advances of Field-Effect Transistor Technology for
Infectious Diseases

Authors: Abbas Panahi, Deniz Sadighbayan, Saghi Forouhi, Ebrahim Ghafar-Zadeh,
Journal: Biosensors, 2021, 11, 103

Abbas Panahi’s Contributions: Prepared the initial draft and wrote the whole
manuscript except parts 2.5 and 2.6. He also submitted, edited, and revised the paper
throughout publication.

This chapter, a significant component of the thesis, comprehensively reviews the related literature
and has been published as a review paper’. The content of this review paper has been incorporated

verbatim into this chapter.

2.1. Abstract
Field-effect transistor (FET) biosensors have been intensively researched for label-free
biomolecule sensing in different disease detection applications. High sensitivity, incredible
miniaturization capability, promising low minimum limit of detection (LoD) at the molecular level,
integration with complementary metal oxide semiconductor (CMOS) technology, and finally,
label-free operation were among the predominant motives for highlighting these sensors in the
biosensor community. Although FET sensors target various diseases for detection, infectious
diseases are still the most demanding sector that needs higher precision in detection and integration
to realize the diagnosis at the point of care (PoC). The COVID-19 pandemic, nevertheless, was an
example of the escalated situation in terms of the worldwide desperate need for fast, specific, and

reliable home test PoC devices for the timely screening of vast numbers of people to restrict the

! Panahi, A.; Sadighbayan, D.; Forouhi, S.; Ghafar-Zadeh, E. Recent Advances of Field-Effect Transistor Technology
for Infectious Diseases. Biosensors 2021, 11, 103. https://doi.org/10.3390/bios11040103
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disease from further spread. This need spawned a wave of innovative approaches for early
detection of COVID-19 antibodies in human swabs or blood, amongst which the FET biosensing
gained much more attention due to their extraordinary LoD down to femtomolar (fM) with the
comparatively faster response time. As the FET sensors are promising novel PoC devices with
application in early diagnosis of various diseases, especially infectious diseases, in this research,
we have reviewed the recent progress on developing FET sensors for contagious diseases diagnosis
accompanied by a thorough discussion on the structure of Chem/BioFET sensors and the readout
circuitry for output signal processing. This approach would help engineers and biologists gain
enough knowledge to initiate their design for accelerated innovations in response to the need for

more efficient management of infectious diseases like COVID-19.

2.2, Introduction
The recent decade has witnessed significant advancements in detecting and treating diseases,
improving human health globally. However, the COVID-19 pandemic revealed that we are not
well-prepared for early diagnosis and management of infectious diseases to control their spread
[1]. Many hurdles exist in efficiently managing contagious diseases during emergencies like the
COVID-19 pandemic. The most significant problems with current medical procedures for
controlling infectious diseases are drug resistance, the evolution of pathogens, and the emergence
of new genetically developed agents that might spread faster than previous viruses. An example of
this was observed during the COVID-19 pandemic when a newly evolved version of the virus
appeared in England and Africa, spreading significantly faster than the previous version [2, 3]. As
we see, fast and accurate diagnosis and timely treatment could considerably curb the further spread
of the virus. Well-established laboratory-based techniques are currently used to screen and test for
infectious diseases, including microscopies, culturing techniques, immunoassays, and PCR
(Polymerase Chain Reaction) methods [4, 5]. Although these methods have been effective in
fighting many infectious diseases such as sepsis, tuberculosis, HIV, hepatitis, and malaria, during
high-demand periods like pandemics, they have shown limitations in meeting the expectations for
fast and highly accurate screening of the population. Microscopy must address the required high
accuracy; immunoassays (e.g., enzyme-linked immunosorbent assay (ELISA)) are labor-intensive
and poorly designed for multiplexing purposes. Furthermore, despite being accurate at the

molecular level, PCR methods involve tedious sample preparation and experiment setup processes.
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Apart from the equipment challenges and current state of the art, sampling and sending them to
standard machines in specialized laboratories have been recognized as additional barriers to
controlling the spread of diseases. These processes have increased human interactions at times
when effective social distancing measures are crucial. This inefficient process has complicated the
timely screening of the population, resulting in fewer daily tests than needed, leaving many people
unscreened. Consequently, this leads to more infected cases and the further spread of the disease.
This problem is exacerbated in countries with limited access to standard equipment and advanced

laboratories, causing the spread of disease and hampering regular international connections.

Nevertheless, the recent decade was a booming time for the emergence of a wave of biosensing
innovations toward the realization of early and timely detection of diseases through miniaturized
devices with the anticipation of affordable-to-all handheld point-of-care (PoC) devices [5-7]. To
better envisage the steps taken during this era of personalized medicine research and development,
the glucose test is an excellent example of how to grasp fruitful endeavors. Glucose at-home tests
are based on a potentiometric sensor and have been reported in different configurations [8]. These
sensors have enabled the successful controlling and monitoring of diabetes disease, which was not
possible with the standard medical treatments and regular doctor visits. Another alumnus of this
school is the home pregnancy test, based on a lateral flow detection method that has significantly
affected the biomedical sector [9]. Down the road, the fast development of microfabrication
methods helped to fabricate a wide range of nano/micro microelectromechanical systems
(NEMS/MEMS)-based sensors including microfluidic chips, potentiometric biosensors based on
various nanomaterials (e.g., ion-sensitive field-effect transistors (ISFETs), complementary metal-
oxide-semiconductor (CMOS)-based biosensors and other miniaturized microdevices dedicated to

biosensing applications [10,11]).

Due to the superior sensing characteristics of field-effect transistors (FETs), they have attracted
massive attention in the biosensing research community with the motivation to create disposable,
low-cost, miniaturized PoC devices based on FET sensors for home diagnostic purposes. The
superior technological features of these sensors have massive potential for miniaturization,
parallelization, ultra-low response times, and seamless capability to be integrated with CMOS
technology [12—14]. Historically, ISFETs were first introduced in the early 1970s by a subtle

variation in the metal-oxide-semiconductor FETs (MOSFETs), which removed the metal layer on
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top of the oxide layer [15]. Initially, it was conceived that by eliminating the metal gate on top of
the oxide layer in MOSFET, space would be dedicated to an electrolyte solution as the fluidic gate
in which a reference electrode (RE) can manipulate the surface potential of the oxide layer by

changing the voltage.

Moving toward chemically/biologically gated ionic sensitive FETs (Chem/BioFET) has brought
many advantages not observed in other potentiometric techniques. The central reasons for
Chem/BioFET's popularity are their significant miniaturization, straightforward operational
mechanism, integration with CMOS, and competitive final cost. Since the invention of ISFET in
1976, different ISFET structures have been introduced for various bio-analytes in solution,
resulting in a range of Chem/BioFET configurations [16]. Generally, the electrolyte gate is
standard in all Chem/BioFET structures, containing the analytes of interest for detection in an ionic
solution (NaCl, KCI, PBS, etc.) buffer. The presence of the analyte is detected by the concentration
or activity of the target molecule or by probing the presence/quantity of biomolecules in the
sensing channel. The induced charge on the sensor changes the surface potential, causing a
detectable electron current in the conductive channel of the FET sensor. After the physical sensing
of chemical activities on the surface, signal processing schemes are conducted on the output
voltage/current in the circuit. The signal is then remotely sent to a mobile device for a medical

doctor's online and distant patient health screening [17].

Considering the enormous potential of Chem/BioFETs in rapid detection with a limit of detection
(LoD) down to fM, their incredible sensitivity compared to other biosensors, and their lower cost
(when integrated with CMOS technology), it becomes evident that these sensors can be considered
a potential platform for manufacturing point-of-care (PoC) devices. These PoC devices could be
designed to address the need for rapid at-home tests, especially during future pandemics like
COVID-19 [18]. Label-free detection of infectious diseases can be achieved by immobilizing
antibodies, nucleic acids, aptamers, enzymes, microorganisms, or artificial biomaterials on the
sensing channels [19]. The immobilization of these bio-species helps detect specific disease
biomarkers in solution in a label-free manner when a chemical reaction occurs or the target
molecule approaches the surface. Furthermore, ISFETs can be used for screening infectious agents

and their genomes by detecting the ions released by DNA polymerase [20, 21] or the bacterial cells
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infected by bacteriophages [22], as well as measuring pH variations due to cellular metabolism

and proliferation [23].

In this review, we have studied recent Chem/BioFET sensors dedicated to analyzing infectious
diseases, the physics of operation, and the readout circuits. Section 2%, describes the sensing
mechanism in Chem/BioFET sensors. The third section?, overviews the approaches for sensing
surface modification and functionalizing Chem/BioFETs to detect infectious diseases. Some
readout circuits are reviewed in the fourth section®, potentially helpful in measuring the output
parameters of Chem/BioFETs. This section focuses on CMOS-based circuits, which can pave the
way for on-chip measurements and the development of affordable handheld PoC devices. This
review has been prepared to convey information on all aspects of Chem/BioFET, which could help

engineers and biologists accelerate their innovation in detecting infectious diseases.

2.3. Sensing Mechanism and Different Structures of
Chem/BioFETs
The principal physics behind almost all kinds of Chem/BioFET operation is the capability of these
sensors to sense the charge effects on the surface through the induced electric field due to the
existence of target molecules in the solution. When an electrolyte solution meets a solid surface
(like silicon dioxide or any other oxides), a capacitive double layer (DL) is created, which consists
of different layers such as a stern layer, inner Helmholtz (IHL), and outer Helmholtz (OHL) [24]
(see Figure 2-1 and Figure 2-2 for better understanding). These layers encompass different
concentrations of ions concerning the vertical distance from the surface. This layered distribution
of charges creates several ion layers that can then be modeled as capacitors on top of the surface
of the oxide (dielectric). Many attempts have been made to understand the interwoven effects of
these layers and their contribution to the overall oxide-surface potential [25]. The accumulated
charge in the vicinity of the oxide surface (due to the creation of the electric double layer) changes
the oxide electric field, which eventually contributes to changing the potential at the outer surface

of the sensing conductive channel. Subsequently, the generated potential alters the space charge

1 Section 2.3
2 Section 2.4
8 Section 2.5
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distribution inside the conductive channel, leading to source-drain current variations inside the

FET conduction channel.

Unraveling the exact physical phenomena taking place at the semiconductor-oxide-electrolyte is
of imperative importance when it comes to fabricating BioFET sensors more efficiently.
Furthermore, this understanding becomes more critical when we scale down to the nano BioFET
structures, where the ions and molecular interactions dominate the electron conduction in the
channel. This in-depth study would enable us to decipher and control unexpected and intrinsic
interfacial noises. Significant advancements have been made on this matter, which has
considerably assisted the multi-scale design of ISFETs and the discovery of novel BioFET sensing
materials. As the fabrication of these FETs progressed well, the development of theories to explain
the physical phenomena emerged parallel to explaining noises and some fabrication challenges
[26, 27]. The type of ISFETs on which a layer of the ion-sensitive membrane interacted with
solution has been theorized perfectly. However, the direct interaction of electrolytes with the oxide

layer was developed at a different pace [28].

As shown in Figure 2-1, due to the interaction of ions and the oxide layer, the double-layer
capacitance will be created in the proximity of the oxide. The oxide layer capacitance, a built-in
characteristic of this layer, will appear on top of the channel. Due to the depletion effect of the
adsorbed charges on the surface, the channel will create another capacitor that modulates the
surface charge density and the electron/hole transport in the channel. Charge effects on the surface
of the oxide layer would result in the source-drain current, which can be mathematically expressed

as follows (we encourage readers to study an in-depth analysis in [28]):

Ip = MQx%{[VGs — Veasrem)|Vos — %VDSZ}a (2-1)

Equation (2-1) shows the current in the channel when the sensor is exposed to an electrolyte with
varying potential and works in the linear operational region (Vps < Vs - Vi asrem). In this equation,
the parameters are as follows: p stands for average mobility in the channel; W and L are the width

and the length of the gate, respectively; Vps and Vgs are the drain-source voltage and the gate-
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source voltage, respectively; Cox identifies the capacitance of the gate oxide. Vi gsrer) is the

threshold voltage of the ISFET, which can be expressed as follows:

$si  Qox*@Q Q
Veasrery = Eres — Wo + x°°' = f — === _ Ei + 20y, (2-2)
Where Err identifies the potential of the reference electrode; Wo is the insulator-electrolyte
potential; yso1 stands for the surface dipole potential of the solution; ¢s;i is silicon electron work
function; q denotes the elementary charge; Qox, Qss and Qg are the charges in the oxide, charges in
surface states and interface states and the depletion charge, respectively; and ¢r is the potential

difference between the Fermi levels of doped and intrinsic silicon.

—————————————————————————————————————————————————————————————————————————————
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Figure 2-1. (a) The standard structure of a bio field-effect transistor (Bio-FET); (b) the corresponding potential
diagram showing the effect of electrolyte on the potential of interfaces. The potential at the oxide layer and solution
interface arises and then decreases gradually to the solution potential. Adding the sample would manipulate this
potential curve, influencing the charge transport inside the silicon channel. Three main capacitances are involved
in the system: the oxide, channel depletion capacitance, and the solution double layer (CDL).

All the parameters in Equations (2-1) and (2-2) are constant values except Wo, which shows the
effect of surface potential on the oxide layer and affects Vi siorer). This will be changed by the
ionic solution and biomolecular content of the solution, which directly influences the current in
the channel. Through mathematical modeling and using site-bonding theory (please read [29] and
[30] for detailed information), the potential of the surface could be related to the pH of the bulk

solution. The corresponding equations for more insight are as follows:
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where o shows a dimensionless sensitivity parameter. The value of o varies between 0 and 1,
depending heavily on the intrinsic buffer capacity and the differential capacitance. K is the
Boltzmann constant, and T is the absolute temperature. Furthermore, o, stands for the surface
charge (charge on oxide surface and, generally, the interface between surface and electrolyte), Bint
is the ionic capacity, and Cgir denotes the differential capacitance. The surface potential will be
changed when a slight variation occurs in the electrolyte ion concentration that could result from
either a chemical reaction in a biological sample or simply the existence of charged molecules in
the solution. Generally, adding a specific concentration of an analyte varies the pH of the solution,
which can be correlated to the potential of the surface through Equation (2-4). This potential affects

the source-drain current in the conduction channel. So, the threshold voltage of an ISFET is [31]:
Viasrer) = Viemos) + (v + 2.3aVypH), (2-5)

Where vy is a pH-independent grouping of chemical potentials, Vth=kT/q denotes thermal voltage,
and Vt (MOS) is the threshold voltage of a conventional MOSFET. Different operational regions
of the ISFETs can be used for sensing, including (1) Triode (or linear region), (2) strong inversion
(or saturation), (3) weak inversion (or subthreshold), and (4) velocity saturation. As
aforementioned, Equation (1) describes the drain current in the triode region. The drain current of

a saturated ISFET (Vps > Vgs — Vi asreT)) 1s obtained by:

(2-6)

w
Ip = MCOXT{[VGS - Vt(ISFET)]Z(l + AVds)}

Where A is the channel length modulation factor, if ID and Vps are held constant, Vgs will adjust

to compensate for changes in Vi asreT).

By assuming a zero bulk-source voltage and Vps > 4V, the operation of an ISFET in a weak

inversion region can be described by [31]:
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Vs —Vt(ISFET))

w
Ip =1, T exp ( . 2-7)

I is a positive constant current, and n is the subthreshold slope parameter.

In the velocity saturation region, the operation of the device can be expressed by [32]:

Ip = VsatCoxW (Ves — Viasrer) — Vbisat)s (2-8)

where vsat and Vpsat, respectively, stand for the saturated carrier velocity and the point when the

drain current saturates.

These principles apply to semiconductor-oxide-electrolyte Chem/BioFETs regardless of their
geometries and channel-gate arrangements. However, they may not be directly applicable to
certain Chem/BioFETs that rely on the sensing properties of nanomaterials such as graphene or
carbon nanotubes (CNTs). This discrepancy arises because ion complexation on these surfaces
may not agree with the site-bonding theory used in describing common dielectrics in the
fabrication of ISFETs. Mathematical modeling of molecular interactions at the surface (oxide or
nitride) becomes complex, making it impossible to predict surface potential, as the site-bonding
theory provides. Nonetheless, in terms of modeling interactions in complex BioFET surface
systems, atomistic molecular dynamics simulation has recently been employed to analyze ion
complexation on the surface and measure surface potential on the channel [33—-35]. State-of-the-
art molecular analysis has empowered researchers to gain insight into molecular interactions at the
channel surface and estimate double-layer capacitance considering the interaction of
nanomaterials, oxide, ionic solution, and proteins on the surface, which is not practically possible
with current models. Figure 2-2 (a—c) illustrates the surface potential in a complex system

containing ionic solutions.

Despite advancements in surface potential calculation modeling methods, uncertainties persist in
predicting the exact potential on the oxide surface when different biomolecules are present that do
not impact pH or ion concentration variations. While the pH sensing mechanism relies on detecting
[H+] concentration, surface modification allows for the sensing of other ions in the solution,
introducing alternative detection mechanisms solely based on wvariations in specific ion
concentrations (e.g., [Nat] or [K+]) independent of [H+] [36]. These chemical FETs can be

achieved by immobilizing a sensing layer permeable only to one or multiple ions in the solution.
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Understanding the sensor response's dependence on specific ion concentrations (aside from [H+])
enables the design of a wide range of ChemFETs capable of detecting the presence of biomolecules
or chemicals that do not alter pH but affect the concentration of other ions. Enzymatic reactions
offer another detection mechanism whereby the analyte of interest can be detected by immobilizing

the surface with a specific enzyme that reacts only with the targeted protein in the solution.
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Figure 2-2. Showing how atomistic molecular dynamics simulation scales have been used to estimate the charge
density on the surface of the oxide layer (here SiO,): (a) Showing the silicon in atomic representation, which clearly
shows the atomistic distribution of water and ions in the vicinity of surface silicon, which create a surface potential
decaying into stable value in near zero in diffusion layer. The double layer has been shown, and its effect creates a
specific potential on the surface based on the ionic strength of the solution. Molecular dynamics can be used to
estimate this potential in very complex solutions containing biomolecules; (b) showing a 3D sketch of an FET
device; (c) potential and ions layers on the interface of electrolyte and substrate in the sensor.

Enzymatic retractions contribute to the creation of acidic molecules, which could directly affect
the pH of a solution that can be detected by the BioFET sensor [37]. In recent years,
oligonucleotides have been introduced and gained growing popularity in the scientific community

due to their contribution to directly detecting biomolecules in BioFET. The direct detection
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mechanism includes the functionalization of oligonucleotides on the sensor's surface, which helps
to screen the macromolecules in the Debye length on the surface since they are much smaller than
proteins (target molecules) [38]. Generally, the mechanism of detection in BioFET embraces pH
variation, reaction-origin detection (e.g., enzymatic or redox), direct sensing of a molecule based
on Debye length screening, and indirect methods such as oligonucleotides functionalization of
surface to detect the DNA on the surface. Many in-depth studies are still required to unravel the

complex surface phenomena at the interface of electrolytes, oxides, and biomolecules.

24. Chem/BioFETs Device Structures

BioFET sensors refer to all family of FETs dedicated to measuring charge-induced field effects in
different settings of bio-interfaces such as Gene-FETs (DNA-based FETs), Enzyme-FETs (Enzyme
reaction detectors) and Cell-FETs (FETs with biological cells as their gate). While the biological
targets in these sensors are different, the mechanism of their operation is based on ISFET’s
operation. The invention of ISFETs goes back to 1972 when Piet Bergveld introduced the
technology and tested it for pH measurements of NaCl solution. From Piet’s ISFET invention in
1972 forward (about 50 years of research), many geometries of ISFET sensors have been
developed that generally can be categorized into six main groups based on their gate operation.
These structures are conventional oxide-electrolyte structures (only the metal of MOS is removed,
and an oxide layer is deposited), unmodified CMOS technology, floating gates, extended gates,
double gate structures, and top-gated structures, which can be modified with different
nanostructures and reinforced with materials (See Figure 2-3). These structures, specifically or in
combination with other forms, have been recognized as the basis for further development of other
biological FET sensors such as graphene-FETs (GFETs), CNT-FETs, nanowire FETs (NW-FETs),
or other novel sensing materials such as MoS2 and Metal-Organic Frameworks (MOFs) [39—43]
(See Figure 2-4).
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Figure 2-3. All structures of metal-oxide-semiconductor (MOS)-based ion-sensitive field-effect transistors
(ISFETs) platforms that have been used for Chem/BioFET applications: (a) Representation of Oxide-electrolyte
gate Chem/BioFETs, which include a reference in a solution on top of the oxide layer; (b) showing the floating
gate structure by which the solution area has been separated from the conduction channel by an internal connection
from the oxide layer on top of the channel to the solution and sensing membrane; (c) a demonstration of the
integration of a floating gate with control gate, which helps to have more accurate control over the gate operation;
(d) shows extended gate structure that allows us to have a more extensive sensing area for biosensing purposes.
Moreover, an extended gate creates enough room for further integration with the microfluidic system, which in
most cases was not applicable to add them to small ISFETSs; € oxide-electrolyte gate Chem/BioFET with the back
gate, which used the back gate to manipulate the working point of the sensor by changing the depletion effects in
the conductive channel.
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2.4.1. Oxide-Electrolyte Gate Chem/BioFETs

According to Figure 2-3 (a), the Chem/BioFET structures in this category closely resemble the
early ISFET designs, which have been extensively applied in literature for pH and biological
analysis since their inception [44]. In these structures, the metal gate on the MOS sensors is
removed, and an oxide layer such as Si0», A1,O3, or Ta>0Os is deposited on the exposed gate area
atop the conductive channel. While adding a nitride layer is optional, it is often deposited for
specific applications. Although various arrangements of this sensing platform exist, the primary
difference lies in the type of sensing mechanism (as depicted in Figure 2-3), with the conductive
channel being the silicon itself, without using additional materials to enhance sensing capabilities.
For these sensors (refer to Figure 2-3), SiO; and Si3N4 have typically been employed as the oxide
and nitrite layers, respectively, serving as the dielectric. Si3N4 is usually deposited on SiO: to
regulate the desired dielectric value in the sensor. While the deposition of these oxides is well-
established, concerns have been raised regarding their suitability for ion sensing due to the
abundance of charge-trapping sites created by oxide sites on the outer surface, which may
contribute to unwanted parasitic responses from the sensor [45]. For instance, the FET developed
in [40] exhibited a response to different concentrations of PfGDH protein spiked in buffer and
serum, with corresponding calibration of source-drain current versus gate voltage for various
Plasmodium falciparum glutamate dehydrogenase concentrations. The sensor's response varied
from 0.5 pAto 0.8 pAin Vgs =0.88 V as the concentration changed from 100 fM to 10nM. Initially
used for detecting Na+ and H+ ions activity for monitoring extracellular ion pulses measured with
a guinea pig taenia coli [46], this structure has also been utilized to evaluate bacterial deposition
under conditions commonly employed for telemetric monitoring of changes in human dental
plaque pH [47]. Furthermore, in an early attempt for neuronal recording, a neuron was mounted
on a thin insulating layer of gate oxide on n-type Si in an electrolyte, like the configuration shown
in Figure 2-5 (a), where a positive bias voltage was applied to the silicon to induce an accumulation

of movable, positive defect electrons near the surface (strong inversion).
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Figure 2-4. The general form of electrolyte and back gated structures of FETs, which have been used for the sensing
elements in Chem/BioFET: This nanomaterial-based structure has been widely used for cell, DNA, enzymatic
reaction, and chemical sensing; (a) sensor structure; (b) the most frequent nanomaterials used as sensing element
and main conductive channel.

As depicted in Figure 2-5 (b), when neurons undergo a positive voltage shift during voltage
stimulation, the surface potential of silicon in the conduction channel region increases, resulting
in a reduced current in the channel (as indicated by the curve showing the current response). The
oxide-electrolyte gate structure accurately recorded the stimulation and recording of neuron cells.
This configuration has found applications in various physicochemical settings, including the
immunodetection of anaerobic bacteria using Clostridium thermocellum cells [48], adhesion
analysis of single neuron cells on oxidized silicon [49], analysis of hybridization of synthetic
homo-oligomer DNA sequences [50], electrogenic cell monitoring [51], monitoring cellular
metabolism [52], and tracking excitable neurons in the rat brain [53] and cardiac muscle [54].
Furthermore, it has been employed in sensor and fluidic packaging for cellular monitoring [55]

and analysis of cell proton transport mechanisms [56].

This structure has been beneficial for cellular activity analysis, focusing on local pH measurement
near the surface [57,58] and adhesion analysis of cells on the substrate by measuring the pH of
cells distant from their culture area [59]. In recent years, an ISFET sensor with an oxide-electrolyte

structure has been employed for cell analysis and pH measurements. For example, a Si02-Ta20s
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oxide-gated ISFET was utilized for live-cell monitoring by measuring pH variations around cells
on the gate [60,61]. In another application, a Si3N4/Ta,Os oxide-gated ISFET was employed to
study the self-assembly of photosynthetic proteins [62].

Cell Stimulat

Refrence Electrode

FET-Response

Stimuli

(a) (b)

Figure 2-5. The stimulation and the response of the FET sensor from a cell on top of an oxide-semiconductor. (a)
Sensor structure for culturing cells on the oxide layer on top of the conductive channel; (b) the stimuli and the
sensor response simultaneously, which shows the successful loading and recording of a pulse onto/from the cell
using the ISFET sensor. The FET response is “current,” and the stimulus is voltage.

2.4.2. Chem/BioFET based on Standard CMOS
Utilizing well-matured CMOS technology as the primary platform for developing ISFETs
represented a significant advancement in creating standardized ISFET sensors for biological
applications [22, 63]. For instance, in terms of transfer characteristics, the fabricated circuit
exhibited a linear dynamic range of 2.5 V, enabling each ISFET to function as a pH sensor within
the array [58]. These ISFETs possessed a threshold voltage of —1.5V and a sensitivity of
46 mV/pH [58]. Employing unaltered CMOS structures (refer to Figure 2-3 (b)) for ISFET sensors
offers several advantages that render this structure competitive compared to other Chem/BioFET
configurations. Adapting CMOS technology ensures that Chem/BioFET-based sensors are highly
scalable and low-powered, two critical attributes for handheld PoC devices. As illustrated in Figure
2-6, this sensor is manufactured by connecting the elongated gate of a transistor to the solution,
effectively isolating the solution from the sensor area. The gates, connected through buried metal

connectors within the oxide layer of CMOS, are linked to layers of SizNy, Si0O», etc., which serve
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as the surface for ion complexation for H+ sensing [22]. Milgrw et al. [63] employed a 16 % 16
array of these sensors for direct extracellular imaging, exemplifying the application of the

unaltered CMOS sensor. The structure of this sensor is depicted in Figure 2-7.

Refrence Electrode

K+ Sensitive Membrane 20 um
M6 Electrode
Passivation Oxide 20 um
D E—

Silicon (n-type)

Silicon (p-type)

Figure 2-6. The standard complementary metal-oxide-semiconductor (CMOS) ISFET is used to rapidly detect E.
coli bacteria using an unchanged CMOS structure coated with a potassium-sensitive membrane.

Refrence Electrode
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Passivation Layer

Source

Silicon (n/p-type)

Figure 2-7. The standard CMOS ISFET for cellular monitoring applications.
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In alignment with this trajectory, novel CMOS-based innovations emerged for chemical sensing.
For instance, a needle-like ISFET sensor was devised to explore minuscule spaces in biological
and chemical samples, boasting a sensitivity of 45 mV/pH [64]. Additionally, Georgiou and
Toumazou modified a commercial 0.25 um CMOS technology into a standard ISFET for pH
measurement [65]. Sohbati et al. conducted dimensional and shape analyses to consider all crucial
geometrical parameters influencing the operation of ISFET-based standard CMOS technology
[66]. A common characteristic among ISFETs based on CMOS technology is the utilization of
SiO; and Si3N4, or a combination of both, which introduces additional capacitance above the
silicon channel, impacting ISFET sensitivity (and inducing parasitic errors). However, covering
all parts of the sensor with this thick oxide/nitride layer presents a drawback, resulting in undesired
capacitance that affects the sensor's threshold voltage. This occurs as ion complexation/trapping
sites on the oxide/nitrite surface influence the electron current in silicon during subsequent
attempts [65,66]. This technology found successful real-world applications, particularly in pH
measurements, including nucleic acid amplification detection [67] and next-generation genome

sequencing [68].

2.4.3. Floating Gate Chem/BioFET

Commonly, a floating electrode is used to protect the oxide sensing region on top of the channel
and provide better control over the sensitivity of the device in different operation settings, which
is a preferred condition when it comes to having uniform modulation of the sensor. Figure 2-8
shows that the floating gate-based Chem/BioFET structure includes two gates, one for exposure
to biological samples and another for controlling the gate. This gate structure has been used

successfully to investigate DNA charges on the oxide surface, as depicted in Figure 2-8.
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Figure 2-8. The floating gate structure and a real chip designed by Barbaro et al. for Label-free DNA analysis.
This sensor contains 80 biosensors that are placed in 2 channels. A microfluidic system has also been bonded on
this chip to provide access to the sensing areas for test solutions and reagents.

The sensor illustrated in Figure 2-8 operates without an RE as the floating gate was used for
modulation and control of the gate on oxide in which the threshold voltage varied between —0.8 to
0.8 Volts in different stages of DNA sensing procedures [69]. The floating gate structure has been
used in another Chem/BioFET sensor for oxide functionalization of conductive organic electronics
[70]. In [70], the sensor was also tested without an RE, as the tests were performed in dry
conditions. In an exciting job, the floating gate structure was also successfully tested for the
realization of programmable ISFETs and used for DNA analysis [71,72]. In terms of investigating
neuron interactions, a floating gate structure was used as a sensing platform by Cohen et al. [73].
They designed a floating gate structure that provides a wide gate area for monitoring the chemical
reactions, which makes it a suitable sensor for integration with microfluidic [73]. Chemoreceptive
neuron MOS (CvMOS) transistors have been used for electrochemical recordings of exocytosis
from populations of the mast and chromaffin cells [74]. This sensor arrangement using a floating
gate structure (coexistence of control gate, sensing gate, and floating gates together) allows the
simultaneous control of the electrolyte and ions quiescent point to be independently controlled.
The sensor is also CMOS-compatible and physically isolates the transistor channel from the

electrolyte for stable long-term recordings [74].

2.44. Extended Gate Chem/BioFET

Integrating FET sensors with a microfluidic platform for directing the solution and biomaterials
toward the sensor is a big challenge in biosensor integration. However, a promising approach for
alleviating this issue is to extend the gate of the FET sensor compact area to meet biological matters
[75,76]. This structure helps to have a much simpler fabrication process, as the sensing area can

be fabricated according to the design demand of the fluidic section. Regular FET biosensor
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designs, as discussed in previous sections (oxide-electrode gate and floating gates), come with
some challenges primarily associated with the inevitable surface chemistry of ion complexations
and the following ion trapping phenomena, which leads to the development of noise in the output
signal [75]. Extended gate Chem/BioFETs have been designed to improve these deficiencies,
which have been investigated in the literature with different applications for pH measurement of
ion solutions and other bio-interfaces [16]. Compared with ISFETs, extended gate FETs have
shown much better stability regarding chemical, thermal, and incident light disturbances in parallel

with greater sensitivity [16, 77]. Figure 2-9 demonstrates an example of an extended gate FET

sensor used as a platform for biochemical analysis [76].

Vref Ag/AgCI

Base +

Copper

FR4

Figure 2-9. An extended gate sensor developed by Kaisti et al. shows a handheld system for biochemical analysis
that utilizes a transistor and a specifically designed gate to transfer the detection unit to the sensing FET.
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Figure 2-10. Extended gate Chem/BioFET structure in which the gold gate was deposited on SiO2 and Si
substrate. The extended gate was connected to the fluidic channel through a liquid cell on top of the sensor.

Due to the specific characteristics of extended gate FET for biosensing applications, many are
designed for various detection applications such as pH, urea, glucose, calcium ion, DNA, and
immunosensors, which have been registered. A complete review of these sensors is done in other
work by Pullano et al. [75]. An extended gate sensor was used for direct potentiometric serological
diagnosis toward the detection of the Bovine Herpes Virus-1 (BHV-1) pathogen by Tarasov et al.
[77]. Their design is shown in Figure 2-10, which demonstrates an extended gate connected to the
gate of a MOSFET. In their experiment, concentrations of p53wt changed from 50 pM to 10 nM,
which resulted in Ids jumps ranging from about —5.0 x 10® A up to about —5.0 x 1077 A.

2.4.5. Double Gate Chem/BioFET
Double gate sensors have the same structures as before regarding the drain/source and channel
operation mechanism. These sensors mainly operate under an RE, while another gate at the back
of the sensor helps to manipulate the sensors' operation point. Due to this further operation control
using the back gate, they were intended to go beyond the Nernstian limit, which defines the ISFETs
sensitivity limit [78—80]. Spijkman et al., in a fascinating piece of research work, introduced a new
configuration of ISFETs using a double gate concept in which they could push the Nernstian limit
to about 2.25 V/pH using a self-assembly polymer as the solution interface gate on top of ZnO
channel with a back gate that contributes to the creation of bottom capacitance [79,80] (Figure 2-

11 shows the double gate sensor).
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SAM

Bottom Gate

Figure 2-11. The double gate structure Chem/BioFET was designed based on the structure. The SiO, is placed at
the back of the channel (ZnO), and the electrolyte solution is placed on top of the sensing layer and the conductive
channel.

Huang et al. introduced the double gate structure as an effective method to enhance the
performance of standard CMOS-based ISFETs. Their study presented a dual-gate ISFET sensor
structure, depicted in Figure 2-12, developed using a standard 0.18 pm SOI-CMOS process and
an additional backside process [81]. By employing a poly gate (PG) as the second gate in the
double-gated CMOS standard ISFET structure (as shown in Figure 2-12), they achieved significant
improvements in ISFET characteristics. These enhancements included a 155-fold increase in
signal-to-noise ratio (SNR), a 53-fold decrease in drift rates, a 3.7-fold reduction in hysteresis, and
a 7.5-fold increase in sensitivity [82]. The back gate structure has been widely utilized in FET
structures where nanomaterials, as illustrated in Figure 2-3 (b), were deposited on the oxide and
served as the primary conductive channel. Notable examples include CNT-based FETs, graphene-
FETs, silicon nanowire (SiNW)-FETs, MoS> FETs, MOF FETs, ZnO FETs, and various other
nanomaterials that leveraged the double gate configuration with a solution gate and a back gate for

sensing applications.
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Figure 2-12. A dual-gate ISFET sensor structure was developed in a standard 0.18 pm SOI-CMOS process. The
back gate was created through a backside process to make a double-gate structure. The sensor is completely working
based on the CMOS readout.

2.5. Chem/BioFET Structures Used for Infectious Disease Screening

As previous discussions have shown, various structures of ISFETs have been employed in
Chem/BioFET biosensing systems. These sensors have also been frequently used for the detection
of infectious diseases. Almost all the Chem/BioFETs used for infectious diseases have been based
on the electrolyte gate on the main channel. However, there were a few examples of other structures

as well.

For detection of a sequence of Hepatitis C Virus (HCV) at deficient concentrations down to the
pM range, a Peptide Nucleic Acid (PNA) CNT-based FET structure sensor was used in which the
sensor was working based on the Ag/AgCl solution gate in the electrolyte [87]. The structure of
the fabricated sensor is shown in Figure 2-13, which consists of metallic SWNTs that would lower
the sensitivity of the devices for sensing applications. In this work, to minimize the effect of contact
residence between single-wall CNTs (SWCNTs) and the metal layer, the contact areas were
passivated with microlithograpically patterned AI203 (50 nm) or self-assembled dodecanethiol
(DDT) monolayers [87].
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Figure 2-13. FET structure is used to detect RNA. In the figure, Au 1 and Au 2 demonstrate the source and drain
pads, respectively. The gate potential has been applied through the Ag/AgCl as RE, and in this picture, the Vb is
the bias voltage of the source-drain.

Lee et al. [88] developed an extended gate Chem/BioFET structure (see Figure 2-14) manufactured
based on the 0.35 pm CMOS process, which was integrated with working electrodes, an RE, and
readout circuits into one package. A detectable range of 88.3 dB and an LoD of 36 uV were
reported for this sensor, which led to a successful Chem/BioFET for the detection of

oligonucleotide sequences derived from the HSN1 avian influenza virus (AIV).
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Figure 2-14. The sensor proposed by Lee et al. to detect the RNA of HSN1 AIV-based on hybridization detection
on the surface of the gold electrode: (a) Showing the working electrode and reference electrode arrangement, which
are dedicated for probing and reference reaction; (b) a brief schematic of circuit and the way it has been connected
to the reference and working electrodes.

The structure of this sensor is introduced in Figure 2-14 (a, b), which shows a conceptual view of
the integration and working principle of the device. All the electrodes were built in the device area,
which included working electrodes, an Au (numbers (1) and (3)) modified along with DNA strands,
and an RE (Al, number (2)) that determined the potential of the analyte solution. The signal will
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be processed in the CMOS circuitry after introducing the sample to the functionalized extended

gate.

Buffer Solution

Outer Pad Interconnect Passivation Layer
£ =

Gate

Underlap region (Biosensing)

Figure 2-15. A CMOS-based Chem/BioFET structure using an underlap-FET biosensor: The cross-sectional of a
water droplet is shown as the solution on top of the sensor. This sensor has been used to show the effect of
wettability on the sensor characteristics and sensitivity

Another CMOS-based Chem/BioFET platform is shown in Figure 2-15, which utilizes a gated area
on the main channel. At the same time, the solution is introduced onto the sensor through an
underlap region [89]. In the sensor shown in Figure 2-15, to examine the effect of hydrophilicity
and hydrophobicity on the response of the sensor, a thin film of CYTOPTM and silicon nitride has
been used as the hydrophobic and hydrophilic passivation layers, respectively. The sensor was
finally tested for surface antigen detection and its specific AIV antibody. This work introduced a

method for enhancing the sensitivity of CMOS-based Chem/BioFET sensors to detect better.

Figure 2-2 shows that many sensors have employed nanomaterials as the sensing element,
considered conductive channels. Almost all sorts of these sensors are working based on the back-
gate structure. Therefore, double-gated Chem/BioFETs consider one of the gates as a RE in the
electrolyte solution. One of these structures employing both the back gate and a solution gate was
implemented on the SiNW-based sensor to detect HSN2 AIV in a very dilute solution [90]. To
facilitate the integration of the RE with the SINW, it was positioned inside the solution where the

fluid was directed inside, as shown in Figure 2-16.
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SINW sensor

Figure 2-16. The silicon nanowire (SiNW) schematic integrated with the PDMS microfluidic channel is designed
to direct the flow of the sample of interest toward the solution. An Ag/AgCl electrode is integrated by placing its
tip in the inlet of the microfluidic channel.

The ultrasensitive detection of HSN2 AIV was demonstrated using a reusable SINW FET, which
was made possible by the reversible surface functionalization on the SINW via a disulphide linker.
They reported a successful reversible surface functionalization, which was then examined by

electrical and microfluorescence methods. This innovation enabled them to detect very dilute

H5N2 ALV at 10—12-10—-17 M [90].

As a back-gated structure for SINW sensors, based on a CMOS fabrication process, a label-free
and specific DNA detector was devised in which, by applying rolling circle amplification (RCA)
on SINW-FET, they could get higher sensitivity and better performance. The back gated structure
was also used to directly detect airborne viruses without using any solution and wet fluidic section
[91]. According to this method, the virus—antibody-connected particles are delivered to the FET
during detection, and the regular pre-treatment and antibody binding step on the FET channel is
not required. In this method, they have eliminated the washing process for the virus—antibody
binding [91]. On top of the sensor area, a layer of CNT was coated, which was used to detect virus

deposition from the electro-aerodynamics separator (see Figure 2-17).

In another study, integrating a double gate and extended gate was studied to introduce a new sensor

structure (see Figure 2-18). A so-called ‘disposable well gate’ was connected to the top gate of a
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channel, which was used to detect AIV [92]. This research reports a FET-based AIV sensor capable
of detecting nucleoproteins within 30 min, down to a LoD of 103 EID50 mL ™! from a live animal

swab sample [92].
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Figure 2-17. The carbon nanotubes (CNT) sensor works based on a back-gate biasing, and the sample is
introduced by an electro-aecrodynamic separator without using wet samples.
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Figure 2-18. Illustration of the avian influenza virus (AIV) sensor configuration, combining double-gate and
extended-gate configuration.

The back gate structure in another Chem/BioFET was used for Ebola virus disease (EVD)
detection [93]. A reduced graphene oxide (rGO) FET, controlled by a back gate, was used for real-

time detection of the Ebola virus antigen [93]. The same gating structure was used for developing
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an indium tin oxide (ITO) NW-based FET for DNA biosensing, which was used for the detection
of hepatitis B virus (HBV) based on ITONWs [94].

Based on our review, relatively few papers have utilized standard FET sensors fabricated using
CMOS technology to detect infectious diseases. Instead, many of these sensors have been
produced using laboratory microfabrication techniques. Many Chem/BioFET infectious disease
detector structures have been top-gated in gating structure, typically featuring a solution gate with
a reference electrode (RE). In the subsequent chapter, we delve into the biological interface of

Chem/BioFETs, mainly focusing on their application in screening for infectious diseases.

2.6. Surface Modification and Functionalization of
Chem/BioFETs

The operation of FET biosensors depends on the bioreactions that occur on their surface [95]. Their
efficiency and preciseness are contingent on the selectivity and availability of the bio-recognition
elements (BREs). Therefore, proper surface functionalization is imperative for optimizing the BRE
immobilization, enhancing the sensitivity, preventing unwanted reactions, and minimizing the
noise [96]. Additionally, the type of material used to cover the sensor’s surface increases its
biocompatibility, and surface chemistry plays a crucial role in improving the sensor's performance
[97]. As mentioned in the previous section, a wide range of substrates is utilized for this purpose,
including gold, nanowires (NWs), CNT, graphene, glycan, etc. [98]. Using nanomaterials with
extraordinary characteristics such as small size, high chemical and mechanical stability,
considerable electrical conductivity, nontoxicity, and high surface-to-volume ratio offers an
optimum sensing area for operating an accurate detection [99]. One-dimensional nanostructures
significantly improve the sensor’s performance and increase the LoD to attomolar levels [100].
These structures enable label-free electrical detection of biospecies in a sensitive and precise
manner [101]. Table 1 compares some of the FET biosensors reported recently for detecting
various infectious agents, especially viruses. After introducing materials that cover the sensors’

surface in Section 3.1%, different types of BREs will be reviewed in Section 3.2

1 Section 2.6.1
2 Section 2.6.2
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2.6.1. Surface Materials

2.6.1.1. Nanowires

NW-FETs are one of the most used categories of Chem/BioFETs [117]. In these systems, the
channel and gate of a standard Chem/BioFET are functionalized with NWs and BREs [118].
Despite their different configuration, they operate through the same procedure. NWs can be
fabricated through bottom-up (chemical etching, vapor-liquid-solid, and oxide-assisted growth) or
top-down approaches from semiconductor materials [119]. SINWs are commonly preferred
alternatives because of their facile fabrication and modification process [120]. Their surface should
be functionalized with specific BREs to be sensitive to the target viruses. This can be done through

physical adsorption and chemical cross-linking [121].
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Figure 2-19. The configuration of ITONWSs-FET genosensor. (a) Si/SiO2/Au/ITONWs device; (b) the FESEM
images of indium tin oxide (ITO) samples.

After exposing the functionalized surface to the sample, an electric field is induced onto the NWs
and changes their conductivity due to the interaction between the charged target and receptors
[122]. Several types of biological interactions, such as antibody-antigen, protein-ligand, and
oligonucleotide hybridization, can be inspected on the surface of NW-FET biosensors [123].
Recently, several studies have focused on developing novel biosensing platforms for detecting
viruses. For example, a recent study was conducted to detect the influenza virus (IV) using a
SiNW-FET-based biosensor fabricated through CMOS technology. This system could spot down
to 1 fM of the target protein [102]. Figure 2-19 illustrates that another FET nanosensor was
designed to detect HBV based on ITONWs, significantly facilitating surface functionalization and

hybridization. After coating the nanowires with gold, they were modified with single-stranded
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DNA (ssDNA). This arrangement successfully identified 1 fM of the viral genome in 37 s and
differentiated the target from other oligonucleotides [94].

2.6.1.2. Gold
Au-modified surfaces represent a popular approach for surface functionalization of FET-based

sensing systems since they provide a stable platform for immobilizing the BREs, boosting the
electron shuttle rate, and upgrading the device performance [95,124]. Furthermore, the high
biocompatibility of these surfaces preserves the functionality of the BREs and optimizes their
efficiency in interacting with target biomolecules [125]. More importantly, the wide available area
provided by gold nanoparticles enables the immobilization of many receptors and accordingly
augments detection sensitivity [126]. Several recent studies have employed this strategy to design

biosensors for detecting viral particles.

Avian Influenza Virus

Chicken Serum Sample

Figure 2-20. The illustration of the FET-based aptasensor for detecting AIV in chicken serum. The surface of the
gold electrode was modified with specific DNA aptamers to identify the virus's surface protein. The interaction
between the probe and the target resulted in the structural change of the aptamers, which was recorded as the surface
potential.

For instance, using aptamer-modified gold microelectrodes, a reusable FET-based device was
fabricated to identify AIV (see Figure 2-20). The hemagglutinin (HA)-specific aptamers’
interaction with the target biomolecules alters the surface potential, which is recorded as a signal.
The LoD was reported at 5.9 pM, which shows the preciseness of the detection in chicken serum.
This portable platform's easy and cheap fabrication process makes it an ideal approach for PoC

diagnosis of viral particles in biological samples [104]. In another study, an immune-FET was
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designed to detect the capsid protein of HIV. A monolayer of gold covered the gate of the device
to provide a biocompatible area for immobilizing target-specific antibodies. The ultra-sensitive
recognition power of this strategy (LoD = 30 x 102! M) enables reliable, economical, and portable

detection of single molecules [105] (see Table 2-1).

2.6.1.3.  Graphene
Graphene is the other widespread material for surface coating in biosensor designs [127]. It has

several different forms, such as graphene oxide (GO), rGO, and graphene nanoribbon (GNR),
which have been extensively used in the structure of sensing devices because of their chemical,
mechanical, and electronic attributions [128, 129]. This biologically friendly carbon-based
material provides a wide area with numerous anchor spots for functionalizing the surface with
diverse nanoparticles, polymers, or any other signal amplifier before immobilizing the BREs.
Additionally, it has exceptional electrical conductivity, high capacitance, low contact resistance,
and tunable ambipolar field-effect behaviors. Since it increases the electron transfer rate, the
response time of the biosensor decreases significantly [130, 131]. Besides, its cost-effectiveness,
easy fabrication, and biocompatibility make it one of the most preferred materials for coating the
surface of virus-specific FET-based bioassays. As an instance, Jin et al. proposed a FET-based
immunosensing device for the detection of the Ebola virus. Figure 2-21 shows that rGO
functionalized the sensor's surface before immobilizing antibodies. The LoD was reported to be

2.4 pg'mL! of the target glycoprotein in spiked serum samples [93].
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Figure 2-21. The illustration of the reduced graphene oxide (rGO)-FET immunosensor for Ebola Virus recognition
and Surface modification and the conductance changes that occur upon antigen attachment to the antibody.
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In another study, a GFET system was reported for detecting IV and studying the antiviral
medications’ effect on it. Sialic acid was used as a probe to recognize the HA on the virus's surface.
Besides, the repressive effect of “zanamivir” on this interaction was investigated. This work
represented the compatibility of these platforms for quantifying biological reactions in biosensing
and drug development applications [113]. Aspermair and colleagues constructed a FET aptasensor
to identify human papillomavirus (HPV). The sensor's surface was characterized by rGO, pyrene,
and RNA aptamers to spot viral proteins in saliva samples. They successfully detected as low as
1.75 nM of the target molecules, indicating the device's competency in real-time detection of viral

infections [109].

2.6.1.4. Carbon Nanotubes

The CNTs have been the focus of attention from researchers’ viewpoint due to their superior
conductivity and exceptional configuration [132, 133]. These hollow carbon-based arrangements
might have one (SWCNT) or more walls (multi-walled CNT) consisting of hexagonal frames of
carbon [134]. In other words, they are rolled graphene sheets capped at both ends. Owing to their
systematic and well-organized structure, they display high mechanical stamina, which makes them
an ideal choice for biosensing applications [135, 136]. In addition, CNTs deliver a broad surface
area for immobilizing many BREs [137]. Thus, they are commonly employed in detecting virus-
related biomarkers in biological samples. For instance, a FET-based assay was developed to
recognize tiny amounts of HCV by employing SWCNT. PNA was used as the probe, and 0.5 pM
of the target particles was detected [87]. In a different research work, a simple-to-use FET
biosensor was projected to quantify aerosolized viruses (see Figure 2-22). The core strategy of this
approach was the higher number of charge carriers and larger sizes of the antibody-antigen
complexes compared to unbound antibodies or viruses. This fact led to these big particles'
deposition on a specific substrate region. If this area overlaps with the SWCNT-modified channel
of the transistor, a change will occur in the recorded current that signifies the existence of the virus

[91].
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Figure 2-22. (a) Electrical identification of the viral particles using a tailor-made single-walled carbon nanotube
(SWCNT)-FET immunosensor; (b) AFM image of the SWCNT channel region.

2.6.1.5.  Transition Metal Dichalcogenides (TMDs)

The other category of surface functionalization materials is the TMDs [138]. They are single-layer
semiconductors comprising two chalcogen atoms and a group IV, V, or VI transition metal
component [139]. These single-layer hexagonal structures contain a direct bandgap, making them
suitable candidates for electronic applications [140]. One of the most popular two-dimensional
TMDs—Molybdenum disulfide (MoS>)—has attracted attention in biomedical fields attributable
to its superior electronic, chemical, and mechanical characteristics [141]. This graphene-like
arrangement has a width equal to a single cell, which results in its ultra-sensitive performance
when used in biosensing platforms. They can be easily integrated into biosensors since they do not
have any loose bonds in their structure [142]. They are broadly employed today, especially in
Chem/BioFETs [143]. For example, an accurate MoS,-FET genosensor was established for
detecting Down syndrome. They modified MoS, with gold nanoparticles to facilitate DNA
immobilization. The device presented an ultra-sensitive performance by detecting down to 100 aM
of the target DNA sequences [144]. Another easy-to-use and precise system was designed using a
MoS»-functionalized FET immunosensor to identify Fibroblast growth factor 21 (FGF21)—a fatty

liver disease (NAFLD) detection biomarker. After introducing the sample containing the target
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analyte and, accordingly, the production of Ab-Ag complexes, the detection occurred, and a LoD
of 10 fg.mL™!' was recorded. This device demonstrated satisfactory selectivity even in complex
serum samples [145]. A DNA biosensor based on a MoS>-based FET was introduced, and it
employed phosphorodiamidate morpholino oligos (PMO)-DNA hybridization as its detection
strategy. Negatively charged MoS; was drop-casted on the positive-charge-baring sensing area and
attached via electrostatic interactions. Next, the immobilization of PMOs took place, which
enabled ultra-sensitive detection. This device's low LoD (6 fM) showed this structure's outstanding
capability in biosensing applications [146]. The use of TMDs in Chem/BioFETs is exemplified in
these successful studies and many others [147—150], which confirms their high performance in

detecting tiny biomolecules in complex human biofluids.

2.6.1.6.  Conducting polymers (CP)
CPs are one of the other appropriate choices for covering the surface of Chem/BioFETs since they

are lightweight, cost-effective, highly scalable, easy to fabricate, and have adjustable properties
[151]. These functional materials have exceptional electrochemical characteristics, high electrical
conductivity, and mechanical stamina and thus are suitable for use in biosensors as transducers
[152]. Controlling their configuration and using dopants in the structure of CPs can further improve
their performance by providing a large surface-to-volume ratio and boosting electrocatalytic
behavior [153]. They can be utilized as NWs or nanotubes on the sensing region of biosensors to
enhance their sensitivity [154]. Modulating the CP surface for optimized biomolecule linkages
makes their use in sensing platforms feasible [155]. For example, a recent study reported the
development of a conducting polymer nanotubes-functionalized FET aptasensor for dopamine
(DA) recognition. Tailor-made aptamers were immobilized on the surface of carboxylated
polypyrrole nanotubes (CPNTs), detecting as low as 100 pM of the DA. Controlling the diameter
of CPNTs was an important feature that the authors considered while constructing this device. It
was reported that the tiny structures demonstrated higher sensitivity and specificity than the wider

ones since they delivered a sizeable available area [156].
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2.6.1.7.  Different Types of Bio-Recognition Elements (BREs)

For Chem/BioFETs to precisely detect antigens, antibodies, nucleic acids, etc., their surface should
be functionalized with tailored BREs. They operate based on the affinity between the antigen-
antibody or DNA hybridization. Immobilizing specific BREs in their optimum arrangement
enables the production of complementary complexes, which in turn change the conductance of the
channel region. Generally, Chem/BioFETs can be categorized into three main groups: Immuno-,
geno, and apta-sensors. Antibodies against the viral/bacteria-related antigens, complementary
DNA/RNA probes against the genomic material of the pathogen, and tailor-made aptamers can be
immobilized on the surface of modified FET devices to make them capable of capturing the desired

target biomolecules.
2.6.1.8.  Antibody or Antigen

Antibody/antigen-immobilized FET-based biosensors, so-called immunosensors, are one of the
most preferred systems for identifying either pathogen-specific antigens or produced antibodies in
the host body in response to the pathogen attack. For example, the most recent research for
identifying SARS-CoV-2 utilized a FET-based biosensor decorated with ultra-selective antibodies
to capture viral spike proteins. It could recognize an analyte as low as 100 fg/ml in a clinical
transport medium [157]. A portable immunosensor was developed for sensing HIV-1. This single-
molecule detection was carried out using an electrolyte-gated FET modified with antibodies
against the capsid protein of HIV-1 p24 [105]. In another study, a GFET was designed using 1-
pyrene butanoic acid succinimidyl ester (PBASE) as the linker to immobilize specific antibodies
for detecting whole viruses. This strategy was successful enough to spot down to 47.8 aM of the
target biomolecules [111]. The efficiency of these investigations and many others [89,91—
93,103,106-108,110,115] acknowledges the capability of FET-based immunosensors in detecting

infectious diseases.

2.6.1.9. Nucleic Acid

Nucleic acid-based sensing systems or genosensors are the next widespread category of FET
biosensors. The matching DNA or RNA of the virus, bacteria, or any other pathogen is immobilized
on the sensing area of the FET. A signal is recorded to indicate the detection if the target DNA/RNA
is present in the sample. For instance, a pioneering DNA biosensor was fabricated employing a

SINW-FET for HBV recognition. The probes were stabilized on the surface of (3-Aminopropyl)
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triethoxysilane (APTES)-functionalized nanowires. Due to the rolling circle amplification strategy,
a long strand of DNA was produced after introducing the targets. Therefore, an amplified electronic
signal was recorded to detect 1 fM of the target DNAs [90]. Another genosensing platform was
proposed by Lee et al. They immobilized oligonucleotides on the surface of gold electrodes to
detect the attachment of avian influenza virus sequences and achieved a LoD of 100 pM, as seen
in Table 1 [88]. In another effort, DNA was immobilized on CMOS-based ISFETs as BREs to
detect Plasmodium falciparum. This work employed an adapted version of loop-mediated
isothermal amplification (LAMP), called pH-LAMP, which enables ISFETSs to detect pH variations
during nucleic acid amplification. This CMOS-based device presented an outstanding

performance, which shows its potential for being used as a PoC test for malaria [116].

2.6.1.10. Aptamer

Aptamers are the other group of selective BREs, which have been used in several studies related
to FET biosensors. They are popular for ultra-sensitive sensing, particularly when incorporated
with nanoparticles. As an example, an aptasensor was established for detecting HPV employing
an rGO-FET. The pyrene molecules acted as linkers for successfully immobilizing RNA aptamers
on the sensor's surface. This real-time detection could sense down to 1.75 nM of HPV-16 E7 [109].
Another aptamer-functionalized Chem/BioFET was constructed to identify Plasmodium
falciparum glutamate dehydrogenase in serum specimens. A specific aptamer was designed to
capture the target pathogen precisely. A LoD of 48.6 pM was recorded, demonstrating that this
device can detect malaria even in asymptomatic patients [45].
2.6.1.11. Others

Other types of BREs have been used for functionalizing Chem/BioFETs, such as PNAs,
sialoglycans, sialoglycopeptides, or even bacteriophages. For instance, an on-chip bacteria sensing
system was reported, which used bacteriophages as receptors for spotting a particular strain of
E.coli. A CMOS-based ISFET measured the potassium ions released inside the bacterial cells due
to phage infection with polyvinyl chloride (PVC)-based potassium-sensitive membrane. This
sensor could detect as low as 48.6 pM of the target biomolecules below 30 min [22] (Table 1).
PNAs are another novel type of BRE used in a study to recognize HCV. This SWNT-FET-based
device could conduct a pM level detection [158]. Sialoglycans are also desirable BREs that can be
used in designing novel pathogen biosensors. They can mimic the natural host-cell surface and

enhance the performance of the biosensor.
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Table 2-1.Recently proposed FET biosensors for detecting various infectious agents.

Application Target BRE Linker Surface Detection Range LoD Sample Ref.
. . GST-tagged- CMP- APTES .
1V diagnosis HA NANA GA SiINW - 1M Buffer [102]
MPTMS

ALV diagnosis Whole virus Ab DTT SiNW - 107 M Buffer [103]

biotin-HPDP

HBV diagnosis HBV ssDNA Au ITONWs 1 fM-10 uM 1M Buffer [94]

. . APTES .
HBYV diagnosis DNA DNA EDC/NHS SINW 1M Buffer [90]
Thiol
AIV diagnosis | °ligonueleotid | paa chain Al/Au 0.1-100 nM 100 pM Buffer [88]
e mercaptohexan
ol
. . . DNA Au Chicken
AIV diagnosis HA protein Aptamer - microelectrode 10 pM-10 nM 59pM serum [104]
21
HIV-1 diagnosis capsid protein Ab EDC/NHS Au - 30 XI\/}O Serum [105]
HBYV diagnosis Whole virus Ab GA GNR 0.05-0.055 M 0.05 ftM Buffer [106]
Rotavirus Whole virus Ab PSE MrGO 10-10° pf/mL 102 pfu Buffer [107]
diagnosis
Rotavirus . 101-106
diagnosis Whole virus Ab pyrene-NHS rGO particle/ml 1 nm Buffer [108]
HPV diagnosis E7 protein RNA EDC/NHS rGO 30-1000 nM 1.75 nM saliva [109]
aptamer pyrene
Buffer,
human
EVD diagnosis glycoprotein Ab GA GO - 1 ng.ml! serum, [110]
and

plasma

. . . 2.4 x 10712212 x 2.4 Spiked
EVD diagnosis glycoprotein Ab PASE rGO 107 g'mL ! pg-mL! serum [93]
VSV’. MLV’. HIV Whole virus Ab PASE PET/PS 47.8 aM-10.55 47.8 aM Buffer [111]

diagnosis /Graphene nM
Detection of . . > 1000 10 copies Plasma
92 -

HIV-1 viremia RNA i SiOx SisNe copies.mL"! per reaction samples (21
IV diagnosis Whole virus Slal"fly“’a - Graphene N 2.56 HAU Saliva [112]
1V diagnosis HA SGP PBASE Graphene - 200 nM Buffer [113]

COVID-19 S protein and . 1.6 x 10'-1.6 x 2.42 x 10? Clinical
diagnosis whole virus Ab PBASE Si/ 8i0,/Graphene 10* pfu/ml copies.mL"! samples [18]
HCV diagnosis RNA PNA - SWCNT - 0.5 pM buffer [87]
aerosolized
. . bacteriophage OTS SAM
virus detection MS2 and TV Ab - SWCNT - Buffer [91]
(HINI)
sialic- 10%5
. . . acid- APTES . 1003-10%3 nasal
AIV diagnosis Whole virus containing LCEE sialyllactose TCID50/mL TCIBS]O.m mucus [114]
glycans
. . . APTES 10%-10° 10° EIDso cloacal
AIV diagnosis nucleoprotein Ab EDC/NHS SnO2 EID50/mL L swab [92]
Zika virus Whole virus Ab ; AlGaN/GaN/disp | 1 00 o it | 0.1 ngmL" |  Buffer [115]
diagnosis osable cover glass
. . CYTOPTM and 10 fg.ml"'-100 1.9 M

ALV diagnosis Ala Ab SBP SisNs pgml™! 0.19 pM Buffer [89]
Plasmodium 1 co or
falciparum Nucleotide DNA - SiOy SizNg - Py P Buffer [116]

. . reaction
diagnosis
Plasmodium
Sfalciparum PfGDH Aptamer MCH IDpE 100 fM-10 nM Serum [45]
diagnosis
PVC-based
E.Coli diagnosis K Bacteriop ; potassium- i 48.6 pM Buffer 22]
age sensitive
membrane

Ab: Antibody, GST: glutathione S-transferase, HA: Hemagglutinin, CMP-NANA: Cytidine-50-monophospho-N-acetylneuraminic acid, APTES: (3-Aminopropyl) triethoxysilane, GA: Glutaral-
dehyde, STV: streptavidin, AIV: Avian influenza virus, Ala: Avian influenza antigen, SBP: Silica binding protein, ssDNA: Single-stranded DNA, HBV: Hepatitis B virus, ITONWs: Indium tin
oxide nanowire, EDC: N-ethyl-N’-dimethylaminopropyl carbodiimide, NHS: N-hydroxysuccinimide, MPTMS: 3-mercaptopropyltrimethoxysilane, Biotin-HPDP: N-(6-(biotinamido)hexyl)-3’-
(2’-pyridyldithio)-propionamide, DTT: Dithiothreitol, HPV: Human papillomavirus, GNR: Graphene nanogrid, EVD: Ebola virus disease, HCV: Hepatitis C Virus, PNA: Peptide Nucleic Acid,
LCEE: L-cysteine ethyl ester, PASE: 1-Pyrenebutanoic acid succinimidyl ester, PS: Polystyrene, VSV: Vesicular stomatitis Indiana, MLV: Murine leukemia virus, HIV: Human immunodeficiency
virus, MrGO: Micropatterned reduced graphene oxide, PSE: 1-pyrenebutyric acid N-hydroxysuccinimide ester, SGP: Sialoglycopeptide, OTS SAM: Octadecyltri-chlorosilane self-assembled
monolayer, PFGDH: Plasmodium falciparum glutamate dehydrogenase, MCH: Mercapto 1 hexanol, IDuE: Inter-digitated gold microelectrodes, PVC: Polyvinyl chloride.



For example, Ono and colleagues developed an influenza GFET-biosensing platform using sialic
acid to coat the sensing region's surface. Owing to the affinity of the virus’s HA molecules to this
glycoprotein, the HA-sialic acid complexes are generated. Besides, neuraminidase (NA) interacts

with these complexes, which results in the detection of the virus [113].

2.7. Readout Circuit and Systems
After preparation of the Chem/BioFET structure and modification and functionalization of the
sensing surface according to the desired application, the parameters of Chem/BioFETs should be
controlled and measured using electrical devices, which might be laboratory equipment like a
potentiostat and a semiconductor parameter analyzer [87, 89, 91, 94] or integrated circuits [20, 22,
23, 88, 116]. This section gives an overview of readout techniques. Herein, the focus is on the
CMOS-based integrated circuits, which can pave the way for developing affordable handheld PoC
devices. If the Chem/BioFETs are adapted to CMOS technology, it would be possible to miniature
them with the circuits of the required signal amplifiers, filters, multiplexers, and analog-to-digital
converters (ADCs) on a single chip. CMOS technology offers the advantages of small size,
lightweight, low cost, fast response, high spatiotemporal resolution, low power consumption, good

noise immunity, and a high level of integration.

Table 2-2 compares various readout circuits reported for Chem/BioFET sensors, especially
CMOS-based ones. In 1999, Bausells et al. [159] focused on the fabrication of ISFETs in an
unmodified CMOS process (standard CMOS process following the exact steps for MOSFET
fabrication) and showed that it is possible to integrate sensing and electronic functions. They
designed an integrated ISFET amplifier circuit using standard CMOS process cells. Since many
efforts have been made to fabricate ISFETs in CMOS technology, most of the circuits reported in
Table 2 take advantage of ISFETs. Although many of them are used for pH measurement using
ISFETs, they are potentially helpful in reading the output parameters of Chem/BioFETs.
Furthermore, as seen in Tables 2-1 and 2-2, ISFETs [20, 22, 23, 88, 116] are also beneficial for
detecting infectious agents. For instance, Rothberg et al. [20] presented a scalable CMOS-based
ISFET sensor architecture for DNA sequencing of bacterial genomes, including V. fischeri, E. coli,

and R. palustris, by measuring the pH variations during DNA sequencing. In other efforts,
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Malpartida-Cardenas et al. [116] and Lee et al. [88] reported CMOS-based ISFETs for diagnosing
P. falciparum and H5N1 AIV through DNA sensing, respectively.

As seen in Table 2-2, Chem/BioFETs can be biased in different operation regions, which provide
various types of readout circuits with other features. Therefore, the measurement principles of

these operation regions must be examined before introducing the readout circuits.

As mentioned, among various Chem/BioFETs, the equations of ISFETs have been theorized
excellently and briefly reviewed in Section 2%. The output current of ISFET in the linear region
was expressed by Equation (2-1), where the threshold voltage follows Equation (2-5). However,
Since the gate of ISFET is in contact with electrolyte with no metal in its vicinity, internal source
and drain resistances (Rs and Rd) are formed based on the actual geometry of the device in such a
way that the actual drain-source voltage and the gate-source voltage of the ISFET are equal to
VDS, ISFET = VDS — (Rs + Rd) ID and VGS, ISFET = VGS — RsxID and, consequently, the
sensitivity is declined [160]. A technological approach to solve this problem is shortening the
length of the source and drain diffusions, which implies new technologies. However, using
electronic readout circuits insensitive to series resistances is much easier. By biasing an ISFET at
a constant ID with a constant VDS, VGS will adjust to compensate for a change in threshold

voltage due to a pH variation [160].

Linear operation mode is one of the operational regions that can be used in current-mode circuits.
If the ISFET is biased in the triode region with a low VDS, the output current mentioned by
equation (2-1) can be approximated by [32]:

w
Ip = pCox T [(Vas — Vesrem))Vos ] (2-9)

dI w

dp_il = gm(pH) = _2'3anuCOXTVthVDSB (2-10)

The gain requirements determine the width of the channel (W) biased in the triode region, but at

the expense of the occupied area and array density. Moreover, the length of the transistor (L) should

1 Section 2.3
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be long enough to reduce the second-order sources of non-linearity (like mobility degradation) and

short-channel effects.

The principle of measuring the threshold voltage of ISFET in the saturation region is like triode
ISFET. Furthermore, low-voltage, low-power circuits are reported for the ISFETs operating in
weak inversion as a translinear element. Velocity saturation as a short-channel effect can also be
used as a linear mode of operation for current-mode readout circuits. Considering V; asret) follows

Equation (5), the sensitivity of Ip to pH is linear [32]:

dal
wp = Im(PH) = =232V vsa Cox W, (2-11)

Comparing Equation (2-10) with Equation (2-11), it can be deduced that, in contrast to the triode
region, the operation of the transistor in velocity saturation is insensitive to mobility (i), VDS, and
length (L) mismatches, mainly when the minimum length is used. The transistor in velocity
saturation naturally needs to be a short-channel device, and a small width is preferred to limit the
biasing current [32]. The following subsections outline different circuits reported for measuring

the outputs of Chem/BioFET.
2.7.1. Non-differential Measurements

Many Chem/BioFET readout circuits involve non-differential measurement topology, which can

have various configurations as described in the following subsections.
2.7.1.1.  Variable Voltage Reference in Feedback Mode

One technique is controlling the variations of ID in a feedback loop and automatically adjusting
the potential of the RE, and thus of the liquid, concerning the source and drain potentials. So, any
change in Vt will be compensated by the variation of Vgs via the reference voltage of RE, VRef.
For instance, an automatically balanced bridge circuit [161] like Figure 2-23 (a) can compensate
for a change in Vt by changing Vgs via the RE (see Table 2-2). However, this technique forces the
liquid sample to a particular potential while the liquid may not be grounded. Moreover, the
asymmetrical impedance of the source and drain makes the system sensitive to static electricity

and electric fields [160].
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Table 2-2. Different readout circuits for Chem/BioFET sensors.

Pixel/ active

CMOS Operational Output Sensing area Total area Power
Array # Diff. Configuration Resolution Sensitivity IDR area Ref.
Tech. region of FET signal (um?) (mm?) (mW)
(um?)
1.6 um 1 No Sat. Wheatstone-bridge, variable Vret \Y% - 58 mV/pH - - - 4x4 - [161]
- 1 No Tr. CvVCC \4 - - - - - - - [160]
1.5M 10.6 x 10.9
[20]
0.35 pm 72M - - cvcc - - - - - - 175x175 - .
13M 17.5x17.5
1.0 um 1 No - CVCC, Feedback \4 - 47 mV/pH pH:2.5t09.2 - - - - [159]
2.5 um - No Tr. CvCC \ - 58 mV/pH pH: 3 to 11 - - <0.25 10 [162]
[22]
0.18 um 6 No Tr. CvCcC \% - - - - - 1.5x0.6 - .
0.7158 x
0.35 um 64x64 No - CVCC, SPT \% - 20 mV/pH pH: 4 to 10 - 10.2x10.2 - [163]
0.7158
[116]
0.35 um 64x64 No Tr. CVCC, APS D - -9.23 mV/pH - - 96 0.56 - .
2000 x 2000
5 um 10x10 No - CVCC, APS \% - -229 mV/pH pH:4t09.1 ) 200 x 200 51x5.1 - [164]
(tota
2 um 1024 x 1024 No - CVCC, Charge transfer APS \% - 29.8 mV/pH pH: 2 to 10 - 23.55x2355 14.8x148 - [165]
(EP:
CVCC, integrate-and-fire topology,
0.35 um 3x11  No Sub. A D - -7.73 dB/pH pH:1to 14 57.5x57.5 80 x 100 - 157 [166]
ER
nW)
SFE:
0.35 um 8x4 No - CVCC, Feedback to the gate vV 60.3 mpH 42.1 mV/pH pH:1to 14 - 60 x 70 2x25 4.841x [167]
10+
0.35 um 1 No Sat. CVCC, Feedback, PG \ - 200 mV/pH - 30 x 100 - 0.6 x 0.5 - [168]
0.18 um 8x8 No Sub. CVCC, Current feedback F - 37 mV/pH pH:4to 10 - - 2.6 0.076 [169]
0.35 um 1 No - CVCC, VCO F - 78 kHz/pH pH:0to 7 - - 0.045 0.12  [170]
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Pixel/ active

CMOS Operational Output Sensing area Total area Power
Array # Diff. Configuration Resolution Sensitivity IDR area Ref.
Tech. region of FET signal (um?) (mm?2) (mW)
(um?)
64 x 128 Tr. CVCC, APS -9.23 mV/pH 9.3x10.3
035um  64x200 No & ™M D - ~1.033 uA/pH - 6.5%7.775 - 2x4 - np7
64 x 200 VS CM, PG -0.717 uA/pH 6.5x7.775
- 1 No Sub. CM, Current feedback \% - -49.4 mV/pH pH:4to9 - - - - [172]
0.35 um 3x3 No Sub CM, PG, RO F  0.008pH  6to8kHz/pH pH:5t07 55 x 65 64 x 54 0.1089 6x 103 [173]
0.24 pH
(@1000 fps)
035pum  128x128 No Tr. CM, CC, Auto-zeroing, S/H 50 LSBs/pH pH: 4 to 10 - 18 x12.5 26x22 376 [174]
0.45 pH
(@3000 fps)
0.35 um 8x8 No Sub. VM, PG, Optic, MM D 57 mV/pH pH: 4 to 10 - - - - [175]
-26.2mV/pH Chem.:
(G=1)-103.8 223 [176]
0.18 pm 64x64 No - pH-TC, Optic. D - pH~1to 14 10 x 10 25x5  105.6
mV/pH Opt.: *
(G=4) 20.1
PA:
80.6,
pH: 2.5 to [23]
65 nm 512x128 No Sub. pH-TVC D 0.01 pH 123.8 mV/pH 15 44.x44 512x128 AB: .
11.5
108.4,
DB: 6.5
0.18 um 8x8 No Sub. pH-TC, APS, PWM T 33 mpH 6.1 us/pH - - 16.5 x 16.25 6.7 83 [177]
0.18 um 3x3 No - pH-TC D 0.028 pH 27 ns/pH - 10x 10 - 0.036 023 [178]
pH: 3.7 to
0.35 um 1 No Sub. ISFET logic v 0.5 pH 3700 mV/pH 1095 95 x 200 - - - [179]
0.35 um 8x8 No Sat. ISFET logic \4 0.5 pH 50 mV/pH pH:1to 14 - - - - [180]
0.35 um 4 pairs  Yes Sat. CVCC, PG, Feedback to the gate D - 100 mV/pH pH:5t09 30 x 100 120 x 120 0.65 x 0.5 - [181]
0.35 um 2x2 Yes Tr. ISFET/REFET diff., CVCC D - 40 mV/pH - 11.6 x11.6 - 1.4x2.6 15 [182]
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Pixel/ active

CMOS Operational Output Sensing area Total area Power
Array # Diff. Configuration Resolution Sensitivity IDR area Ref.

Tech. region of FET signal (um?) (mm?2) (mW)

(um?)
pH: 3.28 to
0.35 um 16x16  Yes Tr. ISFET/REFET diff., CVCC D - 46 mV/pH 11.6 x11.6 12.8 x12.8 - 60 [63]
722

0.6 um 1 Yes Sat. ISFET/REFET diff., CVCC \Y% - 400 mV/pH 6 pH - - 18.225 2.1 [183]
(CMOS) 1 Yes - ISFET/REFET diff. \ 001pH -40to-43mV/pH pH:4t09 - 1650 x 2600 4.9 x3.9 - [184]
25 um 1 Yes. Tr. ISFET/REFET diff., CVCC C 015pH  -03875uA/pH  pH:3to11 - - - - [185]
0.35 um 1 Yes Tr. ISFET/ISFET diff., CM D 0.1 pH 800 mV/pH pH:5t09 - - - - [186]

1.65 x
0.35 um 1 Yes Sub. Diff, Gilbert gain cell, CM, Translinear C - 45 mV/pH pH:5t09 34 x 100 - 2.5%x281 [187]

10+
(88]
0.35 pm 1 Yes - Diff, direct charge accumulation D 36 uV - 88.3 dB 71x71 1000 x 1640 4x5 -

* The papers reported for the detection of infectious agents, VM: Voltage-mode, CM: Current-mode, VS: Velocity saturation, PG: Programmable gate, Tr.: Triode,
Sat.: Saturation, PA: Pixel array, AB: Analog blocks, DB: Digital blocks, pH-TVC: pH-to-time-to-voltage converter, pH-TC: pH-to-time converter, Sub.:
Subthreshold, IDR: Input dynamic range, F: Frequency, SFE: Single front end., CVCC: Constant-voltage constant-current, CC: Current conveyor, SPT: Standard
pixel topology, APS: Active pixel sensor, AER: Address event representation, V: Voltage, D: Digital, C: Current, T: Time, EP: Each pixel, Opt.: Optical sensor,
Chem.: Chemical, RO: Ring oscillator, S/H: Sample and hold, MM: Magnetic manipulation, G: Gain.
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(a) (b)

Figure 2-23. (a) Direct Wheatstone bridge; (b) the circuit used to characterize ISFET drift in the feedback mode.
Furthermore, this approach is unsuitable for measuring multiple ISFETs with one RE [188]. Figure
2-23 (b) shows a programmable gate (PG)-ISFET readout circuit proposed by Georgiou et al. [ 189]
in which the current of ISFET is compared and set with a reference current, IRef, in a feedback
loop, and VOut is adjusted by the effective gate-source voltage of the ISFET. In another effort,

Jamasb et al. [190] reported another circuit in which the voltage reference is set in a feedback loop.

Since this biasing is not constant, an array structure with this configuration will require a distinct
RE for each pixel, leading to a complex setup. So, this technique is not a popular configuration

[191].
2.7.1.2.  Constant-Voltage Constant-Current (CVCC)

The CVCC configuration is the most popular one for the readout circuits of Chem/BioFET sensors.
Chem/BioFET, current, and drain voltage is constant, and the source voltage varies according to
pH. This technique, proposed by Bergveld [160], is an automatic adjustment of the source and
drain potentials concerning a constant liquid potential, which can accidentally be the ground
potential in practice. So, the best way is to ground the liquid utilizing a grounded reference. A
source/drain follower circuit can provide these conditions and is the most convenient approach to
detect the variations of ISFET threshold voltage [160]. CVCC configuration is immune to
capacitive scaling of the pH signal at the floating gate of the ISFET. Moreover, the arrays designed
based on this technique are compact and only need a switch and an ISFET for each pixel [191].
Figure 2-24 shows a simple source/drain follower version using unsaturated ISFET [188]. The
operational amplifier provides equal input voltages, so Vr1= Vr3 and Vr2 = Vs, which are constant

(Vr1 and VRro are parts of continuous V). As a result, Is = Vr3/R3 is also steady. Thus, Vs
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automatically adapt the source potential concerning the ground to compensate for the variation of
ISFET threshold voltage, Vi, and the output voltage accurately reproduces the changes in the oxide
surface potential. The diodes at the output, which are practically light-emitting diodes (LEDs),
provide a limitation of Vou, and thus, the source voltage concerns ground and lights up when the

system is out of range.

Rs

Vaa
% R Iy Instrumentation amplifier ;
RE ’ I '

RE I

||||
2
-||
S
V()ul
i

Figure 2-24. (a) A basic diagram of a source/drain follower readout circuit; (b) an ISFET amplifier proposed by
Bergveld et al.

Figure 2-24 (b) shows another source/drain follower that uses the instrumentation amplifier
concept and unsaturated ISFET [160]. The inputs of the instrumentation amplifier are connected
to a fixed voltage, IR 1, and its output voltage is inversely proportional to the channel resistance of
the ISFET. An operational amplifier amplifies the difference between the output voltage of the
instrumentation amplifier and Vref, an adjustable reference voltage. The output of this amplifier
injects a feedback current, If, into R2 and provides a constant Id and a constant Vds = IR1 by
controlling the source voltage (VR2) and drain voltage (VR1 + R2). It is measured via the
adjustable resistor R9. The source and drain potential regarding ground follow a change in the
effective input voltage V1, the amplified version of which is available across R9 and is equal to
VOut = (R9/R2) V1. The reference voltage, which should be independent of temperature, is
adjusted so that If = 0 when the ISFET is placed in a neutral buffer (pH = 7). A circuitry (not shown
in Figure 2-24 (b)) was also added for temperature measurement and compensation of temperature

drift in Vgs(T) for constant Id.
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As reported by Hammond et al. [192], two source measure units (SMU1 and SMU2) on a
parameter analyzer along with a feedback loop composed of a fixed resistor and two operational
amplifiers can provide the bias condition of saturated ISFET, and the RE can be biased at a suitable
voltage by another SMU (SMU3). Nikkoo et al. [22] integrated a similar source/drain follower and
potassium-sensitive FET using CMOS technology to detect E. coli bacteria rapidly.

In another effort, Ravezzi et al. [162] used a structure employing cascade current mirrors with
output impedance to provide the ISFET drain current with low dependence on its Vds. Three
operational amplifiers were adapted to the structure, two of which biased the ISFET at the triode
region, and the last one operated in the follower configuration to de-couple the output terminal

from the biasing circuit.

The infinite input impedance of a source/drain follower prevents the circuit from loading the
system during measurement. However, op-amps increase area occupation and power consumption.
To decrease the power consumption and area occupation of array structures with many pixels that
employ op-amps, the readout circuit can be shared between pixels in the same row or column [63,
182, 183, 193, 194]. Figure 2-25 (a) illustrates a single column of n half-cells in an n x n array.
Mulgrew et al. [63] used this architecture and reported a CMOS sensor chip including a 16 x 16-

pixel array of ISFETs for direct extracellular imaging.

Rothberg et al. [194] improved FET pixel and array designs to achieve high accuracy and
measurement sensitivity, small pixel sizes, and dense arrays. This group proposes different pixel
designs based on both p-channel and n-channel ISFETs. The same group [20] fabricated a chip
with 1.5 M, 7.2M, and 13M ISFETs (see Table 2-2). It was used to simultaneously detect

independent DNA sequencing of three bacterial genomes (V. fischeri, E. coli, and R. palustris).

Some other techniques are also based on the CVCC method, but the circuit's output node is
connected to the ISFET floating gate through a capacitor or switch. For instance, Hu et al. [167]
designed a circuit using feedback and a low leakage switching scheme. They overcame the
problems of transconductance reduction due to capacitive division and DC offset due to trapped
charge. Chan et al. [169] also used an averaging array based on a global negative current feedback

technique to regulate the undefined threshold voltages of ISFETs.
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Some array structures [163, 195] are designed based on a standard pixel readout like Figure 2-25
(b), which is like CVCC and consists of an ISFET and two switches. In another effort, as Table 2-
2 mentioned, Malpartida-Cardenas et al. [116] used a 64 x 64 array whose pixels were
implemented as a source follower configuration and converted pH to voltage. They employed this

sensor for plasmodium falciparum malaria diagnosis and artemisinin-resistance detection.
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Figure 2-25. (a) Schematic of a column of 16 pixels in the n x n-array sensor chip; (b) a standard ISFET pixel
readout; (¢) a dual-pixel schematic including a CMOS image sensor and a source follower.

Several papers integrated active pixel sensors (APS) using ISFETs by employing the ISFETs as
the standard buffer [175, 176] or the replacement of the photodiode by the ISFET [164, 165] (by
using a charge transfer technique). Huang et al. [176] proposed a dual-mode sensor by integrating
a CMOS image sensor with the ISFET as the standard buffer to achieve accurate pH detection
towards DNA sequencing. The dual-mode pixel is depicted in Figure 2-25 (c). The circuit shown
in gray is added to an ISFET pixel to provide optical sensing and pH measurement. The poly-gate
of ISFET (SF) is connected to the top metal and Si3N4 passivation layer (as the ion-sensitive
membrane of ISFET). They also employed correlated double sampling to mitigate pixel-to-pixel

non-uniformity like threshold voltage mismatch.
2.7.1.3.  Current-mode Readout Circuits

Researchers have also noticed current-mode readout techniques [31, 32, 172, 196, 197]. In this
approach, the output current of an ISFET is measured, which can take advantage of current-mode
techniques and is compatible with weak inversion operation, as well as linear and velocity

saturation regions [191].

The weak inversion region provides drain currents in the order of nano-ampers and below that are
suitable for designing low-power circuits. In addition, the area has the highest transconductance to

current ratio and the maximum intrinsic voltage gain [31]. Low Vgys required for saturation,
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minimum gate capacitance, and low gate voltage in this region are the other advantages of weak
inversion [65]. Moreover, the exponential relationship of Vgs-I4 allows for using bipolar circuit
techniques like log-domain filters and translinear circuits for ISFET applications, leading to novel
biochemical systems. For example, Figure 2-26 (a) illustrates a hydrogen cell (Hcell) based on a
translinear operation reported by Shepherd et al. [31, 198] whose output current is directly
proportional to hydrogen ion [H'] concentration. By setting Ini=Iv> and considering Kchem =

exp(—y/nVu) and Equation (2-7), it can be proved that [31]:

—2Vre
lout = Ip1exp (=) KGem[H*1, (2-12)
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Figure 2-26. (a) HCell with the translinear operation; (b) a log-domain filter with an ISFET used at its input; (c) a
current-mode readout with current feedback; (d) schematic of a system including three configurations: (I)
Current-mode configuration in a 64 x 200 array, (II) current-mode PG pixel architecture in a 64 x 200 array, (I1I)
voltage-mode pixel structure in a 64 x 128 array.

Georgiou et al. [197] presented a log domain chemical filter utilizing an ISFET biased in weak
inversion as another technique. Figure 2-26 (b) shows a log-domain filter with an ISFET used at
its input. The filter parameters like gain and cut-off frequency can depend on the analyte's ion

concentration.
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An array configuration was used by Miscourides et al. [32] in which direct controlling of the Vds
of each device gets access to an individual pixel. Each drain row is connected to a generic current
conveyor (CC), which leads the voltage of that row to be constant at VDR and guarantees the
generation of an output current depending only on Vgs during the readout of each pixel. A 128 x
128 current-mode ISFET array with in-pixel calibration is proposed by Zeng et al. [174], which
takes advantage of a CC, auto zeroing technique, and sample and hold (see Table 2-2). In another
effort, Pookaiyaudom et al. [199] embedded a CC type 2 (CCII+) with two ISFETs as its input

transistors.

A configuration was used by Miscourides et al. [32] in which the ISFETs were biased in the
velocity saturation region and included a pixel switch to turn on only one pixel at any time. The
higher drain current in the velocity saturation region in comparison to the triode region would
make it unsustainable to simultaneously output the currents of all column pixels (see Equations
(10) and (11)). To compensate for the offset, the same group [200] extended their current-mode
array to include a PG inside each pixel. As a continuation of these works, this group compares
these two configurations with a voltage-mode source-follower configuration. Figure 2-26 (d)
shows the schematic of a system including a current-mode configuration in a 64 x 200 array,
current-mode PG pixel architecture in a 64 x 200 array, voltage-mode pixel structure in a 64 x 128
array, current conveyor, trans-impedance amplifier, buffer, two on-chip and two off-chip ADC.
The two current-mode configurations showed better linearity and smaller size than the voltage-
mode circuit, and they concluded that the current-mode approach provides the best overall

performance [171].
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Figure 2-27. Ratiometric measurement: (a) ISFET-based translinear divider; (b) a translinear circuit proposed by
Kalofonou et al.
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Georgiou et al. [166] used an integrate-and-fire topology with address event representation (AER)
to encode the pH-sensitive current in frequency. Despite its low power consumption (157 nW at
pH=7), the signal processing using specific ADCs in the spike domain makes this technique
complex. The same group [173] used a similar current-mode pixel architecture, an averaging

mirror for robust measurement, and a ring oscillator for converting the current to frequency.

In some current-mode circuits, current feedback is used for stable DC operation [172, 201, 202].
For example, Figure 2-26 (c) shows a current-mode readout with global feedback proposed by

Premanode et al. [172].

Juffali et al. [203] proposed another circuit based on translinear operation employing a division
circuit and two ISFETSs that can directly measure the ratio of urea to creatinine (an essential marker
for detecting pre-renal failure). Figure 2-27 (a) illustrates the ISFET-based translinear divider. In
another effort, Kalofonou et al. [204] proposed a ratiometric approach to DNA methylation using
ISFET in a translinear circuit (as depicted in Figure 2-27 (b)). This sensor can determine the level
of aberrancy of methylation between unmethylated and highly methylated genes and identify early

signs of human neoplasias through blood circulation.
2.7.1.4. ISFET logic

In 2009, Wong et al. [205] proposed discrete ISFET logic for detecting chemical reaction
thresholds. This logic is helpful for applications like detecting a specific gene in a DNA sequence
where there is no need to measure the exact pH value. For example, the switching threshold of an
inverter can give a yes/no answer based on the pH variations. Other components like a switch

[179,206], Schmitt trigger [207], or a NAND gate [40] can also be used as comparators.

Figure 2-28 (a-c) illustrates three configurations of an ISFET inverter with only one n-type, p-type
ISFET, or pair of both. For example, Al-Ahdal et al. [179, 206] used a complimentary pair of p-
type and n-type ISFETs sharing the same ion-sensitive membrane, as shown in Figure 2-28 (a),
and formed an ISFET-based chemical switch. Nabovati et al. [180] placed these switches in each
pixel of an 8 x 8 array, achieving a wide pH range from 1 to 14 and a sensitivity of 50 mV/pH (see

Table 2-2).
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2.7.1.5. pH-to-Time Conversion

As mentioned above, the inverter with complementary ISFETs [208,209] can be the core of a
compact pH-to-time converter capacitively coupled to a triangular wave whose switching point
and, consequently, its output pulse width is modulated with pH. Pulse-width modulation (PWM)-
-based topologies are suitable structures that allow in-pixel quantization and thus improve the SNR
[191]. Wang et al. [178] proposed an ISFET pH-to-time sensor integrated with an exemplary on-
chip time-to-digital converter (TDC) as the ADC with a thermometer-to-binary coder and a delay
line. In another effort, Moser et al. [177,210] reported a pH-to-time converter based on APS, as
depicted in Figure 2-29 (a). This circuit modulates pH to pulse width using a periodic reset scheme

and discharging a capacitor through the ISFET.

Jiang et al. [23, 211] proposed a subthreshold pH-to-time-to-voltage conversion (pH-TVC)
readout structure using pixel-level calibration and digital double sampling. As a result, the sensor
can mitigate non-ideal effects, like passivation attenuation, parasitic capacitance, and trapped
charge. As demonstrated in Figure 2-29 (b), Mno and Mn; are an ISFET and a row-selected
transistor, and the other parts are shared by pixels in each column. Mp0O and SO (including
complementary NMOS and PMOS transistor pair) are pre-charge and transfer switches,
respectively. Co, the source follower Mn;y, and current source 10 are, in turn, used as an integrator,
buffers, and biasing circuits. A ramp generator, a single-slope ADC, and an SRAM group are also

utilized along with the pH-TVC readout circuit—any change in pH results in a shift in the Vou.
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It can be proved that AVOut is obtained by:
At
Mour = (&) - G A- AV, (2-13)

Gm, At, AVchem, and A stand for the ISFET transistor transconductance, the charge integration
time, pH-related potential change, and the attenuation factor, respectively. The amplification
factor, (At/C0) Gm, compensates for the passivation sensitivity attenuation effect. This group [23]
used this sensor for E. coli detection and achieved the sensitivity and resolution of 118.7 mV/pH

and 0.01 pH, respectively (see Table 2-2).
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Figure 2-29. (a) An active pixel sensor (APS) based pH-to-time converter; (b) a readout circuit comprising a pH-
to-time-to-voltage conversion (pH-TVC) amplification circuit and 10-bit voltage digital converter.

2.8. Differential Measurements

Several differential architectures have been developed that measure the difference of the output
signals of two ISFETs with the same REs. Differential techniques offer the advantages of
temperature and long-term drift compensation and eliminating common-mode noise. Moreover,
these techniques can solve the problems of the unstable electrolyte-RE potential and the instability

caused by the membrane layers of the ISFETs.

The lack of a solid-state RE is one of the issues in solid-state chemical potentiometric sensors
because they must be combined with a liquid filled RE with a limited stable lifetime. Thus, in
practice, a small sensor probe and a rather large RE are used together, restricting the possibility of

measuring small sample volumes. For this reason, many research efforts have been dedicated to a
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differential measurement between an ISFET and an identical reference FET (REFET), which has
a very low (ideally zero) sensitivity to the ion concentration under measurement. In this case, a
metal wire can ground the sample solution [188]. So, a wholly integrated ISFET-based sensor can
be implemented by a differential structure composed of an ISFET and a REFET biased by a
common counter-electrode as a pseudo-reference electrode (PRE) (Figure 2-30 (a)) [188]. In this
arrangement, the conventional RE is replaced by a PRE made of a noble metal, such as gold and
platinum, to define the potential of the electrolyte without the need for any external RE. Covering
the gate oxide of an ISFET within an additional ion-insensitive membrane like a polymer [212,
213] or chemical modification of the original gate oxide surface sites [214] are the most popular
techniques to create a low-sensitive REFET. For practical reasons, bulk and source connections
are usually short-circuited [213]. However, in their seminal works, Bergveld et al. [46] used bulk
feedback to control the depletion charge in the bulk. Moreover, drift and different electrical
properties of REFET and ISFET are some of the issues of this technique [193, 215, 216]. The DC
bias of REFET and ISFET should be the same so that they behave electrically and identically.
Chudy et al. [217] proposed using a modified ISFET with additional membranes (CHEMFET), of
which the outer membrane comprises a buffer component for the ion measurement. In a differential
CHEMFET/REFET system, the electrically identical REFET with the same membrane does not

contain such a buffer.

In 1989, Wong and White [184] proposed a CMOS-integrated op-amp for pH measurement with
an ISFET input and a feedback loop to a MOSFET. Then, they differentially amplified the outputs
of two ISFET operational amplifiers with a PRE. In this primary implementation, a special coating
on the gate of ISFETs was used to achieve different sensitivities. An ISFET submerged in a buffer
solution of known pH was a reference device. One of these ISFET-op-amps was composed of an
ISFET with a Ta2Os/Si0O; gate, and the other one included a SiOxNy/Si3N4/Si02-gate ISFET with
a sensitivity of 58-59 mV/pH and 18-20 mV/pH, respectively. The device could provide 40—43
mV/pH sensitivity and cancel common temperature effects and drift in both ISFETs (see Table 2-
2).

Chodavarapu et al. [218] proposed another differential architecture for pH measurement, including
a gold PRE and a pair of ISFET operational transconductance amplifiers (IOTAs), each composed
of an ISFET as its input. The ISFETs used in both IOTAs are identical, but different sizes of the p-
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MOSFET loads used in IOTAs cause variations in the sensitivity of these two IOTAs (50 mV/pH
and 30 mV/pH). They could achieve a sensitivity of 40—45 mV/pH.
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Figure 2-30. ISFET and REFET for array structure; (c) ISFET/REFET voltage-clamped configuration; (d) a
chemical Gilbert cell; (¢) a XA ISFET readout circuit using differential measurement.
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Hammond et al. [193] reported a system-on-chip (SOC) digital pH meter containing on-chip
programmable voltage references and multiplexers controlled by a specially designed 8-bit
microcontroller for use in a wireless diagnostic capsule. They achieved a sensitivity of 37 bits/pH
within an operating range of 7 pH units. Figure 2-30 (b) shows the analog part of this differential
ISFET/REFET pH-measurement circuit with a standard PRE that includes two source-drain-
follower configurations for the ISFET and REFET whose outputs are given to an instrumentation
amplifier. In another effort, Palan et al. [185] presented a similar differential structure comprising
two sources/drain follower circuits and a voltage-to-current converter (V/I). ISFET1 and ISFET2
were composed of SizsN4 and SiOz ion-sensitive layers with 52-58 mV/pH sensitivity and 24-36
mV/pH, respectively, and implemented in a 2.5 pm CMOS technology. The simulation showed

that this interface circuit could provide a precision of +0.15 pH (see Table 2-2).

An example of a pseudo-differential ISFET-REFET topology is the voltage-clamped circuit shown
in Figure 2-30 (c) [219], which can provide a fixed electrical bias and operate in either weak or
strong inversion. In another effort, Sohbati et al. [220] implemented an ISFET/REFET sensing
front-end as part of an input differential pair. The same group [221] also proposed a pH-to-digital
converter using two current comparator-based circuits, including ISFET and REFET, in each of
which the output node is connected to the floating gate of FET. In another work, Liu et al. [181]
proposed a differential topology based on the CVCC principle controlled with feedback to the
floating gate of ISFET.

A ZA ISFET readout circuit using differential current-mode measurement is also reported by
Nabovati et al. [186], depicted in Figure 2-30 (e). The ISFETs depicted in Figure 2-30 (e) operate
in the linear region, and the circuit works in three phases: (1) Reset, (2) evaluation, and (3)
sampling. During the reset phase, activated by RST and (RST) , the value of Ciy capacitor is set to
the common-mode voltage, Vem. During the evaluation phase, the clock @ is activated, and the
ISFET current charges the Cint. Combining Equations (1) and (5), we can deduce that the ISFET
current in this region is proportional to the pH value. The current differential scheme increases
sensitivity. The second ISFET (IS2) is a reference with a pH value of 7. In the sampling phase, the
circuit is connected to the output for sampling. A charge-to-digital converter converts the output

voltage to digital.
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Figure 2-30 (d) demonstrates a chemical Gilbert cell as another technique. The differential pair
includes two ISFETs considered a chemical translinear circuit [ 187]. This circuit is appropriate for
applications that require differential monitoring in small volumes and several chambers, like

studying more than one gene in DNA detection.

Lee et al. [88] proposed a CMOS device that directly measures the electrostatic induction of
molecular charges in the working electrode with improved SNR and without any conversion loss.
As seen in Figure 2-14, both working electrodes are connected to a voltage buffer circuit with high
input impedance (due to employing a transistor with an isolated gate), and their voltages are within
the operating range of the buffer circuit. The buffer transfers the induced charges in working
electrodes to a fully differential switched-capacitor integrator, followed by an ADC to accumulate

and digitize the signal.

2.9. Amelioration of Some Non-idealities
Trapped charges, noise, and temperature sensitivity are non-idealities in ISFET measurements.

This sub-section reviews some solutions to these problems.
2.9.1. Trapped Charges

The accumulation of trapped charge on the gate and passivation layer is a non-ideality that occurs
during the fabrication of floating gate ISFETs in the standard CMOS process and causes a
significant, unpredictable change in the threshold voltage of ISFET. UV radiation and bulk
substrate biasing are the most convenient methods for removing excess charge. The UV radiation
can reach the inner polysilicon through a small aperture formed on top of the ISFET and excites
the trapped charge that charges into the bulk region. This technique does not need additional
circuitry and can be employed to match the electrical characteristics of ISFET pixels in an array
structure. A single RE can bias the entire array by eliminating the mismatch between pixels

threshold voltage [222].

Another technique is hot-electron injection, which can be adapted for threshold voltage
programming. The operating point of an ISFET can be calibrated by adding an electron to the
floating gate and raising the threshold voltage [223]. However, this technique cannot decline the
threshold voltage. Thus, Al-Ahdal et al. [224] propose electron tunneling to eliminate electrons

from the floating gate of the ISFET.
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Georgiou et al. [225] reported another approach to programming the floating gate of the ISFET:
using a capacitively coupled floating gate. This allows tuning the operating point to maintain its
tenability and keep the device operating within a tolerable gate voltage range. Yan et al. [168] also
used two extra programmable nodes driven by a feedback configuration. Another technique is

using a switch for additional connections to the floating gate of the ISFET in a feedback loop [167].
2.9.2. Noise

The noise performance of the ISFETs is another non-ideality that can directly affect the sensor
accuracy and resolution. The dominant low-frequency noise is 1/f noise. The measured noise
characteristics in [226] showed that the Si/SiO; interface dominates the noise behavior, and the
interface between the gate insulator and the solution does not contribute to measurable noise. To
reduce the noise, the ISFETs based on p-MOSFET can be used rather than n-MOSFET because it
is well established that the noise of p-MOSFET is lower by nearly two orders of magnitude [227].
However, n-type ISFETs have higher mobility and better drift performance.

2.93. Temperature Sensitivity

Another factor affecting the performance of the ISFET is temperature sensitivity. Circuit

compensation techniques can alleviate temperature variations.

Wong et al. [184] proposed using an operational amplifier's differential configuration to match the
ISFET sensor with a MOSFET and eliminate the temperature sensitivity. The two devices' Equal
electrical biases are required to have similar temperature characteristics, which might be difficult
to acquire by a differential pair comprising an ISFET and a MOSFET on the same chip [160]

because of the differences in Vt, leading to different bias conditions.

In another technique [228], the ISFET temperature coefficient, which depends on the operating
point, is canceled out by choosing a proper bias condition and empirical determination of a thermal
operating point. Simultaneous detection and use of the parameters of the measuring device that
cause the temperature drift is an unusual approach in conventional electronics. Bergveld et al.
[160] used the feedback system of Figure 2-24 (b). They injected a sinusoidal signal by employing
a transformer connected between the bulk and the source of the ISFET to adjust a certain bias

condition and produce sensitivity independent of B = pnCox (W/L) and internal source and drain
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resistances. Sohbati et al. [221] used a periodic gate reset to set the DC operating point of the
ISFET accurately.

Chin et al. [229] utilized a p-n diode as a temperature sensor whose negative temperature

coefficient can cancel out the positive temperature coefficient of the ISFET by employing a

summing circuit. Chung et al. [230] proposed another technique using a threshold voltage extractor

circuit to compensate for the ISFET thermal characteristic.
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Chapter 3  Open-Gate Junction Field-Effect
Transistor: A New FET Sensing System'~

The last chapter's review of FET sensor structures provided ample information about the FET
chemical and biological sensors from all aspects, which further shed light on the novelty of the
open-gate junction field-effect transistor (OG-JFET) as a new charge-sensitive planar FET
structure not previously utilized for biomolecular or ion-sensing applications. The sensor's
structure resembles a p-type JFET electronic device with the top n-type layer removed, resulting
in a sizeable open-gate area that serves as a sensing site for introducing a solution or charged liquid
on top. While most silicon-based FET sensors are based on the CMOS foundry process, the open-
gate JFET represents the first silicon structure in the form of JFET devices interfacing with liquid

or charged solutions.

This thesis chapter outlines the steps to characterize the OG-JFET and interface it with a probe
station and semiconductor analyzer to test its response to charged solutions. It also explores how

the sensor responds to charge variations in liquids in the open-gate area.

The results of these investigations are published in IEEE Sensors Journal and Sensors'>?, covering

the first and second parts of this chapter, respectively.

! The first part (section 3.1) of this chapter is based on the published paper: Abbas Panahi, Hamed Osouli Tabrizi, Priyadarshini
Mangannavar, Oleg Chebotarev, Andrew Fung, Ebrahim Ghafar-Zadeh, “Open-Gate Junction Field Effect Transistor (OG-JFET)
for Life Science Applications: Design, Implementation, and Characterization”. IEEE Sensors Journal, 2021

2 This chapter's second part (section 3.2) is based on the published paper: Panahi, Abbas, Deniz Sadighbayan, and Ebrahim Ghafar-
Zadeh. 2021. "Electronic Sensing Platform (ESP) Based on Open-Gate Junction Field-Effect Transistor (OG-JFET) for Life Science
Applications: Design, Modeling and Experimental Results" Sensors 21, no. 22: 7491. https://doi.org/10.3390/521227491
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3.1. Paper 2: Open-Gate Junction Field Effect Transistor (OG-
JFET) for Life Science Applications: Design, Implementation,
and Characterization

Authors: Abbas Panahi, Hamed Osouli Tabrizi, Priyadarshini Mangannavar, Oleg
Chebotarev, Andrew Fung, Ebrahim Ghafar-Zadeh

Journal: IEEE Sensors

Abbas Panahi’s contributions include chip design and characterizations, fixture
design (fixture 3D CAD and fabrication) and implementations, fluidics fabrication
(3D CAD and fabrication) and integrations, and semiconductor device simulations.

3.1.1.  Abstract
This article introduces a new foundry-based ion-sensitive field-effect transistor named open-gate
junction field-effect transistor (OG-JFET), intended for chemical and biological sensing
applications. OG-JFET can be realized by removing the n-type gate in a p-type JFET to open the
space for electrolyte gating. The new configuration enables the application of a bias voltage via a
back-gate that results in more efficient channel current control. Accordingly, based on a standard
foundry process, a 1.6 pm thick p-type conductive layer has been epitaxially grown on a 450 um
thick n-type silicon layer. The design promotes a large sensing area, including seven p-type
conduction channels with dimensions of 1000 um x 100 um (W x L) and a depth of 1.6 pm. All
the transfer characteristics required for biosensing/ion sensing of OG-JFET have been derived.
Furthermore, we have conducted a COMSOL Multiphysics simulation on OG-JFET to verify the
operation of the sensor, which helps to comprehend the sensor's functionality in different biasing
conditions. The COMSOL semiconductor simulation results were consistent with experimental
results, making the simulations a reliable reference for optimizing and customizing the chip for
specific applications. OG-JFET showed a sensitivity of 55.29 mV/pH, a hysteresis of 16 mV, and
a drift of 3 pA/hours, in the order of standard ISFET sensors in the literature. For the first time,
this paper's simulation and experimental results put forward the OG-JFET as a new foundry-

process-based, mass-producible ion-sensitive FET sensor for chemical and biological applications.
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3.1.2. Introduction
A tremendous effort has been made to develop field-effect transistor (FET) sensors during the last
decades for chemical and biological sensing applications [1], [2]. Owing to their unparalleled
potential for miniaturization, high sensitivity, fast response time, low sample volume requirement,
and tremendous capability in integration with complementary metal-oxide semiconductors
(CMOS), FET-based chemical/biosensors have received significant attention in the biosensing
community [3]. Biological field-effect transistors (BioFET) have been used for different
applications, such as gene detection [4], cell analysis [5], enzyme reaction-based biosensors [6],
and other biomolecular detection [7], which have been proven to improve the biosensing

characteristics significantly.

Recently, a graphene BioFET was reported as a promising sensor for early detection of COVID-
19 spike protein in human samples [8]. This success has drawn more attention to developing FET-
based biosensors for early diagnosis [9]. The superior characteristics of FET sensors in biological
sample sensing have led to their recognition as a potential sensing element for point-of-care
devices, which are expected to impact the personalized medicine area significantly [10]. Many
papers have reported FET-based sensors showing time-consuming and bulky tasks through in-
house microfabrication clean rooms. However, there is a need for fabless microfabrication of FET
sensors, which affects the accuracy of processing and packaging for higher production yield. A
lengthy manufacturing process prevents the rapid production of FET-based sensing platforms
during urgent situations such as the COVID-19 pandemic, which hampers the mass production of
FET sensors as a potential point-of-care diagnostic device. This paper addresses this challenge by
introducing a new foundry process to fabricate FET-based sensors. Herein, we focus on designing,
modeling, fabricating, and characterizing the proposed sensor using chemical solutions with

various pH values.

The organization of this paper is as follows. Section II* introduces the work related to OG-JFET.
Section III? presents the proposed sensing methodology, the sensor's fabrication, simulation,

design, and chemical preparation procedures. Section IV discusses the results and presents the

1 Section 3.1.3
2 Section 3.1.4
8 Section 3.1.5
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experimental and simulation results. Section V! expresses the concluding remarks and summarizes

different aspects of the OG-JFET proposed in this paper.

3.1.3. Related works
Hitherto, various FET structures have been introduced with different conduction channel
topologies and gate arrangements for chemical and biological sensing purposes. In one of the most
well-known topologies, ISFETs, the most significant step was exploiting the powerful features of
unmodified CMOS technology as the basis for developing ISFETs [11], [12]. Considering low
power consumption, these sensors revealed robust and improved sensing characteristics with
outstanding scalability. Based on the same principle of fabrication, other structures such as floating
gate, [13], floating control gate, [13], [14], extended gate, [15], [16], have also been manufactured
following the unmodified CMOS ISFETs fabrication pattern. In almost all these structures, the
metal gate was either removed from or extended to the top layer of the chip. Following the
deposition of the passivation layer, the constructed interface can detect the ions in the solution
[10]. Nevertheless, extending the metal layer throughout the sensor over the via-pads typically
creates parasitic capacitive noises, which are difficult to remove from the signal [10]. Furthermore,

the trapped charges in the passivation layer can offset the threshold voltage [17], [18].

Besides the abovementioned limitations, most of the developed ISFET sensors need a bulky
reference electrode (e.g., Ag/AgCl) in the solution. This has impeded further development of these
sensors and prevented large-scale integration with compact BioFET-based point-of-care devices
[19]. Their further development for integration with the microfluidic chip was also hindered due
to huge drift and noises associated with the stability of miniaturized electrodes in solution [20].
For such drawbacks, the operation of ISFETs based on a back gate or double gate structure has
been of interest in many research works. Also, it was reported that double-gate FET (DG-FET)
structures attribute substantial increments in the sensor response characteristics due to inherent
amplification in the signal, which has made them more attractive to the FET community [21], [22].
More specifically, the DG-ISFET implemented on CMOS has been proven to have substantially
higher pH sensitivity, and it was recognized that using double-gate structures would exceedingly
improve the signal-to-noise ratio and significantly reduce the hysteresis [23]. Recently, the

sensitivity of DGFET ion-sensitive structures has been shown to push the Nernst limit dramatically

1 Section 3.1.6
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by taking advantage of DG-ISFET, which works in dual amplification [24]- [26]. More complex
fabrication procedures have been reported in which triple-gate FET (TGFET) showed the operation
of the sensor without the need for a bulky reference electrode in the electrolyte solution [27].
Nevertheless, for perfect integration of ISFETs with lab-on-chip devices for biosensing purposes,
reference electrodes are preferred to be replaced by a back gate. Thus, for the ideal integration of
BioFET into the lab-on-chip devices, new FET structures, free from bulky reference electrodes,

are highly demanded.

In this work, for the first time, we employ a back-gated JFET structure (already exists) for chemical
sensing applications named OG-JFET, which can be considered a new platform for
chemical/biological sensing applications with enough sensitivity compared to other available
ISFETs. The new configuration avoids bulky reference electrodes by introducing a back-gated
vertical p-n junction configuration with a p-type conductive channel. The sensor works based on
the JFET structure (p-type JFET) with an open gate for introducing the sample. Another gate is
placed on the back of a p-n junction that can be used for sensing without needing an electrode in
solution (e.g., Ag/AgCl). The chemical sensing was tested by studying the sensor's sensitivity to
different [H+] concentrations in the buffer solution (PBS). The OG-JFET can be considered a p-
type channel JFET, with an n-type gate where the other gate has been removed to open the space
for introducing chemical/biological samples. Previously, the same technology was used for
photovoltage field-effect transistor applications, which showed a novel structure for pushing the
infrared detection limits in silicon [28] by taking the superior advantage of JFET in signal
amplification and back-gated structure. A porous silicon junction field-effect transistor (PSJFET)
was another similar structure to JFET, used for NO; detection applications [29]. Another reported
structure based on the JFET was the c¢Si-Au-JFET sensor, which used the JFET structure for NO»
detection [30]. The current OG-JFET structure based on the introduced fabrication process that
CMC Microsystem in Canada offers has not yet been reported for chemical sensing applications.
In this work, we seek the pH sensing performance of OG-JFET as a new ISFET structure, which
is the basis for further developments of this sensor platform for other biological sensing

applications.

3.1.4. Proposed Method and Materials
3.1.4.1. OG-JFET Sensing Mechanism
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The fabricated open gate JFET consists of a 1.6 um thick silicon p-type channel that is placed on
top of an n-type silicon layer with a thickness of 450 um which holds a gate on the backside of the
n-channel for biasing the p-type channel (See Fig. 3-1-1 and Fig. 3-1-2).

The distinction from the standard JFET structure is that the top gate and corresponding n-type layer
have been removed to open the space for introducing the fluidic samples and biomaterials on top
of the sensor. When the solution meets the silicon layer (here p-type channel) in the opened area
(according to site-bonding theory) due to the interaction of SiO> (here native oxides) sites on the
surface (Si-OH) with ions and water molecules, a charge layer will be created on the sensor surface
that is correlated with the hydrogen concentration in the solution through site-bonding relation (for
detail information, please refer to [31], [32]). In the current work, the pH test has been carried out
to show sensor function towards pH variations. Different pH means different concentrations of
hydrogen ions (pH=log([H+])), which affects the surface potential on top of the silicon (p-type)
channel in the open-gate area. More [H+] concentration in the solution grounds a higher negative

charge on the channel, which causes a higher source-drain current.
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Figure 3-1- 1. The mechanism of operation of OG-JFET in interaction with electrolytes and ions. The pH means
the concentration of H+ ions in the solution, and with the increment in H+ concentration, the more negative potential
will be created on the surface of the sensor. This will create more current in the p-type channel, resulting from hole
current in the p-type channel (p-type JFET).

As the sensor comes with a back gate, the operation point of the sensor can be changed.
Furthermore, one can implement the sensor without the need for a reference electrode (e.g.,
Ag/AgCl) in the electrolyte solution since the back gate can be used as the reference voltage for
sensitivity analysis and also in the constant voltage mode to read the decade changes in output
drain-source current. Fig. 3-1-1-b shows the OG-JFET opened gate area's interface when it

interacts with the electrolyte. First, a very thin atomic layer of negatively charged ions attaches on
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the positive surface, which gives rise to the Inner Helmholtz Layer (IHL) and, as a result, the Outer
Helmholtz Layer (OHL). The H+ variations in the diffuse layer would contribute to the surface
potential in different pH values (See Fig. 3-1-1). The surface potential is maximum on the oxide

surface on top of the p-channel.
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Figure 3-1- 2. The OG-JFET standard fabrication process. (a) Substrate wafer (Silicon <100>, 100 mm diameter, -
420 +/- 25 um thick, Resistivity 0.006 to 0.02 Ohm-cm); (b) Alignment marker definition (first mask); (c) PECVD
Si0, deposition; (d) SiO» etching to Si layer. (second mask); (e) Front and back-side ion implantation; (f)
implantation annealing; (g) front and back side metallization and annealing; (h) PECVD Si3N4 deposition
(passivation layer); (i) Pad and channel opening. (b) Optical Microscopy image of the designed sensor based on
the standard OG-JFET technology. The sensor has a common source pad, which serves seven OG-JFET in the chip.
Channels have the same thickness, length, and width, which are 1.6 um, 1000 pm, and 100 pm, respectively. (b)
Optical microscopy image of the fabricated sensor; (c) the whole chip with pads, source, and drains.

3.1.4.2. OG-JFET Desing

Before fabrication, parallel OG-JFET channels with a common source and seven drains were
designed using L-Edit software. The schematic of the fabricated sensor is demonstrated in Fig. 3-
1-2. Each sensor on the die has a channel with a width and length of 100 pm and 1000 pm,
respectively. All channels have a depth of 1.6 pm. There is a distance between the surface and
drain edge, with the opened channel covered with a stacked layer of S102/Si3N4. The covered space

here in our design is 10 pm. The distance between two separate OG-JFET channels is 40 um. Eight
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pads with an area of 1700 pm % 1700 um were designed with a pitch of 200 um while we managed
to maintain a 200 pm distance from both end sides of the chip. Only one of the pads is assigned to
operate as the common source, and the rest are all independent drains for seven OG-JFET sensors.
As shown in Fig. 3-1-2, a perfect area has remained for the fluidic chamber and microfluidics
integration. Our design enables better control over the sensing area for biological and chemical
sensing applications. It allows a multiplexing structure to screen all the biomaterials in the sensing

arca.

Fluid outlet

Chamber

Figure 3-1- 3. Demonstration of OG-JFET fluidic fixture. (a) demonstrates the tube connections to the inlet and
outlet of the microfluidic channel and the BNC connectors on the PCB, which are responsible for connecting the
sensor to the semiconductor analyzer. The fixture enables a continuous microfluidic system. A closeup of the fluidic
system has been shown in (b). The microfluidic channel runs between two sets of spring-loaded connectors on both
sides, connecting the PCB wirings to the sensor pads. The back gate has been connected through a wire (blue) from
the back of the sensor to the PCB. (c) Demonstration of CAD design of microfluidic channel for transporting fluid
on top of the sensor. (d) The fabricated sensor was placed on top of the OG-JFET. The glass slide is then glued on
the surface of the four-pillared structure and PCB, as shown in (b).

3.1.4.3. pH solution and wet tests on OG-JFET

The OG-JFET sensor has been integrated with a low-complexity microfluidic chamber on top of
the sensor, which seals the sensor, prevents the pads from being in direct contact with the solution,

and allows the solution to be held on the sensing surface. PBS was used as the buffer, and HCL
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and NaOH solutions were prepared as the titration agents for preparing different PBS with specific
pH ranging from 4 to 9. To do so, PBS was prepared, and its pH was measured with a standard
commercially available pH meter (Hanna HI98103). The PBS pH was measured at 7.4 in all our
experiments. To reach pH values lower than 7, an HCL solution was added meticulously (micro
litter step), and the pH was recorded using a standard pH meter. Similarly, NaOH solution was
used to titrate PBS to reach a pH higher than 7. We designed a fixture to hold the sensor and
chamber together and a PCB to connect the sensor to a semiconductor analyzer (Keithley 4200A-
SCS Parameter Analyzer). All transfer characteristics of the sensor were measured using a

semiconductor analyzer device. Then, the same structure was used for pH tests on the chip.
3.1.4.4. Fixture for sensor and fluidics

A fixture has been designed and fabricated to transport the wet samples on the chip, which includes
a fluidic channel with an inlet and outlet to facilitate the sensing process, which enables better
continuous measurements. The fixture encompasses a Printed Circuit Board (PCB) on four pillars
that direct the spring-loaded connectors onto the sensor pads, which have already been bonded
onto the glass slides. The glass slide is glued to the 3D printed structure, as shown in Fig. 3-1-3
(d). The fluidic channel was fabricated using the standard replica molding method with PDMS.
Fig. 3-1-3 (c)-(d) shows a schematic of the microfluidic channel. We have used four PCB BNC
connectors to connect the sensor to the semiconductor analyzer device. Also, two holes were on

the PCB for the fluidic inlet and outlet to the channel on the sensor.
3.1.4.5. Measurements

All the measurements were conducted using a semiconductor analyzer device (Keithley 4200A-
SCS Parameter Analyzer) connected to the sensor through BNC connectors on the PCB board (See
Fig. 3-1-3). The switch on the PCB was used to connect different drains (see Fig. 3-1-4) of OG-
JFETs to the BNC and semiconductor analyzer. All the tests were done by biasing the sensor in
reversed bias mode by applying a negative voltage to the drains and a positive voltage to the back
gate. Then, the source was grounded (set in a semiconductor analyzer), and the Ids-Vgs and Ids-
Vds curves were obtained for different transfer characteristics. The back-gate voltage was
increased stepwise for Ids-Vds curves, and the drain-source voltage was swept linearly. All the

measurements were conducted at room temperature and undercover in a dark chamber. Figure 3-
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1-4 demonstrates the circuit schematics using a semiconductor analyzer to characterize the sensor.

To connect the semiconductor analyzer to the sensor, the 4200 Medium Power SMU was used.

Semiconductor
Analyser
(Keithley 4200A-SCS)

Source

Figure 3-1- 4. The circuit for sensor characterization was designed using a semiconductor analyzer (Keithley
4200 A-SCS).

3.1.4.6. Simulation and modeling of OG-JFET using COMSOL

A multi-physics finite element simulation was performed on the OG-JFET to extract its electronic
transfer characteristics. With this regard, COMSOL Multiphysics 5.5 software was used to model
the semiconductor device. Finite Element Method (FEM) simulation has been used frequently in
the semiconductor industry since it helps to evaluate the sensor response before fabrication which
is essential in MEMS/NEMS sensors development due to the enormous cost of sensor fabrications.
Accordingly, a 2D sensor model was designed in COMSOL with the specified size and dimensions,
as demonstrated in Fig. 3-1-2. As is shown in Fig. 3-1-2, the sensor consists of parallel OG-JFET
channels with one common source pad. The same geometry with experiment size (See Fig. 3-1-2)
was modeled in COMSOL, and the semiconductor module was used to solve the corresponding
equations in the specific geometry of OG-JFET. To do so, Maxwell’s equations, Boltzmann
transport theory, and Neumann boundary conditions were solved numerically in a meshed domain
with the specific boundary conditions in COMSOL software. The meshing was required to define
the nodes for numerical calculations, as demonstrated in Fig. 5. To analyze the p-n junction
depletion due more precisely to the back-gate voltage sweep, a structured mesh was implemented
for the p-type channel, and an unstructured mesh was considered for the p-type layer, as it revealed
better computation convergence. The sensor's source, drain, and back gate contacts were modeled

as “Ohmic Contacts” in COMSOL. All faces around the sensor except the opened gate area were
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modeled as “insulated.” Doping levels in the semiconductor channels were considered as Na= 5 x

10" /em? for the p-type channel and Np = 1 x 10'8 /cm? for the n-type channel.
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Figure 3-1- 5. The size and parameters used in the COMSOL Multiphysics simulation software. (a): demonstrates
the essential parameters required for simulating the OG-JFET sensor; (b) presents the meshing structure produced
in COMSOL with a structured mesh in the p-type channel and unstructured mesh in the n-type layer. The back gate
was also modeled with an ohmic contact according to the fabricated process.

In Figure 3-1-4, Loc (opened gate length), Lo (overlap length), and Ls (source/drain length) are
100, 10, and 20 pm, respectively. P-channel thickness (tp) was set to 1.6 um, and the n-type
channel (tn) was 450 um according to the dimensions in fabrication. In the COMSOL
semiconductor environment, a p++ doping level (~2x10'6/cm?®) for implantation of source and
drain was considered for better accuracy of the numerical results. Doping levels for p-type (NA)
and n-type layers (Np) were 5x10'%/cm? and 1x10'¥/cm?, respectively. It was essential to model
the effect of electrolyte solution-induced surface potential on the SiO> surface in the opened gate
area, affecting the majority/minority carrier in the semiconductor channel. The simulation for both
fermi-dirac and Maxwell-Boltzmann approximations of carrier statistics was performed, but

insignificant differences were witnessed.

3.1.5. Results and Discussions
3.1.5.1. Sensor Transfer Characteristics Experimental Results

The OG-JFET transfer characteristics were derived by a semiconductor analyzer connected to the
sensor through a PCB (See Fig 3-1-3 and Fig 3-1-4), sweeping the drain-source voltage from 0 to

-10 volts, and positive gate voltage was changed stepwise from 0 to 1 V with 0.1 V steps. To
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Figure 3-1- 6. Experimental result of Ids-Vds curve of OG-JFET for different gate-source voltage changes from 0

to 1 with 0.1 V step. Positive biased voltage has been applied to the back gate and negative biased to drain while
the source is maintained at a zero bias.
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Figure 3-1- 7. Experimental result of Ids-Vgs curve of OG-JFET for different drain-source voltage ranges from 0
to -4.5 V with -0.5 V stepwise.

Operate the sensor in a reversed biased mode and ensure the p-n junction diode is not forwarded,
a negative voltage is set for the drain, and a positive voltage is assigned to the gate. At the same
time, the source was maintained at a zero-bias state as the reference point. As the results are shown
in Fig. 3-1-6, the channel gets pinched off at around 1.3 V for Vgs = 0 (varied from 0.8 Vto 1.5V
based on the Vg), and after that, the saturation regions begin; however, the Ids saturation regime

is not entirely constant showing a minimal slop.
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This means that in the saturation, we still have a very small conductance (dIds/dVds). This might
be due to the sensor's long channel length and substantial width. As was expected, the higher
voltage of the gate depletes the channel very fast, resulting from choosing a thin layer of p-type
(1.6 um) on a very thick n-type layer. The channel's conductance diminishes at substantial back
gate voltage as the gradient of change of the current versus drain-source voltage becomes smaller
compared to zero back gate voltage. Fig 3-1-6 only shows the Ids-Vds curve for a drain in the

Sensor.

All devices were tested in the dry mode, and the results showed consistent I-V curves. The Ids-
Vds curves for all drains were obtained by sweeping the back gate after ensuring that all drains
yielded the same results for all devices considered for further chemical test analysis. The same was
done for Ids-Vgs at the same time as obtaining the Ids-Vds curves. Control over the channel
conduction by a back-gate bias is essential in the sensor implementation for charge detection. For
this reason, we have also analyzed the sensor Ids-Vgs (drain-source current versus gate-source
voltage), demonstrated in Fig 3-1-7. To get the Ids-Vgs, the back gate voltage was swept from 0
to 1V, and at the same time, the drain-source voltage was increased from 0 to 4.5 V (negative bias)
to see the variations in the current due to the depletion effects of back-gate voltage. In a part of
the Ids-Vgs curve, we can see an almost constant gain over the entire regime of 0-0.5 volts of gate-
source voltage; however, for higher drain-source, it is not a perfect linear trend. In the pinched-off
region, as we expected, the conduction change due to the shift in drain-source voltage is not the
same voltage changes as in the linear section of the Ids-Vds curve; however, we can see the same

gain for all values of the drain-source voltage range for all values of gate voltage.
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3.1.5.2. OG-JFET Transfer Characteristics Simulation Results

A COMSOL Multiphysics simulation was performed to evaluate the OG-JFET transfer

characteristics. The simulation methodology and the boundary conditions were discussed in
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Figure 3-1- 8. COMSOL simulation result of p-type conduction channel OG-JFET drain-source current versus
drain-source voltage in different gate-source voltages. The simulation perfectly shows the linear region and also

the saturation region of the OG-JFET operation.
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Figure 3-1- 9. COMSOL simulation results of OG-JFET Ids-Vgs curves. The simulation predicts the experiment
trend very well.
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previous sections (section G'). We have used the same voltage settings in the experiments in the
COMSOL software to evaluate the results, and COMSOL is used as a reference to design more
complicated conditions, which are impossible with mathematical modeling models of JFET. Since
OG-JFET is based on a standard fabrication process, predicting the design output is very helpful

in checking the desired output parameters and signals.

We mainly used COMSOL Multiphysics 5.0 because it could be further developed to enable
multiphysics simulations on the OG-JFET for biosensor development, such as reaction and

biological kinetics in fluid flow. COMSOL simulation can predict trends and output results, which

Figure 3-1- 10. Simulation results of the hole concentration (log) in the different gate and drain biases in p-type
and n-type layers. The effect of gate-source voltage depletion on the carriers in the p-channel is demonstrated. As
is expected from the conventional JFET, the channel gets narrower very close to the drain. Higher Vds at this
point would push the channel to pinch off and start saturation with a constant current.

is very useful in the design and interpretation of data afterward. Nevertheless, due to the inherent
limitations of numerical simulations, the perfect confirmation of the experiment is not possible
with FEM methods, and we always see an error in the simulation. In the saturation region, an
average of 11.58% error (for all Vg values in Vds = 10) can be considered the simulation error for

the sensor's design before fabrication.

The Ids-Vds curves of OG-JFET have been derived by COMSOL simulation, presented in Fig. 3-
1-8. As the curves demonstrate, the software predicts the saturation area and the linear section

(subthreshold), which can be used for sensor parametric analysis and design before fabrication.

1 Section 3.1.3.6
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One can design the sensor layout and use COMSOL software to predict the sensor transfer
characteristics to reach the desired design. Fig. 3-1-9 demonstrates the Ids-Vgs curve of the sensor
for different values of drain-source voltages. A specific range error is inevitable for COMSOL
simulations compared to experiments since there are many non-idealities in the wafer fabrication
and during the sensor development process, as shown in Fig. 3-1-2. The doping levels, channel
length, current leakages, perfect ohmic contact, and distribution of doping levels in the p-channel
and the n-type channel are all conditions that are not linear in actual experiments and might cause

non-linear responses.

pH=4
pH=5
08 —— pH=6
e pH = 7
e pH = 8

—pH=9
0.7

Refrence Current

0.4

0.3

0.2
0 0.1 0.2 0.3 0.4 0.5 0.6

Back Gate (V)

Figure 3-1- 11. The Ids-Vgs curves for different pH solutions ranged from 4 to 9. The reference current was 0.5
mA to compare the back-gate threshold voltages. Each pH test has been repeated ten times to make sure the
curves are consistent and there is no change. In the stabilized condition, the curves are recorded.

According to Fig. 3-1-9, COMSOL predicts a linear Ids-Vgs curve for OG-JFET, almost like the
pattern of experimental results shown in Fig. 3-1-6. The experimental result exhibits a curve-
shaped current decrease with an increase in the back gate; however, the simulation predicts an
almost linear dependence due to many fabrication-origin errors, such as length and doping
distribution. Fig. 3-1-10 demonstrates the hole concentration in the OG-JFET p-type and n-type
channels for different drain and back gate bias values. A narrow conduction channel near the drain
position with a very narrow concentration was expected to be seen that permits a constant current
in higher drain-source voltages. It seems there is a stepwise channel narrowing throughout the p-
channel, and it is not a linear decay of potential, which was the assumption for previously used

mathematical modeling of JFET [28]. By looking precisely at the hole concentration profile of the
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p-type channel, we see that although the gate has pinched off the channel, there is still a very
narrow space for the conduction of holes near the drain, which gets narrower in higher Vds (=20
V). Even though there are many sources of non-idealities in the OG-JFET system that affect the
current and conductance of the p-type channel, the COMSOL Multiphysics software predicts the

sensor transfer characteristics perfectly by showing the trends.
3.1.5.3.  Chemical Experiment Results

OG-JFET sensor was tested under different pH solutions to analyze its sensitivity towards ion
concentration changes in the PBS (here [H+] concentration). pH solutions were prepared according

to the procedure explained before, and the solutions were injected into the sensor through a PDMS
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Figure 3-1- 12. Experimental results of pH sensitivity of OG-JFET in the reference current of 0.5 mA. The sensor
demonstrates a 52.12 mV/pH sensitivity at this reference current. The sensitivity is concluded by fitting a linear

line to the reference voltage versus pH values. The sensitivity was measured by obtaining the voltage in a contact
current in Ids-Vgs curve for each pH values [31].

chamber on top of the sensor. In the measurement process, all care was taken not to mitigate the

setup to avoid flow turbulences in the chamber.

These turbulences lead to streaming current, which affects the charge distribution on the surface
of the native oxide layer on the channel and causes errors in response. Each experiment was
repeated eight times to confirm the sensor's stable response. All experiments were performed at
dark and room temperature (25 C). Fig. 3-1-11 demonstrates the Ids-Vgs curve for different pH
values ranging from 4 to 9. As can be seen, in the range of 0 to 0.6 volts of gate bias, the Ids curves

are shifted because of the H+ concentration increment in the buffer solution. The Ids-Vgs of OG-
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JFET are almost linear in all back-gate voltage values, which helps to have a linear response from
sensitivity analysis. When the back gate is considered the reference voltage, the sensor at the
reference current of 0.5 mA and a 5 V drain-source voltage will result in a 55.29 mV/pH sensitivity

in the range of <59 mV/pH Nernst limit.

Fig. 3-1-12 shows the sensitivity curve for OG-JFET when operating at a constant drain-source
voltage, and the reference current is maintained at 0.5 mA for pH variation analysis (measurement
performed based on [26]). For determining the sensitivity, linear regression was used to determine
the slope of curves and the data points' correlation coefficient (linearity). The sensitivity has also
been determined for other drains on the chip, as shown in Fig. 3-1-13. The results show variations
in the sensitivity for drains, which might be due to the crosstalk in the channels. Fig. 3-1-12
demonstrates the pH sensitivity for different reference currents, which is, according to Fig. 3-1-
11, the Ids-Vgs response of the sensor for pH values between 4 and 9. As can be seen with the
change of reference current from 0.3 mA to 0.5 mA, a range of sensitivities from 39.45 mV/pH to
55.29 mV/pH can be seen, which are in the Nernst limit range (under 59 mV/pH).
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Figure 3-1- 13. Comparing the response of all drains to pH variations at reference current of Ids = 0.5 mA. (a):
D4, (b): D5, (¢): D6, (d): D7, (e): D1, (f): D2, (g): D3. For drain nominations, see Fig. 3-1-2.

According to the Ids-Vgs curves (See Fig. 3-1-11), which are used to estimate the sensor sensitivity
to change in H+ concentration, the sensor response is almost linear. It shows a consistent result

compared to other values for the sensitivity of the ISFETs when they have an oxide layer on top
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of the channel. Being dependent on the reference current selection, the sensor will show different
sensitivities toward the surface potential resulting from ions complexation/reaction on the open-
gate area of OG-JFET. Fig. 3-1-14 demonstrates the effect of reference current on the sensor
sensitivity. The constant-current scenario will result in the sensitivity in terms of mV/pH to be
compared to the Nernst limit, which is 59 mV/pH. Another operational mode of the sensor is based
on the constant voltage, which enables us to evaluate the current for different inputs. Here the input
is the surface potentials resulted from the change of pH of solution on top of the conductive
channel. As shown in Fig. 3-1-15, with the back-gate bias voltage, we can change the sensor’s
operation point. In higher back gate voltages, the sensor sensitivity (the slope of curves) is lower

than for low gate voltage values.
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Figure 3-1- 14. Representation of pH sensitivity for different reference currents. The selected reference current is:
(a) 0.3 mA; (b) 0.35 mA; (c) 0.40 mA; (d) 0.45 mA; (e) 0.50 mA; (f) 0.55 mA.

Sensor output current enhancement when increased pH is called current sensitivity, as shown in
Fig. 3-1-16. Current sensitivity has been recently used for sensitivity analysis of other
configurations of a new structure of ISFET [26]. Current sensitivity shows how the sensor responds
to the change in input pH in the solution. According to Fig. 15, as Vg decreases, the sensitivity is

enhanced from 0.0616 at Vg=1 to 0.1965 at Vg = 0.
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Figure 3-1- 15 shows another OG-JFET operation mode for sensing H+ ion concentrations in the buffer solution.
The change in Ids versus the pH values as the Vgs changes from 0.1 V to 1.0 V in a constant Vds voltage.

Fig. 3-1-17 demonstrates the hysteresis analysis of OG-JFET for a pH input cycle of pH:7-10-7-
4-7. The hysteresis phenomenon reflects the reliability of the sensors in cyclic operation in a certain
period. The purpose of hysteresis analysis is to measure the sensor stability when the ion

concentration
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Figure 3-1- 16. Current enhancement sensitivity for different pH values. pH=4 is the reference for the current
sensitivity analysis.

(here [H+]) changes over time and the sensor goes through a cycle from pH=7 and then operates

in pH=10 (a basic solution).
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Figure 3-1- 17. Hysteresis analysis of OG-JFET in a cycle of pH:7->10>7->4->7. The sensor response was
recorded every two minutes. For this analysis, the threshold voltage was defined as the back-gate voltage for a
constant reference current. The voltage change due to the different pH effects was recorded.

Then it goes down to pH=4 (an acidic solution) followed by returning to the first solution with
pH=7. In our analysis, the definition of hysteresis was the difference between the sensor response
at the pH=7 in the third stage to the sensor response (threshold voltage) in the initial condition

when the sensor was experiencing pH=7.
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Figure 3-1- 18. Drift analysis of OG-JFET in a constant Vds and Vgs with only reading output current in a
constant pH=7.0.

107



We measured the OG-JFET's hysteresis of 16 mV in the cycle of pH input described above, which
is an average hysteresis value compared to the reported ISFETs. Based on the result shown in Fig.

3-1-17, the sensor is more stable in acidic solutions than in the alkaline state.
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Figure 3-1- 19. Sensitivity comparison of OG-JFET with literature.

Another essential characteristic of ion-sensitive sensors is the change in the sensor output over a
certain period called drift. The drift measures the degradation of the sensor oxide layer (dielectric
or sensitive layer) over a long period of operation, which leads to ion trapping in oxide sites both
in native oxides on the silicon and the oxide sites on the oxide layer on the channel. The drift
explains how the sensitive layer on top of the channel is stable when a solution with a specific pH
exists across the surface for a long time. Here, we have evaluated the sensor's output current at
room temperature under constant Vds and continuous Vgs for a long time of 500 mins (=8.3 hours).
The result is demonstrated in Fig. 3-1-16. As shown in Fig. 3-1-18, the sensor response is almost
stable in almost 350 minutes of working; however, after that, we see a deviation from the stable
pattern in a constant pH = 7. Based on a linear fit to this curve, we can estimate a ~ 3 puA/hour drift

for the fabricated OG-JFET shown in Fig. 3-1-1.

The sensitivity of OG-JFET is improved compared to other silicon-based single-gate (mostly in
solution) ISFETs (e.g., CMOS-based) as shown in Fig. 3-1-19, [11], [26], [39], [40], [31]-[38].
However, the OG-JFET sensitivity is lower than the double gate structures that generate sensitivity
higher than the 59 mV/pH limit. The OG-JFET sensor has been operated with only a back gate to

facilitate the integration with microfluidics. The existence of the back gate in OG-JFET alleviates
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the cumbersome associated with bulky top gate (solution gate) integration for point-of-care device

development.

Comparing the hysteresis of OG-JFET sensor (16 mV, see Fig. 3-1-17) and drift rate (3 pA/hours
~ 2 mV/hour, see Fig. 3-1-18) with other drift rates in literature (3.34 [40], 17.9 [41], 12.43 [42],
19.9 [43] mV/hours) and hysteresis (27 [40], 39.71 [41], 9.47 [42], 71.9 [43] mV) indicates good

stability of native oxide layer produced with the proposed fabrication scheme.

3.1.6. Conclusion

This paper has introduced OG-JFET as a new ion-sensitive field-effect transistor based on the so-
called junction field-effect transistor sensors for the first time. The sensor is based on a standard
microfabrication process that allows scalable sensor production for further biosensor
developments. The sensor was designed using L-Edit software and then submitted for fabrication.
Our design includes seven conduction channels that allow for multiplexing. Nevertheless, in this
work, we have used only one pad to evaluate the sensor characteristics toward pH variations in a
solution. A fixture for the sensor was fabricated to have a PDMS-made chamber on top of the
sensing area to have better control over the wet experiments and avoid the solution contact with
pads. The sensor sensitivity toward pH variations was characterized, and a range of sensitivity for
the sensor based on the constant current point was examined, which changed from 39.45 mV/pH

to 55.29 mV/pH.

Furthermore, the sensor showed a hysteresis of 16 mV/pH and a drift of 3 pA/hours in our
experiments. As was expected, the sensitivity of the designed sensor is in the range of the Nernst
limit (<59 mV/pH). Experiments confirm that due to the existence of native SiO,. However, the
sensitivity is larger than the reported values for ISFETs with SiO> dielectric sensing layer (see Fig.
19). The device-to-device analysis (see Fig. 3-1-13.) shows that the sensitivity changes are not a
constant value for all channels. This might be due to the crosstalk effects and dopant distribution,
which should be investigated in more detail in future studies. As the back-gate structure is designed
to modulate the sensing and provide the reference voltage for sensitivity analysis, experiments
confirm that the sensor works without needing the bulky electrode (e.g., Ag/AgCl). In addition to

the experimental investigations, a COMSOL Multiphysics simulation was also performed to
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evaluate the sensor transfer characteristics, such as the Ids-Vds and Ids-Vgs curve, to ensure the
experimental results from the actual die. Our simulations also enable a better understanding of the
sensor structure and carrier transport in the main channel. As OG-JFET is based on a standard
fabrication process, we also offer a simulation package in COMSOL, which enables the
community to have a more efficient design for future applications. Also, to make the fabrication
process more efficient in future works, the SU-8 layer passivation of the source and drain could be
another viable method to reduce the number of fabrication steps. Moreover, further investigation
is required to analyze the effectiveness of OG-JFET in response to biological prob immobilization
on its sensing area to understand the noises associated with biomolecular interaction on the surface

and the related background noises.

Based on our experimental results and simulation studies, we put forward the OG-JFET for the

first time as a new ion-sensitive FET sensor for chemical and biological applications.
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3.2. Paper 3: Electronic Sensing Platform (ESP) Based on
Open-Gate Junction Field-Effect Transistor (OG-JFET) for Life
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Results!
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Abbas Panahi’s contributions include chip design, characterization,
implementation, and performing DNA, pH, and exhalation tests and data
analysis. Multiphysics FEM simulations. Writing the first draft and all
parts except the experiments and related writings about neutrophil cell
detection.

This section of Chapter 3 complements the previous chapter by characterizing the sensors with a
more in-depth analysis of sensors with examples of charged liquids, such as oral cell (oral
neutrophil) samples, single-strand DNA (ssDNA), human exhalation, and ions. Additionally, the
physics of simulation is discussed in detail here, with a multiphysics simulation explaining the H+,

OH- sensitivity of the OG-JFET.

In this chapter, the ion sensitivity of the OG-JFET is explored and simulated in detail. The ion
sensitivity of the OG-JFET in its bare state is attributed to the presence of native SiO2 on the
sensing channel and Si3N4, another ion-sensitive material in the OG-JFET structure. These
dielectrics on the sensing channel enable the sensing mechanism based on site-bonding theories.
A detailed discussion on surface charge variations due to the presence of ions, ssDNA, human

exhalation, and oral cells is provided in this chapter.

1 This chapter is based on the published paper: Panahi, Abbas, Deniz Sadighbayan, and Ebrahim Ghafar-Zadeh. 2021.
"Electronic Sensing Platform (ESP) Based on Open-Gate Junction Field-Effect Transistor (OG-JFET) for Life Science
Applications:  Design, Modeling and  Experimental Results" Sensors 21, no. 22: 7491.
https://doi.org/10.3390/s21227491
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3.2.1.  Abstract
This paper presents a new field-effect sensor called open-gate junction gate field-effect transistor
(OG-JFET) for biosensing applications. The OG-JFET consists of a p-type channel on top of an n-
type layer in which the p-type serves as the sensing conductive layer between two ohmic contacted
sources and drain electrodes. The structure is novel based on a junction field-effect transistor with
a subtle difference in that the top gate (n-type contact) has been removed to open the space for
introducing the biomaterial and solution. The channel can be controlled through a back gate,
enabling the sensor’s operation without a bulky electrode inside the solution. In this research, to
demonstrate the sensor’s functionality for chemical and biosensing, we tested OG-JFET with
varying pH solutions, cell adhesion (human oral neutrophils), human exhalation, and DNA
molecules. Moreover, the sensor was simulated with COMSOL Multiphysics to gain insight into
the sensor operation and its ion-sensitive capability. The complete simulation procedures and the
physics of pH modeling are presented here, numerically solved in COMSOL Multiphysics
software. The outcome of the current study puts forward OG-JFET as a new platform for

biosensing applications.

3.2.2. Introduction

Field-effect transistor-based biosensors have received significant attention during the last decade
due to their unique sensing characteristics, making them valuable sensing platforms for a range of
applications such as diagnostics [1-8], gas sensors [9,10], food safety, and environmental
monitoring [11]. The most appealing features of FET sensors are their low cost, label
independence, and rapid bio-analyte detection. Label-free detection significantly reduces the
sensor production cost and enables a more straightforward detection mechanism for developing
point-of-care devices. FET-based biosensors have shown the fast and low-sample-input detection
of various driven diseases, establishing a new avenue in biosensing research [12,13]. With a
demonstrated low limit of detection (LoD), this extraordinary feature has motivated many
researchers to develop FET sensors for integration with lab-on-a-chip devices to realize low-cost,
hand-held personalized medical diagnostic devices. More importantly, FET-based sensors offer
higher sensitivity and mass production capabilities (e.g., CMOS-based ISFETs) and are seamlessly
miniaturized for high-throughput integration with lab-on-a-chip technologies. Furthermore, FET-

based sensors enable sample charge detection, which allows for the obtaining of rich quantitative
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biological data from biomolecules in solution, such as conformational changes, biomolecule
structural variations, and monitoring extracellular potentials in a label-free fashion that is not easily
accessible with other sensing mechanisms [2]. Based on these characteristics, FET biosensors have

been considered promising candidates in the label-free biosensing area [14-20].

Thus far, various structures for FET sensors have been introduced that, along with many biological
targets for detection, have established the foundation of many biological FET (BioFETs) sensors.
Amongst different BioFETs, the silicon-based BioFETs have witnessed significant progress in
CMOS technology. The unmodified CMOS technology, in particular, has leveraged silicon-based
ISFETs to a commercial-grade [21,22]. Developing ISFETs based on CMOS technology enables
significant improvement in scalability with low power consumption, which is extremely important
for developing remote biosensing devices. As a result, different structural variants have emerged
based on the CMOS fabrication technology, such as the extended gate, the floating gate, and the
floating control gate. The ISFET was created by removing the metal gate on top of the conventional
MOSFET to create an exposure to solution by making a solution oxide semiconductor structure
[23]. Other forms of BioFETs include the incorporation of novel materials as the conductive
channel (sensing element), such as graphene, carbon nanotubes, MoS>, and metal-organic
frameworks (MOF) [24], either in the back gate or solution gate mode [25]. While these materials
have great potential for different biosensing applications, their scalable fabrication is still

challenging.

Regarding integration with lab-on-a-chip for high-throughput fabrication, new BioFET sensor
designs are needed to work without the bulky electrode due to the high demand for personalized
medical devices for blood or other human fluid testing. Removing bulky reference electrodes
enables easier integration with lab-on-a-chip devices since the reference electrode seriously
hinders high-throughput packaging [26]. Many attempts have been made to miniaturize the bulky
reference electrode (e.g., Ag/AgCl); nevertheless, the downscaling of the materials has caused
more drift and unwanted noise issues along with the electrode’s material instability [27]. A
practical solution for BioFETs is to develop back-gated structures to use the stable gate as the
reference voltage. Therefore, introducing new FET structures based on a back gate is highly

desirable for biomedical applications of FET sensors [28,29].
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In this paper, we introduce a novel back gate FET sensor called OG-JFET, showing the capability
of the sensor operation without a reference electrode in the solution, which makes the sensor
integration with lab-on-a-chip more straightforward. The current JFET-based back gate structure
has not been introduced for biosensing applications thus far. Furthermore, the OG-JFET requires
a very low voltage (<0.5 Volt) for the gate, which yields a low-power electronic platform for hand-
held point-of-care devices. To better understand the device, we simulated the sensor with
COMSOL Multiphysics and a detailed discussion on the biasing conditions. The OG-JFET can be
considered a p-type channel JFET, with an n-type gate where the other gate has been removed to
open the space for introducing chemical/biological samples. Contrary to the previous silicon-based
structure that used bulk oxide as the back gate, OG-JFET controls the channel through a p—n
junction in reverse bias. Previously, the same technology was used for photovoltage field-effect
transistor applications, which showed a novel structure for pushing the infrared detection limits in
silicon [30] by taking the superior advantage of JFET in signal amplification and back-gated

design.

FET sensors have been used frequently for pH sensing applications as they provide miniaturized
sensors with high sensitivity that can be integrated with lab-on-chip devices for point-of-care
device development [2,31-33]. Here, we demonstrated the functionality of the OG-JFET for
sensing the ion concentration variation in the solution with pH experiments. The sensor was tested
with a phosphate buffer solution with different pH values, showing the sensor's capability to detect
the H+ and OH concentrations in the base solution. The pH sensitivity of OG-JFET's response was
also verified with a COMSOL simulation to prove its ion-sensitive capability. There are various
emerging structures for pH sensing, such as extended gate [34] and Fin-FETs [35], as well as
graphene-based FETs [36], which are promising new structures for enhancing the performance of

BioFETs.

The DNA molecule is a critical biomolecule for all aspects of life science [37]. FET sensors have
been recognized as sensitive charge detectors for analyzing DNA molecules, providing
quantitative data on hybridization and structural conformations [38,39]. Many efforts have been
made to use FET sensors for DNA detection [40—42]; however, DNA charge analysis has not been
reported in dry conditions, which are very important for DNA-based data storage applications. We

used ssDNA molecules in different concentrations as a negative charge model to demonstrate
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sensor response to a known charged biomolecule, showing increased sensor drain-source current
when biomolecules are loaded on a sensor. It was revealed that sensors can be used to monitor
dried ssDNA, which can also be used in DNA sensors. The ssDNA in dry condition was tested to
illustrate the possible sensor application in DNA-based data storage, which requires monitoring

the mass DNA in a specific spot [43—45].

FET sensors have been widely used in cell analysis, showing great potential for cell analysis for
different applications [46,47]. The sensor was tested with oral neutrophil cells in ultrapure water
to demonstrate further the sensor’s applicability in directly detecting bioparticles. The ultrapure
water droplet containing oral neutrophil cells caused sedimentation of cells in the sensing area,
leading to direct cell adhesion on the sensing gate. The existence of cells on the sensing site caused
a local variation in the surface charge of the sensor, leading to a change in the source-drain current.
In this regard, the sensor demonstrated potential applications in cell sensing and direct bioparticle
detection. The negative charge of cells changes the sensor response in the same way as DNA

molecules, leading to an increment in output current [48,49].

Knowing that FET sensors have been used for humidity tests [50,51], we tested the sensor in this
study with direct human exhalation to show the effect of natural human breath on the response as
the humidity model. Most human exhalation consists of water vapor rapidly evaporating when it
meets solid surfaces. This sensor has tested the process, showing its usefulness for human

exhalation analysis.

The device’s functionality for sensing charge on the surface was verified with pH solution, DNA
molecule, oral neutrophil cells, and human exhale condensation and evaporation. The models were
used to show the operation of the sensor that put the sensor for any charge detection applications

from biomolecules to human breath analysis.

3.23. OG-JFET Mechanism of Working
3.2.3.1.  OG-JFET Sensing Principle

The OG-JFET sensor is fabricated using a VLSI microfabrication method, which realizes a vertical
p—n junction in which the p-type layer is the sensing layer. On top of the p-type layer, two
electrodes, the source and drain, are deposited, creating a conductive channel between two separate

electrodes.
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Figure 3-2- 1. Schematic of OG-FET sensor showing the main material composition of the sensor. The sensing
layer of OG-JFET is the p-type silicon between two electrodes of the source and drain. The open-gate area is
covered with the native oxide layer, usually appearing when silicon is exposed to air.

The p-type layer and electrodes are epitaxially grown on top of a thick n-type layer connected to a
back gate on the other side of the chip. There are holes in the p-type layer as the primary charge
carrier that flows from source to drain. The charge transport in the semiconductor sense induces
electric field effects from the opened gate area (see Figure 3-2-1); consequently, the current in the
channel changes when exposed to the biomaterial in the opened space. The sensor is like
conventional JFETs, with the subtle difference that one of the top gates (here n-type) is removed.
The sensor’s electrical output curves are expected to be like JFETSs, as this is proved in other
variants of the JFET for different applications. A layer of p-type silicon (1.6 um) is epitaxially
grown on a 450 um thick n-type silicon to form the OG-JFET main structure. The p-type layer is
boron-doped with a density of 5 x 10'3/cm?, and for the n-type, it is 1 x 10'8/cm?® with doping of
phosphor. A high-doped region is created on the backside of the sensor (on the back of the n-type
layer), and then the back gate is formed through an ohmic contact. When a solution or a biometrical

meets the silicon in the opened gate area, the charges induce an electric field that influences the
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positively charged holes. The silicon is not covered with silicon dioxide, but it is a naturally formed
oxide called native oxide that is very thin. The silicon dioxide is the first sensing layer of the sensor
in contact with the substances and chemical solutions in the opened gate area. Through the Si-OH
bonds and ion complexation on the surface of silicon dioxide, we can sense the chemical potential

in the solution in the oxide layer that leads to changes in the conduction of holes.

3.2.3.2. Design and Fabrication of OG-JFET

The OG-JFET chip was fabricated through a standard microfabrication process offered by CMC
Microsystem (Montreal, Canada). The layout design was performed in L-Edit software and then
submitted for fabrication. The sensor was designed based on the common source principle, which
enables a large pad to connect all sources. The drains were linked to their corresponding large
pads. The channel size was 100 um % 1000 um (W x L) with a thickness of 1.6 um. In this design,
we had seven channels. The distance between the two channels (source to drain) was 40 um. The
width of the source and drain was 20 pum, and their length was 1000 um. All sources were
connected, and the drains were regulated with a switch implemented in the printed circuit board
(PCB). The sensor was designed to position a total sensing area of 1000 x 1500 um? at the center
of the chip, as demonstrated in Figure 3-2-2. The pad area was 1700 x 1700 um? with a pitch of 2
mm. The minimum surround for the sensors (the Si02/Si3N4 layer on both sides of the opened
channel, see Figure 3-2-3 step (1)) was considered at 10 um. The total sensing area exposed to the
solution in the current design was 0.7 mm?. The schematic of the geometry of the designed sensor

is shown in Figure 3-2-2.
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Figure 3-2- 2. Microscopic images of the designed sensor. (a) The image was taken from the prob-station camera,
showing the designed sensor with channels and the common source. (b) Close-up image under the optical
microscope.

(b)
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Figure 3-2- 3. Schematic of OG-FET sensor showing the main material composition of the sensor. (a) Substrate
wafer (silicon <100>, 100 mm diameter, -420 +/— 25 pm thick, resistivity 0.006 to 0.02 Ohm-cm). (b) Alignment
marker definition (first mask). (¢) PECVD SiO2 deposition. (d) SiO; etching to Si layer (second mask). (e) Front-
and back-side ion implantation. (f) Implantation annealing. (g) Front- and back-side metallization and annealing.
(h) PECVD Si3N4 deposition (passivation layer). (i) Pad and channel opening.

3.2.3.3.  Fabrication
The sensor fabrication was conducted through a standard microfabrication process, shown in

Figure 3-2-3. The method included seven primary developing processes, as shown in Figure 3-2-
3. First, a substrate wafer (silicon <100>, 100 mm diameter, -420 +/— 25 um thick, resistivity 0.006

to 0.02 Ohm-cm) is prepared. Then, the first mask is applied to define the positions for the
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alignment marker. Subsequently, the PECVD process is performed for SiO» deposition, followed
by SiO; etching to the Si layer, which is the opened gate area (Figure 3-2-3). The next step is front-
and back-side ion implantation, followed by implantation annealing. After this stage, the
metallization process is initiated, including front and backside metallization and annealing. A thick
layer of Si3Nj4 1s deposited with PECVD to passivate the source and drain. The next step is to open
the dielectric layers to prepare them for solution interaction with the silicon channel. The sensor
layout was designed using L-Edit software. Then, the files were submitted for fabrication at Institut

interdisciplinaire d’innovation technologique (31T), Université de Sherbrooke.

3.2.4. Methods and Experiments

3.2.4.1. Measurement setup
The OG-JFET was tested with a probe station (MPI TS200-SE Probe Station) that connects the
sensor to a semiconductor analyzer (Keithley 4200A-SCS Parameter Analyzer) device, as shown

in Figure 3-2-4.

The probstation was connected to the sensor, as shown in Figure 3-2-4. The sensor was placed on
a glass slide on the conductive copper tape to create a back gate connection. The back gate
connection was soldered. To characterize the sensor, we swept the drain voltage between 0 and 10
with a negative voltage, and then the back gate was changed from 0 to 1 in steps of 0.1 V. The back
gate voltage was positive to ensure the sensor operated in reverse bias conditions. However, the
voltage range varied in different experiments based on the experiment's condition, but the same

biasing scheme was preserved.

3.2.4.2. pH and DNA Sample Preparation

The sensor's functionality was verified with three samples: the PBS (phosphate buffer solution)
with different pH, dried ssDNA, and oral neutrophil cells as the models for showing the sensor
response to varying surface charges. The PBS was used as the solution, and different HCI and
NaOH solutions were added to the PBS with a pH of 7.4 to create different pH solutions. The pH
was measured with a pH meter. The DNA concentrations were prepared in ultrapure water solution.
The solvated ssDNA molecules in ultrapure water were put on the sensor with pipetting (see Figure
3-2-4) and left to evaporate at room temperature. After evaporation of the droplet, the dried ssDNA

concentration on the sensor's surface was tested.
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Figure 3-2- 4. The experiments were set up using a probstation and the semiconductor analyzer. (a) The probstation
was connected to the semiconductors through SMU cables. The droplet containing the analyte of interest was
pipetted on the sensor. The droplet volume was 2 pL. (b) Different experiments were developed to characterize
sensor capability toward surface charge variation detection.

3.2.4.3.  Oral Neutrophil Preparation

To prepare neutrophil samples, we advised participants to consume only water within 30 min
before sample collection and to rinse their mouths with water for 30 s. Next, they were asked to
wait for 2 minutes before their oral cavity was rinsed with 10 mL of saline, which was measured
using the 15 mL falcon tube, and the sample was collected into the 50 mL falcon tube. After one
wash, there was a 2 min wait time, and the same process was repeated five times. Then, the final
sample was filtered with two different sizes of filters. It was distributed into two new 50 mL falcon

tubes (25 mL in each, T1 and T2) via 40 pum filters that separated debris and cells more significant
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than 40 um. After this step, two 11 um filters that mainly separate epithelial cells (with 20 mL
syringes, 11 um white membranes) were prepared and tightened gently into the syringes. T1 and
T2 were poured gently and periodically through the membranes. The process was repeated with
four 15 mL falcon tubes of 1-time-filtered oral neutrophils through new syringes so that the PMNs
were double-filtered. The tubes were centrifuged at 4 °C for 5 min with 2600 RPM, and the
supernatant was discarded until 1 mL of the sample remained. Finally, all four samples were
collected into one tube and centrifuged for 5 min at 2600 RPM and 4 °C in a microcentrifuge. To
dilute the neutrophil sample, we used ultrapure water and four different concentrations were
prepared such that 100% of the first, 75% of the second, 50% of the third, and 25% of the fourth

solution consisted of cells. Then, each sample was cast on the sensor using a sampler.
3.2.44. DNA Sample Preparation

For DNA experiments, ssDNA (Sigma-Aldrich Company) was prepared with a 10.0 £ 1.0 mg
ssDNA concentration in 1 mL in ultra-pure water (Sigma-Aldrich). The prepared solution was then
diluted to obtain 101 ng/uL, 180 ng/uL, 270 ng/uL, 301 ng/uL, and 370 ng/uL concentrations of
ssDNA. The prepared ssDNA was put on the sensor with pipetting, as shown in Figure 3-2-4.

3.2.5. Numerical Simulation of OG-JFET
The OG-JFET sensor was simulated using COMSOL Multiphysics software to obtain the transfer
characteristic curves. The I-V curves and other physical information that COMSOL simulation
provides enable us to understand the sensor operation better. The semiconductor module of
COMSOL software was used for the finite element simulation study. To simulate the sensor, we
created a 2-D model of the sensor in the model builder of COMSOL according to the size and
dimensions shown in Figure 3-2-5, further explained in Table 3-2-1. There were many errors
during all the development stages (see Figure 3-2-5). The errors in fabrication associated with
developing the open-gate area and the wafer itself, as well as the doping-level estimations, were
the primary sources of errors in the simulation. Therefore, the simulation helps estimate the

fabrication errors to understand the noises associated with the possible fabrication errors.
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Figure 3-2- 5. Schematic of OG-FET sensor showing the main material composition of the sensor. tn >> tp and tp
>>n++ in terms of thickness. The blue color is the Si02/Si3Ny4 layer shown in the fabrication process (see Figure
3-2-3) used for passivation.

Table 3-2-1. Design parameters are used in the simulation and fabrication of OG-JFET.

Design Parameters Values
P-type length (Log) 100 pm
P-type doping (Na) 5 x 10% /cm?®
P-type channel thickness (tp) 1.6 um
Channel depth (3D, not shown) 1000 pm
N-type length 100 pm
N-type thickness (tn) 450 pm
N-type doping (Np) 1 x 10%/cm3
Source/drain length (Ls, Ld) and width (W) 20 pm and 1000 pm
Source/drain implantation doping (P+) 2 x10%/cm?®
Source/drain minimum surround (Lwms) 10 pm

The principal parameter values used in the simulation are presented in Table 3-2-1. However, these
values were not perfectly met during the fabrication due to inherent fabrication errors. Moreover,
the doping concentration and distributions in both n-type and p-type layers were not precisely

preserved. The p-type layer was verified to have a resistivity of 3.0 Ohm.cm +/— 10% as an
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epitaxial layer on the n-type layer as the substrate with a resistivity of 0.006 to 0.02 Ohm.cm. The

n-type thickness was considered at approximately 450 um in the simulations.

3.2.5.1. Semiconductor Simulation

The semiconductor module of COMSOL was used to simulate the OG-JFET sensor. It consists of
interfaces and integrated models that can solve the non-linear equations of semiconductor devices.
COMSOL software solves semiconductor equations because the energy bands are parabolic and
have the same temperature for carriers and lattices. In this module, the proposed 2D geometry was
meshed for numerical analysis. The following Equations (3-2-1)— (3-2-5) were solved numerically
based on the applied boundary conditions in the semiconductor module of COMSOL software.
Maxwell’s equations, Boltzmann transport theory, and Neumann boundary conditions were

employed to simulate the sensor. The basic equations used are:

p+=q(P—n+Ng" —N,") (3-2-1)

V.J]a =—qUn,V.], = —qUp (3-2-2)
n

Jn = AOUVEC + iy KpTG (<) Vi + qnDy Vi (T) (3-2-3)
C
p

In = Qi VE, = 1yKpTG (=) ¥p = apDy s ¥in (1) (3-2-4)
A%

Ec = —(V+x0) — @AEg ,E, = —=(V+ X0 + Ego) + (1 —0)AE;  (3-2-5)

where y equals electrostatic potential, q indicates the elementary charge, and n and p are the
electron and hole concentrations, respectively. N represents the fixed charge associated with
ionized donors. In the above equations, q is the elementary charge; € means the permittivity of the
material; V is the electric potential; ND+ and NA- are ionized donor and acceptor concentrations,
respectively; un is electron mobility; pp is hole mobility; Jn is electron current density; Jp is hole
current density; D is diffusion; Eg is bandgap energy; Kg is Boltzmann constant; T is temperature;

and p and n are the hole and electron concentrations, respectively. Un and Up are the net electron
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and hole recombination rates for all generation and recombination mechanisms. Fermi—Dirac
statistics were also used to solve the probability of carriers’ occupancy in existing energy levels
when the system was in its thermal equilibrium. We also tested Maxwell-Boltzmann statistics, but
the results were not satisfactory compared to Fermi—Dirac statistics. Both p-type and n-type

channels were modeled as analytical doping with a Gaussian decay profile.

The Shockley—Read—Hall model for trap-assisted recombination was used to simulate the
recombination process. The recombination process involves the trapping of an electron or hole in
a defect in the material. Then, they are emitted into the valence or conduction band, reducing the

number of available carriers. The energy involved in this process is released as heat.

3.2.5.2. Boundary Conditions and Meshing of Semiconductor Simulation

The boundary conditions were applied based on the OG-JFET physical structure, as presented in
Figure 3-2-5. The sensors comprised three ohmic contacts in the source, drain, and back gate
regions. The opened gate area and the minimum surrounds were modeled as insulated surfaces,
meaning no flux in/out of this face. This face was opened to air conditions but was not considered
for device simulation. The sensor included a p-n junction; thus, the continuity/heterojunction
model was used at the junction interface, allowing continued quasi-fermi levels. All surrounding
sides of the sensor were modeled as insulation, the same as the opened gate area. All the
simulations were performed based on these assumptions of boundary conditions. The p-type
channel was meshed with structured rectangular meshes, followed by the unstructured mesh for

the n-type channel.

3.2.5.3.  Simulation of Electrolyte Solution

The OG-JFET sensing surface is made of native oxide, which forms naturally when the silicon is
exposed to the environment. When this sensing membrane is exposed to the electrolyte solution,
the corresponding surface reactions (ion complexations and water molecules) create surface
charges, a thin layer of charge amount that depends on the ionic strength and H+ concentration
inside the solution (i.e., pH). The formed stacked layer of charges near the surface can potentially
influence the surface charge density at the silicon channel in OG-JFET. Consequently, the change
in pH can be modeled as interface charge variation at the opened-gate area (see Figure 3-2-5),

translated as the gate’s effective potential. The cascade effect of solution ions and surface charges
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are frequently modeled as the source voltage depending on the pH of the solution, which can be

mathematically demonstrated in Equation (6) [S1-53].

KgT
Y, = —log.10 X §,, X T X (pH — pHp,c) (3-2-6)

In Equation (3-2-6), pHpzc 1s the point of zero charges, q represents the charge of an electron, Kg

is the Boltzman’s constant, T is the temperature in Kelvin, and §,, is %where the B is the

n
S CeqXKpT’

sensitivity parameter, i.e., p = q%N In the sensitivity parameter, N; is the surface site

available of the sensing layer (here it is Si0) that is the property of a material (surface effect)
when it is in contact with a solution [41]. For SiO, this Ns equals 5 x 10'%/cm? [53]. We can also

ApK
> )

define the n as 2 X 10”27, in which the ApH = ApK, — ApK,.

As the surface is SiO: (native oxide), according to the site-bonding theory, the electrolyte and
oxide interaction complex can be represented as the following surface reactions. The sites for
bonding oxide and the hydroxyl group can be considered S and OH in the presented responses
[54]. The protonation (Si-OH**) and deprotonation (SO") species from S—OH occur due to the
adsorption of ions by hydroxyl groups on the sensing layer (here, SiO2). The following equations
(3-2-7,3-2-8) describe the phenomena:

[S— OH,*] =[S — OH] + [H;"] (3-2-7)

[S—OH]=[S—07]+ [Hs'] (3-2-8)
On the surface of OG-JFET, when the medium is more acidic, the [Hs'] is greater; consequently,
the neutral species S-OH groups will accept a proton to form acceptor type and form SiOH",
which leads to a positive charge effect on the outer surface of the native SiO; in OG-JFET, leading
to an increase in the current. In the more basic solutions, the concentration of [OH™] increases to
a level more than [H*], causing S—OH species to release proton and form the donor type S — O~
that contributes to a more negative effect on the surface of the p-type silicon, leading to an increase
in the current. For the state at which the interface charge density becomes zero, the pH is called
zero charges (pHpzc), which can be correlated with reaction constants in (3-2-7) and (3-2-8) with

the following equations:
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[S — OH]

In Equations (9)—(11), K, is the dissociation constant for acid, and Ky, demonstrates the base
dissociation constants. Here, we considered the pHp.c = 2, and the pK, and pHy values used for pH
determination on SiO; were 6 and —2, respectively [52—54]. Moreover, it is essential to calculate
the hydrogen ion concentration at the interface of OG-JFET surface with solution (SiO2), which is

given in Equation (12) [55]:

v
[Hs*] = 10-PH x ¢~ Ck" (3-2-12)
The variations in [Hs"] modulate the surface charge density, which is
oo = q([S— OH,"] = [S-07]) (3-2-13)

With some mathematical efforts, the following equation will result in the calculation of surface
charge density:

[Hs*] Kb
_ Ka  [Hs*]
Op = qNs([HS+] Kb 1) (3-2-14)
Ka ' [Hs*] +

With the abovementioned formula, we can calculate the equivalent surface potential of each pH
value, as was used in other works, and then use it as input in the COMSOL simulation.
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3.2.6. Results
3.2.6.1.  Sensor Functions in Dry Mode

The OG-JFET sensor has a vertical p-n junction that enables channel control through the back gate
(see Figure 3-2-6). According to the structure, the sensor can be operated in two modes: reverse
bias and forward bias. The reverse bias guarantees that the p—n junction is turned off; as a result,
there is only a current inside the channel (p-type, see Figure 3-2-6). However, there is another
mode of working for this sensor, the condition of forward bias, wherein the p—n junction is turned
on if the voltage difference between the p-type and n-type junction is more than =0.67 V. If the
voltage is higher than this value, the p—n junction is opened. The current directly flows from the
back gate to the drain, which is more current than the reverse bias current. The transfer

characteristics of the OG-JFET for both states of biases are shown in Figure 3-2-6.

According to Figure 3-2-6, the [-V curves for the forward bias condition demonstrate the operation
of the sensor in elevated current when the p—n diode is turned on. The experiments are conducted
at room temperature. According to the data, the p—n junction will be turned on at a voltage of 0.67
V for a p-type concentration of 5 x 10'* and n-type concentration of 1 x 10'®, meaning that when
the Vd-Vg is equal to or higher than this value, the current will directly flow from the back gate to
the drain. However, the reverse bias condition works with the current in the p-type channel, which
is lower than the current in the forward bias condition. This is expected as a massive channel with
an area of 10 x 10 mm and length of =450 pm is in front of the current from the back gate to the
drain, in forward bias. The Ids-Vgs for the reverse condition are depicted in Figure 3-2-6. The
graph shows a linear decay of the current versus the back-gate voltage, as shown in Figure 3-2-5.
The back gate controls the space charge in the channel by which the current can be modulated.
When the I-V curves were obtained from the fixture setup, the sensor was in dry condition, and
there was no solution or other material. The sensor response was repeated multiple times to ensure

consistency.
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Figure 3-2- 6. The current-voltage curves of the OG-JFET sensor for two bias conditions, forward and reverse. (a)
Ids-Vgs of forwarding bias. (b) Ids-Vgs of reverse bias condition. (c) Ids-Vds curve for reverse bias condition

(steps: 0.2 V).

The tests were conducted in the fixture setup (the microfluid is attached). The sensor’s stable

function represents the sensor’s good working condition, showing good alignments.

The structure is new; thus, the sensor’s operation needs to be validated with simulation to gain
insight into the physics of the sensor. The COMSOL Multiphysics software was used for the
semiconductor analysis of OG-JFET. There are inherent non-idealities associated with the sensor
fabrication during the standard fabrication procedures shown in Figure 3-2-3, leading to simulation
errors. However, the user-friendly features of COMSOL software enable the sensor to perform

multiphysics simulations to take care of all physical phenomena on the sensing surface, such as
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molecular detection and solution simulation. The simulation results (see Figure 3-2-7) ideally

represent the sensor response trend, which can be used to design the sensor for other geometries

before fabrication.
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Figure 3-2- 7. Transfer characteristics of OG-JFET sensor derived from COMSOL simulations. (a)
Reverse-bias Ids-Vgs. (b) Reversed-bias Ids-Vds.
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3.2.6.2.  Sensor Response to Surface Charge Variations

The OG-JFET was tested in the probstation shown in Figure 3-2-4 to demonstrate its functionality
in detecting surface charge. The sensor was connected to a semiconductor analyzer, and the liquid
with a specific load of ssDNA, pH, and oral neutrophil was loaded on the sensor in a droplet form,
as shown in Figure 3-2-4. The fluid was not in continuous mode as it changed the surface charge
concentrations due to the motion of fluid in the sensing area; therefore, considerations were taken
not to mitigate the droplet liquid condition in the sensing area that creates turbulences inside the

charge layers on the sensor.
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Figure 3-2- 8. Drain-source voltage graphs for different pH values for OG-JFET at Vg = 0. (a) Ids-
Vds curve for different pH values. (b) The current sensitivity for different values of Vds.

To model the surface charge variations, we used phosphate buffer solution (PBS) as the primary

fluid with the extra addition of HCL and NaOH to create different concentrations of ion charge in
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the solution. With PBS titration, the solution samples were prepared and then loaded onto the
sensor with a pipette. After testing a specific solution with a known pH, the sensor was rinsed with
DI water to prepare it for the next pH solution. Before every try with the pH solution, the sensor
response was measured to ensure it returned to the baseline condition. Figure 3-2-8 demonstrates
the sensor response to the pH solution. We obtained the current-voltage curves from the same
device to measure the baseline. Then, we determined the current difference to ensure a return to

the same current in a specific back gate voltage.

Figure 3-2-8 demonstrates the sensor response when the concentration of hydrogen ions was
changed in the microfluidic channel. The variations in the concentration of H+ and OH- were
generated by producing different pH solutions. This is an excellent way to characterize the sensor
functionality in response to the ion/species concentration in the solution. As Figure 3-2-8-a shows,
the curves for all pH values were distinctively separated in the saturation region, which shows the
effectiveness of OG-JFET in detecting the change in ion concentrations. The current sensitivity
analysis was performed on the sensor, shown in Figure 3-2-8 (b). The current sensitivity was
measured for different Vds values: 0.5 V,08 V,1.0V,1.5V,20V,3V,4V,5V,6V,7V,8V,9
V, and 10V, as shown in Figure 3-2-7 from the lowest curve to the last one. The current sensitivity
for these values of Vds changed from 2.0 x 107> A/pH at low Vds voltages to 4.0 x 10~ A/pH in
higher Vds in the saturation region. Figure 3-2-8 (b) shows that in the saturation region, the current
sensitivity was almost the same and more significant than the ohmic region (linear part of Ids-
Vds). This current sensitivity enhancement dependency on the Vds values should be considered

when designing sensors for specific applications.

A back gate in the structure makes the sensing process more straightforward than when there is a
reference electrode in the solution. We conducted pH tests to show the sensor's performance in the
back-gate structure. The Ids-Vgs variations are plotted in Figure 3-2-9, demonstrating the effect of
pH variations on the Ids-Vgs (drain-source current versus back gate voltage). As can be seen, the
pH increment enhanced the current in the p-type channel. The sensor was biased in reverse mode,
meaning there was no current in the p—n junction. The sensor showed a 51.26 mV/pH sensitivity,
as shown in Figure 3-2-9. To obtain the voltage sensitivity of the device, we plotted the Ids-Vgs;
then, the reference current was defined for voltage sensitivity analysis. As shown in Figure 3-2-9,

the voltage required to be applied on the back gate to maintain a constant current of 0.5 mA in the
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main p-type channel was defined as the reference voltage. By plotting that voltage versus the pH

values, we were able to calculate the voltage sensitivity, which is the slope of the linear fit.
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Figure 3-2- 9. Drain-source voltage graphs for different pH values for OG-JFET. (a) Ids-Vgs curve for different
pH solutions from pH = 4 to pH = 9. (b) The voltage sensitivity relative to the back gate reference voltage.

The sensor (OG-JFET) showed a super-Nernstian pH sensitivity of 51.26 mV/pH, which is more
than the limit of this value (<40 mV/pH) for SiO2 sensing membrane in previous research works
on ISFET [56]. Despite this range of pH sensitivity for ISFETs with Si0,, a sensitivity of 47
mV/pH (close to our sensitivity) was reported for silicon nanowire-based ISFET with SiO» sensing
membrane, which is an example of sensitivity more than the reported limit for SiO2 (=40 mV/pH)

[57]. The linearity of the pH sensitivity is another vital point to note. The reported curves in the
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literature are not entirely linear for SiO», but some cases have revealed linear responses, such as

[57].
More discussion on the pH sensitivity is found in Section 6.

3.2.6.3.  Simulation of Surface Charge Effects
To better understand the sensor response to pH change as a model of surface charge modulation,
we conducted a simulation in which the pH effects on the sensor drain-source current were
simulated. Based on modeling, the pH effect was assessed by measuring the effective surface
charge due to the existence of ions and solution on the oxide surface. The pH equivalent surface

charge was calculated and is shown in Figure 3-2-10.
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Figure 3-2- 10. The estimated native oxide of OG-JFET surface charge is equivalent to pH.

The surface charge equivalent to pH was calculated using site bonding modelling. The surface
charges were then used in COMSOL to estimate the OG-JFET sensor's response to pH variations.
The model allows us to gain insight into the physics of the OG-JFET sensor in response to surface

charge variations.

Figure 3-2-11 demonstrates the effect of the pH variations on the OG-JFET. The COMSOL
simulation yields the trend of pH variations that agree with the experiment. According to the

experiment, the surface net charge will become more negative as the pH increases. As a result, the

1 Section 3.2.7
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hole conduction in p-type semiconductors will increase due to this effect. The graph was measured
in a constant back gate (here, Vg = 0), showing the effectiveness of COMSOL software in
estimating the OG-JFET response trend when different surface charges are applied. This implies
that COMSOL can potentially be used for multiphysics problems and specific multiscale designs
of biosensors. However, the COMSOL simulations come with approximately 11% error, mainly
due to the non-idealities and errors in the fabrication process and the physical model of pH surface
charge that we used to estimate the surface charge values on the oxide region. Another possible
source of error might be the model's estimation of the oxide site density, which is different from

the actual concentration in the experiment.
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Figure 3-2- 11. COMSOL simulation results of the pH variations effect on the sensor results.

3.2.6.4.  Sensor Response to DNA Concentration
Single-strand DNA (ssDNA) molecules were prepared with different concentrations in ultrapure
water and tested on the OG-JFET to test sensor response to known charged biomolecules. A droplet
of ssDNA solution in ultrapure water was placed on the sensing area, and the sensor drain-source
current was monitored. The ssDNA molecules are negatively charged; due to the accumulation of
negative charge on the p-type layer, the current was expected to increase in the same way that

increasing pH affects the sensor.
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Figure 3-2- 12. Sensor response to single-strand DNA concentration. (a) Ids-Vgs curve for different concentrations
of ssDNA (370 ng/uL, 301 ng/uL, 270 ng/uL, 180 ng/uL, 101 ng/uL). (b) Voltage sensitivity results of OG-JFET
response to ssSDNA concentration at different reference currents of (1) 0.45 mA, (2) 0.50 mA, (3) 0.55 mA, (4) 0.60
mA, and (5) 0.65 mA.

Negative charge accumulation causes the attraction of holes in the channel, which leads to current
enhancement. The Ids-Vgs diagram was recorded in each concentration of ssDNA in a constant
Vds of 10 V, as demonstrated in Figure 3-2-12. The experiments were conducted ten times, and
the graph shows the average response of the sensor in a constant Vds. The experiments were all

performed at room temperature. As the ssDNA molecules were in ultrapure water, it was
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guaranteed that no charge existed in the solution, and the sensor gate was only affected by the

ssDNA molecules’ charge.

Figure 3-2-12 (a) demonstrates the Ids-Vgs curves of OG-JFET when dried ssDNA was placed on
the sensor. The droplet containing ssSDNA was left to evaporate, and after evaporation, the sensor
response was recorded. A 2 puL droplet was placed on top of the sensor, which covered all the
sensing areas, as shown in Figure 3-2-4. The sensing area was 0.7 mm?, large enough to
accommodate the droplet. Therefore, all DNA molecules were expected to cover the sensing area
after drying. As the sensor is sensitive to light, it was placed entirely in darkness in the probstation
cage during the experiments. Figure 3-2-12 (b) demonstrates the voltage sensitivity curves of the
sensor to ssDNA molecules. A sensitivity of 41.40 mV/DNAc! was determined based on the
characterization. However, the sensitivity was analyzed for other drain current values, as shown in
Figure 3-2-11. For drain-source currents of 0.45, 0.50, 0.55, 0.60, and 0.65 mA, the sensitivities
were determined to be 29.38, 32.41, 35.40, 38.38, and 41.40 mV/DNAc. The DNAc is the

concentration of the DNA unit, which here was ng/pL.

3.2.6.5. Direct Human Exhalation Test

We conducted the human exhalation test to test the effectiveness of OG-JFET in measuring surface
wetness upon applying vapor. As shown in Figure 3-2-13, when the sensor sensed the exhalation’s
condensation due to the creation of tiny droplets of water due to the condensation of the vapor, the
sensor surface charge changed suddenly. The change from 0.5 to 2.5 mA occurred in <3 s, which

shows the significant sensitivity of the sensor towards the sudden surface charge variation.

1 DNA Concentration: DNAc
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Figure 3-2- 13. The result of the human exhalation test on the OG-JFET.

A tube was used to direct the exhalation on the sensor, which caused the rapid change in the sensor
signal (see Figure 3-2-4). This simple experiment was conducted to demonstrate the application of
this sensor for charge analysis of human exhalation. The = 5 times increase in drain-source current

showed the charge effects on enhancing sensor response.

3.2.6.6.  Sensor Response to Oral Neutrophils

After preparing the cell solutions using ultrapure water, we cast 2 pL of the samples on the sensing
region with a sampler. The sensor's surface was subsequently washed with isopropanol alcohol
(IPA) to eliminate the remnants from the previous test. This step is necessary to ensure the sensor
returns to its initial condition before each test. For this purpose, 2 pL of IPA was cast on the sensing
region of the sensor and sucked to remove the remnants. After repeating this process three times,
we left the sensor to dry. Next, 2 uL of the second sample was cast on the sensor, and the current
of the drain-source was recorded. Like the increase of pH and ssDNA concentration, negatively
charged neutrophil cells resulted in the accumulation of holes in the channel, which caused an
enhancement in the current. Figure 3-2-14 represents the sensor response to different
concentrations of cell solutions. The curves for each concentration can be differentiated clearly
from the others, which confirms the capability of OG-JFET in distinguishing different cell levels.
The current sensitivity analysis was performed on the sensor for different Vds values: 1 V, 1.5V,
2V,25V,3V,35V, and 4 V. Cell tests were performed using the back gate of the sensor to

examine its proficiency. The variations of Ids were recorded in different Vgs. As can be inferred
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from Figure 3-2-14, the increase in the concentration enhanced the p-type channel’s current. The
experiments were all conducted at room temperature. As the cells were in ultrapure water, it was
guaranteed that no charge existed in the solution, and the sensor gate was only affected by the

neutrophil cells’ charge.

To examine the repeatability of the device, we conducted the test three times. The result of the
analysis can be seen in Figure 3-2-15. It demonstrates that increasing the concentration of the cells
in the solution increases electric current. Almost all three trials followed this trend, which showed
that the sensors were responsive, functional, and repeatable. However, its sensitivity could be
further improved by decreasing the incidence of some inevitable situations. There were two
possible reasons for the low preciseness of the device. The concentration of cells can vary due to
the poor uniformity of the cell distribution in the sample. A high precipitation rate increases the
probability of error while sampling and sets the stage for imprecise sample casting. Furthermore,
the location of the cells in the sensing region is critical since it is impossible to visualize cells on
the surface. Therefore, we cannot give an exact estimate of their final location (see Figure 3-2-16).
They might be in a region that cannot be sensed, so the sensitivity decreases. It is noteworthy that
neutrophil cells have a size of 9-15 pm, whereas the DNA molecules are between 2.2 and 2.6 nm.
This fact results in the low charge density in neutrophils compared to DNA. This means many
negatively charged cells are needed to accumulate holes in the sensor's sensing region and trigger

a response.

The Debye length plays a vital role in charge detection in BioFET sensors. In the experiment of
oral neutrophil cells, the cells were in ultrapure water with low ion concentration, causing a higher
Debye length for detection of biomolecular charge due to the cells’ surface charge. Furthermore,
for the ssDNA molecules, sensing is based on the charge effects due to the binding of ssDNA with
silicon oxide. The oxide charging mechanism is unlike the solution-based detection in BioFETs in
which Debye length plays an important role. The charge of ssDNA in dry mode requires further
theoretical and experimental analysis. For the PBS (1X) solution, the Debye length is expected to
be between 0.7 and 2.2 nm in biological solution [58]. Here, as we had the native solution dioxide

with PBS, we expected that such a range of Debye length would exist.
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and (b) non-uniformity of cells cast on the surface of the sensor.

3.2.7. Discussion
The OG-JFET sensor was fabricated and tested with pH solution, ssDNA molecules in dry mode,
oral neutrophil cells, and exhalation moisture to demonstrate its capability to sense surface charge
variations. In the pH experiments, it was interesting that the sensor indicated a high sensitivity
(super-Nernstian region) of 51.26 mV/pH for the native silicon dioxide sensing layer in the open-
gate sensing area. In previously reported works for silicon dioxide, the pH sensitivity was <40
mV/pH [59,60]. However, the sensitivity of S10, was reported to be 47 mV/pH in [57], showing a
close sensitivity to the OG-JFET pH sensitivity in this work. The native oxide naturally grows on
silicon; however, the environmental condition affects its growth, thickness, and distribution over
time. It has been proven that exposure of silicon to air causes native oxide formation with a
thickness of =2 to ~10 A for silicon at room temperature [61]. The OG-JFET is exposed to air after
fabrication and in the shipping process; therefore, based on the precise analysis of Morita et al.
[61], it is expected to have a native oxide layer with a certain thickness in the opened-gate area
(exposure of silicon to air) of OG-JFET. The study [61] offers a model for forming native oxide
when silicon is exposed to air, suggesting the existence of oxide sites that set the stage for ion
complexation and pH sensitivity [61]. However, the distribution of these available sites on the

outermost oxide layer is not as uniform as a deposited layer of SiO: in other ISFETs, which might
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have affected the sensor's sensitivity. Further studies are required for surface oxide site bond
analysis of OG-JFET and its distribution throughout the sensing area for a better understanding of

surface effects on the comparatively higher sensitivity of OG-JFET.

The sensor was tested with dried ssDNA molecules. Dry ssDNA mass monitoring is essential for
developing next-generation DNA-based data storage platforms in digital microfluidics [45]. In this
study, the ssDNA molecule solution was left to dry in the sensing area. The main mechanisms of
ssDNA attachment on the surface of SiO» are the hydrophobic interaction and phosphate—silanol
binding that occurs despite the negativity of ssDNA and the negative surface charge of SiO,. The
ssDNA concentrations were prepared in ultrapure water, cast on the sensor, and left to dry. In this
condition, the ssDNA created the hydrophobic and silanol-phosphate binding, leading to the
attachment of ssDNA on the OG-JFET open-gate area. The bonding led to an extra negative charge
on the skinny oxide layer, increasing the current. While experiments showed the current
enhancement due to the binding of ssDNA and native SiO2, more in-depth theoretical experiments
are required to understand the surface charge of oxides when dry DNA is placed on its surface and

the resultant charge profile of DNA.

In another part of the study, oral neutrophil cells were cast on the sensor. The cell concentrations
were prepared in ultrapure water, which ensured the existence of oral neutrophils in the sensor.
Previous studies have demonstrated the negative overall charge densities on neutrophil cells
[48,49]. Some research studies state that neutrophil cells have a negative surface charge. For
example, Marco et al. [49] investigated the effect of changes in the composition of membrane
phospholipids on the net cytoplasmic membrane surface charge. They successfully demonstrated
that the combination of PS, PIP2, and PIP3 in the membrane resulted in a high negative charge at
the plasma membrane of neutrophils. In another study, it was shown that the negative surface
charge of the neutrophil cells decreased when incubated with degranulating stimuli. They also
reported that the immature neutrophils produced in the bone marrow are negatively charged.
However, this charge decreases by degranulation and cell maturation [59]. The interaction of the
surface negatively charged membrane of these cells probably causes an increment in the negativity
of the surface, contributing to the enhancement in the hole current in the p-type conductive layer

of the sensor.
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3.2.8.  Conclusions
A new field-effect transistor biosensor is introduced in this work for life science applications from
biomolecular to biological cell analysis. The advantage of OG-JFET is that it offers control of the
channel conduction through a back gate, eliminating the need for a bulky reference electrode in
the solution. Moreover, the sensor provides a wide sensing area on top of the sensing channel
without an oxide layer, enabling a more accessible sample introduction and fluidic integration as
bulky reference electrodes frequently used in the other in the solution make the integration
significantly simpler for developing complex lab-on-a-chip designs as an integrated biosensing
element. The sensor is operated at a low voltage (<0.5 V) of the back gate, a low-voltage device
for developing remote biosensing applications. Furthermore, the mass production capability

promises this technology for many biosensing applications for the biosensor community.

To demonstrate the sensor functionality in terms of response to the change in surface charge, we
tested the sensor with pH solution, ssDNA molecules, oral cell neutrophils, and human exhalation
vapor as a model for solution charge biomolecule, cell detection, and moisture detection,
respectively. We calculated a sensitivity of 51.26 mV/pH, 41.4 mV/ssDNAc, and 0.15 mA/%-cell
for ion solution, dried ssDNA, and oral neutrophil cell detection, respectively. Moreover, we have
shown that the sensor was sensitive to the human exhalation-generated moisture with five times

increment in the source-drain current upon exposure to the exhalation.

Furthermore, COMSOL simulation modeling was also provided for the multiphysics simulation
of OG-JFET to ensure the sensor's sensing mechanism was working toward surface charge
detection. The simulation model validated the correctness of experimental curves. The resultant
surface charge of pH solutions was calculated and applied in the COMSOL Multiphysics
simulation to estimate the trend of sensor response to the pH solution. The model showed an
increment in the reaction of the p-type channel to an increment in pH. However, the introduction
can be extended in future works to model more complex surface interactions for the multiscale

simulation of OG-JFET.

Based on the successful experiments of OG-JFET with pH solution, oral neutrophils, and ssDNA
biomolecules, we put forward this technology as a new mass-producible BioFET sensor for the

biosensing community.
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implementation. Performing experiments and data analysis. Mathematical
modeling (device and charge sensing)

Microfluidics is crucial in developing point-of-care devices utilizing Field-Effect Transistor (FET)
sensors. It facilitates the precise delivery of samples to the sensing site while avoiding interference
with the pads connected to the circuit. The successful integration of microfluidics with sensors

largely depends on the sensor's structure and geometry.

For instance, integrating a microfluidic channel with an OG-JFET is more feasible due to a back
gate and a planar sensing site. This configuration allows for effective charge sensing without
necessitating a solution gate. However, integrating microfluidics with an OG-JFET presents
challenges, mainly due to the sensor's non-uniformity in edges when placed on a substrate,

complicating its alignment and bonding with a planar microfluidic channel.

This chapter delves into the detailed processes of designing and fabricating a scalable microfluidics

integration for OG-JFETs. The methodologies we discuss apply to OG-JFETs and can also be

! This chapter is based on the published paper: Panahi, A.; Ghafar-Zadeh, E. A Hybrid Microfluidic Electronic Sensing
Platform for Life Science Applications. Micromachines 2022, 13, 425. https://doi.org/10.3390/mi13030425
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customized for other FET sensors, ensuring versatility and adaptability in various point-of-care

applications.

4.1. Abstract
This paper presents a novel hybrid microfluidic electronic sensing platform featuring an electronic
sensor incorporated with a microfluidic structure for life science applications. This sensor with a
large sensing area of 0.7 mm? is implemented through a foundry process called open-gate junction
FET (OG-JFET). The proposed OG-JFET sensor with a back gate enables the charge by directly
introducing the biological and chemical samples on the top of the device. This paper puts forward
the design and implementation of a PDMS microfluidic structure integrated with an OG-JFET chip
to direct the samples toward the sensing site. At the same time, the sensor’s gain is controlled with
a back gate electrical voltage. Herein, we demonstrate and discuss the functionality and
applicability of the proposed sensing platform using a chemical solution with different pH values.
Additionally, we introduce a mathematical model to describe the charge sensitivity of the OG-
JFET sensor. Based on the results, the sensor's maximum value of transconductance gain is ~1
mA/V at Vgs = 0, which is decreased to ~0.42 mA/V at Vgs = 1, all in Vds = 5. Furthermore, the
variation of the back-gate voltage from 1.0 V to 0.0 V increases the sensitivity from ~40 mV/pH
to ~55 mV/pH. Per this paper's experimental and simulation results and discussions, the proposed
hybrid microfluidic OG-JFET sensor is a reliable and high-precision measurement platform for

various life science and industrial applications.

Keywords: field effect transistor (FET); biosensor; DNA sensor; oral neutrophil; ISFET; BioFET

4.2. Introduction
Electrochemical sensors are used in various applications such as the food industry,
pharmaceuticals, oil and gas, environmental monitoring, and biomedical engineering [1-4]. These
sensors promise faster and more sensitive techniques for detecting diseases and hazardous
materials [5], [6]. A well-established member of electrochemical sensors, so-called ion-sensitive
field-effect transistor (ISFET) sensors have been utilized in different applications for ion/charge
detection in chemical solutions. The ISFETs range from carbonaceous FET sensors (e.g., graphene,
carbon nanotubes) to 2D materials (e.g., MoS») [7-10]. Many efforts have been made to develop
ISFETs based on technologically flawless silicon-based Complementary Metal-Oxide

Semiconductors (CMOS) technology, resulting in different sensing structures and topologies [4]
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offering high-yield productions. They have been successfully verified to detect diseases such as
malaria, influenza, hepatitis B virus, COVID-19, and bacteria-based diseases [4], [11].
Immobilizing the surface of ISFETs with different biomolecules gives rise to biological FETs
(BioFETs), which could be GEN-FET (DNA sensors), Cell-FET (for cell analysis), Enzyme-FET
(for enzymatic reactions analysis), etc. [12—14]. Also, as the ISFETs are sensitive to ion

concentration in liquids, they have been used directly for pH measurements [4].

The above-mentioned miniaturized sensors must be incorporated with microfluidics to direct the
samples toward sensing sites and prevent the solution from reaching the rest of the platform.
Microfluidics technology has been under intense research in the last decades, aiming to miniaturize
bioprocesses and bioanalysis towards enabling lab-on-a-chip [15], [16]. Microfluidics and
nanofluidics provide other advantages such as low reagent consumption, low cost, laminar flow
operation, reduced exposure risk to toxic mate-rials, parallelization, portability, and excellent
versatility in design and engineering [17], [18]. Microfluidics-integrated biosensors are used for
parallel analysis of different biomarkers in human blood [19-24]. Also, the high-throughput
integration of fluidics and biosensors has resulted in commercialized products such as Ion Torrent’s
genome machine and illumina’s Miseq, in which integrated bio-sensing has enabled parallelized

analysis [25-27].

Today, many papers have reported the integration of microfluidics with electronic sensors. Sensor-
integrated microfluidic devices were reported for applications such as DNA hybridization [28],
[29], polymerase chain reaction (PCR) on-chip [30], [31], virus detection [32], [33], cancer
detection [34], [35], circulating tumor cells (CTC) analysis [36], [37], exosomes analysis [38],
[39], nucleic acids analysis [40], [41], liquid biopsy-based assays for cancer detection [42].
CMOS-based sensors integration with microfluidic are put forward for cell analysis [43], [44],
chemical sensing [45], optical biosensing [46], ultraprecise micro pumping [47], 2D nanomaterial
detection [48], optofluidic biomedical devices [49]. For CMOS sensors integration with
microfluidic, the direct-write microfluidic fabrication process (DWFP) was introduced as a
comparatively new rapid technique for creating microfluidics atop an electronic chip [50]. The
same DWFP method was used for chemical sensing [51]. More advanced techniques were
implemented to integrate continuous microfluidic with capacitive CMOS sensor real-time cell

analysis [45].
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BioFET sensors have shown great potential in unique charge detection capabilities for many
applications [4], [52]. They should be integrated with microfluidics for successful prospects in
point-of-care devices by taking advantage of unique microfluidics features. Many attempts have
been made to incorporate BioFETs with microfluidics so far. A graphene-FET integrated with
microfluidic has been introduced for femtomolar detection of chlorpyrifos [53]. Digital
microfluidics was combined with a FET sensor for bioanalysis in lab-on-a-chip [54]. In another
work, to accelerate the process of biomarker detection, a silicon nanowire-based FET structure
was integrated with microfluidics for parallelization of cardiac biomarker detection in human
blood [55]. Graphene-FET was implemented in a planar microfluidic channel for ultra-sensitive
flow velocity sensing application [56]. Microfluidics enabled continuous flow measurement from
an extended-gate FET structure applicable for ion sensing [57]. Integrated BioFET with
microfluidics was used for aerosol particle detection in air, promising such integration potentials
for high-throughput air quality measurements [58]. A microfluidics-integrated CMOS sensor was
used to detect metabolites in blood, and PDMS was used to create multiple channels in the sensor
[59]. The same packaging method was utilized to develop a novel CMOS-microfluidics platform
for prostate cancer detection in blood that promises a rapid and cost-effective bedside platform
[60]. Elastomeric microfluidics was integrated with a semiconductor sensor using a novel
integration method with negligible sensitivity to the strain from bending and flexures, promising
a novel packaging for wearable sensors [61-62]. BioFETs also showed good sensing capabilities
toward packaged graphene-based sensors [63]. A microfluidics-integrated floating gate FET sensor
was developed, which put continuous microfluidics in place to detect proteins [64]. Organic FET
sensors were also integrated with microfluidics, encompassing reference electrodes in the
packaged sensor [65]. Microfluidics was integrated with polymeric organic FET for marine

environmental detection with high stability [66].

Despite the successful experiments on integrated BioFETs with microfluidics at a laboratory scale,
specific integration hindrances exist for FET-based lab-on-a-chip for high-throughput integration.
As evident in the BioFETs structures, they need a reference electrode in solution for their
operation, making microfluidic integration and packaging extremely difficult [67], [68]. One
viable solution might be using the on-chip reference electrodes. Still, it is reported that on-chip
microfabricated electrodes are not as stable as Ag/AgCl bulky electrodes frequently used in

BioFETs experiments due to the inherent noise associated with downscaling of material [69]. An
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engineering solution to avoid bulky reference electrodes is to design a back-gate structure to
control the channel conduction in BioFETs and use it for sensor characterization. Removing the
reference electrode on top and placing it on the back creates open space for running a microfluidic

channel on the sensing area.

We introduce a simple 3D-printed microfluidic integration scheme for a new semiconductor
biosensor called OG-JFET. The sensor is based on the open-gate junction field-effect transistor,
which works based on a back-gate structure that enables sensor operation without a reference
electrode in solution, such as bulky Ag/AgCl electrodes used in previous sensors. This capability
led us to use a simple method to integrate a microfluidic channel on top of the sensor. The
microfluidic has been developed with PolyJET 3D printing technology, which can deliver tiny
samples to the sensing area. Due to its small fluidic size, previous sensors used advanced and
complex microfabrication processes to create the microfluidic part. Nevertheless, the large sensing
area provided by our sensor and the back-gate allowed us to use 3D printing for creating higher
minimum feature sizes as large as 2000 um in microfluidics. Two molds were used to create 3D
microfluidics for making a chamber on top of the sensing area, which differed from previous planar

microfluidics used for BioFET integration.

The PDMS fluidic cell fabrication process is introduced, which can be molded with PolyJET 3D
printing. Furthermore, the sensor (OG-JFET) sensing mechanism is detailed with mathematical
modeling and experimental evidence to show the device's functionality in delivering samples onto
the sensor and performing charge detection in an aqueous solution. The sensor provides a back-
gate, making integrating with microfluidic more straightforward. Furthermore, the sensor works
at a low voltage (<0.2 V), which is essential in developing a low-power hand-held electronic

platform for industrial applications.

The organization of this paper is as follows: part two® explains the electronics sensor (OG-JFET)
mathematical modeling; Part three? introduces the electrical and fluidic packaging and sensor
characterization; and part four® is dedicated to results and discussions, followed by the conclusion

part.

1 Section 4.3
2 Section 4.4
8 Section 4.5

155



4.3. Electronic Sensor

4.3.1. Open-gate junction field-effect transistor and microfluidics
The current sensing platform is like the well-established JFET with the subtle difference that the
top gate of a JFET is removed to open the space for introducing a solution. Physically, the structure
is based on a p-type JFET without the top n-type gate, as we have reported in our previous works
[70], [71,72]. Therefore, the structure only has a back gate that can control the conduction channel.
The sensor is provided through a standard microfabrication process, which further helps to
establish this sensor as a mass-producible platform for industrial applications (for more
information about fabrications, we invite the reader to read [70-72]). The platform includes a
PDMS channel integrated with the OG-JFET sensor to deliver samples to the sensing area. A

schematic of the integrated microfluidic sensor platform is presented in Figure 4-1.

As shown in Figure 4-1, the OG-JFET sensor has a back gate that is not inside the solution. This
gate helps control the conduction in the channel and can be used as the same reference electrode

for voltage—or current-based sensing characterization.

The sensor consists of a p-type channel epitaxially grown on a thick n-type layer with doping levels
of 510" /em® and 1x10'® /cm® respectively. The p-type layer thickness is 1.6 um + 10%
(resistivity of 3.0 Ohm-cm + 10 %) on the n-type layer with a thickness of 450 um with a resistivity
of 0.006 to 0.02 Ohm-cm. A source and drain with a width of 20 um are developed on the p-type
channel covered with a thick stacked layer of SiO>-SizN4. The dielectric layers create an

encapsulation layer for the drain and source metal layers to avoid contact with the solution.

~OG-JFET-Structure

&

outlet

Figure 4-1. Schematic of OG-JFET structure and the microfluidic chamber.
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When the p-type channel is exposed to air or natural moisture, it is expected to have a particular
layer of native silicon dioxide on the silicon layer. The native silicon oxide grows naturally when
the silicon is open to the air. It is experimentally validated that a layer with a thickness of up to 10
A can be expected with an exposure of 80 days to solely air [73]. The silicon dioxide provides
hydroxyl groups on top of the silicon layer in the opened gate area, which can participate in the
chemical reactions with ions in the solution, leading to ion-complexation with SiO» surface bonds
that create a stacked layer of ions on the surface of silicon [73]. The created ion layers generate a
local electric field, which causes a detectable change in the hole conduction inside the p-type layer.

The sensor is tested in reverse bias condition of p-n junction for biosensing.

4.3.2. Mathematical modeling

For a better understanding of sensor operation, mathematical modeling is introduced here, by
which the sensing mechanism could be explained in much more detail. The OG-JFET structure
can be imagined as half of a p-type JFET (n"p JFET) structure in which the two n-type gates control
the sensor. However, in OG-JFET, the top gate is solution charge effects. The n"p JFET is usually
called on the device, which means a voltage should be applied to the gate to close the channel;
otherwise, the channel is open, and the hole current can be on even if Vg is zero. When a positive
voltage is applied on the back gate, the space charge pushes the region to close where the current
in the channel reaches zero. This condition is called a pinched-off state. The pinch-off voltage (Vp)
for a n’p JFET can be defined with the following equations:

Vy = Voo = Vi (4-1)

NoNg 4-2

Vi = Vin (59 2
L

Vsp(sat) = Vo — (Vb + Vpe) (4-3)

In equation (4-1) the Vo is the inherent pinch-off voltage which depends on the structure and
doping levels. The structure shown in Figure 4-1 can be simplified for mathematical modeling, as

shown in Figure 4-2.
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Figure 4-2. The simplified model of OG-JFET for mathematical modeling of drain-source current

The Vsd (sat) represents the drain-source voltage, which leads to a pinch-off condition at the drain
region [65]. According to Figure 4-2, considering a differential element of the channel in the x-
direction, we can develop the current-voltage relation starting from Ohm’s law and extend the

equations based on the space charge effects in the channel.

d i,
dr = P&~ (4-4)
A(x)
1 4-5
o (4-5)
epnNg

Equation (4-4) shows the Ohms law that can be applied to the device element shown in Figure 4-
2. The A(x) is the surface perpendicular to the surface. Equation (4-2) shows the resistivity formula
of the device where e is the elemental charge, un is the mobility by the assumption of neglecting
minor carrier charge. Based on Figure 4-2, the cross-sectional area is A(x) = [a — y1(x) —
y2(x)|W where W is the channel width along the z-direction (not shown here). With the
assumption of A(x), equation (4-4) can be developed to reach (6):

Ipydx = eupNgWla — x,(y) (4-6)
— x2(y)]dV (x)
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The depletion width for space charge due to the back gate is:

1 -
ZGS[V(X) — Vbi + Vgs] 2 (4 7)

eNd

x(y) =

The depletion because of the surface charge on the top gate can be modeled as follows:

4-8
X1 (y) = C[QTA Lox (4-8)

In equation (4-8), the Q is the surface charge because of the aqueous solution, tox is the thickness
of the oxide layer, the Na is the doping level in the semiconductor, and the q is the elemental
charge. Due to the surface charge in the solution, a depletion of space charge in the p-type layer
happens (see Figure 4-2); equation (4-8) models that layer. This layer is considered constant along
the open-gate area surface, which generates a continual depletion of layer thickness in the
semiconductor. Therefore, the output value of equation (4-8) is constant. By substituting equations
(4-7) and (4-8) into equations (4-6) and integrating over the length of the open-gate area of OG-
JFET, the relation for drain-source current (equation (4-11)) can be developed with the following

boundary conditions (at 0 and L):

2&g _ _
w2 = _ (Vii — Vgs) @Lc=0 (49)

2¢g -
w,2 = q;A (Voi = Vs + Vgs) @Le =L (4-10)

The resultant drain-source current relation is (9):

4-11
. qZHNA2T3Z E ( )
P gL Voo
3 3
2 [(Vbi — Vgs + Vps)]2 B [(Vbi — Vgs)]2
3 Voo Voo

Where T = a — x4 (y), with xi(y), which demonstrates the depletion effect due to surface charge

on the sensor. Equation (4-11) can be used to calculate gain (gm), which is as follows:
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L (4-12)
Vs

Em

It is noteworthy to mention that equation (4-11) is valid for the range of voltages 0 < |Vgsl <
Vporo < |Vds| < Vds(sat)-

The sensor structure affects the response of the sensor to changes in the charges on the surface
(opened gate area). The sensor's output is current and changes with the electric field generated due
to the charge on the sensor. The back gate can be used to modulate the drain-source current.
Therefore, the charge on top of the sensor can also be considered a second gate that modulates the
channel space charge. As there is a correlation between back gate voltage and current (AI~AV g)
therefore, the same can be applied to charge the sensor ((AI~AC). The following relation can be
used to correlate the sensor output to the change in surface charge and the gain, demonstrating the

structure's effect.

di _ dl dV (4-13)
dC  dVy ~ dC

In formula (4-9), the %;S is the gain (gm) or transconductance based on the relation (4-12).

Therefore, the general relation can be simplified to equation (4-10).

dI dVpg (4-14)

ac ~ Bm*qc
In formulas (4-13) and (4-14), the C is the charge sensing on the sensing region.

4.4. Microfluidics and electrical packaging
To prepare the sensor for applying the chemical solution, a customized microfluidic was developed
that includes a channel running on top of the sensor that encompasses a chamber on the sensing
area (See Figure 4-3). Creating and integrating a microfluidic chip would be extremely difficult if
the BioFET works based on a reference electrode (e.g., Ag/AgCl) inside the solution. However,
the OG-JFET structure offers a back-gate, making microfluidic integration easier. Developing
microfluidic helps to ensure that the sensor’s pads are not in contact with the solution as this creates

noises in the sensor response and could even damage the sensor.
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44.1. Electrical packaging
A PCB used a spring-loaded connector to connect the sensor to the semiconductor analyzer
(Keithley 4200A-SCS Parameter Analyzer). On the PCB, the spring-loaded connectors were
connected to a switch. The switch is used to choose the drain of interest of the sensor. The PCB is
100 mm x 80 mm, covering a 3D printed structure. Four pillars on the 3D printed design were
used to align the PCB with the sensors' pads. The pad area is 1.7 mm x 1.7 mm with a 2 mm pitch.
The BNC connectors are placed on one side of the PCB. The PCB and the semiconductor analyzer
are connected through SMU cables. Before fabricating the fixture, it was modeled using CAD
software (Solid work) to ensure alignment. A closeup of the electrical packaging is shown in Figure

4-3.

Figure 4-3. The electrical packaging technique. A spring-loaded connector was used to connect the sensor pads to
a switch. The switch is connected to the BNC connector.

The die size is 10 mm % 10 mm, and the comparatively sizeable total sensing area is 1 mm X 2
mm, contributing 0.7 mm? of the whole die. The chip pad area is generously large, allowing the

spring-loaded connector in the electrical packaging scheme.

161



4.4.2.  Microfluidic packaging

The microfluidic channel was fabricated based on the PDMS replica molding method. The mold
was 3D printed using the PolyJet method, then the PDMS was prepared with a 10:1 ratio and
poured into the mold for curation. The size and dimensions for the designed microfluidic channel
based on the sensor sensing area constraints are shown in Figure 4-4. To fabricate the microfluidic
shown in Figure 4-4, two separate 2D microfluidics were fabricated. Two parts were then adhered
with UV curable glue (MMOBIEL UV LOCA TP-N1000). The adhesion of a PDMS sheet and a

microfluidic channel creates a 3D structure placed on top of the sensor.

The microfluidic channel was prepared according to the methods demonstrated in Figure 4-5.
According to our customized microfluidic fabrication protocol, the molds are washed with an
ethanol solution to ensure no debris is in the mold. To further improve the washing, the molds are
put in the mixture of water and oil for 10 minutes at 50 C°. Afterward, the mold was washed to be
prepared for PDMS injection. The PDMS was ready with a 10:1 ratio of the base polymer and
curing agent, and then the polymer was blended with a stirrer for 10 minutes at each try. After
pouring the PDMS into the mold, it was degassed in the vacuum chamber. The degassing was done

for 20 minutes to remove all the bubbles.

The PDMS chip was placed inside the oven and baked for 5 mins at 100 C. This condition yields
a flexible PDMS structure; therefore, it is in excellent condition to easily be peeled off from the
thin mold. Other temperatures with a longer time (@ lower temperatures) result in a solid PDMS,
making it hard to remove, and in most cases, it breaks near the inlet or outlet. At the same time,
these processes were tried for another mold, creating a thin layer of PDMS (1 mm) to cover the
channel (See Figure 4-5 (d)). After placing the channel on the PDMS sheet with UV curable glue,
the bonding was strengthened by applying UV light on both sides with a hand-held UV lamp (UV
365nm light) for 5 minutes. This helped to make a strong bond between the PDMS and the PDMS.
The mold that includes the channel geometry is placed on a uniform large PDMS sheet; therefore,
the issue of the cumbersome bonding process of PDMS-PDMS is avoided. Subsequently, the
whole microfluidic channel was cut out under the microscope to release the structure shown in

Figure 4-5-f. After removing the structure, it was again heated and immediately put on the chip.

162



P
2mm

Figure 4-4. The experiment setup was used to test the OG-JFET sensor. (a): shows the CAD design of the fixture
used for connecting the sensor to the semiconductor analyzer. (b): the fabricated test setup, consisting of PCB
(BNC, switch), 3D printed support, and microfluidic with its tubing. The back gate is contacted from the back of
the sensor to top on the PCB, where it's connected to a BNC connector to the semiconductor analyzer. (c): shows
the spring-loaded connectors used to connect the OG-JFET pads to the PCB. On the PCB, there is a switch that
enables the user to select the specific channel on the OG-JFET sensor.
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Figure 4-5. The processes led to the fabrication of a microfluidic channel on top of the sensor. (a): the PDMS replica
molding process taken to create the 3D microfluidic with two 2D PDMS; (1) first the 3D printed mold was washed,
(2) filling the mold with a 10:1 ratio of pre-prepared PDMS (after filling the mold, the PDMS and mold were put
in the vacuum chamber for 20 mins for degassing), (3) after degassing, the PDMS and mold were put in the oven
and baked for 5 min at 100 C, (4) the PDMS was peeled off from the mold, (5) at this point a channel is put on a
PDMS sheet which has already been prepared with another mold, (6) bonding the PDMS and chip. (b): the used
channel molds. (c) showing the peeled-off microfluidic structure. (d): the PDMS sheet shown in step 5. (e) testing
the fluidic connectors with water. (f) showing the adhesion of the PDMS channel on the glass.
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Figure 4-6 shows the steps for making a back-gate contact connection using conductive copper
tape. The copper conductive tape was soldered to a wire connecting the wire to a pin header on the
PCB as the back-gate connection. It is noteworthy that, as shown in Figure 4-6, the sensor comes
with seven drains, and since they provide almost the same results (transfer characteristics), we

arbitrarily used one of them.

Figure 4-6. Boding process of the microfluidic channel on the chip. (a): A copper conductive tape was utilized to
create the back-gate connection on the glass slide. (b): the sensor is put on the sensor. (c): after heating the
microfluidic, it was aligned with the chip under a microscope. (d) filling the gap underneath the microfluidic with
UV-curable glue and applying UV light to make the structure strongly bonded.

4.5. Results
The OG-JFET sensor has been fabricated with standard microfabrication technology (See S1 for
more information). Here, the integration with a PDMS-based microfluidic is detailed. The sensor's
back-gated structure allows running a microfluidic channel atop the sensor in the sensing region.

This section's results are associated with the sensor transistor response in dry mode and when the
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sensor is exposed to solution in the microfluidic channel. Furthermore, the results of mathematical

modeling and fluidic simulations are explained here.

Channel

Figure 4-7. The experiment setup was used to test the OG-JFET sensor. (a): shows the CAD design of the fixture
that connects the sensor to the semiconductor analyzer. (b): the fabricated test setup, consisting of PCB (BNC,
switch), 3D printed support, and microfluidic with its tubing. The back gate is contacted from the back of the sensor
to the top of the PCB, where it's connected to a BNC connector to the semiconductor analyzer. (c): shows the spring-

loaded connectors used to connect the OG-JFET pads to the PCB. On the PCB, a switch enables the user to select
the specific channel on the OG-JFET sensor.
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Figure 4-8. The Ids-Vds and Ids-Vgs curves of OG-JFET. (a): Ids vs drain-source voltage. (b): Ids vs back-gate
voltage
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4.5.1.  Sensor response in dry condition
The sensor consists of a p-n junction, which can be imagined as a conventional JFET with an
opened top gate. The top gate is devoted to sensing a solution or any biomaterials. The back gate
can be used to control the channel's conduction. The p-n junction can be turned on or off based on
the polarity of the voltages applied on the p-type and n-type layers. If a positive voltage is applied
to the p-type and a negative to the n-type (see Figure 4-1), the sensor is forward-biased, which
allows the p-n junction to be opened. The difference between drain and gate voltage is more than

a specific threshold voltage.
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Figure 4-9. Change of conductance of OG-JFET with back-gate

The calculated turn-on voltage for this p-n junction here is = 0.67 V. However, when the voltage
difference between a drain and the back gate reaches this number, the p-n junction is opened, and
a huge current will be directed from the back gate to the drain, which is not preferable for
biosensing applications. For this reason, the sensor is suggested to be used in reverse-biased
conditions as it allows the channel to be controlled with the back gate for more efficient sensing
of the surface charge and solution chemical potential. After being integrated with microfluidics,
the sensor was characterized when no solution was available. The Ids-Vds and Ids-Vgs of OG-

JFET are demonstrated in Figure 4-8.

Figure 4-9 demonstrates the conductance of OG-JFET for different drain-source voltages when the
gate-source is applied to the sensor. This curve clearly shows the effect of the back gate on the
control of the channel conductance. Figure 4-9 shows that the conductance decreases when drain-
source voltage is applied, narrowing the channel due to back-gate space charge modulation. The

channel conductance approaches zero at higher back-gate voltages (=1 V).
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The transconductance (gm) of the sensor is calculated based on the experimental results (see Figure
4-10). The gm is depicted versus the back gate, which shows the controllability of gain with the
back gate. Also, the result demonstrates that the gm linearly decreases with increasing the back
gate. The gain is calculated by taking the first derivative of the Ids-Vgs curve shown in Figure 4-
8-b. The maximum gain of the sensor happens at the Vgs = 0. It is noteworthy that the Vds
enhancement leads to higher gains. Based on this result, the gain estimates the current

enhancement in equations (4-13) and (4-14).
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Figure 4-10. The transconductance of OG-JFET calculated for different values of back

4.5.2.  Solution tests in the microfluidic channel
Simple wet tests are performed to demonstrate the fabricated microfluidics functionality and the
sensor's integration. The sensor is tested with DI water and 0.9 % NaCl solution to show its
response to a change in the concentration of ions in the solution. The concentration of ions in the
NaCl solution is higher than in the DI water, and the sensor shows more current enhancement

toward this change in solution (see Figure 4-11).

Also, a solution with a different pH was prepared and tested in the microfluidic channel to have
precise control over the sensor’s response to changes in the surface charge. The fluid was injected
into the channel with a syringe pump and then stopped to have stationary fluid in the chamber. In
our previous work, the change in Vgs with different pH levels was reported to be 39.45 mV/pH,
42.62 mV/pH, 45.79 mV/pH, 48.96 mV/pH, 52.12 mV/pH, and 55.29 mV/pH were determined
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Figure 4-11. Preliminary test results of sensor with DI water and 0.9% NaCl solution injected in microfluidic
channel.

(4-13) and (4-14). The surface charge can be correlated with the pH, [62], therefore, we can use
pH in this formula. To calculate the above charge (=pH) sensitivities, back gate electrode of OG-
JFET was used which demonstrates the effectiveness of this sensor topology for measuring surface

charge variations without the need for bulky reference electrodes in solution.
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Figure 4-12. The effect of gain on the current sensitivity for different values of surface charges due to pH
variations. Sv is the voltage sensitivity of the sensor with a unit of mV/pH
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Furthermore, the back gate can be used to change the sensor's gain to change the current sensitivity.
The gain was calculated based on the experimental results using the relations (4-13) and (4-14)
and used in calculating the current sensitivity. Figure 4-12 shows the effect of back-gate on the
sensing variation. The back-gate in OG-JFET is an advantage in the packaging. It allows easier
integration of a microfluidic channel in continuous fluidic; furthermore, it enables changing the

working point of the sensor and changing the current sensitivity to surface charge.

4.5.3. Mathematical Modeling Results
This paper presents the sensor’s mathematical modeling to confirm its transfer characteristics.
Mathematical modeling is developed to estimate the sensor's response to variations in surface
charge. Therefore, the surface charge effect is approximated with a simple model that considers
the space charge variation of the p-type channel. The simple model cannot be used for general

surface potential modeling on the JFET.
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Figure 4-13. Mathematical results of the Ids-Vds curves for different Vgs values from 0 to 1 with 0.1 steps. The
model can predict the sensor's response in low values of drain-source voltages before saturation. The back-gate
voltage also is limited to the Vpo for good accuracy.

Equation (4-11) is solved for the gate-source voltage range of 0 to 1 for Vds values 2 V and 5 V
(see Figures 4-13 and 4-14). Comparing the mathematical modeling results with the experiment
indicates the model is not accurate for predicting the experiment trend for back gate voltages higher
than 0.7 V. After this voltage, the sensor response remains constant, which is not according to the
experiments. The mathematical modeling was discussed in previous work [74]; however, the

model's limitations were not discussed for OG-JFET with showing transfer characteristics. Figure
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4-13 demonstrates this point that the model is not helpful for high back gate voltage. Therefore,
the model introduced in this work and also [74], can be used for the low back gate (preferably <
0.7) and drain-source voltages (preferably <0.6). Comparing the experimental result of sensor
transfer characteristics (see Figure 4-8) with the model result (see Figure 4-13) indicates that the
non-idealities in fabrication processes, such as non-uniformity of doping levels, uncertainties in
controlling the channel length with implantation of source and drain might be responsible for the

inconsistency between model and experiment.

Ids(A)

0 01 02 03 04 05 06 07 08 09 1
Gate-source voltage(V)

Figure 4-14. Mathematical modeling result of Ids-Vgs response for Vds values of 2 V and 5 V.
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Figure 4-15. Mathematical modeling results of surface charge effects on the OG-JFET sensing area. The
increment in pH results in more negative surface charge.

170



Figure 4-15 shows the modeling result of the surface charge effects on the sensor response.
Experiments showed that the pH causes an increment in output current. Here, the surface charge
modeling is inspired by the work done in [75] for NO> detection using a similar JFET structure.
However, the charge density is determined using the simulation modeling of pH equivalent surface
charge we introduced in our previous work [72], as with the experiment and multiphysics
simulation, current mathematical models show that currents enhance with an increase in pH

(Figure 4-15).

4.54. Microfluidic Simulations
The microfluidic is designed to deliver the sample onto the sensing region of OG-JFET. The fluidic

transport inside the channel is analyzed with COMSOL Multiphysics software to gain insight into
the fluid dynamics in the chamber atop the sensor and the channel. The analysis estimates the fluid

velocity in the chamber for different mass flow rates, which is helpful for future designs.

o
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Figure 4-16. Flow velocity contour in the microfluidic channel for 260 mg/s inlet mass water flow

The velocity is higher in the middle of the channel and almost zero near the walls as the no-slip
boundary condition is applied to the channel simulation. When the fluid approaches the chamber,
suddenly, the flow velocity decreases, which leads to the partial transport of fluid into the chamber;
therefore, a specific fraction of fluid will always be captured in the chamber in the microfluidic
continuous operation mode. Considering the sample homogeneity in the base fluid, we can expect

the same volume fraction of the analyte of interest in the channel.
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The flow condition is demonstrated by observing the flow with velocity contours in the middle
plane of the microfluidic channel. As can be seen in Figure 4-17, when the flow rate increases from
a low value (10 mg/s) to a high value (> 350 mg/s), the flow starts to become unstable around 50

mg/s and continues to pass the chamber in the middle.
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Figure 4-17. Velocity contours for different inlet mass flow rate values in the microfluidic channel.

At high flow velocities, the volume fraction of fluidic trapped in the chamber decreases as the flow
gains high momentum to pass the chamber. For specific applications such as the cells under
perfusion or analyte transportation on the sensing region (with this microfluidic topology), this

analysis helps choose the best range of flow rate in the channel.

The flow shear rate distribution is calculated to demonstrate the effect of flow on the sensing
region. Shear rate explains the impact of inlet flow on the flow shear stress in the sensing region,
which is suitable for quantifying flow effects on the bottom of the chamber. In other words, the
shear rate can be used to demonstrate the impact of change in inlet velocity on transport in the
sensing region. Figure 4-18 shows the change in shear rate on the centerline of the bottom plane

of the chamber where the sensor is placed in the middle.
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According to the results shown in Figure 4-18, the flow is unstable for all ranges of inlet conditions.
For instance, the flow around 50 mg/s yields wavy shear stress on the surface, indicating turbulence
in the flow, which is not desirable for working a biosensor in continuous mode. Therefore,
according to the simulation, we suggest a flow rate lower than 50 mg/s for the operation of this
sensor in this microfluidic channel. However, we conducted experiments in stationary conditions
to avoid stream currents in the flow that affect pH sensitivity when doing pH tests. The microfluidic
analysis provides insights for using this sensor for biosensing applications, which need precise

control of the injection of an analyte on the sensing region with this chamber-included

microfluidics.
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Figure 4-18. The change in shear rate for different values of inlet mass flow rate condition along the centerline of
the chamber

4.6. Discussion
Using 3D-printed microfluidics, a simple method is introduced in the paper for integrating a
miniaturized fluidics part with a FET sensor for life science applications. The methodology allows
two planar microfluidics to be used to create a chamber on top of the sensor's sensing area. The
introduced microfluidic system allows higher feature sizes, making the fabrication feasible with
3D printing. Furthermore, the bonding is made through UV-curable glue, which makes the
integration much more accessible. Also, the design of microfluidics parts avoids the alignment
issues primarily associated with small microfluidics that must be developed in the top area of the
chip. The microfluidics is tested with simple fluids to show the functionality of the sensor and the

operation of the introduced packaging methodology. It has been proved that using thin
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microfluidics, as described in this paper, will be appropriate for the back-gate FET sensors that are
becoming popular due to their enhanced sensing properties. This microfluidics can be used for
those sensors to eradicate the need for bulky electrodes in the solution. The introduced packaging
method for the FET sensor can be used to create a platform for rapid testing of solutions and avoid
the cumbersome associated with testing the sensor inside the prob-station cage that has limited
space and is risky due to the possible fluid leakages that are detrimental for the expensive machine
electronics. Furthermore, it is discussed how 3D printing (PolyJet) can be recruited to rapidly build
a testing fixture integrated with microfluidics for testing a solution and other bioassays on a FET
sensor. Also, theoretically and experimentally, it is proved that the back-gate structure can be used
to change the sensor's gain, which enables more sensitivity (e.g., pH sensitivity). Mathematical
modeling is introduced for theoretical analysis, which helps predict the trends of the sensor’s
response and comparison with the sensor's function. However, more work should be done to

improve the model, especially the charge modeling in the solution.

The FET sensor in this work has been proven to be charge-sensitive with a demonstration of simple
liquids and pH solutions. Based on the successful utilization of FET sensors in different life science
applications, we believe the charge sensing capability of the current platform could be extended to
sensor other charged proteins and chemical reactions that lead to the enhancement of solution
charge density. Nevertheless, this sensor could be unutilized with receptors for the specific analyte
in the solution for other life science applications since the charge sensing capability of the sensor

enables those sensing mechanisms.

4.7. Conclusion
This research explains the integration of OG-JFET sensors into 3D-printed PDMS-based
microfluidics for biosensing applications. The microfluidics can be easily fabricated with 3D-
printed molds. The sensor’s large die size and sensing area (= 0.7 mm?) provide a large size,
allowing the use of high aspect ratios for molding. This makes PDMS fabrication easier without
complex methods such as photolithography. The sensor has a back-gate structure that enables
easier integration with a microfluidic channel without bulky reference electrode integration. Many
efforts have been made to fabricate miniaturized reference electrodes on the sensing dies, making
their stability and lifetime a severe matter of concern in integrated microfluidics biosensors.

Nevertheless, we have shown in this paper how PolyJET 3D printing technology can be used to
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fabricate PDMS microfluidic molds for a back-gated sensor. The sensor is successfully integrated
and tested with a solution to demonstrate its functionality for solution charge sensing, which is the

aim of every BioFET sensor.

For this reason, DI water and 0.9% NaCl solution were tested in a microfluidic channel to show
the functionality of the integration. To be more precise in demonstrating the effectiveness of the
back-gate and its importance in the integrated sensor, the current sensitivity of the sensor was
analyzed, showing the sensor's effect on controlling the sensor's operation point. Furthermore, it
is shown that the back gate can enhance the current sensitivity through its inherent amplification
potential. In other words, back-gate significantly eases the integration by providing an open-gate
area for running a microfluidic channel. It can be used to take advantage of the sensor structure to
enhance the current sensitivity by changing the gain (gm). It is shown that the change of back-gate
from 1 V to 0 V changes the gain from ~ 0.42 mA/V to ~ 1 mA/V in a constant Vds. It is shown
that the sensing layer's physically controlled surface charge sensitivity (here, SiO2) can be
amplified by the sensor’s gain to change the current sensitivity. It is shown that the change of the

back gate from 1.0 to 0.0 can increase the sensitivity from ~ 40 mV/pH to ~ 55 mV/pH.
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This chapter provides essential information on the critical design parameters affecting the
performance of the OG-JFET sensor. We utilized COMSOL simulations to analyze the impact of
both geometrical and material properties on the transconductance and efficiency of the OG-JFET.
The study identifies and ranks the most and least influential parameters, offering valuable insights
for future designers. Additionally, the charge-sensing mechanism of the OG-JFET is explored, with
sensor responses calculated for a range of charges from positive to negative. This analysis provides
a deeper understanding of the sensor's operational mechanism. Furthermore, the chapter discusses
the OG-JFET's transconductance and its relation to charge sensing, demonstrating its competitive
performance compared to existing FET biosensors. Overall, this chapter serves as a comprehensive

guide for the parametric design of the OG-JFET.

! The content of this chapter is based on a submitted paper: A. Panahi, E. Ghafar-Zadeh, “Performance Analysis of
Open-Gate Junction FET: A New Foundry-based Silicon Transistor for Biochemical Sensing Applications” submitted
to the IEEE Access Journal and is under review.
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S.1. Abstract
This paper investigates the performance and parametric design of a new foundry-based silicon
field-effect transistor (FET) platform, the open-gate junction field-effect transistor (OG-JFET),
intended for bio/chemical sensing applications. The fabrication process of the OG-JFET relies on
a standard foundry process, requiring the establishment of parametric design rules to understand
the effect of crucial sensor performance factors, including transconductance (gm) and device
efficiency (n= gw/las). The study examines the impact of various geometric parameters (e.g.,
channel length and thickness) and material-related parameters (such as boron and phosphorous
impurity doping levels) on sensor performance. Simulations provide insights and guidelines for
the efficient design and characterization of the OG-JFET, focusing on enhancing gm and
maximizing 1 for biosensing applications. Experimental measurements of the OG-JFET
demonstrate a current range of ~ 200 pA/um, a high gm of approximately ~ 1700 uS (340 pS/um),
and 1 of ~ 4.5 V! (for a channel length of 5 pm), which are of importance for circuit design and
biosensing application of OG-JFET. These results showcase the performance of this sensor
compared to other silicon-based FET platforms for internal signal amplification in sensing
applications of OG-JFET and as an electronic FET element. The findings of this paper offer
valuable guidelines for the design of sensors based on OG-JFET technology, enabling gaining
insights into the impact of sensor structure on sensing performance. Also, we have demonstrated
how two performance parameters can be utilized to compare two different designs of OG-JFET,

which is useful for future designers.

INDEX TERMS Field-Effect Transistor (FET), Semiconductor, Simulation, COMSOL,

Biosensor

5.2. Introduction

Field-effect transistors (FETs) biosensors have attracted significant attention in the past decade
due to their unique sensing characteristics, making them highly desirable for various applications,
including diagnostics, gas sensing, food safety, and environmental monitoring [1], [2]. FET sensors
offer several advantages, such as low cost, label-independent detection, and rapid analysis of
biological analytes. Label-free detection significantly reduces the overall cost of sensor

development [3], [4], [5]. These sensors have demonstrated exceptional capabilities in the fast and
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sensitive detection of various diseases, exhibiting a competitive low limit of detection (LOD) in
many applications [6], [7]. This remarkable feature has motivated researchers to integrate FET
sensors into lab-on-a-chip devices, enabling the realization of low-cost, handheld, personalized
medical diagnostic devices [6], [8], [9], [10], [11], [12], [13]. The portability of FET sensors has
been identified as one of the most appealing features for developing point-of-care devices [14].
FET-based sensors provide higher sensitivity, are suitable for mass production (e.g., CMOS-based

FETs), offer low cost, and can be easily miniaturized and integrated with microfluidics [15], [16].

Moreover, FET sensors can detect inherent molecular charges directly from neutral biomolecules
and assess novel biological assays, including sensing chemical reactions. This capability allows
for the digital analysis of physical interactions of biomolecules, such as protein conformational
changes and spatial arrangements, which is not readily achievable with other sensing methods [17],
[18]. Unlike other label-free sensing techniques, FET-based biosensors eliminate the need for
bulky optical instruments and equipment. Due to the unique features of FET biosensors, there has
been a strong focus on enhancing their sensing performance through the development of new
structures or improvements in surface functionalization chemistry. Various FET sensor structures
have been explored for biosensing applications, including metal-oxide-semiconductor FETs
(MOSFETs) [19], FinFETs [20], [21], Graphene FETs (GFETs) [4], [22], Carbon Nanotube FETs
(CNT FETs) [23], [4], and FETs based on 2D materials [24], [25]. These advancements pave the
way for further improvements in FET biosensors and their integration into diverse applications in

the biomedical field.

Among various FET structures explored in research, silicon-based FETs (Si-BioFETs) have gained
significant attention due to their compatibility with standard CMOS technology, enabling low-cost
and easy miniaturization [15]. The particular interest in CMOS-based technology is the fact that
the technology is scalable and can be easily integrated and mass-produced [26]. Silicon nanowire
based FinFETs have been employed for biosensing applications [20]. These nanowire FET sensors
have been successfully integrated with microfluidics, showcasing their potential for high-
throughput bioanalysis applications [27]. The mechanisms underlying the sensing capabilities of
Si-BioFETs are discussed in a pioneering study by Matti Kaisti [28]. This study delves into using

Si-BioFET technology for various applications in biomolecular and cellular analysis [28]. The

184



research highlights the potential of Si-BioFETs in advancing the field of biosensing and their

suitability for diverse applications in the biomedical domain.

A novel addition to the FET sensor family is the emerging foundry-based open-gate junction field-
effect transistor (OG-JFET), facilitated by CMC Microsystem as a Si-FET platform designed
explicitly for multipurpose applications [29]. This innovative FET structure, also known as an
electronic sensing platform (ESP), offers promising capabilities in the field of biosensing [30]. The
OG-JFET has demonstrated exceptional performance as a photovoltage transistor, significantly
enhancing light detection [31]. In our previous work, we investigated the potential of the OG-JFET
as a charge-sensing platform and demonstrated its H+ sensitivity [29]. Our findings revealed that
the open-gate area of the p-OGJFET structure can facilitate the sensing charge of biomolecules,
including DNA or solution ions like H+ [32], [33]. This highlights the OG-JFET in facilitating
OG-JFET versatility in the detection and analysis of the inherent charge of biomolecules (e.g., Oral
cells and ssDNA) or ions (Na+, H+).

The OG-JFET, a novel FET sensing platform with the potential for large-scale production [33],
needs a comprehensive examination of sensor performance influenced by various geometrical and
material parameters. By considering the design guidelines provided by the manufacturer, we have
conducted both experimental and theoretical investigations to identify the critical design factors
that significantly impact the sensing performance. Utilizing COMSOL Multiphysics software, we
have assessed the influence of these design characteristics on two crucial performance metrics:
sensor transconductance (gm) and efficiency (gm/Ids). These metrics serve as valuable figures of
merit for comparative analysis, enabling us to evaluate the overall performance of the OG-JFET

platform.

Within this research paper, our findings indicate that the OG-JFET structure offers a significantly
higher gm in comparison to other FET structures commonly utilized for biosensing applications,
including GFET, CNT FET, silicon nanowire FET, and FinFET, among others. Additionally, we
delve into the design guidelines that facilitate the achievement of specific gm values while
considering 1. The design principles outlined in this study can be a valuable resource for future

users of this foundry Si-FET sensing technology.

185



5.3. Materials and Methods

5.3.1.  Single Channel Open-Gate Junction Field-Effect Transistor
Sensor Fabrication

The sensor structure comprises a vertical p-n junction, where a thin layer of p-type silicon (~ 1.6
um) is uniformly formed on a thicker layer of n-type silicon (~ 450 um) serving as the support
layer. A thick SizN4 layer is deposited on top of a SiO; layer to passivate the source and drain
metals, as illustrated in Figure 5-1. A frontside metal contact is established using a 50 nm Cr layer
followed by a 500 nm Au layer. A 50 nm Ti layer and a 500 nm Al layer are utilized for the back-
side contact. Boron implantation is employed to define the source and drain wells, and
subsequently, aluminum-silicon contacts are patterned using standard lithography and liftoff
processes. A detailed fabrication process can be found in [32], which has a different layout design
(a common source for multiplexing). The sensing layer in the current sensor structure is the p-type
layer between two ohmic-contacted sources and a drain. The channel is exposed to the environment
to enable the introduction of biological samples to the sensor. The p-n junction can be biased in
forward or reverse mode, with the reverse bias being more suitable due to improved controllability
of charge sensing in the channel and lower power consumption at higher voltages. Figure 5-1 (a)
shows a schematic representation of the sensor, where the source and drain electrodes are
encapsulated with SiO> and Si3Ns. The Lo (see Figure 5-1) defines the active available sensing
channel length, and Lsur, the oxide-covered portion of the channel, corresponds to the minimum
surround. The structure consists of geometrical and material components, which can be controlled
during manufacturing to achieve application-specific designs and targeted performance. The gm

and n are crucial figure-of-merit parameters for comparing design parameters.

The sensor was developed using a standard microfabrication process based on a Very Large System
Integration (VLSI), resulting in back-gated p-OG-JFET, as shown in Figure 5-1. The design layout
is performed in L-Edit software for fabrication. The design encompasses two Cr/Au pads
demonstrating drain and source electrodes. The different lengths of channels ranging from 5 pm
to 150 um with p-channel thickness of ~ 1.6 um and n-channel of ~ 450 pum same for all have been

fabricated. The uniform thin p-type channel extends across the entire chip area.
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Figure 5-1. Optical image of single channel OG-JFET and schematics of device and sensing principle. (a): Left:
sensor characterization under the optical microscope when placing the probe station needles on the sensing pads.
Right: the structure of OG-JFET and the design parameters in a 3D sensor schematic showing the opened-gate area
and the encapsulations with SiO,-Si3Ny stacked layers. (b): the sensing mechanism for the sensor in solution and
the relation between charge as input and Ids as output.

5.3.2.  Sensor Characterization
The OG-JFET device is subjected to characterization using a probe station (MPI TS200-SE Probe
Station) and a semiconductor analyzer (Keithley 4200A-SCS Parameter Analyzer). The

measurement involved recording the drain-source current as a function of the back gate and drain-
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source voltage. By applying a step voltage to the back gate, Ids-Vgs curves were obtained, and the

drain voltage was swept from 0 to -10 V for OG-JFET devices on the chip.

Experimental measurements determined the sensor gm and n for various channel lengths. These
values (gm, n) were calculated using specific formulas derived from the data obtained through

experimental measurements and simulations.

_ 0l (5-1)
gm - ans
_Im (5-2)
Ids

When a FET sensing channel is in touch with liquid, the outermost oxide layer on the channel
interacts with the solution. It creates a charge layer, producing a double-layer capacitance [34].
This layer is mirrored in conductive channels that influence (through the created electric field) the
space charge (electron/hole) inside the channel [28]. This charge on the channel can be considered
an input amplified with a specific factor toward the enhancement of current sensitivity [35], [36],
[37]. This enhancement factor is the sensor's gm.

AV, AV,
Mlp _ Blp o Mgs _, Alp_ o gs (5-3)
AQ AVys AQ AQ AQ

Alp 1s the change in the current, AQ is the change in the surface charge on oxide, and AVgs is the
resultant change in back-gate reference voltage. Based on equation (5-3), higher gm contributes to
higher current sensitivity, which can be used for real-time analysis of charge variation in the
solution. Considering the rationale stated above, improving the gm is essential for developing new
FET devices for biosensing. Another critical parameter that should be considered in designing a
FET-based biosensor is m. The higher n, the higher the performance of the FET sensor for
biological sample detection would be. The current sensitivity of the sensor can be correlated to the

n through the following relation. [38]:

Alp _ gm (5-4)

X AVys =1 X Algs
Iy 1o
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5.3.3. COMSOL Simulation
The sensor is modeled using COMSOL Multiphysics software, which provides a versatile design
platform for Multiphysics simulations for different applications [39], [40], [41]. A complete
parametric design based on the size and dimensions specified in the OG-JFET design rule can be
modeled with the COMSOL simulation application. Important OG-JFET parameters are channel
length, channel thickness, and doping levels in the p-type and n-type layers that can be modified
to acquire the desired functionality of the sensor in the layout design process. If we consider a
single channel of OG-JFET, the sensing performance of that channel would depend on the
parameters defined in Figure 5-1 (a). Figure 5-1 (a) shows the design parameters affecting the
sensor response based on the design rules provided by the manufacturer (CMC Microsystem). The
LS, LD, LO, and Lsur variables can be directly controlled in the layout design. Other parameters
defined in Figure 5-1 (a) are related to the material properties. The simulation is performed in the
Semiconductor Module of COMSOL Multiphysics 5.5 software to predict the sensor electrical
response (e.g., [-V curves) in different bias conditions. All geometrical aspects can be controlled
by parameters defined in the global function section. The silicon has been selected for both p-type
and n-type sections. The doping levels are controlled and set in the semiconductor section with
analytical doping models 1 and 2. For the p-n junction of the p-type and n-type layers, the
Continuity/heterojunction model is applied. The Shockley-Read-Hall (SRH) trapping model is
used for the whole area of the chip (both n-type and p-type layers). The Ohmic contact model is
set according to the fabrication process for all metal contacts. Except for source/drain and back
gate contacts, all other faces in the simulation are considered insulated boundaries, meaning there
is no electron/hole flux through these boundaries. The simulation has limitations in the exact
prediction of the real-world I-V curves due to various non-idealities in the fabrication,
experimentation, and the semiconductor model itself; therefore, we have calibrated the simulation
with experimental results for one device and used it for prediction on other designs. We have used

the back-gate voltage and the out-of-plane thickness as the calibration parameters.

5.4. Results
The transfer characteristics of the sensor were acquired with a probe station and utilized for
determining the transconductance (gm) and device efficiency (1) to compare different designs.
Since the sensor operates in reverse bias mode, special attention was given to the p-type channel.

The gm parameter plays a crucial role in this JFET-based sensor as it could directly affect the
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charge sensitivity of the device, enabling inherent amplification of ionic charges or biomolecular
charges [35], [36], [37] (see Figure 5-1 (b), illustration of the relation of charge input and sensor
output). The n is another important figure of merit in designing FET-based biosensors, as it
quantifies the gm achieved per unit of energy consumption in the device directly related to Ids

[42].
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Figure 5-2. Experimental results. (a): The Ids-Vgs curve used for the derivation of gm-Ids (Lo =5 pm) (b): the
experimental results of the gm of the sensor for different back-gate voltages (Lo = Sum).

The fabrication of OG-JFET devices with different aspect ratios (L/W) was performed, as depicted
in Figure 5-1 (a), on the left side, showing probes on the source and drain. These devices were then
subjected to experimental characterization to calculate the gm and n. A negative voltage was

applied to the drain, while a positive voltage was applied to the back gate, allowing the sensor to
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operate in reverse bias mode. Using equations (1) and (2), the gm and n were calculated based on
the recorded experimental data. Figure 5-2 (b) presents the gm profiles for an OG-JFET with a 5
um channel length, a p-type impurity concentration of approximately ~ 4.5x10'° /cm?, a p-type
channel thickness of ~ 1.6 um, and an n-type support layer thickness of roughly ~ 450 um with a
concentration of ~ 1x10'8 /cm?. The experimental results demonstrate that the gm is maximized
when the open channel has a zero back-gate voltage. The dependence of gm to back-gate voltage

gives a unique advantage to OG-JFET to control the sensing performance such as gm and 7.
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Figure 5-3. The experimental results of the OG-JFET device efficiency (n). (a): for various Vds. (b): for various
Lo values

191



Table 5-1. Comparison of Transconductance of the OG-JFET with literature

FET Type W (um) L (um) Vgl Om (US) Standard Foundry Sens:lnr?]zArea Ref.
ZnO 50 1 51 1400 No 50 43
Graphene (solid-state) 2.7 0.31 ~1.2 1863 No 0.83 44,45
n-InAs NW 0.05 2 0.56 97.5 No 0.1 46
GaN/InAIN NR 0.06 1.75 NR No NR 47
CNT 10 15 1 50 No 15 48
Silicon NW 0.01 0.8-2 2-4 2 No 0.008-0.02 49
4H-SiC 26 NR <1 800 No NR 50
Diamond 0.5 0.5 4 34.6 No 0.25 51
MoS; 0.5 2 4 34 No 1 52
Graphene (solution gate) ~10 ~10 0.5 ~1200 No 100 53
SiINW 0.005 0.5 0.05 0.8 No 0.0025 54
SiNW 10 0.02 0.1 0.2 No 0.2 55
CMOS Planar ISFET 25 NA 6.4 <40 YES 250-500 56
CMOS Planar ISFET 2 NA <1 <1100 YES 225 57
Open-Gate JFET 5 1000 0 1700 YES ~5000 This Work

In the case of a p-OGJFET, the channel conduction decreases due to the space charge induced by
a positive back-gate voltage, which develops depletion. This channel narrowing leads to a pinch-
off effect after reaching a threshold gate voltage, known as the pinch-off voltage. Increasing the
drain-source voltage (Vds) increases gm (Figure 5-2 (b)). The analysis of device n reveals a peak
for the OG-JFET, indicating the highest efficiency point, as shown in Figure 5-3 (a and b). This
peak occurs at a back-gate voltage (Vgs) of approximately ~ 1.2 V. While the analysis of gm
suggests the highest gm at Vgs = 0 V, the study of n indicates that the device performs better at
Vgs = 1.2 V. Therefore, there is a tradeoff between achieving the highest gm and minimizing
energy consumption. As shown in Figure 5-3 (b), the sensor gm decreases rapidly when higher
back-gate voltages (> 1 V) are applied. This region coincides with the point where 7 starts to drop.
Therefore, for biosensing applications, it is recommended to operate the sensor within the linear
part of the gm diagram, which corresponds to back-gate voltages below 1 V. This voltage range
ensures that there is no sharp decrease in efficiency and gm when there are fluctuations in the back-
gate voltage. The n decreases from 4.39 V-1 to 2.38 V-1 as the channel length increases from 5 pm
to 100 pm. The maximum gm occurs when Vgs = 0 V. For the OG-JFET with an open-gate channel
length (Lo) of 5 um, the gm ranges from approximately 1200 uS to 1700 uS as the drain-source
voltage (Vds) increases from 1 V to 5 V as presented in Figure 5-3 (b).
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Figure 5-4. The numerical results of the gm and 1 of the device with Lo =5 um. (a): gm versus Vgs voltage. (b): 1
versus Vgs voltage. (c): the gm versus Vds for different Vgs. (d): The n (V-1) for different values of Vds.

FET sensor gm plays a crucial role in the performance of FET-based biosensors [1]. Experimental
analysis of the OG- JFET gm demonstrates that this sensor exhibits a highly competitive gm
compared to other reported FET sensors. To provide a comprehensive comparison, we evaluated
the OG-JFET gm alongside various available FETs, as presented in Table 5-1. Our analysis focuses
solely on solid-state FET sensors. Among the different structures considered, the OG-JFET
exhibits a gm of approximately 1700 uS, surpassing the performance of planar CMOS ISFETs and
silicon-based nanowire biosensors. Specifically, the OG-JFET device gm/W is 850 times higher
than silicon nanowire FETs, 34 times higher than carbon nanotubes, and 1.2 times higher than
ZnO-based FETs. As the gm depends on the structural geometry, we have normalized the gm of the
OG-JFET concerning the channel length. The resulting score for the OG-JFET is 340 for a channel
length of 5 um, which exceeds the values of many FET sensors listed in Table 1, including ZnO,
graphene (solution electrolyte), silicon nanowires, carbon nanotubes, planar silicon, and ZnO

nanowires [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16].
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Figure 5-5. The length (Lo) enhancement effect on the g and 1 (V™). (a): gm vs p-channel length. (b):
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The gm of a transistor-based sensor represents its ability to change the output current in response
to variations in the gate voltage. The gm can be mathematically defined as gm=(dlas)/ (dVgs), where
Igs is the drain-source current, and Vgs is the back-gate voltage. In the case of the OG-JFET, which
features a back gate, this analysis quantifies the control that the gate has over the conduction of
the channel. In addition to gm, another critical parameter for evaluating a transistor is 1, which
indicates the amount of g, achieved per unit of energy loss (dissipated energy in the device). While
higher gm is crucial for device performance in charge sensing and other applications, efficiency
should also be considered to assess the device's overall effectiveness. Simulation is performed to

estimate the device 1, taking into account the following conditions: Lo =~ 5 um (open gate length),
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Tp =~ 1.6 um (p-type channel thickness), Tn =~ 20 um (n-type support layer thickness), Np-type
=~ 4.5 x 10%%/cm? (p-type impurity doping level), Nx-type = ~ 1 x 10!® (n-type impurity doping
level), and Lsp = ~ 20 pm (source-drain length). The gn and n values are plotted based on these
parameters to analyze the device performance. According to Figure 5-4, the simulation results for
gm exhibit a similar trend to the experimental. However, at lower values of Vg (gate-source
voltage), the simulation tends to overpredict the experimental results. At higher Vs values, the
simulation and experimental data align more closely. The simulation results also exhibit a similar

trend to the experimental for n considering the calibration on Vg and out-of-plane thickness.

5.4.1. Effect of P-Channel Length (Lo)
The length of the p-channel is a crucial parameter in OG-JFET design. Its effect on the gm and
device 1 is evaluated in Figure 5-5. Increasing the channel length results in a decrease in both gm
and n. For Vgs = 0 and Vds = 8.0, the sensitivity of n to length dn/dL is calculated to be 0.0011 V-
1 of n per 1 um increment in the channel length. Simulation results indicate different sensitivity
values for the short-channel and long-channel ranges. Consequently, the sensitivity of gm and 1) is
calculated for two sets of channel lengths. The short-channel OG-JFET exhibits a higher variation
in gm and n with a decade change in channel length. For example, at Vgs = 1.0 V, the (dgm)/dL
values for the short channel and long channel are 8 x 10° A/V/um and 7.7 x 10 A/V/um,
respectively. A similar trend is observed for n at Vgs = 1.0 V in the short-channel and long-channel
regimes. The values of dn/dL for short-channel and long-channel are 0.0015 and 0.00061 V-1/um,

respectively.

5.4.2.  The Effect of P-Channel Thickness (TP)

The Tpr is another design parameter that needs to be investigated for the OG-JFET performance.
The Ids-Vgs curves of the sensor were obtained, then the gm and n were calculated according to
the equations (1) and (2). For a constant Vs, the variation of g and 1 are calculated versus Tp, as
demonstrated in Figure 5-6 (a) and (b). According to the numerical results shown in Figure 5-6,
the gm 1s more sensitive to the change of thickness in the 1.4-1.6 um range than in the 1.6-1.8 pm.
At Vgs = 1.0V, the gm is 2.721 x 10 A/V/um and 2.081 x 10~ A/V/um for 1.4-1.6 pm and 1.6-
1.8 um range respectively. The device performance in terms of 1 has also been investigated. At V

= 1.0 V, the 1 sensitivity to every 1 um change in the thickness of the channel is 36.9 V-!/um and
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9.50 V''/um for 1.4-1.6 pm and 1.6-1.8 um range respectively. The sensitivity analysis shows the
importance of accuracy in the fabrication process and the possible effects on the sensor
performance. To better understand this effect, if we consider a design value of 1.6 pm for the
channel thickness for operation in Vg = 0 V and Vg4s = 8.0 V, the 10% error/inaccuracy in the

fabrication process results in a maximum of 5.68% inaccuracy in the gm.
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Figure 5-6. Numerical results of the effect of Tp (um) on the sensors gm and 1 (a) and (b). Numerical results
of the effect of T (um) on the sensor gm and 1 (c) and (d).

5.4.3.  The Effect of N-Channel Thickness (TN)
In another attempt, the Tn was investigated to analyze its impact on the gm and n. As the numerical
simulation shown in Figure 5-6 (c) and (d), the n-type support layer thickness change does not

significantly alter the sensor targeted performance (gm, n). This minimal dependency is because
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the sensor works in reverse bias mode (positive voltage on n-type and negative voltage on p-type
in the vertical p-n junction of OG-JFET, and the depletion is controlled through the p-n junction.
In this mode (reverse bias), the n-type layer is almost ineffective in the space charge modulation
of the p-type channel since the p-n junction spatial charge occurs in a few micrometers near the
channel. The rest of this thick layer is ineffective for sensor performance. However, as the sensor
is fabricated with a p-n wafer, the support layer no longer needs to be processed to reduce its

thickness, and the sensor can be operated in this form.
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Figure 5-7. Simulation results of the effect of impurity doping (boron and phosphorus) in p-type
and n-type channels on the g and 1 performance factors. (a): effect of impurity concentration in p-
channel on the gm. (b): the effect of p-channel impurity doping level on n (The x-axis should be
multiplied by 10"). (c): effect of impurity concentration in N-channel on gm. (d): the effect of
impurity concentration in N-channel on the 1 (The x-axis should be multiplied by 10'®)

197



Nevertheless, reducing this thick layer does not significantly affect the p-type channel conduction;
therefore, it could be omitted from the design if the thickness of the sensor is not a desired
parameter for a specific application. Figures 5-6 (c¢) and (d) demonstrate the gm and 1 of OG-JFET
in the reverse bias mode of the device. With an increment of the TN from 20 um to 450 um, the
gm and n showed slight variation in this wide range. The gm and n for three different Vgs are

plotted to analyze this effect further, showing the minimal impact on the sensor performance.

5.4.4. The Effect of N-Channel and P-Channel Doping
As described above and considering Figure 5-1, the Na and Np level is another design parameter
that affects the sensor functionality since the doping in silicon affects the conductivity and, as a
result, influences the gm and 1. The p-channel plays a vital role in biosensing as this layer is
exposed to solution; as a result, its conductivity and material properties in terms of the doping level
are imperative to be investigated, as shown in Figures 5-7 (a) and (b). The NA range has been

considered between 4.5 x 10" /cm? to 6.5 x 10" /em? with a 0.5 x 10" /cm? increment.

Simulation results showed that enhancing the N increases the gm in all Vgs biases (0, 0.5, and 1
V) from ~ 2000 puS to ~ 2400 uS in the Vgs = 0 as the higher gm. The simulation showed that the
enhancement in the p-type impurity leads to a reduction in the n. The results of the gm and n
simulation versus the variation of Na and Np are shown in Figure 5-7 (a) to (e). It is shown that
changing the Np has no significant effect on the sensor gm and . For the doping change from 2 x
10" /em® to 6 x 10'® /cm? there is almost no change in the gm and n. This is an essential insight
from simulation as it shows how the electronic performance of OG-JFET can be manipulated with

impurity doping in the channels (N4 and Np).

As the sensor structure shows (see Figure 5-1 (a, b)), the OG-JFET consists of a vertical p-n
junction. The p-n junction is between two electrodes, the source/drain pad and the back-gate
electrode. The drain has been realized on the p-type channel with implantation doping of the p-
channel (~ 1.6-2 x 1015, B11+, 25 KeV), and the back-side implantation is done with P31+ and
dose of 5 x 1015 /ecm3. If the vertical p-n junction is forward-biased, we apply a positive voltage

to the drain and a negative voltage to the back gate.

The Ids-Vgs for the forward bias of the sensor are shown in Figure 5-8 (a) and (b). In the forward
bias, the p-n junction will be open after a specific threshold voltage, which opens a direct current

from the back gate to the drain, orders of magnitudes more than the regular current from the drain
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when the sensor is operating in reverse bias. The chip size is 10 mm x 10 mm; therefore, there is
a p-n junction with an area of 100 mm? and a drain size of 5 um x 1000 pm, which leads to a
considerable current directly from the back-gate to drain. Also, using COMSOL simulation, we
have shown the two working principles of OG-JFET in reverse and forward bias mode of the p-n
junction, as shown in Figures 5-8 (c) and (d). According to the COMSOL simulation shown in
Figure 5-8 (¢ and d), when the p-n junction is opened, the current will also be conducted between
the source and gate, comparable to the current between the drain and back gate. In the same voltage
difference as shown in Figure 5-8 (c, d), we have performed a joule heating simulation to
understand the thermal generation close to the drain, which is in the order of ~ 10'® W/cm? and ~
10" W/em?® (see Figure 5-8 (e) and (f)) for forward and reverse bias respectively. The research
indicates that the reverse bias would be more energy efficient for sensing applications, considering

the power consumption and the local heat generation.

120 2
0.0V +0.6V ‘B
172] R
; z Source !
3 v =) =S
Erﬁo VGS 1.0 VGS =0 | F'c Il
= E i ’
w0 < X )
2 =
20 — f Lag} . -~
= 3 .
, = Back Gate - ‘
0 02 04 06 09 10 12 14 16 18 20 Forward Bias s
Vas (V) -02V = .
(a)
C
(©) (e)
120 ) a
00 V - 06 V ”E Heat 1 W/m
7] = V
g \; - Vds==06V |},
— .
@ X . e '
z ? Vbg=+02V
[~ Back Gate = T Reverse Bias
ﬂU 01 0 0. 04 05 06 O g 09 10 + O 2 V E ) )
Vgs() B B T
(b) (@ ()

Figure 5-8. Experimental and numerical results of the OG-JFET in forward bias mode when a negative voltage is applied
to the back-gate and a positive voltage to drain. (a): The experimental results of Ids-Vds curves for forward bias operation
mode of OG-JFET. (b): The experimental results of Ids-Vgs curves for a forward-biased sensor for different Vds values.
Current density comparison of two modes of operation of OG-JFET sensor. (¢): When the p-n junction is open (forward
bias), the current flows from the back side to the drain. (d): shows the reverse bias in which the current only flows inside
the p-type channel (in ¢ and d the passivation of metals is not displayed)
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5.4.5. Simulation of Charge Sensitivity of OG-JFET for Biosensing
In this section, we explore the influence of charge in the opened gate area on hole conduction in
the OG-JFET channel. A thin layer of native oxide on the silicon surface, formed due to exposure
to ambient moisture over time, affects the conduction behavior. In ion-sensitive FET (ISFET)
sensors, the oxide layer is usually functionalized with a bioreceptor to enable specific detection of
target biomolecules in a solution. Various methods have been employed to functionalize the surface
of the dielectric layer (SiO2 or SizN4). One common approach is saline chemistry, where the oxide
surface is functionalized with a silane agent such as 3-aminopropyltriethoxysilane (APTES). The
APTES introduces a primary amine terminal group, which can react with aldehyde, carboxylic
acid, and epoxy groups in proteins and other biomolecules. Other methods for oxide
functionalization include B-cyclodextrin (B-CD) and poly-I-lysine [27]. These functionalized
layers immobilize proteins or other biomolecules that bind to the target analyte through
intermolecular interactions. The functionalization of the oxide surface with chemical binders alters
the surface potential (or surface charge density), which further changes with the attachment of a
bioreceptor protein. After immobilization, the silicon channel senses the new surface potential,
recording the binding of biomolecules on the sensor. Depending on the Debye length and ionic
strength of the solution, the sensor can detect a fraction of the surface charge of the target molecules
[25]. This charge is mirrored in the channel, leading to the manipulation of hole transport and,
consequently, variations in Ids. Since the target biomolecules may exhibit negative and positive
charges during attachment to the biorecognition element, a charge sensitivity analysis of the OG-

JFET is performed.

A uniform charge sheet model is used to consider the effects of biological charges on the open-
gate area (as shown in Figure 5-1 (a), denoted as Lo). The charge varies from -1 x 10 C.m™ to +1
x 10 C.m™ to demonstrate the sensor sensitivity to positive and negative charge variations. Figure
5-9 (a) demonstrates the COMSOL simulation results of the sensor response to charge on the
sensing area. The charge layer is considered positive and negative, reducing and enhancing the
drain-source current. Interestingly, the pattern of Ids changes to surface charge variations is almost
symmetric for the sensor positive and negative charge accumulations. However, the charge
sensitivity (Ids/AQ) for the high charge density of -1x10 to -1x10 and +1x107 to +1x107 are ~
70 pA. (C.m?) ! and ~ 60 pA. (C.m2)"!, respectively, showing more sensitivity to positive charge

variations. This insight is useful in understanding the charge fingerprint of biomolecules on OG-
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Figure 5-9. Numerical results of the response of OG-JFET to an equivalent charge sheet model of biomolecular
attachment on the open-gate area. (a): COMSOL simulation result of the surface charge variation effects on the
drain-source current for positive and negative charges. Comparison of the COMSOL semiconductor simulation
with experiment values for g,, at (b): Vds =1V and Vds =2 V and (¢): Vds =3 V and Vds =4 V. (d): the
electrical potential for surface charge values of Q = +1x10* C/m? and Q = -1x10"* C/m?. (¢): the contour is for the
hole doping concertation in the p-type and n-type channel when Lo is 10 um, representing the place of the A-A
line on which the electrical potential in (d) is calculated.

JFET. To further understand the charge sensing mechanism of OG-JFET, we have calculated the
electrical potential of the p-type channel 0.8 pm under the outermost silicon layer in the open-gate

area for charge densities of +1x10* C.m2 and -1x10* C.m™. Figure 5-9 (d, e) demonstrates the
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electrical potential in line A-A. As can be seen, the effect of charge density variation on the open-

gate area is evident for two values of surface charge.

5.4.6. Simulation Assumptions and Comparison with Experiment
We have used COMSOL software to simulate the sensor. Since 2D modeling is performed in a
discretized finite-element domain with simplified models, the simulation-experiment mismatch
error (SEME) analysis is necessary compared to the experiment. The comparison with the
investigation is presented in this section. To compare the simulation and experimentation, we have
calculated the gm for a sensor with Lo = 5 um. Figures 5-9 (b) and (¢) compare gm-Vgs for two
sets of Vds values. We have different SEME values at different Vgs values; however, at the middle
of the spectrum (0 < Vgs < 1), the SEMEs are minimum, making it a reliable region for the design,
especially for higher Vds values. There are various reasons for the SEME. The impurity doping
concentration in the channels (in fabrication) is not the same as the profile that COMSOL assumes,
affecting the channel conductivity. During the channel development, the implantation and the dose
of impurities are not controlled as the values used in the simplified simulation model. As the sensor
is not isolated from the rest of the p-type channel throughout the die, there might be current
leakage, which is impossible for the current COMSOL model to predict, considering the isolation
boundary condition we applied. However, we have considered an isolation boundary condition for
those parts. To reduce the errors and compensate for the unknown experimental erroneous
parameters, we have used an effective voltage (as fitting parameters) for the back-gate, which
follows the experiment as Vgs (effective) = A x Vgs (experiment) + B that is driven with Ids-Vgs

curves comparison of simulation and the Ids-Vgs of the investigation.

This correction is applied to the experimentally related portion of the back-gate voltage in the
COMSOL (Veq) ohmic contact model that depends on the interface at the metal-semiconductor in
the back-gate metallization in the real device. The values used in the current simulation are A= 6.2
and B = 0.092 (fitting parameters). It appears that correction on the back gate significantly impacts
the channel conduction. Defining experimentally driven constants in the modeling (fitting
parameters) is a method that has been used in literature for more accurate predictions of sensor
output [58], [59] (using a gate voltage [60]). COMSOL has been used to simulate FET-based

biosensors, which showed SEME compared to experimental data, mainly due to the nonidealities
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in the experimentation and fabrication [58]. However, more complex calibration is required to

fully capture the experimentation in all bias conditions, which opens avenues for future work.

The simulation utilized semiconductor device equations with parabolic energy bands to model
charge carriers’ energy as a function of momentum, valid near band edges. It assumed thermal
equilibrium, equating charge carriers’ temperature with the semiconductor lattice. A 2D mesh
discretized the OG-JFET sensor’s geometry for numerical analysis, solving Maxwell’s equations,
Boltzmann transport theory, and Neumann boundary conditions numerically [61]. Maxwell’s
equations govern electric and magnetic field propagation, while Boltzmann's transport theory
calculates charge carrier movement. Neumann boundary conditions ensure no electric flux crosses
boundaries. The SRH model was included to simulate trap-assisted recombination, affecting
current flow [61]. The OG-JFET structure was modeled with three ohmic contacts at the source,
drain, back gate, and an insulated gate area. The Veq in the Ohmic contact model of COMSOL,
which includes many material-dependent variables [61], was used as one of the calibration
parameters. This might be associated with a non-ideal shared back gate metallization on a large
area on the back side of the OG-JFET die. The p-n junction was represented using the
continuity/heterojunction model, ensuring smooth quasi-Fermi level transitions. Meshing involved
structured meshes for the p-type channel and unstructured meshes for the n-type channel, aiding

complex geometry accommodation.

5.5. Discussion
This paper explains the performance of OG-JFET as a low-voltage (< 0.5 V), high gm (~ 1700
uS), and gm/Ids of ~ 4.5-5 V! through experimental analysis. Low voltage operation is essential
in biosensing while producing high gm for inherent signal amplification upon receiving signal
input from a biological phenomenon on top of the sensor. So far, other silicon-based platforms,
such as silicon nanowires and silicon nanoribbons, have been introduced, showing perfect sensing
properties for biosensing. However, the complex fabrication process for realizing this sensor does

not make them potential volunteers for PoC applications.

Furthermore, as the silicon dioxide is removed from the open-gate area of JFET, there is a lower
ion-trapped noise, which leads to higher stability, drift =3 pA/hours [29], and hysteresis ~ 16 mV,
which are competitive amongst the other oxide-deposited gates such as silicon nanowire-based

ISFETs [62]. The OG-JFET offers a comprehensive and easily accessible sensing area, making it
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desirable for biosensing. The sensor has an optimum operation point in terms of efficiency (~ 1.2
V) while showing the maximum g at zero voltage as it is a normally ON transistor and can be
pinched off with a back-gate. Therefore, there is a tradeoff between efficiency and the gm for this
sensor as it demonstrates higher gm at lower voltages (< 0.1 V). The gm and n are device-
dependent parameters that can be used as figures of merits for design. Here, we have shown how
the geometrical parameters affect the sensor response, giving future designers insights into this
standard multi-user technology. This paper reveals the low dependency of sensor performance on
the n-type silicon support layer thickness and doping level. However, it is shown that the most
critical parameters that significantly affect sensor operation are the p-channel length, thickness,

and doping levels.

Hence, following this guideline, the designer may consider the impact of N-channel thickness and
doping level negligible (with variations on the order of ~10 nA when changed from 5 pm to 450
um). This suggests that during OG-JFET manufacturing, less emphasis can be placed on the
thickness and doping of the n-channel if it conflicts with reducing the sensor's overall cost.
However, it is essential to consider such variations for highly sensitive applications such as DNA
hybridization. Furthermore, we have identified a new voltage parameter, the maximum efficiency
voltage, which can serve as a valuable figure of merit for comparing different OG-JFET designs.
This voltage peak indicates the optimal operating point. Additionally, it is observed that larger
sensing areas contribute to both a decrease in gm and n; therefore, keeping the Lo (length of the

open-gate area) as low as possible to achieve higher charge sensitivity is recommended.

To ascertain the electronic properties of the device, such as gain, device efficiency, and other
parameters, one must obtain the device’s transfer characteristics. For this purpose, we utilized a
probe station and a semiconductor analyzer, as depicted in Figure 5-10. The device was centrally
positioned on the semiconductor chuck, and probes were connected to the source and drain pads.
To establish a connection with the back gate of the sensor for measurement, we employed the
chuck’s surface, placing a probe upon it to complete the circuit. The probe station chuck ensures a
constant temperature and humidity when testing the device inside the shielded environment of the
probe station, as shown in Figure 5-10. An optical microscopy is used to see the device inside the
probe station’s chuck, as shown in Fig. 5-10. It also creates a dark area, preventing the light from

entering. The experimental setup is provided, as shown in Figure 5-10.
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In this study, we have explored the performance and parametric design of the open-gate junction
field-effect transistor (OG-JFET) imperative for design of bio/chemical sensing applications using
this technology. While our findings lay a foundation for the OG-JFET’s charge sensing capabilities
and performance-oriented design, we acknowledge the importance of further investigations into
environmental controls (e.g., temperature, humidity, light), long-term stability in biological
samples (. e.g., drift and hysteresis when exposed to biomolecules), and sensitivity to biological
samples. These factors are critical for the practical application of biosensors and represent
important directions for future research. Additionally, the scalability and integration of the OG-
JFET into larger systems (such as microfluidics microfabrication processes and CMOS
technology), its cost-effectiveness, and its specificity and cross-sensitivity to various biomolecules
are essential considerations for ensuring the technology’s applicability and utility in PoC real-
world scenarios. The integration of OG-JFET with CMOS will significantly reduce the overall cost
of the sensor and impact its utilization in next-generation PoC devices [63], [64]. An in-depth cost

analysis is required to predict such an integrated device [1], [65].

Semiconductor

Analyzer

Figure 5-10. The experimental setup was used to characterize the sensor’s electronic transfer characteristics to
calculate transconductance (gm) and device efficiency.

Moreover, the reproducibility and consistency of the fabrication process and the device’s
performance across multiple batches are paramount for the advancement of the OG-JFET
technology [63], [64]. This needs to be performed for devices after fabrication, and the yield of
fabrication run must be calculated by evaluating a known performance metric. Our initial study

provides a foundational understanding of the OG-JFET’s performance characteristics and charge
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sensitivity through a parametric design strategy. Yet, a comprehensive exploration of these factors
is necessary with experimentation with biomolecules and surface modification chemistries applied
to other silicon-based FET biosensors [66]. While here the charge sensing capability of the sensor
is simulated, future works will aim to validate the OG-JFET’s potential as a promising platform
for bio/chemical sensing applications using biomolecular assays such as antigen-antibody, DNA,
RNA, and cells, addressing the broader considerations that will enable its widespread adoption in
the field. The existence of dielectric like SiO> and Si3N4 in the structure of the sensing area
promises different surface chemistry applied to another FET-based biosensor to adapt DNA
proteins and cells; the sensing area promises different surface chemistry applied to another FET-

based biosensor to adapt it for DNA, proteins, cell, and enzyme sensing.

S.6. Conclusion
This paper discusses OG-JFET as a high transconductance and low voltage transistor dedicated to
bio/chemical sensing, promising a new foundry-based silicon biosensing platform. Here, we have
experimentally probed OG-JFETs with 5 pm, 10 um, 50 um, and 100 um to derive their gm and 1.
A high transconductance of ~ 1700 pS and n of ~ 4.5 V! can be achieved at Vo = 0 and ~ Vs =
1.2 V, respectively, outperforming many existing FET sensors for biosensing and other
applications. We have developed a parametric design approach for OG-JFET, a promising mass-
producible platform that CMC Microsystem offers. The simulation outcomes predict the transfer
characteristics of OG-JFET and its performance. Simulation has been used to explain the charge
sensitivity of OG-JFET, which further describes how the sensor responds to positive and negative
charges due to biomolecules in the Lo region. Two OG-JFET operation modes are discussed using
simulation and experiments, and the reverse bias mode is considered the best mode for biosensing.
Furthermore, this paper presents design strategies and models for predicting gm and n, which are
essential performance metrics for OG-JFET. These design strategies and models can serve as

valuable references for future designs of this standard technology.
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This chapter discusses how the OG-JFET's structural advantages position this technology as a
promising candidate for DNA data storage applications, particularly when integrated with novel
on-chip DNA storage devices as the sensing element. We demonstrated how the open gate on top
and a back gate can be utilized for DNA detection on the chip. Additionally, we explore the
potential of the OG-JFET as a sensing element in integrated DNA chips, emphasizing its suitability

for these advanced applications.
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6.1. Abstract
This paper presents a novel open gate junction field effect transistor (OG-JFET) based sensor that
can be used for various life science applications, including Deoxyribonucleic Acid (DNA) storage
monitoring. We put forward the design, modeling, implementation, and characterization of the
OG-JFET sensor using a foundry process through CMC Microsystems. We also demonstrate and
discuss the functionality and applicability of the proposed sensor for monitoring DNA samples
that are suitable for DNA storage applications. Synthetic storage has emerged as an intriguing data
storage solution with high density and long-term preservation potential. Most common modalities
include converting digital data into synthesized nucleotides, physically storing DNA materials, and
reading out data via sequencing and other computational processes. Among these, this paper
tackles the challenge of physical storage monitoring of DNA materials by developing a sensor for
measurement of DNA samples in dry conditions. The proposed sensor reveals a linear sensor

? sensing area, a DNA

response towards DNA concentration in ultra-pure water. Across a 0.7 mm
mass concentration from approximately 100 ng/uL to 400 ng/ul has been detected using the OG-
JFET, demonstrating a sensitivity of 30 pA/(ng/ul). These performance quantities imply a
promising role for OG-JFETs in emerging biotechnology applications, including DNA storage

monitoring.

Index Terms— Field Effect Transistor (FET), biosensor, DNA sensor, DNA storage, ISFET,
BioFET

6.2. Introduction
With the rapid growth of the amount of digital data, a huge global demand has emerged for data
storage that has motivated cutting-edge research for new technologies for super high-capacity
memories. According to studies by the International Data Corporation, worldwide data storage will
grow to 175 zettabytes by 2025 [1]. At least for long-term storage needs, available technologies
such as magnetic hard disk drives and solid-state drives will not be able to meet the need and
provide enough storage capacities to store the data produced worldwide soon. Moreover, the data
being stored in these media are sometimes subject to being unrecoverable in the long term due to
obsolescence and corruption [2]. Additionally, the current data storage devices have short life spans
lower than seven years [3]. Therefore, there is a growing interest in developing alternative storage

media.
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Novel strategies such as quantum-dot-encoded silica nanospheres [4], wavelength-encoded laser
particles [5], color-barcoded magnetic microparticles [6], and DNA [6], [7], have recently been
proposed for encoding and storing data in new storage media at the molecular or atomic level.
Among these new storage media, DNA has emerged as a promising material due to its immense

storage density and its longevity.

DNA can be used to store a significant amount of data in an astonishingly small footprint 215
petabytes in a gram, [8], for thousands of years. The superiority of DNA for storing digital data
has recently attracted the attention of major tech companies, such as Amazon, Google, Facebook,
Apple, and Microsoft, which are now investing in this approach. As an example, the global
software giant Microsoft is developing a proto-commercial DNA-based storage device with the
intended size of a commercial Xerox copier for pilot exploitation in one of its data centers [9]. The
workflow of the DNA storage system includes: 1) encoding the binary digital file to the sequence
of four DNA bases of adenine (A), guanine (G), cytosine (C) and thymine (T), ii) synthesis of the
related information DNA (iDNA); and iii) organizing and storing the products using a reliable
physical storage system with the capability of random access to the desired sequences [9]. In order
to read the information, the stored DNA oligonucleotides are read using a sequencer and this is
followed by decoding to obtain the initial binary codes. The synthesis and sequencing processes
act similarly to writing, and the abovementioned challenge is a digital-microfluidic (DMF)
platform reported by Newman et al. on tasks in conventional digital data memories [10]. Many
challenges have limited the applicability of DNA storage systems [11]. These challenges include
costly synthesis and sequencing steps, long turn-around time, high rate of errors and absence of
efficient storage systems for long-term preservation and storage of DNA. One of the notable
solutions to address the abovementioned challenge is a digital-microfluidic (DMF) platform

reported by Newman et al [12]. As described in the Adhikari

et al., [13], a micropipette is used to drop iDNA on DMF. The dehydration of the DNA resulted in
the deposition of iDNA on the specific spot in the DMF system. Another droplet of ultrapure water
can be introduced using a micropipette to hydrate the same DNA sample. Improper physical
storage of the DNA may result in its loss, as well as increased risk of contamination in the storage
device, the outcome of both consequences is the loss of information [14]. It is certainly an

imperative need in any DNA-based storage system to develop sensors that integrate with the
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storage and digital microfluidic parts to sense the DNA mass continuously both in the process of

storing and retrieval.

Chemical solution

Figure 6-1. Schematic of OG-FET sensor showing the main material composition of the sensor. The sensing layer
of OG-JFET is the p-type silicon between two electrodes of the source and drain. The open-gate area is covered
with the native oxide layer that usually appears when silicon is exposed to air.

6.3. Background

There has been concentrated research on biochemical sensors that are important elements for a
wide range of applications from disease diagnostics to environmental monitoring [15], [16]-[18],
[18]-[20]. Amongst the diverse set of chemical sensors described in the literature, field-effect
transistors (FET) have received significant interest due to their unique sensing capabilities such as
high sensitivity, label-free detection mechanism, cost-effective (e.g., Complementary Metal Oxide
Semiconductor (CMOS) based ion-sensitive field-effect transistors (ISFETs)) and seamless
integration capabilities with lab-on-a-chip devices that promise their application in next-generation
handheld personalized medicine devices [21], [22]. The integration capability of these sensors
enables smart measurement integrated systems empowering efficient fluidic implementation for
remote sensing and hand-held devices [23], [24]. Biological FET (BioFET) sensors are made
through modification of ISFET sensors with biorecognition elements which gives rise to different
biosensing mechanisms and associated measurement technique [25], [26]. In the last decade, one
of the most researched BioFETs are Gene-FETs (DNA detection-based FETs), in which DNA
molecules are used as biorecognition elements for the detection of specific genes based on the

charge fingerprint of the DNA molecules.
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Table 6-1. Recent biosensors based on field-effect transistor

Sensor type Channel material | Control Gate Application Advantage Disadvantage
. . - Cardiac Gold sensing
Au-SiO2-Semi (MOS), [27] Poly-silicon SG, Ag/AgClI Troponin-1 (cTnl) substrate NLR
. . . Metal sensing layer,
Bg?u-8|02-8em| (MOS), p-type silicon EG, Ag/AgCI pH Sensing easier Need for SRE
functionalization
- s MP,
LDM, [29] molybdenum SG (Ag/AGCI) DNA HD High sensitivity and | oo ability,
disulfide/graphene small size -
stability
— . High sensitivity, MP, Need for
LDM, [30] Ni/Cu-MOFs SG (Ag/AgCl) glucose sensing good stability SRE
OFET, [31] BFPA BG Liver Cancer Low cost, fast MP, stability
iagnosis response time
SINW FET, [32] N+ poly silicon Side Gate Immunosensor kit High sensitivity Need for SRE
. } - Cancer tumor Minimizing Debye .
SiNW FET, [33] p-type silicon DG markers detection length effect High voltage
SiNW FET, [34] n-type In203 SG (Ag/AgCl) DNA HD High sensitivity Need for SRE
Linear response, Need for bulky
LDM, [35] Graphene SG (Ag/ACI) DNA HD High Sensitivity SRE
. . High sensitivity, Need for bulky
LDM, [36] Carbon Nanotube SG (Ag/ACI) Disease biomarkers stable, scalable SRE
- Scalable, CMOS- Need for bulky
CMOS-based FET, [37] p-type Silicon SG (Ag/ACI) DNA HD based, stability SRE, high noise
. - Dried-DNA Scalable, linearity, No need for
JFET (This work) p-type silicon BG detection stability RE, LR

* MOS: Metal Oxide Semiconductor; BFPA: 2,6-bis(4-formylphenyl)- anthracene; SINW: Silicon nanowire; SRE: solution reference electrode;
SG: solution gate; DG: double-gate; JFET: junction field-effect transistor; MP: mass production; Semi: Semiconductor; BG: Back-gate; HD:
hybridization detection; NLR: non-linear response; LR: linear response; LDM: Low Dimension Materials; OFET: Organic FET.

Mostly, the DNA detection with FET-based sensors was conducted for DNA hybridization and
sequencing purposes. Although much progress has been made, dry DNA detection for its mass
density analysis has not been reported with FET sensors. Nevertheless, in this paper, we address
this challenge by monitoring various concentrations of negatively charged single-stranded DNAs
(ssDNAs) deposited on the surface of an FET chip using the dehydration method previously
reported [12],[13]. The motivation for such analysis comes from the requirement in DNA storage
devices for DNA mass monitoring over time in a specific spot. This is to assure the existence of
uncontaminated DNA at a specific storage location or, during the retrieval process, guarantee the
complete removal of DNA from the storage location to access the stored data. Table 1 compares
the most recent FET biosensors dedicated to detecting biomolecules. While there are various FET
sensors in the literature, Table 1 provides an example of each category for a better comparison of
OG-JFET with the previous works [27]-[37]. Almost all the works dedicated to DNA sensing have
detected DNA hybridization; however, to the best of our knowledge, the current work, for the first

time, uses a FET sensor for dried-DNA sensing.
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In this paper, we are introducing a new FET technology which is based on the junction field effect
transistor (JFET) sensing mechanism for the application of DNA mass measurement. The sensor
works based on a back-gate structure with a comparatively direct large sensing area (without the
need for gate extension). This is done to avoid using bulky reference electrodes in a solution
containing DNA, as this would affect the integration of the sensor with DNA storage digital
microfluidic devices. Relying on a back-gate structure opens the top area for integration with
microfluidic channels for both droplets and continues microfluidic integrations; however, (see
Table 1) many FET biosensors use bulky reference electrodes, which is a big challenge in the
integration process. Such integration is an essential element for high throughput DNA storage
devices with integrated sensing elements to analyze the DNA mass throughout the storage

processes [12].

For the first time, dried DNA was detected with a field-effect transistor with high sensitivity that
is applicable in DNA mass monitoring for DNA storage applications. The back-gate structure
makes monitoring biomaterials in dry mode possible, which can be extended to other sensing

applications for biomolecules in dry mode or as a gas sensor.

The sensor can be operated at a very low back-gate voltage (<0.5 V), demonstrating its potential
as a sensing element for hand-held point-of-care diagnostic devices. Furthermore, the sensor
response to sSDNA concentration is linear, which is very important in the circuit modeling and
design for this sensor integration with the digital microfluidic DNA-storage platform [12]The
sensor is modeled with COMSOL Multiphysics, which predicts the same experiment pattern,

validating the sensing mechanism for dried ssDNA concentration.

6.4. Proposed Sensing Mechanism

6.4.1. OG-JFET Working Principle
The OG-JFET sensor consists of a vertical p-n junction in which a very thin (sensing) layer of p-
type silicon (1.6 um) is grown on top of a very thick (450 um) layer of n-type silicon. A metal
back gate is deposited on a highly doped (> 10'”/cm?) silicon on the back side of the wafer that
altogether brings a JFET sensor with a sensitive p-type layer (demonstrated in Fig. 6-1). Compared
with a standard JFET structure, the OG-JFET is a new variant with the subtle difference that the
traditional n-type top gate on top is absent. Hence, the OG-JFET presents an opening for a solution

or introduction of biological material to serve as the gate material. The total area of the
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2, in which a total sensing area of

experimental chip used in this report is around 10x10 mm
approximately 0.7 mm?2 is developed. This design characteristic of OG-JFET would allow more
room for an enormous gate on top, which is a distinct advantage of OG-JFET structure compared
to other FET structures. When a solution or any charged group of molecules (in this work, ssDNA
molecules) is brought in contact with the p-type layer in the sensing area (here single-strand DNA
molecules), the charged outer layer of native oxide (SiO2) will interact with the biomolecules.
Consequently, this interaction creates a charge-induced electrical field in the double-layer
capacitance that affects the conductance of electrons/holes in the p-type layer. In our experiments

with ssDNA, the DNA molecules create a thin layer of negative charge on top of the sensor due to

ssDNA molecules having a total negative charge.

6.4.2. Design of OG-JFET Sensor

The OG-JFET sensor fabrication is based on a new standard mass-producible microfabrication
process offered by CMC Microsystems (Montreal, Canada). The design consists of seven open-
gate channels with dimensions of 100 pm % 1000 pm (WXL). There is a pitch of 40 um for channels

with the common source to extend the sensing gate.

Figure 6-2. Schematic of the fabricated OG-JFET sensor used for testing the dry DNA. The sensing area is shown
as the drain/source arrangements. The design consists of seven drains with one common source. Drain 1 has been
used in this report to measure the mass DNA concentration.

Source and drains with a width of 20 um are considered for each channel. All the sources are
connected to a common pad as the common source. Therefore, the sensor works based on a

common source and seven drains. The drains are not connected; only one has been used in this
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experiment. All channels have a 1.6 pm depth underneath (the thickness of the p-type layer). The
p-type layer is grown on a 450 um n-type layer, which forms a p-n junction. Drains and source are
connected to pads with area of 1700 um x 1700 um that were designed with a pitch of 200 um
while a 200 pm distance from both end sides of the chip is set for the design. The minimum
surround for the opened gate is considered 10 um, which is the stacked layer of Si3N4/SiO2 on the
silicon (p-type). The total sensing area is 0.7 mm?, large enough to accommodate all the DNA

samples in the 2 pL droplet.
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Figure 6-3. Microfabrication process for building OG-JFET sensor. (a) Substrate wafer (Silicon <100>, 100 mm
diameter, - 420 +/- 25 um thick, Resistivity 0.006 to 0.02 Ohm-cm); (b) Alignment marker definition (first mask);
(c) PECVD SiO; deposition; (d) SiO; etching to Si layer. (second mask); (¢) Front and back-side ion implantation;
(f) implantation annealing; (g) front and back side metallization and annealing; (h) PECVD Si3N4 deposition
(passivation layer); (i) Pad and channel opening.
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6.4.3. Fabrication
The main OG-JFET sensor fabrication steps are shown in Fig. 6-3. According to this process, a 1.6
um thick p-type silicon layer has been epitaxially grown on a 450 pm n-type layer with the
conduction doping of 1x10'® cm™ and 5x10'° cm™ respectively (Semiconductor Wafer Inc.) using
standard very large scale of integration (VLSI) processes at Institut interdisciplinaire d'innovation
technologique (31T) at Université de Sherbrooke. To create pad contacts on the epitaxial channel,
ion implantation is performed, followed by the lithographic patterning of aluminum as a routing.
The pads are passivated by a 500-nm layer of Si3N4. The layout of the sensor was firstly designed
in L-Edit software, and then the files were submitted for fabrication at Institut interdisciplinaire
d'innovation technologique (3IT), Universit¢ de Sherbrooke, through the Electronic Sensor

Platform technology offered by CMC Microsystems.

The fabrication process begins with alignment marker patterning on a silicon wafer with an
orientation of <100> and 100 mm diameter, which has approximately 420 um +/- 25 um thickness
with a resistivity of 0.006 to 0.02 Ohm-cm (see Fig. 6-3). This step is followed by PECVD
deposition of 200 nm +/- 25 of SiO; on the sensor top silicon later. After the deposition of SiO, a
layer of photoresist was deposited, followed by an etching process to open the space for
implantation, which is required for metallization and for making silicon ready for drain and source
contact. Before metallization was continued, back and front annealing was conducted, which
promotes consolidated metallization. Afterward, all the front area was encapsulated using 500-nm
thick Si3N4. The final stage of fabrication opened the gate area and contact pads, as shown in Fig.
6-3. For future integration of the microfluidic chip, some metal plus signs is created on the sensor

shown in Figure 6-2.

Back Gate

Figure 6-4. The sensor surface was clean and non-chemically treated before testing with DNA samples.
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6.4.4. DNA Preparation
In this work, ssDNA (Sigma-Aldrich Company) at a concentration of 10.0 = 1.0 mg DNA in 1 mL
of ultra-pure water (Sigma-Aldrich) was used. This ssDNA solution was diluted to obtain

concentrations of 101 ng/uL,180 ng/uL, 270 ng/uL, 301 ng/puL and 370 ng/uL.

6.5. Modeling and Simulation
A multiphysics simulation was performed using COMSOL Multiphysics software to validate the
sensor response in experiments. The semiconductor device was simulated using the Semiconductor
Module of COMSOL based on the Finite Element Method (FEM). DNA molecules on top of the
open-gate area would create a negative charge accumulation (in dry conditions), which affects the
positive charges of hole transport inside the p-type channel. For this purpose, a 2D model of the
OG-JFET has been simulated with specific boundary conditions applied on the outer faces of the
sensor. The simulated sensor consists of seven conductive channels with the dimensions provided
in Section 2. In the simulations, the common source pad is considered, and the fabricated chip is

modeled with the same geometry (as shown in Fig. 6-2).

The FEM method was used in a meshed domain to solve Maxwell’s equations, Boltzmann
transport theory, and Neumann boundary conditions with the defined boundary conditions. To
solve the equations, meshing was required to determine the place of required nodes for calculation.
The meshing was performed to have minimum and maximum sizes of 0.01 pm and 0.1 pum,
respectively. The p-type layer includes a structured mesh, and the n-type layer has an unstructured
mesh for better convergence. An “ohmic contact” was used to model the drain, source, and back-
gate contacts. The remaining faces are all “insulated,” meaning there is no charge transfer into /out

of these faces.

Fig. 6-4 shows the physical cross-section of OG-JFET, simulated with the parameters. The exact
charge density for the DNA molecules in the open gate area is unknown. For this reason, an
estimation of the molecule charge has been used in the simulation to approximate the tendency to
draw negative inversion charges on top of the sensing channel and verify the sensor response's

correctness. DNA molecules are solved in ultra-pure water; therefore, the only surface contribution

1 Section 6.7.3
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is from the DNA and water molecules. DNA molecules can align themselves with SiO» surfaces
in different shapes; however, for simulation and understanding the sensor response trend to the
existence of DNA, we have assumed that DNA molecules are aligned vertically and cover the
sensing area equally. The DNA molecules have a negative charge on their surface, which arises
mainly from the negative charge of phosphate on the Adenine (A), Thiamine (T), Guanine (G),
and Cytosine (C) subunits of the DNA. The basis for our charge calculation assumption considers
the DNA negative charge (e) per base spacing of about 0.34 nm and the reported DNA surface
packing density (number/cm?) of about 10'%/cm? [38]. Taking this value for packing density and
the total sensing area of OG-JFET, the charge accumulation calculated for DNA in our simulation
would be 0.001086 C/m2. The value used here is based on the packing density assumption [38],
which enables us to have an estimation of the negative charge of DNA when it is put on the surface.
Also, we have assumed that only one single negative charge of DNA participates in the charging
effect; therefore, the calculated charge value is based on that assumption. Understanding the exact
pattern of DNA distribution on the surface of the p-type channel is very difficult. Therefore, we
have applied the abovementioned assumptions to evaluate the effect of the negative charge on the
response of the OG-JFET sensor. The modeling helps us to grasp the sensor incremental trend in
response to DNA concentration. Adding more DNA to ultrapure water seems to increase the

density of the negative charge on the sensor, resulting in a linear curve of Ids-DNA.

Figure 6-5. Schematic of OG-FET sensor showing the main material composition of sensor.
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6.6. Measurements
All the measurements were conducted using a Semiconductor analyzer device (Keithley 4200A -
SCS Parameter Analyzer) connected to a probe station frequently used for semiconductor
characterization and measurements [39]—[41]. As shown in Fig. 6-5, the sensor is connected to the
semiconductor analyzer through 3 needles, which connect the source, drain, and back gate of the
sensor to the analyzer input cables. The measurements were done by biasing the sensor in reversed
mode (positive voltage to n-type and negative to p-type). As the measurement system shows, the
device has been tested in a prob station (TS200-SE, MPI Corporation) cage with complete darkness
to avoid the photo-current noises because of light on the conduction in the channel. The transfer
characteristics of the sensor recorded were Ids-Vds and Ids-Vgs curves, which are essential for
sensor sensitivity analysis in the post-processing stage. To acquire a sensor response, the back gate
was increased stepwise, and a sweep voltage was assigned to the drain voltage. The DNA samples
were put on top of the sensor’s sensing area by adding a 2 pL droplet with a pipette, as shown in

Fig. 6-5.

6.7. Results

6.7.1.  Sensor transfer characteristics
The sensor has been characterized to obtain its I-V curves, which include the Ids-Vds and Ids-Vgs
curves. The I-V curves will assess the sensor sensitivity towards the DNA mass concentration in
dry mode. To obtain the transfer characteristics of the sensor, a positive voltage was applied to the
back gate by increasing from 0 to 2 volts stepwise by 0.2 volts. Also, a negative voltage was applied
to the drain with a sweep of 0-10 volts. The applied voltage operated the sensor in reverse-biased
mode, which assures that the p-n junction was off during the experiments. By doing so, we make
sure that there is no current from the back gate and that only the electrons flow from the source to
drain in the p-type channel. The Ids-Vds and Ids-Vgs curves of the OG-JFET in the dry condition
are shown in Fig. 6-6, which exhibits that OG-JFET current decreases when the back gate applies
positive voltage and manipulates the space charge in the main channel. The channel is almost
blocked for Vgs of 1.4 V, and the maximum drain-source current for OG-JFET is around 0.65 mA

for this design in reverse bias mode.

Fig. 6-6 shows the general I-V curve of OG-JFET in which a pinch off voltage of around 1.75 V

can be considered for the highest current in Vgs = 0 V. The current in the designed sensor does not
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saturate, as we can see a slope in the Ids-Vds curve, which confirms that we still have carrier
conduction from source to drain. The channel conduction decreases very fast as the voltage
changes from 0 to 1 V as the current in the channel is close to zero at high back gate voltages (e.g.

1 V). The sensor has been tested over a wide voltage range (0 to 10 V).
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Figure 6-6. Ids-Vgs and Ids-Vds curves of OG-JFET with no sample.

The Ids-Vgs curves show the change in the conduction of charge carriers in the channel and its
sensitivity to the back-gate voltage. Previously it was discussed that the back gate is used for
assessing the sensitivity analysis which generally the change in the threshold voltage is being used
as the figure-of-merit for design optimization or sensitivity analysis in biosensing applications.
The Ids-Vgs curves show that at around 1.8 V the current is blocked, and the space charge has

pushed the channel to get pinched off.
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6.7.2.  Sensor Response to Dry DNA
After preparing the DNA solutions in ultra-pure water, the samples were put on top of the sensing
area of the OG-JFET, as shown in Fig. 6-5. A 2 uL droplet of DNA solution was added atop the
OG-JFET via pipette and then allowed to evaporate at room temperature for 10 minutes. The
results of this vaporization are a layer of air-dried DNA molecules covering the sensing area. The
sensing area is approximately 0.7 mm?, which is a substantially large space for accommodating
the 2 uL droplet of DNA. The DNA creates a negative charge, increasing the current when more
DNA concentration is placed. Fig. 6-7 shows the sensor Ids-Vds curve towards different

concentrations of DNA.
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Figure 6-7. OG-JFET sensor response to different concentrations of DNA solvated in ultra-pure water. The droplet
of DNA in ultrapure water has been put on top of the sensing area. The curves result from the sensor response to
the dried DNA in the solution.

Fig. 6-8 demonstrates the output current of the OG-JFET sensor when it is exposed to varying
concentrations of dried DNA on its surface. First, the dry sensor is tested, and then an ultrapure
water (PW) droplet is added. Then, the surface is allowed to be dried completely before other DNA
concentrations are measured on the sensor. The concentrations were 101 ng/ulL, 180 ng/uL, 270
ng/ulL, 301 ng/ul, and 370 gn/uL in ultrapure water. As shown, an almost linear response to DNA
concentration in dry mode. The sensor output current changed from 0.714 mA to 0.821 mA when
the DNA concentration changed from 101 ng/ul to 370 ng/uL. The sensor sensitivity to the DNA
has been calculated to be 30 pA/(ng/uL) of ssDNA. This sensitivity is produced with a linear fit
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to the linear part of the DNA concentrations. The sensor current changes with the DNA

concentration according to the following formula:
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Figure 6-8. The effect of the washing process on the sensor response.
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Figure 6-9. Sensitivity analysis of OG-JFET to dry DNA. Sensor response to different DNA concentrations in dry
mode.
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In formula (1), the Cpna unit is ng/uL. Equation (1) is essentially the OG-JFET sensor's response
to the dried DNA concentration. The data shown in Fig. 6-8 Is driven from the Ids-Vds curves of
OG-JFET in different DNA concentrations in dry mode. After 10 minutes, the Ids-Vds curves were
collected, and the output current was recorded at Vds = 10 V and Vgs = 0. Fig. 6-8 demonstrates
that the OG-JFET can be used for monitoring the mass of ssDNA in a specific location in the
integrated DNA storage devices. Although the integration of OG-JFET has not been performed,
the results show that the sensor provides a sensitivity of 30 pA/(ng/uL) for monitoring the DNA
mass storage. Each point in Fig. 6-8 is the result of the average of 5 independent experiments. The
error bars are calculated based on the minimum average deviation. DNA molecules could arrange
themselves in various ways, which affects the response of the sensor. The surface of the sensing
layer is native silicon oxide, which affects the distribution of DNA molecules in the proximity of
surface bonds. For this reason, the sensor was tested several times to obtain an average measure

for each concentration.

Another important experiment for showing the usefulness of the sensor to be used for DNA storage
applications is to demonstrate the effectiveness of the DNA retrieval process. Because it is needed
to store the DNA in a known location and leave it for future needs to retrieve the stored data. To
access the information, it is required to sequence the stored DNA, therefore it is needed to solve
the dried DNA in a droplet and move it to the sequencer location. This process needs a droplet to
remove the DNAs from the surface first and then move it to a new position. To show if the retrieval
process is effective and the sensor response, after testing, it was washed with ultrapure water 10
times, and a subsequent DNA concentration was tested. The effectiveness of the retrieval process
is shown in Fig. 6-9. After each washing by pipetting ultrapure water, the sensor response was
recorded to determine if we can manage the retrieval process by only monitoring the sensor
response when the DNA exists on the sensor. The washing was done with ultra-pure water and
rapid pipetting of that on the sensing area (Fig. 6-5). The results shown in Fig. 6-9 are the average
of 10 times of washing with a pipette. After finalizing this process, the next concentration is used,
and the process is continued. From the molecular perspective, using OG-JFET helps to characterize
the storage surfaces on which the DNA molecules are stored (here, SiO2), which makes the
retrieval process more efficient. It also provides a quantitative method to find the best condition

for DNA storage and more efficient retrieval.
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6.7.3.  Simulation results
The sensor response to DNA can be modeled with an accumulation of negative charge on top of
the sensor. To prove the sensor's response and ensure its response towards the charged DNA
molecules, a COMSOL Multiphysics simulation has been conducted on the sensor with the
dimensions and sizes used in fabrication. Simulation helps to characterize the sensor response and
validate the correctness of experiments. As the simulation demonstrates, the sensor response to
increasing negative charge is assumed to be due to the DNA molecules that resemble the effect of

negative charge on the p-type silicon channel.

Fig. 6-10 shows the simulation results of the effect of the DNA-modeled equivalent charge on the
response of OG-JFET. As we can see, the drain-source current increases as the negative charge on
top of the sensor increases. The sensor response is almost linear to DNA concentration, which the
experimental results verified. COMSOL simulations demonstrated the sensor response trend and
helped to evaluate and design the OG-JFET more efficiently for DNA storage applications. For a
better understanding of the effect of the negative charge on the sensor operation, the electrical
potential has been analyzed in the middle of the opened gate along a vertical line, as shown in Fig.
6-11. The attachment of DNA molecules creates a negative charge accumulation on the channel,
which increases the electrical potential in a constant bias state of Vgs and Vds. The current
sensitivity has been calculated for simulation results, as shown in Fig. 6-12. Based on this

calculation, a current sensitivity of 36.8 pA/(ng/uL) of DNA concentration has been calculated.
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Figure 6-10. COMSOL simulation result of modeled DNA charge on the OG-JFET sensor which shows an almost
linear dependency between current and the DNA concentration.
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There is a growing interest in exploiting the unique advantage of DNA biomolecules as new
organic platforms for storing data. While platforms for manipulating and storing DNA have
developed and are widely discussed in the digital microfluidic area, the need for DNA mass
assessment as an inevitable integrated part of storage spaces is impacting the successful realization
of'this technology. This paper introduces a new FET sensor called an open-gate junction field effect
transistor (OG-JFET). The sensor operation is based on a back-gate structure by which the carrier
transport in the p-type channel can be regulated. Relying on a back-gate structure of JFET, a vast
space on top of the sensor for DNA sample placement would be offered, which is desirable for
DNA storage applications and further integration with digital microfluidic devices. Furthermore,
chip fabrication is based on a standard fab-less microfabrication process, which increases the
chance of high production and standard integration with CMOS technology such as readout
circuitry. The described OG-JFET sensor was fabricated based on proven VLSI fabrication
methods and was characterized by its main transfer characteristics: Ids-Vds and Ids-Vgs curves.
The sensor offers a 0.7 mm? total sensing area with seven active sensing channels. The channels
sensing surface are covered with native silicon oxide, which forms naturally due to silicon

environmental exposure.
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Figure 6-12. The current sensitivity obtained from COMSOL simulation at Vds =5 V and Vg = 0.
We have measured a sensitivity of 30 pA/(ng/pL) for OG-JFET toward dry DNA (solvated in ultra-
pure water). The sensor response to DNA concentration was proved linear, and the linear fit to the
Ids-DNA(Cons) diagram resulted in the sensitivity mentioned. The retrieval process is an integral
part of a DNA storage device, and its efficiency impacts data storage significantly. We have
demonstrated that washing with ultrapure water affects DNA retrieval in the sensor's current
condition. Also, the current sensitivity has been determined for comparison with the experiment,
as shown in Fig. 6-12. Based on the simulation result, the current sensitivity is 36.8 pA/(ng/ulL) of
DNA concentration. The current sensitivity is higher than the experiment, possibly due to non-
idealities associated with the device and experiments besides the simulation errors. More
importantly, this paper shows the importance of monitoring the retrieval process by comparing the
sensor output current with a baseline and using the sensitivity curve for DNA mass monitoring.
The sensor does not need a bulky reference electrode to check the availability of DNA, yet it works
with an opened gate on top. The DNA molecules might interact with the surface differently, and
their arrangement affects the sensor response; therefore, surface DNA affinity enhancement is a

vital future study for this technology to increase retrieval efficiency.

Dried-DNA storage sensing with a FET sensor is a novel concept proposed by the current study.
However, storing DNA on digital microfluidic has been discussed recently by S. Newman et al.
[12], which demonstrates moving DNA in droplets and drying it in different storage locations. In

the introduced technology, it is necessary to monitor the dried DNA in a specific spot on the chip
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before and after retrieval. Our work is one step forward for using FET biosensor in sensing DNA
in dry mode for the DNA storing applications. To the best of the authors' knowledge, no research
reports dried-DNA sensing with a biosensor. However, various research studies have reported
DNA hybridization sensing with FET sensors, all of which are in solution mode [30], [33], [35],
[36], [38].

The current sensor structure can be exposed to biomaterials in the open-gate area to make
biological/solution gates for sensing charges. The present experiment shows that the sensor is
sensitive to biomolecule (here ssDNA) upon placement on the conductive channel. Grounding the
observations in this study, this sensor is expected to operate in other charge-based biosensing
applications like other biologically field-effect transistors [42]-[44]. The immobilization of a
bioreceptor would change the sensing layer of OG-JFET (here is native SiO2) to a layer of
biorecognition elements sensitive to a specific analyte. The immobilization of the bioreceptor
would change the sensor's baseline. The sensor's exposure to a solution containing the analyte of
interest can chemically react with the bioreceptor. This would change the new baseline since the
sensor is sensitive to charge variation in the opened-gate area. However, like other BioFETs, the
limit of detection and sensitivity might differ, which opens the avenue for this charge-sensitive
sensor for further meticulous characterization of different biomolecules. Well-established chemical
methods for functionalizing Si0; and other oxides for protein sensing can be conducted on OG-
JFET as the sensor provides a native oxide layer or a certain thickness of oxide on top. The current
work establishes the charge sensitivity of the sensor with experiments and simulations, putting

forward this standard technology for further biosensing applications.

In this work, a known ssDNA concertation was used. However, the effect of impurities on the
sensor response is also essential to address. If other biomolecular and charge impurities are present
in the prepared sample, the surface charge density on top of the sensor will be altered. Upon the
presence of a new protein in the prepared sample, after drying, new biomolecules could distribute
differently on the available oxide sites and establish different charge arrangements based on the
chemistry of the reaction in the environment. Such variation will change the current in the silicon
channel near the changed bio-layer. Simulation (Fig. 6-10 and Fig. 6-12) shows that the sensor
undergoes a current enhancement when it is exposed to a negative charge; therefore, depending on

the negativity or positivity of the top layer due to the existence of biomolecules, the current might

231



be decreased or increased. Nevertheless, future works must address these effects to estimate their

impact on sensor response.

For other biological samples (e.g., blood serum), the sensor needs to be further studied regarding
selective recognition of an analyte, which was impossible to perform in the current study. Our end
application required us to perform a dried test on ssDNA to evaluate its appropriateness for next-

generation DNA-based data storage applications.

6.8. Conclusion

The open-gate junction field effect transistor (OG-JFET) has been introduced as a new platform
for DNA storage applications. The sensor has been characterized, and its electronic transfer
characteristics have been derived. The sensor works based on a p-type sensing layer on top of an
n-type thick support layer, which can be biased in reverse mode to ensure the vertical p-n junction
is turned off. The sensor characterized for DNA storage application as the sensing element, the
DNA solvated in ultra-pure water was put on top of the sensing layer, which is a process normally
conducted in digital microfluidic chips designed for DNA storage. The sensor comes with a 0.7
mm?2 sensing area, which easily accommodates a 2 pL pipette-driven DNA droplet (solvated in
ultrapure water). The characterization curve, the most critical curve for DNA storage applications,
shows a 30 pA/(ng/uL) sensitivity to ssDNA in dry mode. Also, a COMSOL Multiphysics
simulation was performed to validate the experiment and to simulate the sensor in response to
negative charge accumulation due to DNA molecules. The simulations showed that increased DNA
concentration would increase the sensor current. The sensor response was linear, which is essential
for OG-JFET integration with digital microfluidic DNA storage systems. The sensor showed a
response of I (A)=30 x (10) (Cpona)+0.0007 to DNA concentration.

Based on the results and analysis, this paper presents the OG-JFET sensor for DNA storage

monitoring applications for the first time.
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7.1. Abstract
This paper introduces a pioneering sensing platform designed to explore the intricate interaction
between DNA molecules and silicon dioxide (SiO2) coated on a field effect transistor (FET),
bearing profound implications for a spectrum of life science applications, particularly DNA
storage. In-silico molecular Dynamic (MD) simulations are employed to gain insights into the
effects of DNA on the FET surface's potential under extreme conditions of dehydration of double-
stranded DNA (dsDNA), verifying its capacity to generate surface charge when dehydrated due to
the evaporation of droplets. The platform is comprised of a backgated interdigital open gate
junction FET (ID-OGJFET) fabricated through an innovative electronic sensing platform foundry
and accompanied by an electronic interface system incorporated with a fluidic sample holder that
reads the surface charge data induced by negatively charged nucleotides in dsDNA and single-
stranded DNA (ssDNA). This novel ID-OGJFET sensor coated with native SiO2 enables a direct-
on-channel sensing area of >16 mm? without top gate extension for the target application, working
at low back gate voltage (<0.4 V) for adsorption analysis in the dry mode. Our study involves the
design, synthesis, and introduction of DNA sequences onto the chip surface at various
concentrations. In this paper, we present and discuss experimental results that align with MD
simulations, elucidating the impact of DNA's intrinsic charge on the chip's surface under extreme
dehydration conditions. These findings pave the way for the development of DNA monitoring

techniques, particularly in the physical storage of DNA.

Index Terms—DNA adsorption, DNA Storage, Open-Gate Junction Filed Effect Transistor (OG-
JFET), Molecular Dynamic Simulation

7.2. Introduction
The exponential growth in digital data has led to an unprecedented global demand for storage
technologies capable of handling super high-capacity memories. Internet data center (IDC)
projections indicate a potential surge to 175 zettabytes in worldwide data storage by 2025 [1].
Current technologies such as magnetic hard disk drives, optical disc drives (ODDs), and solid-
state drives need to be revised to cope with this immense data influx [1], [2]. DNA's inherent
potential as a digital data storage medium has gained significant attention from major tech
companies and researchers due to its exciting potential to store vast amounts of data for millennia

[3]. This involves encoding binary digital files into sequences of four DNA bases and synthesizing
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the data into DNA strands for physical storage. Subsequently, the stored data can be retrieved,
sequenced, and decoded back into its original digital format. Numerous studies have addressed the
challenges associated with these processes, including the physical movement and storage of DNA

mass, often incorporating digital microfluidics [4].

Dehydrated DNA Adsorption

o
- »

Back Gate °

Native SiO2

v

Back Gate

Figure 7-1. The sensing mechanism of OG-JFET for detection of charge distributed on native SiO; as the outer
layer of OG-JFET due to evaporation of solution and accumulation of DNA charge. Top left: The enhancement of
the hole concentration in the channel due to the attachment of DNA. Bottom left: The hole is transported in the
channel when no adsorption occurs.

The storage of DNA on surfaces like silica is heavily studied [5], [6], prompting questions about
DNA adsorption and the feasibility of monitoring DNA-based stores kept in dehydrated mode [4].
Our recent work has highlighted the advantages of FETs in DNA storage, explicitly using an OG-
JFET [7]. By developing a novel portable experimental measurement setup, this study aims to
expand on previous work by employing MD simulations. These simulation insights are compared
with experimental results to understand further the sensor response to DNA adsorption on the OG-
JFET sensor. This marks the first step toward DNA storage monitoring. Our goal is to advance the
understanding of optimal solutions for DNA adsorption on the OG-JFET sensor and, by extension,

the practical potential for monitoring DNA during storage.

In this paper, the subsequent section details the related works and challenges of DNA adsorption
analysis in the extreme dehydration state of a droplet using field-effect sensors and other apparatus
for the DNA analysis phase of the droplet. The methods and materials employed in our study are
elaborated in section III. This section encompasses several key components, including the

proposed DNA adsorption monitoring mechanism, MD simulation for understanding the sensing
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mechanism utilizing the OG-JFET, the design and implementation of the OG-JFET sensor and
reader, and the DNA design and synthesis process. Following this section, the subsequent segments

IV and V delve into the presentation and discussion of results.

7.3. Related Works
This section presents recent advances in state-of-the-art research related to DNA adsorption,
particularly on SiO,. Additionally, we discuss the effect of evaporation on DNA adsorption, as
outlined in the literature, to elucidate the specific challenges, especially for DNA storage
applications. We reviewed the apparatus and sensing mechanisms dedicated to DNA adsorption
studies. We stated their limitations regarding the need for DNA-based data storage, particularly

when dehydrating a droplet containing DNA molecules.

7.3.1.  State-of-the-Art DNA Adsorption on Surface Analysis

The investigation of biomolecular interactions, especially the adsorption of biomolecules onto
surfaces, constitutes a significant area of scholarly inquiry aimed at advancing biophysical
understanding and fostering the development of innovative biosensors. A variety of methodologies
have been deployed in this endeavor. These methodologies encompass spectrophotometry [8],
fluorescent labeling [9], radioisotope (RI) labeling [10], attenuated total reflectance-infrared
spectroscopy [11], X-ray photoelectron spectroscopy (XPS) [12], atomic force microscopy (AFM),
[13], ellipsometry [14], optical waveguide lightmode spectroscopy (OWLS) [15], nanopore
sensing devices [16], surface plasmon resonance (SPR) [17], quartz crystal microbalance (QCM)

[18].

SPR and QCM sensors excel in this group, offering susceptible, quantitative, real-time, label-free,
and noninvasive detection of adsorbed proteins [19]. The SPR gauges dry mass changes in
adsorbed proteins by assessing shifts in the dielectric constant at the interface. At the same time,
QCM monitors variations in the electromechanical response of a shear oscillating piezoelectric
sensor, reflecting total mass changes due to biomolecule adsorption coupled with water molecules
in the system. Even though these techniques, when combined [19], offer valuable insights into the
kinetics of mass adsorption and conformational changes of surface-attached biomolecules, they
suffer from inherent technological challenges in scalability and integration. These challenges
include their bulky nature, high cost, and difficulty adapting them for various applications such as

DNA-based storage monitoring and point-of-care diagnostics [20], [21] that require more compact
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portable footprints. Due to these challenges, new technologies such as charge-sensitive field-effect
transistors (FET) have been introduced to address the need for finely studying the adsorption of
biomolecules such as protein and DNA on both non-specific and specific surfaces (e.g., bare Si02
or APTES functionalized SiO:). For instance, the utilization of FET sensors, particularly
potentiometric sensors, has been recognized as a reliable tool for label-free and susceptible
detection of proteins and other biological materials in a sample solution [22], [23], [24]. These
sensors have been utilized for DNA hybridization analysis [25], DNA sequencing [26], and other
biomolecules that have all been successfully detected using FET-based sensors. The main physical
principle behind existing devices for applications using FET seeing methods involves these
components' potential to quantify the target DNA's charge when absorbed onto the surface or

attached to the target probe molecule.

For DNA detection with FET potentiometric sensors working with off-chip reference electrode,
targeting DNA inherent charge of ssDNA and dsDNA (hybridized). This requires a solution
containing DNA attached to a probe, creating a biological gate that potentially modulates the
voltage threshold of the FET sensor [27], [28]. However, this approach poses challenges when
seeking to analyze the dehydration of DNA samples over time, especially for charge-induced
analysis of DNA adsorption on surfaces in a dehydrated state—a crucial aspect in DNA mass
monitoring for DNA-based data storage. While P. Stoliar et al. [29] demonstrated the use of an
OFET for dried DNA sensing, the suitability of this device’s pentacene surface for DNA storage is
not common, and issues related to washability pose significant challenges. On the other hand, DNA
adsorption on SiO2 is more aligned with the requirements for DNA storage applications. Also, in
certain areas of life science applications, it’s important to monitor DNA adsorption and purification
processes on silica surfaces. Our research addresses these challenges by developing an interdigital

back-gate OG-JFET that can be utilized to study DNA adsorption in extreme dehydration mode.

7.3.2.  Evaporation-Induced Protein/DNA Adsorption

Upon droplet evaporation, substances undergo enrichment, increasing molecular interaction
frequencies, boosting reaction rates, and enhancing detection signals, while signals may be too low
in low-concentration samples. Literature reports showcase DNA, RNA, proteins, and bacteria
detection in stationary droplets, leveraging the high sensitivity of evaporation-induced enrichment

[17]. Aida Ebrahimi et al., [18], reported a nanotextured device for evaporation-based DNA-
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containing bio droplets, achieving a low detection limit and distinguishing ssDNA and dsDNA
[18]. Manish Chopra et al., [19], investigated DNA attachment on glass surfaces and APTES-
covered glass during droplet evaporation, revealing DNA attachment on both, with APTES-
covered glass being more favorable. Their study, employing Brownian dynamics simulation,
validated DNA adsorption findings [19]. Xing-Li Du et al., [20] used droplet evaporation with
magnetic nanoparticles for enhanced DNA detection on glass, yielding a linear response with
higher hybridization occurrences [20]. Pinar Beyazkilic et al. [17] applied microdroplet
evaporation to enrich glucose and DNA concentrations on a surface, demonstrating increased
detection signals [17]. Li-Ping Xu et al. leveraged condensing-enrichment during sample droplet
evaporation, achieving significant improvements in DNA detection but with increased detection
time and reliance on optical fluorescence [21]. Kenta Fukada et al. [22] explored condensing
enrichment for detecting trace materials in droplets, achieving this on a superhydrophobic surface
with hydrophilic collection areas. Tingting Wu and team developed the RSMB biochip for
quantitative miRNA141 detection, using hydrothermally synthesized TiO2 nanowires on FTO as a
reusable substrate [22]. Yanxia Chen et al. introduced an AIE-based superwettable microchip,
demonstrating excellent reproducibility, sensitivity, and specificity in detecting miR-141 with a

low detection limit of 1 pM [21].

While significant progress has been achieved in droplet evaporation-based sensing, there is a
notable gap in comprehending the charge analysis of DNA adsorption on a surface in extreme
dehydration mode where almost most of the droplet volume is evaporated (> 95% V), especially
on Si0: as the gate of a charge sensitive FET. This study aims to provide insights into the molecular
biophysics of DNA molecule dehydration compared with experimental results with a new sensing
platform, which holds immense relevance in applications related to DNA data storage and DNA
microarray technology. This paper provides insight into the possibilities of using open-gate, direct-

on-channel, high-surface-area FETs for DNA storage and adsorption analysis.

7.3.3.  Using MD in Adsorption Studies for Sensing

MD simulation has proven instrumental in unraveling the intricate physics of DNA-surface
interfaces, yielding valuable information about the adsorption mechanism applicable in sensing

applications. An analysis of the adsorption mechanism of ssDNA on silica through MD simulations
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has offered insights into the role of water molecules and hydrophobic forces. These simulations
shed light on creating non-chemical bonding between DNA and silica binding sites (e.g., Si-OH)
[23]. The study employs MD simulations to elucidate large-scale experimental phenomena by
exploring the energy landscape in DNA-Silica interactions. The discussion in the study delves into
the different attachment forces observed in dsDNA and ssDNA, emphasizing their dynamics and
flexibility near the surface. Comprehending the intricate physical phenomena involving cations
(e.g., Na*, Mg*") bridging DNA to silica is challenging through experimentation alone, but MD
simulations provide detailed insights with significant implications in DNA biotechnology [24]. In
another study, MD was utilized to unravel the complex interactions between DNA and silica,
contributing to better control potentiometric sensors for DNA detection [25]. Experimental
understanding of these complex interactions is challenging, and MD simulations offer valuable
information for improved control of the response in potentiometric sensors. Additionally, MD
modeling was employed to investigate the surface potential change due to the presence of DNA
on silica, providing insights into the operation of FET-based DNA sensors when different ions are

involved [25], [26].

MD simulations were employed to comprehend the enhanced capability of a crumpled graphene
surface for DNA detection compared to a uniform graphene surface [27]. These simulations also
contributed to the study of DNA adsorption on MoS», a novel and complex material with
applications in biosensing [28|While MD simulations have provided insights into the dynamics of
DNA in solution on surfaces, the specific scenario of DNA adsorption on a surface like silica in a
highly dehydrated state has not been explored in the literature. This research aims to address this
gap, presenting related experimental results obtained from a silicon-based charge-sensitive sensor

known as OG-JFET.

7.4. Proposed Method and Materials
In this section, we detail the OG-JFET sensing mechanism for dehydrated DNA. Accompanied by
an MD simulation campaign, we describe details of the proposed sensing platform, including a
microfluidics packaging and portable system. The last part of this section deals with DNA sample

preparation used in experiments on the chip.
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7.4.1. DNA Adsorption on ID-OGJFET and Sensing Principles

When a water droplet containing DNA is placed on the top gate of an OGJFET sensor surface —
an ultra-thin layer of native silicon dioxide, [29] The interaction between DNA and this naturally
occurring oxide surface in a non-specific adsorption mode would be the solution's primary source
of DNA detection. Bobo Shi et al. have studied the interaction of DNA and the SiO2 surface. [23].
According to their theoretical study, despite both SiO> and DNA being negatively charged, two
central binding mechanisms exist: i) attractive interactions between DNA phosphate and oxide
surface silanol groups, and ii) hydrophobic bonding between DNA bases and the silica
hydrophobic region [23]. The study reveals that, in solution, ssDNA forms stronger non-chemical
bonding with SiO> compared to dsDNA. This is attributed to the ssDNA’s greater flexibility,
maximized binding interactions, and free unpaired bases for hydrophobic attachment to silica.
Conversely, dsSDNA must break hydrogen bonds with base partners to expose free bases. Finally,
the net linear charge of dsDNA is more than ssDNA, which contributes to this difference [23].

There are numerous reports on the bonding of DNA with SiO», both with and without the existence
of chaotropic salts (e.g., NaCl) as the salt bridge, another adsorption mechanism in solution for
DNA on silica [24]. Phosphate-silanol and hydrophobic interactions appear to be the principal
mechanisms for binding DNA to silica. These short-range attractions can be sufficiently strong to
overcome the electrostatic repulsion between negatively charged DNA and a negatively charged
silica surface. In a theoretical study, B. M. Lowe et al. confirmed the surface charge and potential
change of SiO2 when DNA is bonded to silanol bonding sites on SiO2 [25]. Through experimental
analysis, DNA binding to silica nanoparticles in a salt-free solution was detected by observing a
subtle alteration in the intensity and frequency of a Raman spectral band associated with the DNA
phosphate group [30]. In exploring the nature of interactions between DNA and silica, Kwon et al.
[31] conducted atomic force microscope measurements, employing a silica particle as the AFM
probe and a surface coated with phosphorylated dextran. DNA binding on SiO; could add a
negative surface charge on the inherently negatively charged SiO., as confirmed in both solution
[38] and dry mode [32]. The negative charge carried by DNA on its phosphate groups is significant,
as it enables detection using a charge-sensitive sensor like OG-JFET for DNA mass quantification.
In [32], the authors detected the negative charge of dehydrated DNA using a p-type organic FET
[32]. Therefore, based on the evidence in the literature, it is reasonable to argue that the

accumulation and adsorption of DNA on ultra-thin SiO», in both solution and dehydrated modes,
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enhance the hole current in the p-type channel of OG-JFET, as illustrated in Fig. 7-1. The
accumulation of DNA's negative charge on the channel enhances the conduction of positively
charged holes and leads to current enhancement in the hole current in the p-type semiconductor

channel [32].

The direct-on-channel deposition of DNA enabled by our proposed OG-JFET with an open top
gate allows current measurement between the source and drain. This facilitates the assessment of
DNA charge resulting from its bonding on SiO». As discussed in [32], through a back-gate structure
and monitoring the change in the potential (back gate voltage) upon adsorption of DNA, they could
correlate the adsorption sites with the enhancement in charge carrier accumulated in the
semiconductor channel. Through AFM analysis, DNA bundles were imaged on the surface of
pentacene, which allowed the determination of their thickness and the DNA number density [32].
However, the lack of washability of DNA from the OFET’s pentacene surface is a significant
challenge for DNA storage application and reusability [32]Alternatively, our OG-JFET structure's
reliance on a back gate has enabled us to study the dehydration of DNA droplets on a washable
surface of SiO2, which is impossible in other ISFET structures heavily reliant on a bulky solution

gate.

7.4.2.  Molecular Dynamics (MD) Simulation
To further understand the sensing principle of ID-OGJFET when exposed to dehydrated DNA
absorbed on its surface and to understand the experimental observations better, we have performed
an in-silico analysis using MD simulation. The MD was conducted to describe the potential
changes on SiO2 (representing the native silica on ID-OGJFET) and to possibly explain the
physics of DNA when extremely dehydrated on SiO».

The system model is shown in Fig. 7-2. We performed a classical MD simulation using the NAMD
2.9 software package [45]. Our results were analyzed in Visual MD (VMD) software [46]. The
simulation box consists of water, an ionic solution, and a DNA molecule of a random sequence
with 17 base pairs on a SiO; surface. To perform the MD simulation, a unit cell of amorphous
silicon is prepared with dimensions of 10 nm X 10 nm x 1 nm as width, length, and thickness,
respectively (see Fig. 7-2). The 1-nm thickness estimate is based on the experimental work of
Morita et al. which provided estimated thicknesses of native SiO2 [42]. The crystalline silica slab

model was prepared using the CHARMM GUI [47]. The resultant SiO2 volume is 130164.8 A3.
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The degree of ionization is 13.3%. The surface concentration of Si-OH is set to 4.9 OH/nm2. The
degree of ionization in the DNA dehydration simulation represents an equivalent pH of 7 based on

the CHARMM GUI recommendations.

Figure 7-2. The simulation box (water and ions not shown) used in the MD simulation (a): the dimension of SiO,
slab. (b): the length of dSDNA. (c): the initial distance between few atoms of dsSDNA and surface atoms of SiO».

A solvent box was created within 1 A from the surface to prepare the simulation environment. A
TIP3P solvent box was generated for different simulation systems with thicknesses of 140 A, 70
A, 40 A, 20 A, and 10 A with x-y dimensions of 100 x 100 A? that covers the silica unit cell
produced in the previous stage. The VMD software was used to ionize the system where needed.
For the silica model, the ionization was performed with CHARMM GUI, which places Na+ ions
to balance the negative charge of silica. The system is initially solved by placing a water box on
Si02 using the 'solvate' plugin to perform the water and ion solvation. To put the ions in the solvate
box, the 'autoionize' plugin is used to achieve a concentration of 150 mM NaCl, and a specific
number of ions (Na+ and CI-) were added and distributed randomly in the system. To ensure the
water molecules are charging and that an electrostatic effect is not affecting the SiO> slab from

underneath, a vacuum layer is considered on top of the water box with a thickness of 100 A.

The required force fields such as CHARMM 36, [48], and INTERFACE, [49], were used in
addressing the MD of a system of SiO», water-ions, and the dsDNA. In our study, we used a cutoff
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radius of 1.2 nm. A pairlist distance of 14 with a margin of 3 was applied in simulations. To

maintain a temperature of 300 K, a Berendsen thermostat with a time step of 0.1 ps was employed.

i
!

Figure 7-3. The chip, readout system, and microfluidic packaging, (a) the fabricated chip and the positioning of
droplets on the chip. (b): the readout system and components. (c): the electro-fluidics packaging connecting the
device to the readout PCB in (b). (d): 3D printed packaging of the PCB and the placement of electro-fluidics
packaging

Before each run, the system was energy-minimized using the steepest descent algorithm. First, it
was minimized for 500 steps at T = 0 K, and then, over 500 steps, its temperature was gradually
elevated to 295 K for better equilibration. Afterward, it was equilibrated for 2 ns before the 20 ns
MD production run. Also, selecting a minimized distance of 0.5 nm for the DNA to approach the

Si0; surface further helped reduce the simulation time.

All the simulations were performed in NPT and NVT ensembles depending on the process at 300
K and pressure of 1 atm. To apply the temperature and pressure in the different methods of
simulation, an Andersen thermostat was used during equilibration, and Langevin dynamics were
used during production runs. Specifically, in the NPT ensemble, the pressure was maintained using
a modified Nose’-Hoover barostat with Langevin dynamics to control fluctuations. Electrostatic
interactions were evaluated up to a maximum distance of 12 A, while the Particle Mesh Ewald

method with a grid spacing of 50 x 50 x 100 A was employed for distances beyond this threshold.
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Integration was performed utilizing a modified Verlet algorithm with 1 fs time-steps, and bonded
forces were calculated at each time step. Our simulations adopt parallelepiped simulation boxes
featuring periodic boundary conditions. They carefully select a box size to ensure a separation of
at least 10 nm between the DNA and their periodic images in the Z direction. This approach
effectively prevents DNA from interacting with its periodic images through van der Waals
(vdW)/electrostatic potentials that might affect the surface potential. The evaporation of water in
which the water molecule physically diffuses into the medium was implicitly modeled by

arbitrarily reducing the water box size from 14 nm to 1 nm.

7.4.3.  Proposed Sensing Platform
The goal of our study was to understand DNA adsorption in extreme modes of dehydration and
the further application of this as a portable storage space for data stored on DNA. Therefore, we
have developed a portable system alongside an electro-fluidics packaging compartment. Portable
ID-OGJFET sensing platform allows fast acquisition of the transfer characteristics of the OG-JFET
when a known concentration of DNA is dehydrated on its surface for DNA storage monitoring.
The system enables the physical storage of DNA on a sensor and provides a mobile storage device
while monitoring the existence of DNA on the surface. The sensing platform includes a
multichannel board and electro-fluidic fixture with 3D printed microfluidics that enables an
opening on top while connecting the device to the board through a spring-loaded connector. The
microfluidic layers are connected to a small PCB, which connects the spring-loaded connectors to
a readout circuit board. The sensor is a novel interdigital design on the OG-JFET platform, which
reduces the number of pads to two and enhances the surface size to 16.52 mm?, as presented in

Fig. 7-3. The proposed sensing platform is shown in Fig. 7-3.

7.4.4. DNA Strand Sequence Preparations
Two complementary 24-nucleotides DNA oligo fragments were synthesized and used in this
experiment (Table 7-1). The original concentrations were serially diluted into four samples (49
ng/uL, 98 ng/uL, 197 ng/uL, and 393 ng/uL). Considering the addition of 2 pL of the serially
diluted samples on the sensors, the final sample mass is 98 ng, 197 ng, 393 ng, and 786 ng). The
samples were prepared in RNs/DNs free water and then were dehydrated on the sensor for further

experiments.
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Table 7-1. The information on the synthesized DNA used in the experiments.

Name DNA Fragment Length
F-Forward 5-CAGTAGTTGCATCACCAGAAGTTG-3’ 24
F-Reverse 5-CAACTTCTGGTGATGCAACTACTG-3’ 24

7.5. Results

7.5.1.  Computational Analysis of dsDNA in Extreme Dehydration on
SiO2: A MD Simulation

A classical MD simulation was performed using NAMD 2.9 software and analyzed with VMD
1.9.3 to explore the adsorption of DNA on the SiO2 surface. The objective of the MD study was to
understand how DNA attaches to the sensor surface when it is extremely dehydrated, the water
having been reduced due to evaporation. Water evaporation is not physically modeled due to
limitations in MD simulation time for capturing evaporation physics time scale. Therefore, we
reduced the number of water molecules in the initial water box from 14 nm, 7 nm, 2 nm, and 1 nm
thickness to reach equilibrium before the MD production runs to model the evaporation implicitly.
Snapshots and results of dSDNA configurations predicted in the MD simulation are presented in
Fig. 7-4. In the solution mode, dsDNA stays in a stable helical structure and exhibits stable
interaction with SiO> at the beginning of the simulation. However, it starts to move near the SiO:
surface due to complex intermolecular interactions and interactions with SiO2 and the aqueous
solution. It appears that dsSDNA does not remain firmly connected to SiO2 but begins to fluctuate
and move within the solution over a specific distance primarily due to thermal fluctuations in the
molecular size space and resultant Brownian motions. However, when the water concentration is
reduced due to evaporation, the dsDNA has limited space to move into the solution and comes

closer to the SiOs.

The MD simulation study confirms the adsorption of the dsSDNA on SiO: in extreme dehydration
conditions, as presented in Fig. 7-4 (d). According to the results, as water molecule density reduces,
dsDNA undergoes distinct behaviors that are not easily determined with experiments alone. The
dsDNA is forced to approach the SiO; surface as the water layer becomes thinner. Due to

denaturation in the structure of DNA caused by lower water and ions in its surroundings and
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interactions with SiO; surface, it covers a larger surface area, increasing the site bonding of

phosphate groups on the surface. As a result, the accumulation of negative charges increases.

Figure 7-4. Result of MD simulation of DNA adsorption on silica in dehydrated mode. (a): ds-DNA induced surface
potential of SiO; in solution mode with 14nm water box. (b): the snapshot of DNA in solution mode. (c¢): the DNA-
induced surface potential of SiO; in extreme conditions of dehydration (low water molecules). (d): a snapshot of
DNA wholly laid on the SiO; surface. (e): denaturation of dsDNA in dry mode (extreme dehydration). (f): DNA in
a box with 2 nm water. (g): DNA in a box with 7 nm water. (h): DNA in a water box with 14 nm water

The denaturation of dsDNA when attached to SiO; under extreme dehydration conditions is
illustrated in Fig. 7-5 (b) and compared with the state in which dsDNA is floating in a 14 nm water
box (Fig. 7-4 (h)). Three distances measured on the dsDNA in Fig. 7-5 (b) and plotted in Fig. 7-5
(a) show a non-helical structure. However, in helical DNA, the sizes along x and y are ~ 2nm, as
presented in Fig. 7-5 (c), which is nearly uniform along the DNA. However, Fig. 7-5 (b)
demonstrates the denaturation of dsDNA and complete strand disruption, resulting in a more
spread-out configuration on the SiO surface, leading to the spread of negative charge of the
phosphate groups carrying negative charge on the surface. This accumulation of negative charge
changes the surface potential, as presented in Fig. 7-4 (¢). In each simulation of DNA in water
boxes from 14 nm to 1 nm, we measured the surface electrical potential, showing an increase in
the surface potential as the DNA approached the surface due to a reduction in the water solvation

and screening effect.
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Figure 7-5. Three distances were measured on the adsorbed DNA on the surface of SiO2 when water molecules are diminished
due to the evaporation to a thin layer of 10 nm % 10 nm x Inm (X, y, and z). Due to evaporation, it appears that dSSDNA denatures
on the surface and no longer holds helical structure in extremely low water density. (a): comparison of three distance values
for DNA in 1nm and 14 nm water box. (b): the DNA in a Inm water box. (c): The DNA in a 14nm water box.

Fig. 7-6 demonstrates the results of surface electrical potential when the number of water

molecules in the system is reduced due to evaporation. The simulation results show the average
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surface electrical potential based on the scale bar generated in VMD’s PME Electrostatic plugin,
for a surface plane on the SiO.. As the results demonstrate, the surface potential (in mV) increases
as the dsDNA approaches the surface and spreads on the surface to adapt itself to the extremely

thin (1 nm) water layer on the surface.
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Figure 7-6. The surface potential of SiO, was measured with MD. (a) The averaged surface potential is based on
the color scale bar for each system with a specific water volume (from 1nm thickness to 14 nm), and k is the
arbitrary constant multiplied by the number of water atoms for each water thickness. Surface potential contours and

related contours for (b): 1 nm, (¢): 2 nm, (d): 7 nm, and (e): 14 nm water box thickness with x and y dimensions of
10 nm x 10 nm.

The results are presented in Fig. 7-6. The surface potential is measured by averaging the surface
potential contours derived from VMD and the related scale bar, as shown in Fig. 7-6 (a). We also
subtracted the surface potential from the liquid bulk potential, as shown in the diagram with a red
line. The potential increases from = 570.1 mV (= 209.54 mV, red line) when DNA is in solution
and floating in the water to ~ 1006.03 mV (645.47 mV, red line) when the dsDNA is in an extreme
condition of dehydration (see Fig. 7-4- d). To better understand the DNA adsorption on silica in
extremely low water density due to evaporation on SiO2, we have calculated the g(r) function for
dsDNA on Si0O; in both 14 nm and 1 nm water box as presented in Fig. 7-7 (b) and (a), respectively.
As the g(r) (radial distribution function) analysis shows, when dsDNA is in the last phase of
evaporation with an extremely low density of water, it exhibits a rigid structure. The g(r) function
presents a sharp and high peak, starting at 1.8-1.9 A from the SiO» surface, according to Fig. 7-7
(b). This indicates that dehydrated DNA resembles a solid phase more than a liquid phase, as shown

by the spread of g(r) values and the smooth rise and fall with radial distances.

Based on Fig. 7-7 (a), it appears that when DNA is in a liquid state, the probability of finding its

atoms around SiO; starts to increase after approximately 4 nm, a value subject to change based on
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the DNA dynamics around the surface and ionic strength of the system. However, in the same
situation, a system with insufficient water molecules due to evaporation increases the radial
distribution function (g(r)) for DNA-SiO,, leading to a higher probability of sensing DNA's
inherent charge in the vicinity of SiO,. We further analyzed the distinct evaporation effect on
dsDNA by understanding the water structure around dsDNA. The g(r) for DNA-Water was
calculated for both systems with 14 nm water and 1 nm water, as presented in Fig. 7-7 (¢) and Fig.
7-7 (d), respectively. The results show a distinct difference between the two systems. The system

with low water density exhibits sharp peaks in < 10 A.
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Figure 7-7. The radial distribution function analysis of dsSDNA on SiO; in (a): 14 nm water box, (b): Inm water
box. The g(r) results of water around dsDNA are shown for (¢): dsDNA in 14 nm water box, (d): dsSDNA in 1
nm water box.

However, the g(r) is lower for the system with high water density, occurring at 44.3 A. This can

significantly affect the sensing of dsDNA charge by keeping the DNA attached to the surface and
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creating a higher potential change on the surface. The g(r) illustrates that when DNA is dehydrated,
the accumulation of negative charge resembles a 3D nanoparticle structure on the surface,
approximately covering an area of ~ 7.5nm x 3.5 nm (~ 26.25 x 10 um?) with a total negative
charge determined by the number of phosphate atoms multiplied by -1q (see Fig. 7-5). The MD
simulation is also aligned with the AFM results of Manish Chopra et al, [32], that showed DNA

molecules tend to spread over the surface in an evaporating droplet.

7.5.2.  Fabrication of Chip and Measurement Setup
The proposed OG-JFET sensing chip was fabricated using a novel Electronic Sensing Platform
foundry process supported by CMC Microsystems. As depicted in Fig. 7-3, the chip includes an
interdigitated (ID) structure with a set of fingers constituting the drain and source of FETs, all
connected to a common back gate. In this study, we developed two printed circuit boards (PCBs).
The first PCB was designed to host the sensing chip and incorporated 3D printed layers to facilitate
droplet deposition on the chip's surface, as illustrated in Fig. 7-3 (b). The second PCB features a
custom-made microcontroller-based electronic system, which generates DC voltages (Vps and
Vas) and reads the current (Id) from the interdigitated OG-JFET device. For communication with
the computer and recording characterization parameters, an Arduino Duo Board was utilized in
conjunction with a custom-made electronic board (refer to Fig. 7-3). The recorded data, including
Vps and Vgs ranges and related current curves, were sent to the computer for display. A graphical
user interface (GUI) was developed using Qt5 software, offering a user-friendly environment. The
custom-made electronic board incorporates Analog Digital Converter (ADC) and Digital Analog
Converter (DAC) chips, enabling the microcontroller to supply DC voltages (Vbs, Vas) to the OG-
JFET chip and read the current from a shunt chip. A 3D printed design (Fig. 7-3 (d)) was also
developed to create the required package. The fabricated chip, electronic reader system, electro-
fluidic 3D structure (Fig. 7-3 (c)), and GUI were successfully tested and utilized to characterize

DNA adsorption, as detailed in the following subsection.

7.5.3. Transfer Characteristics of ID-OGJFET Sensor

The sensor has been characterized in reverse biased mode by applying a negative voltage to the
ID-OGJFET’s drain terminal and a positive voltage to its back gate (for demonstration, the positive
sign is used in Fig. 7-8 for Vds and Ids). The I-V relationship for both Ids-Vds (drain-source

current vs. voltage) and Ids-Vgs (drain-source current vs. back-gate voltage) is acquired at these
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settings. As Fig. 7-8. demonstrates, the ID-OGJFET sensor demonstrates a p-type JFET behavior.
As shown, by applying a positive voltage to the back gate, the channel can be controlled to reduce
the absolute value of current between the source and drain by reducing the space charge
distribution in the channel. The sensor's design is based on an interdigital configuration that
enables parallel JFETs in the channels between each two fingers. Still, the accumulative current

can be recorded with two pads, as shown in Fig. 7-3.
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Figure 7-8. The I-V curve characteristics of ID-OGJFET sensor. (a): the Ids-Vds curve. (b): the Ids-Vgs curve.
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7.5.4. DNA Adsorption Experimental Results
The adsorption of DNA in dehydration mode, following the evaporation of water, was examined
on the ID-OGJFET. DNA droplets with concentrations of 49 ng/uL, 98 ng/uL, 197 ng/uL, and 393
ng/uL. were prepared as outlined above. A 2 pL droplet containing DNA was drop-cast onto the
center of the ID-OGJFET, and the system was allowed to undergo a complete evaporation.
Subsequently, the drain-source current was recorded. Following the initial measurement, the
sensor underwent a washing procedure. It was rinsed with ultra-pure water two times by applying
a reciprocating droplet from the tip of a pipette. Subsequently, the spot was washed twice with an
IPA (Isopropanol Alcohol) solution using the same procedure. The sensor was then dried with a
blow dryer and left to rest for 5 minutes before introducing the following sample onto the sensor.
The Ids-Vgs curve recorded for each dehydrated concentration is presented in Fig. 9, and the Ids
current for a sample at the Vgs = 0 and Vds = -5 is presented in Fig. 7-9 (b). The experimental
results demonstrate an increase in the current, which is the amount of hole transport inside the ID-

OGIJFET p-type channel.

The increase in hole current is attributed to the electrostatic interaction between the negative charge
of the DNA sites adsorbed on the native silicon dioxide surface of the sensor, leading to the
accumulation of holes within the channel. The MD simulations have indicated that DNA on the
S10; alters the electrostatic surface potential near the Si0», influencing the current of holes within
the p-type channel. The work of P. Stoliar et al. explored the monitoring of DNA adsorption sites
on a surface using a p-type organic FET [32]. Through a rough estimation of DNA as a cylinder
with a specific diameter and length, they correlated the adsorption site (ns) to the back gate voltage
of their transistor, employing the Ids-Vgs standard characteristics of the device. The results showed
that DNA adsorption sites can accumulate several acceptor states in the channel. In the case of the
ID-OGIJFET, since the sensor has a native SiO on its channel, the MD simulation results suggest
enhanced electrostatic interactions that can potentially influence the positively charged hole
current. The MD simulation provides ample information about the possible topological surface
when DNA is adsorbed on SiO due to evaporation. As discussed in Fig. 7-5, the coverage of DNA
on the surface increases at the final stages of evaporation, which is related to the lower number of
water molecules around the DNA; at this stage, the DNA can have a roughness of 2nm — 3 nm
(Fig. 7-5 — a). This estimate from simulation agrees with the results of [32]surface changing from

I nm to 2 nm using AFM to enhance the concentration. Therefore, one aspect of the current
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enhancement in the ID-OGJFET could be due to the enhancement in DNA binding sites in

dehydration mode with an increase in the concentration.
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Figure 7-9. The experimental results of the sensor’s response to the adsorption of the dsDNA on the sensor. (a):
drain-source current versus the back gate for the different concentrations of dsDNA dehydrated on the sensor. (b):
the Ids current versus dsDNA concentrations at Vgs = 0 and Vds = -5

The ID-OGJFET, with its wide sensing surface area, has been used to understand the adsorption
of dsDNA at concentrations of 49 ng/uL, 98 ng/uL, 197 ng/uL, and 393 ng/uL. The design of the
ID-OGJFET, leveraged by the interdigital fingers, creates many elemental OG-JFETs that enable
sensing the adsorbed DNA. The sensor's output current was measured, revealing an increase in

hole current as more dsDNA 1is absorbed on the sensor.

The sensor demonstrated effective washability for each sample, showcasing its cleaning
capabilities compared to the organic FET introduced in [26] on a p-type channel. The ID-OGJFET
sensor operated at low back gate voltages (< 0.4 V), a considerable improvement over their work,

which required 0 <Vgs <15 V for DNA sensing.
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Moreover, the ID-OGJFET sensor's wide detection range is well-suited for DNA data storage,
where a substantial amount of dehydrated DNA can be stored and monitored on the expansive
16.52 mm? sensing area, enabling the storage of a significant volume of data [1], [3]. With only a
small portion of the sensing site dedicated, we achieved sensing approximately 20 times more
DNA mass than reported in the literature [26]. This research not only contributes to the
understanding of DNA adsorption analysis with a silicon-based FET sensor, both experimentally
and through in-silico molecular modeling, but it also paves the way for advanced research in FET-
based biological sensors and the biophysics of dehydrated DNA on surfaces, dedicated to
advancing DNA data storage.

7.6. Discussion
The measurement of DNA adsorption on silica is significant in biotechnology, including DNA
purification [47], [48], and diagnostics [20], [27], especially in the context of emerging DNA-
based data storage technologies [4]. The physical storage of human-made information in DNA and
monitoring its presence on surfaces have become crucial for fully integrated DNA-based data
storage and sequencing technologies. The dehydration of DNA droplets in digital microfluidics
has been discussed in [4], where a digital microfluidic system was utilized to deliver a DNA droplet
to a spot, dehydrate it, and then access it for sequencing and data retrieval. It has been suggested
that 1 TB of data can be stored in one such spot with 175 bases of DNA, assuming a density of 1.0
x 10°! byte/base [4]. To store 1 TB of data, only 180 ng of DNA was required and successfully
retrieved. Our study demonstrates that FET-based charge sensors can effectively monitor DNA

mass during extreme dehydration within the same range of DNA mass as discussed in [4].

Our study also shows the potential of FET sensor integration with a physical DNA storage system
to monitor DNA dehydration and track DNA's existence on one spot before moving a droplet to
retrieve the mass of DNA for sequencing. We have designed a new back-gate ID-OGJFET and the
dedicated electronic circuit and microfluidics cartridge for this application. These additional parts
provide a wide range of sensing sites for accommodating large droplets from a few nL to > 5 uL
that can hold and monitor large amounts of DNA on a scale practical for data storage applications.
The ID-OGJFET’s unique characteristics allow direct-on-channel charge sensing without needing

a reference solution and thus enable direct integration with digital microfluidics designs.
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As with all practical data retention schemes, DNA-based data storage needs a reliable spatial
reference for the data content. During data search, such localized spots of DNA must be frequently
accessed to verify the presence of desired information. The integration of sensitive FET sensors
helps to evaluate the existence of DNA and its amount, accelerating the random access and

subsequent retrieval processes.

To further understand the experimental observations, MD simulations were conducted to explain
the possible sensing mechanism involved in detecting DNA in extreme dehydration conditions.
The MD simulation of DNA dehydration was simplified and implicitly modeled by reducing the
assumed volume of the droplet from 14 nm to 1 nm to approximate a reduction in water. The
simulations revealed that as a droplet of DNA loses water, there is an increase in surface potential
and, consequently, an increase in charge. Water loss compels DNA to enhance its adsorption sites
on SiO; and come closer to the surface. Our results demonstrate that the contour of surface
potential elevates during the dehydration of DNA on SiO:. This heightened electrostatic potential
promotes increased interaction between the negatively charged phosphorus atoms on DNA and the
channel containing positively charged holes (assuming a p-type channel in ID-OGJFET). Notably,
MD simulations reveal that when approximately 93% of water is lost due to evaporation, DNA
generates a negative electrostatic potential, a novel finding not explored previously. This negative
potential, compared to bare silica, is the primary physical basis for detecting DNA in extreme

dehydration.

7.7. Conclusion
Comprehending dehydrated DNA adoption on a silica surface is paramount in designing a physical
storage medium for the emerging DNA-based data storage application. This work is dedicated to
enhancing the understanding of the sensing mechanism of a novel field-effect transistor sensor
called ID-OGJFET, aiming to measure DNA adsorption on native SiO2 through experimental
investigation and in-silico classical MD. For the first time, we modeled the structure of double-
stranded dsDNA on silica in states of extreme dehydration, a topic of high interest in developing
FET sensors for DNA mass monitoring in emerging DNA data storage applications. Simulations
suggest a disruption in the helical structure of dSDNA when it loses water, leading to an enhanced
coverage area on silica of more than ~ 26.25 x 10°® um? for a 7 nm long DNA. The denaturation

of dsDNA into two single strands in the proximity of silica is also noteworthy, widening the dSsSDNA
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over the surface. MD simulations indicate a change in surface electrostatic potential, confirming a
potential shift upon the adsorption of dsDNA in extreme dehydration conditions. This shift is a
highly probable reason for detecting dsSDNA with ID-OGJFET in the extreme dehydration phase.

The ID-OGJFET design offers a large sensing area of ~ 16.54 mm? with a novel configuration of
interdigital fingers on OG-JFET working with only two pads. The sensor is accompanied by a new
electro-fluidic packaging scheme enabled by 3D printing and a dedicated portable readout circuit.
This configuration of a dedicated electronic FET, electro-fluidic packaging, and portable readout
system resembles a physical DNA storage and monitoring system for the future adoption of FET

sensors in this emerging data storage technology.
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The technological advantages of the OG-JFET have facilitated the implementation of an
interdigital design on the chip, resulting in a relatively high direct-on-channel sensing area. This
design enables the monitoring of microdroplet evaporation directly on the sensor. Since the
evaporation rate of a microdroplet is influenced by its chemical composition, we leveraged this
novel sensing modality to quantify the polar content of a water droplet by measuring the
evaporation time through the sensor's output. This chapter delves into this innovative sensing

approach, the characterization system, and the new electro-fluidics packaging scheme.
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8.1. Abstract
This paper introduces a novel field-effect transistor (FET)-based sensing system designed for real-
time monitoring of charge/polarity changes during the evaporation of micro-size water droplets
containing polar substances like ethanol and methanol. The system utilizes a high
transconductance interdigital open gate junction FET (ID-OGJFET) with a sizeable direct-on-
channel sensing area (>16 mm?) in direct contact with the liquid droplet. A new electro-fluidic
package has also been developed to facilitate sample access on the FET chip, prevent leakage, and
connect the sensor to readout systems. An experimental procedure is designed to demonstrate the
functionality and applicability of this FET platform sensing system for chemical analysis, such as
measuring the percentage of ethanol or methanol in water using the novel evaporation-based
sensing mechanism enabled by the ID-OGJFET. Real-time video capture is employed for
meticulous monitoring and control. The sensor measures ethanol and methanol concentrations
ranging from 0-100 % with accuracy as low as 10 % EtOH/MetOH in water, utilizing the
evaporation-based sensing mechanism and current output of the ID-OGJFET sensor. Based on
these results, the proposed droplet on the ID-OGJFET (Drop-FET) sensor exhibits promise for
various industrial applications, including process monitoring, quality control, and chemical

analysis.

8.2. Introduction
The measurement of chemicals such as ethanol and methanol in water, or water content in
ethanol/methanol, holds immense significance across various industrial domains. Analyzing two-
component solutions, such as ethanol or methanol in water, is paramount in industrial settings
across multiple sectors [1], [2]. These solutions serve as critical raw materials, solvents, and
additives in food and beverage, pharmaceuticals, chemical manufacturing, automotive, and biofuel
production [3]. Precise and real-time analysis of two-component water solutions (e.g., ethanol and
methanol concentrations) ensures product quality, safety, and regulatory compliance. Industries
rely on this analysis to optimize processes, maintain product integrity, and meet stringent standards
[4]. Accurate water content measurement in ethanol and methanol mixtures is vital in biofuel
production, as excessive water can significantly impact combustion efficiency and environmental

emissions [5]. The rapid and reliable assessment of specific chemicals in solutions through online
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monitoring is crucial in empowering industries to enhance process control, improve efficiency, and

uphold environmental stewardship.

Various laboratory techniques, including chromatography [6], [7], and spectrophotometry [8], are
recognized for detecting single and binary droplets, such as alcohol in water. While offering high
sensitivity and accuracy, they primarily serve as off-line analytical measurements, impeding rapid
on-site analysis needs. Optical image processing-based techniques are emerging for binary droplet
analysis, correlating contact angle and surface energy with chemical components [9], [10].
However, these methods require expensive equipment, specialized training, and time-consuming

setup, limiting their practical on-site application efficiency.

Novel droplet analysis technologies have emerged, including optical fiber-based sensors for
ethanol concentration quantification [11] and MEMS/NEM’S resonator-based sensors tailored for
droplet analysis. A dual-resonator mass sensor provides a simultaneous time of evaporation and
droplet mass sensing at a picoliter scale [12]. In contrast, a microcantilever MEMS sensor
measures droplets as small as 5 pm in radius, correlating evaporation time and droplet mass with
alcohol content [13]. A CMOS-integrated NEMS resonator sensor analyzes single-component
droplet volumes ranging from 150 aL to 15 fL [14]. Furthermore, an optomechanical device
combines optical droplet measurement with resonator mechanical response for zeptoliter-scale
droplet analysis [15]. Quartz resonators have been used for biochemical content analysis during
droplet drying, which is promising in diagnostics [16]. Despite these advancements, the reliance
on moving components and dual sensing modalities may limit on-site droplet analysis efficiency,
particularly for industrial monitoring where vibration noise is prevalent. Electrochemical sensors
offer potential for real-time and portable alcohol detection but often lack competency for two-

component droplet analysis [17].

This paper proposes a novel thermo-FET sensing method for portable and process monitoring,

detailed in Sections IT* and ITI, with results and conclusions in Sections IV and V2.

1 Section 8.4
2 Section 8.6 and 8.7
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8.3. Related Works
Due to their highly sensitive charge detection, FET chemical sensors have recently garnered
significant attention in liquid analysis. These FET-based sensors operate by measuring the
variation of surface charge on an oxide layer (e.g., Si02) or a dielectric layer (e.g., Si3Ns) as a
charge sensing layer, using a semiconductor channel [18], [19]. This variation in surface charge is
then reflected in the output drain-source current by manipulating the space charge in the
conducting channel. The FET structures require a reference electrode inside the solution for sensor
operation, typically based on Ag/AgCl electrodes. This reference electrode is used to measure the

surface potential change on the oxide or dielectric layer of the channel [19].

FET-based chemical sensors are well-known for their ultra-high sensitivity to the charge captured
at a particular distance from their gate. This includes ions, biomolecules (e.g., DNA), or chemical
reactions that change the solution's positive or negative charge on the surface. FET-based droplet
sensors include a silicon-FET sensor, developed and integrated with digital microfluidics for
droplet analysis, including ions and proteins [20]. This integrated platform demonstrated highly
sensitive droplet content analysis [20]. Another example is a droplet-gated organic FET sensor
designed for single-component or ionic-included droplets [21]. The organic FET sensor exhibited
promising results in droplet analysis and had good stability. A solution-gated graphene FET sensor
was developed, demonstrating ultra-sensitivity towards ionic droplets [22]. This sensor was
integrated with microfluidics, and a reference electrode was designed on a chip [22]. Several other
FET-based chemical or biological sensors are discussed in the following review papers, offering
insights into their state-of-the-art capabilities and superiority in chemical/biological target analysis

[19], [23], [24].

Upon reviewing FET structures and their applications, they are clearly limited in analyzing
droplets with polar solutions like ethanol-water without surface modification and a reference
electrode. FET sensors typically need a reference electrode in the solution, making analyzing
droplet evaporation for trace amounts of polar liquids difficult. Additionally, their ultra-small
sensing sites limit their ability to support such applications and provide sensing capabilities for

various droplet sizes.

Our solution involves enabling large direct-on-channel sensing areas with the ID-OGFET sensor.

Our custom design addresses these challenges by introducing a back-gated FET with a significant
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sensing area. This enhancement allows for tracking droplet evaporation, facilitating the

measurement of evaporation time.

8.4. Portable Electrochemical Sensing Platform

8.4.1. Proposed Thermo-FET Sensing Mechanism
The ID-OGJFET sensor, fabricated through a standard microfabrication process from CMC
Microsystem, features two pads connecting the source and drain fingers, forming the ID-OGJFET
structure. Optical microscopy images (Fig. 8-1) reveal the sensing area with a water droplet,
highlighting the grey silicon channel and the black Si02-Si3N4 encapsulation layer. The green area
indicates silicon, comprising both the p-type and n-type channels. With a total die area of 100 mm?,
the developed sensing area (~16.52 mm?) allocates ~2.36 mm? for each channel. A thick layer of
Al/Ti is applied on the back-gate side, establishing contact with the metal on the backside. At the
same time, the design reduces pad number, enhances sensing area, and creates a functional high
surface area OG-JFET configuration. The interdigital layout allows a larger sensing region to

accommodate droplets up to ~5-6 mm in diameter.

Evaporation (CCR)

Back Gate

Evaporation (CCA)

Back Gate

Figure 8-1. The FET sensor configuration is used to show the droplet evaporation. (a) 3D schematic of sensor
holding a droplet. The droplet spreads across the sensing region and establishes chemical bonding with the sensor’s
surface. The droplet in the actual experiment is shown in (b). As the sensor is interdigital, it ensures the sensing of
all the areas of droplets in the sensing region. The cross-sectional structure of the sensor and the sensing mechanism
is shown schematically in (c).
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When a liquid droplet meets the silicon dioxide (SiO») layer atop the ID-OGJFET, interactions like
hydrogen bonding and van der Waals forces alter the surface potential, forming a double layer on
the oxide layer [19]. This generates a surface charge transmitted to the semiconductor channel (p-
type) of the ID-OGJFET, enhancing hole concentration and altering the drain-source current (Ids).
The back gate of the ID-OGJFET controls channel conduction. In evaporation-based sensing, the
open-gate design allows direct liquid-channel interaction, eliminating the need for a reference
electrode [20]. This enables precise tracking of droplet edges until complete evaporation,

facilitating novel chemical analysis and droplet assessment by measuring evaporation time [20].

8.4.2. Embedded Interface System
The custom-made electronic interface system generates the required voltages dropped on the
drain, source, and gate to measure the drain current Ids as a function of voltage drain-source Vds
and Vgs. The Ids-Vds for various Vgs values and Ids-Vgs for various Vds values are shown in Fig.
8-2. This system includes electronic digital and analog circuits incorporated with software acting

as a graphical user interface (GUI).

8.4.3. Hardware interface system

This system consists of a digital microcontroller-based board incorporated with an electronic
analog interface system, as illustrated in Fig. 8-2. The board has been customized to characterize
the OG-JFET chip. This figure shows the main building blocks, including three high-power digital
to analog converters (DACs) (AD5761R) generating DC voltage ranging from -10 to 10 V volts
with the resolution of +1.5 mV dropped on drain (D), source (S), and gate (G) of each one of eight
FETs. Eight switches (ADG1401B) are used to connect one of the drains or one of the sources to
the related DACs. Additionally, one ADC records ID using an IC current shunt monitor (INA282A)
that plays the role of a multivariable current measurement system ranging from 0 to about 20 mA.
All electronic ICs are connected to the microcontroller board through SPI serial ports assembled
on the printed circuit board (PCB) (Fig. 8-2 (b)) and packaged along with the microcontroller board
on a three-printed package (see Fig. 8-2 (b)). This figure shows that a packaged chip (Fig. 8-2 (b-

1)) is connected to this package from the top.
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8.4.3.1.  Graphical User Interface
This GUI has been custom-developed using QTS5, as shown in Fig. 8-2 (c). This figure

demonstrates that the user can characterize the OG-JFET exposed to the droplet by specifying the
drain, source, and gate voltage range. For instance, Fig. 8-2 (c) illustrates Ids-Vds curves
associated with the proposed OG-JFET when there is no sample, the range of Vds is from -10 to
50V, and the back gate is swept from 0 to 0.5 V with steps of 0.1 Volt.

8.4.3.2.  Electro-Microfluidics Packaging Compartments
The electro-fluidics packaging of the device comprises an ID-OGJFET sensor integrated with a

microfluidics chamber and spring-loaded connectors that can be used to probe the sensor. The
sensor's transfer characteristics, including Ids-Vds, Ids-Vgs, and Ids-time, have been characterized
using a probe station and semiconductor analyzer. The sensor has been connected to the
semiconductor analyzer using SMU cables that connect the sensor pads using the spring-loaded
connectors in the electro-fluidic fixture, as illustrated in Fig. 8-2 (b-iv). To connect the sensor to
the readout system, a 3D printed electro-fluidics fixture has been employed, as shown in Fig. 8-2
(b). The fluidics compartment features a hydrophilic layer (indicated by the blue layer in Fig. 8-2
(b-iv) to ensure accurate droplet placement in the sensing area. The sensor is sandwiched between
a small PCB and a hydrophobic TPU. The microfluidics layer is tightly held with an intermediate
PLA—resin layer. Within the electro-fluidics compartment, spring-loaded connectors are
positioned to direct electrical connections from the top layer to the sensor through the TPU layer
(blue) and access the sensor's source and drain pads. The TPU layer helps prevent contact between
the droplet and the pads, ensuring no short circuits occur. The PLA layer has an opening that
matches the sensing area, facilitating the placement of the sample on the sensor. The ID-OGJFET
sensor is situated on a conductive metal (made of Al) on the small PCB, elevated by a pin on the
side of the PCB to apply a voltage to the back gate. The packaged sensor is depicted in Fig. 8-2
(b-11). The packaging approach is reproducible and scalable, leveraging 3D printing technology to
significantly reduce complexity in high-volume production for on-site industrial applications. The
electro-fluidics component is compact and easily connectable to the readout system, as shown in

Fig. 8-2 (b-).
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Figure 8-2. (a) The electronic readout system comprises a central block diagram of DAC, ADC, IC shunt, and DC
power supply. (b): fabricated devices, (i) a photograph of a packaged readout system (i) that is connected to a
computer, (ii) a photograph of a packaged electro-fluidic device, (iii) a fabricated PCB and circuit, and (iv) structure
of ii consisting of (1) support layer, (2) fluidic layer, (3) probing, ID-OGJFET and small PCB for electro fluidic
structure; and (c): image of GUI for setting the readout system.

270



8.4.4. ID-OGJFET Sensor Fabrication

The sensor's microfabrication was based on a standard foundry process offered by CMC
Microsystem. The microfabrication process is detailed in [33]. The sensor’s layout has been
designed using L-Edit software, and DRC was checked based on the PDK provided by the
manufacturer and submitted for fabrication. As shown in Fig. 8-1, the interdigital sensor was
successfully developed using the standard foundry. The interdigital design methiodology presented
in this work provides an alternative solution for enlarging the sensing gate. While one might
consider increasing the sensing area by extending the channel, such a design would significantly
compromise the transconductance in the OG-JFET structure, thereby affecting the performance of
charge sensing. In the proposed design, the back gate is utilized to regulate the conduction of the

p-type channel under the interdigital fingers shared along the chip area.

el ®
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i ﬁ
v ]

Log of hole concentration I 16

l 1 12
Padl | Source Drain | pad2 10
8

6
4
2
0

Figure 8-3. (a): The 2D CAD model of ID-OGJFET in COMSOL. (b): the meshed structure. (c): hole concentration
in one channel. (d): zoomed-in concentration profile of hole in the vicinity of source and drain

8.4.5. Simulation of ID-OGJFET Sensor
Since the interdigital design of the OG-JFET represents a novel layout approach, never
previously attempted with this foundry, a COMSOL simulation was established to validate the
experimental behavior of ID-OGJFET in terms of the trend of I-V curves. This step was crucial
for confirming the device's electronic functionality and comprehending its transfer characteristics
when all the source and drain fingers are linked to two dedicated pads. The simulation model offers

insights into the concentration of transport carriers (holes) along the shared channel beneath the
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fingers, elucidating how carriers contribute to all source and drain fingers originating from the
primary source and drain pads. The sensor's CAD model is constructed in COMSOL, as depicted
in Fig. 8-3. Fig. 8-3 illustrates the concept of the interdigital OG-JFET and demonstrates how it is

modeled in COMSOL, considering all the created channels between the source and drain fingers.

8.5. Results
Here, we present the results of the electronic characterization of the ID-OGJFET, along with
experimental findings related to droplet evaporation analysis on the sensor. Additionally, the
results of measuring the evaporation time of ethanol/methanol-water droplets are presented, which

are crucial for analyzing the ethanol/methanol content of the droplet.

8.5.1. ID-OGJFET Transfer Characteristics
The ID-OGJFET’s I-V characteristics were obtained as demonstrated in Fig. 8-4, which shows the
Ids-Vds curves for ID-OGJFET for 0 <Vds <10 V and 0 < Vgs <2.5 V. The linear region of Ids-
Vds is limited to the < 1 V. The sensor outputs increasing amounts of Ids for greater Vds voltages.
Based on the sensor structure shown in Fig. 8-1 (a), the voltage polarity applied to the drain, source,
and gate 1s essential because it changes the transfer characteristics of the sensor completely. The
P-N junction can be reversed/forward-biased. A positive voltage is applied to the back gate, and a
negative voltage to the drain leads to a current directly from the source to the drain. However, the
opposite voltage polarity opens the P-N junction, and a considerable current is transferred from
the back gate to the drain. Fig. 8-1 illustrates the reverse bias configuration utilized in the present
study. In this configuration, a negative voltage is applied to the drain, while a positive voltage is
applied to the gate. This bias setup turns off the P-N junction, allowing the Ids current to flow only
from the source to the drain. The reversed bias condition presents more controllability over sensing
the channel charging at lower voltages, where we have used this biasing for sensing chemicals.
The gm of the device has been characterized, and based on the results, the highest gm occurs in the
Vgs =0V and Vds = -2 V, which were used for the analysis of the droplet in other experiments as

the working point of the device.
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8.5.2.  Simulation Results
The I-V characteristics of the ID-OGJFET have been simulated using COMSOL software and are
presented in Fig. 8-5. The results indicate that the simulation model captures the trend of the -V
curves concerning the back-gate’s efficacy in modulating the ID-OGJFET’s channel. However, the
simulation does not perfectly align with experimental results due to non-idealities in fabrication
and inherent limitations in the linear semiconductor models in COMSOL. The simulation, being a
2D model, contrasts with the ID-OGJFET's 3D nature, and the design parameters set in COMSOL
are subject to uncertainties in the fabrication process. To address these limitations, we have

calibrated the simulation model considering the back gate (Veq in COMSOL) and out-of-plane

thickness as calibration parameters (see section 8.7 for more information).
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Figure 8-4. (a): gm-Vgs curve. (b): gm-Vds curve at Vgs = 0. (¢): Ids-Vds curves. (d): Ids-Vgs

curves of ID-OGJFET
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Fig. 8-5 (b) illustrates the hole concentration profile of the ID-OGJFET sensor along the shared p-
type channel, elucidating its working principle. Based on the simulation results, all fingers create
a conductive channel between nearby electrodes, contributing to the output current. This model
explains how the interdigital design facilitates increased sensing sites by generating multiple

channels.
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Figure 8-5. (a): COMSOL simulation result of Ids-Vds curve of an ID-OGJFET with a channel length of 100 um.
(b): Ids-Vgs curves.

We have also evaluated the effect of temperature changes on the sensor’s response, as shown in
Fig. 8-6. The reduction in temperature leads to a decrease in current. However, the scale of
temperature sensitivity might not align with experiments due to limitations in the 2D simulation
approximation and the large size of the sensor. Nevertheless, the simulation does provide insights
into the effect of thermal changes in the sensor and their influence on the output IDs of ID-

OGJFET.
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Figure 8-6. (a): the relationship between Ids and T (K). (b): Ids-Vds when Vgs is increasing for three different T
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8.5.3. Droplet Evaporation Measurements with ID-OGJFET
The ID-OGJFET has been designed and customized to accommodate a wide range of droplet sizes
up to ~ 7-8 uL by offering ~ 16.52 mm? of direct-on-channel sensing area. When the droplet
evaporates under room conditions (~ 24 C) and humidity of 30-40 %, the first phase of evaporation
is the pinned state, in which the droplet's primitive contact lines are pinned on the surface, and
only the height of the droplet is reduced. After some minutes, the droplet starts to recede from the
primitive areas, so the wet surface is reduced. The surface is the native silicon dioxide on the
channel of the ID-OGJFET, and its charge changes due to interactions with water. Therefore, the
sessile droplet evaporation completion can be detected when the droplet is receding, and the time-

dependent monitoring of output current can distinguish evaporation phases.
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When a droplet is cast on the surface of the ID-OGJFET, interactions occur between the water
molecules (or other chemical components), ions, and the SiO»-thin surface of the sensor. These
interactions include van der Waals forces, electrostatic interactions, and chemical interactions such
as hydrogen bonding [26]. These interactions influence the evaporation rate and overall time of
evaporation (ToE). The interactions on the surface change the surface charge and potential of the
p-channel in the ID-OGJFET. In its natural state, the silicon dioxide carries a negative charge
without any solution. When the droplet is placed on the sensor, it becomes more negatively
charged. The presence of the droplet on the wide sensing area allows for tracking the fingerprint
of the surface charge of the wetted surface on the ID-OGJFET. The extent to which the droplet
covers the sensing area correlates with enhancing the output current. In the design of the OGJFET,
which utilizes a p-type silicon sensing channel, the sensor responds to negative surface charge by
improving the current [34]. As illustrated in Fig. 8-1, the evaporation process entails the
detachment of water molecules from the surface. Consequently, this water removal reduces the
charge present in the double layer on the oxide layer atop the ID-OGJFET sensing site. The
decrease in charge density can be detected by the charge-sensitive ID-OGJFET.

However, in the first phase of evaporation, due to the transistor self-heating, the sensor generates
heat within its conductive channel [35], [36]. Conversely, when a droplet evaporates on any
surface, it absorbs heat from the environment and the surface beneath, causing a decrease in surface
(device body) temperature [37], [38]. This temperature decrease in the silicon-based channel
reduces sensor current, as demonstrated in Fig. 8-7 after time “t;”. The current decline persists as
evaporation continues until the onset of the second phase (from “t;” to “ts”"), during which the thin
layer of liquid starts to recede from the surface (see Fig. 8-7). At this point, the sensor detects the
decrease in surface charge, leading to a sudden drop in the current (Ids) output (“ts””). We have
performed a temperature sensitivity test on the device, as shown in Fig. 8-6. It shows that the
sensor is temperature sensitive, and in any process of cooling the sensor, it is logical to anticipate
areduction in current. The current enhancement is shown in Fig. 8-6 (a) for a Vgs =0 V bias. Also,
the same temperature gradient was studied for other values of Vgs shown in Fig. 8-6 (b),

demonstrating that in all Vgs and Vds values, a temperature reduction leads to a current reduction.
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Figure 8-7. Shows the amperometric mode of ID-OGFET used to track the evaporation of a droplet until complete
evaporation. The sensor is reverse biased, and the Vds is kept constant at—2 V when the Vgs =0 and Vs =0 V. As
the droplet evaporates, optical microscopy records it during evaporation.

The curve shown in Fig. 8-7 demonstrates three distinct states when the droplet is placed on the
sensor, and the sensor detects the charge of the droplet when it is spread entirely over the sensor.
The current peaks because of the droplet charge induced in the channel. Due to the droplet cooling
effect, the current reduces when the droplet’s contact area is constant. After this phase, when the
droplet becomes a thin layer of liquid, the receding phase begins, and the current sharply decreases
due to a reduction in the surface charge sensed by the sensor. The derivative of Ids-time is also
presented in Fig. 8-7, which clearly shows the onset of receding and, more precisely, the dynamics
of droplets when only a nano-scale thin layer of liquid is spread on the sensor. Capturing such an
extra thin layer of liquid during evaporation is extremely difficult with the conventional optical
droplet evaporation measurement techniques due to the uncertainties in the quality of pixels of the
recorded video during image analysis. However, the ID-OGJFET captures those events with
excellent precision, which is leveraged by the nature of the device as a charge-sensing mechanism.
According to the derivative of the Ids-time in Fig. 8-7, the first peak demonstrates the onset of the

sensing droplet, and the second indicates the start of the receding phase and complete evaporation.
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8.5.4. FET-Enabled Evaporation-based Chemical Content Measurement
To demonstrate the application of the sensing mechanism, we have designed a few examples to
show how this method can be applied. Predicting alcohol concentration in water is a fundamental
research question with many implications in various applications. We dissolved ethanol in water
at varying concentrations to perform the experiments. Dissolving ethanol in water reduces the
evaporation time since a diffusive evaporation mechanism controls the droplet evaporation.
Therefore, the existence of ethanol will reduce the evaporation time and other evaporation
parameters introduced in this study, such as the droplet surface energy. Our results show a steep
evaporation time reduction with increased ethanol concentration that is in tune with other binary
droplet evaporation dynamics. When the droplet is on the surface of the ID-OGJFET, the SiO»
surface interacts with water and ethanol molecules, which changes the surface tension dynamics.
The sensor's output current for varied concentrations of ethanol/methanol in water is measured,
and the time of evaporation has been recorded as presented in Fig. 8-8. Fig. 8-8 (a) presents the
resultant time of evaporation curve for ethanol in water with concentrations from 10% to 100 %.
The same has been done for methanol/water droplets, as shown in Fig. 8-8 (b). The sensing
mechanism introduced here provides a unique capability by which the concentration of alcohol
can be measured by only determining the Ids characteristics of a droplet of solution, which gives
the time of evaporation by which we can precisely measure the concentration of alcohol as

presented in Fig. 8-8 (a) and (b).

Multiple experiments have revealed the detection of two evaporation phases, offering novel
opportunities in droplet analysis research. The sensor's ability to correlate evaporation time with
chemical content makes it valuable for various applications. Investigating direct-ethanol and
methanol sensing on a bare sensor revealed its insensitivity to alcohol without surface
modifications, but the evaporation sensing mechanism eliminates this need. Nonidealities in the
system and sensor may impact measurement accuracy and minimum detectable alcohol
concentration, necessitating further research into precise droplet delivery and surface smoothness
enhancement. This study showcases a back-gated charge/thermal-sensitive FET sensor's utility for
droplet analysis, paving the way for future research in droplet physics and chemical/biosensing

applications leveraging FET structures.
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Figure 8-8. The ToE versus alcohol concentration was measured in water using ID-OGJFET. (a):
ToE versus concentrations of ethanol in water. (b): ToE versus concentrations of methanol in water

8.6. Conclusion
This paper uses a new thermo-FET sensor for binary chemical solvent monitoring. The sensor is
fabricated based on a standard foundry process, which is desirable for the high-volume production
of sensors for industrial applications. We have used this new sensing mechanism to correlate the
ToE of two-component droplets of water-ethanol and water-methanol to the volumetric percentage

of ethanol and methanol in water. The results show that the ID-OGJFET sensor, as a back-gate
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FET structure, can be used for dynamic analysis of droplet evaporation and can predict the
chemical components by precisely measuring ToE for industrial and laboratory applications. We
have also simulated the sensor in COMSOL software to provide insights into the physics of the
ID-OGIJFET. We have shown that the hole carriers in the p-type channel contribute to all the drain
outputs in the ID-OGJFET. The simulation predicts the trend of the ID-OGJFET’s I-V curve that
shows the p-type behavior of the device with a back gate. The current paper introduces ID-
OGIJFET integrated with a scalable electro-fluidic packaging technology and portable readout
sensor, a highly desirable configuration for variegated industrial applications requiring a portable

SENsSor.

8.7. Appendix

8.7.1. Simulation

The simulation process was performed within the semiconductor module of COMSOL
Multiphysics software, aiming to estimate the sensor's electrical behavior, including its I-V curves,
in the reverse bias condition of the ID-OGJFET (see Fig. 8-5). Within the COMSOL geometry
builder, we construct a 2D model geometry of ID-OGJFET. However, in the model, we have used
a smaller channel between fingers (100 um) to verify only the I-V trends in the real chip, while
the channel width is ~ 475 um in the actual chip. A boundary condition was applied to the
simulation in which the open-gate area and the surrounding sensor were treated as insulation.
Opting for silicon as the material composition for both the p-type and n-type sections, we
determine and configure the doping levels using analytic doping models 1 and 2 within the
semiconductor section. For modeling the p-n junction between the p-type and n-type layers (see
Fig. 8-1), we employ the continuity/heterojunction model, ensuring comprehensive representation.
We implement the Shockley-Read-Hall (SRH) trapping model across the whole chip area,
spanning both n-type and p-type layers to capture the intricacies of carrier trapping. Aligning with
the fabrication process, metal contacts are subject to the ohmic contact model, ensuring fidelity to
real-world fabrication processes. Before its application to the ID-OGJFET, the model underwent
calibration using a single-channel OG-JFET, consistent with established practices in 2D simulation
and semiconductor device modeling. During calibration, parameters such as Vgs and out-of-plane

thickness were adjusted to ensure alignment between simulation outcomes and experimental data.
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The Veq values (in the ohmic mode of back gate) within the COMSOL model encompass numerous
experimental variables, necessitating calibration against the 2D model to account for multiple non-
idealities inherent in fabricated chips and provide accurate estimations. This calibration process
involved comparing the Ids-Vgs characteristics of a single channel chip with simulation data, from
which a calibration formula for back gate voltage was derived: Vgs (exp) = Vgs (sim) x A + B.
Subsequently, values for A and B were determined to be 6.2 and 0.092, respectively, and integrated

into the model to refine its accuracy.
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Chapter 9  Contributions, Future Work, and
Conclusion

This thesis presents comprehensive and significant progress in enabling OG-JFET technology for
biochemical sensing, transforming it from a novel concept to a viable technology. Key
contributions include the design of OG-JFET sensors for chemical applications, thorough literature
reviews, and simulations using COMSOL Multiphysics to explore charge-sensing physics.
Additionally, the research involved implementing innovative microfluidic integration methods and
developing portable characterization systems, which validated the sensor's performance and
enabled its use in various applications, including pH, DNA, and neutrophil cell sensing. These

advancements lay a solid foundation for future exploration of OG-JFET as a versatile biosensor.

9.1. Summary of Contributions

In this research, the main contributions are listed as follows:

1. Design of a sensor for chemical applications using OG-JFET technology for the first time:
Despite a recent publication [1] showing the advantages of optical sensing with OG-JFET
technology, there has yet to be research on using OG-JFET for direct-contact chemical
sensing applications. In our work, we designed two chips to address this gap. The first chip
design included a common source and multiple drains, facilitating multiplexing and
allowing for simultaneous measurements from various sensors. This innovative design
enables comprehensive analysis of the chemical environment, demonstrating the potential
of OG-JFET technology for chemical/biomolecular sensing applications.

2. We conducted a comprehensive literature review to elucidate the unique benefits of OG-
JFET devices compared to other FET sensors introduced thus far. This study delved into
various FET sensors' structural nuances, highlighting the advantages of the OG-JFET

sensor's novel design and potential for diverse applications.
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10.

Simulation and modeling of OG-JFET sensor Using COMSOL Multiphysics: We used
COMSOL for the first time as a CAD tool to simulate the device and explore its charge-
sensing physics. The simulation models were used to understand the device's DNA and pH-
sensing principles. They provide insight into the sensor's charge-sensing characteristics.
Implementation of two OG-JFET chip designs and integration with microfluidics with
customized electrofluidic packaging.

Collaborate with other BioSA team members to design and implement electrical fixtures:
one for the standard source design of OG-JFET and another for the interdigital OG-JFET
(ID-OGIJFET) sensor.

Characterization of the OG-JFET using probe station/semiconductor analyzer and electro-
fluidic fixtures developed to acquire the device's electronic properties.

The application of OG-JFE for pH sensing is an essential proof of concept of the H+
sensitivity capability of OG-JFET that could be used in future endeavors for DNA or RNA
sensing.

Application of OG-JFET for Neutrophil cell sensing. Our experiments successfully
demonstrated the use of OG-JFET technology for sensing the attachment of neutrophil cells
through the charge-sensing mechanism of OG-JFET. This breakthrough opens new
avenues for cell-related research, highlighting the potential of OG-JFET sensors in
biomedical applications where cell attachment and interaction monitoring are crucial.
Future research can build upon these findings to explore various cell types and their

behaviors, significantly advancing the field of cellular sensing.

Application of OG-JFE for DNA sensing and introduction of the use of the OG-JFET as a

high-potential sensing platform for integration with the emerging DNA storage on a chip

Molecular dynamics simulation of the interaction of DNA with the sensor’s sensing surface
to understand the surface potential change when DNA exists on the surface in an extreme
dehydration state. Furthermore, the atomistic simulations provide essential information
about the surface potential change upon interaction with a biomolecule, which leads to

surface potential change and, consequently, changes in the sensor’s conduction.
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11. Integrating OG-JFET with microfluidics using two distinct innovative methods to achieve
continuous flow or stationary fluidics on the chip. The novel microfluidics scheme
consisted of two planar 2D parts that, when assembled, created a 3D microfluidic structure
for safely delivering fluids to the sensing site. This setup facilitated the controlled delivery

of solutions to the sensor, enabling the study of its charge-sensing capabilities.

12. A portable readout system was also developed, enabling the characterization of OG-JFET
sensors by connecting the portable device to a laptop to obtain I-V curves. This portable

device was crucial for developing portable sensing technologies using OG-JFET.

9.2. Future works
In this thesis, we demonstrate and discuss the recent progress made during this PhD study, which
has significantly contributed to developing novel sensing technology. The research has examined
the operational principles and charge-sensing mechanisms of a novel field-effect transistor (FET)
OG-JFET device in contexts involving liquids and biomolecules. This device, previously
unexplored for such purposes, demonstrates significant potential. Additionally, this research
introduces innovative design strategies and microfluidic interfacing techniques, providing valuable
insights for future advancements in this technology across various applications. Furthermore, this
thesis presents a portable characterization system, which significantly simplifies the operation of
this sensor as a portable diagnostic device and facilitates future users' adoption of this technology.
The integration of OG-JFETs with novel microfluidic systems and customized electrofluidic
packaging has proven effective in controlling fluid delivery to the sensing site, enhancing the
accuracy and reliability of biochemical measurements. Overall, the methodologies and knowledge
developed in this thesis lay a foundation for creating next-generation chemical or biological

sensors based on the OG-JFET technology.

9.2.1.  Specific detection of a target DNA in solution
We have shown the potential of OG-JFET for DNA sensing as a model of charged electrolytes on
the sensor. The most critical next step is to work on the specific detection capability of OG-JFET

by functionalizing the open gate area with surface chemistry to immobilize DNA probes on the

286



surface and detect DNA targets in the samples in the solution mode. For instance, silane chemistry
is one of the most common surface chemistries applied to FET-based sensors. The process could
be used on OG-JFET. This means that we need to keep a uniform layer of SiO; or Si3N4 in the open
gate area of OG-JFET, which usually needs to be removed in the standard fabrication process
offered at the time of writing this thesis. However, for any surface functionalization, we need to
ensure a uniform layer of the dielectric layer. To functionalize the surface of a SiO» layer on a FET
sensor for the detection of DNA, the first step is to clean and activate the SiO> surface (assuming
having a uniform layer of SiO; as the top layer). There are well-established methods for the
preparation of the surface. The surface is typically cleaned using a piranha solution, which is a
mixture of sulfuric acid (H.SO4) and hydrogen peroxide (H20:). This step removes organic
contaminants and provides a hydrophilic surface rich in hydroxyl groups. After thoroughly rinsing
with deionized water and drying, the surface is activated using silanization. A joint silanizing agent,
such as (3-aminopropyl) triethoxysilane (APTES), introduces amino groups onto the surface. The
Si02 layer is immersed in an APTES solution, typically in anhydrous ethanol, for a defined period,
followed by rinsing with ethanol and curing at an elevated temperature to ensure strong bonding

of the silane molecules to the SiO; surface.

The next step involves immobilizing DNA probes on the functionalized SiO> surface. The amino
groups introduced during silanization covalently attach DNA probes via a cross-linker, such as
glutaraldehyde, which reacts with the amino groups on the surface and the amine-modified DNA
probes. The process begins by incubating the sensor in a glutaraldehyde solution to form aldehyde-
functionalized surfaces. After rinsing to remove excess glutaraldehyde, the surface is exposed to
amine-modified single-stranded DNA (ssDNA) probes. These probes hybridize specifically with
target DNA sequences in the sample. The immobilization process typically occurs under controlled
conditions to ensure optimal probe density and orientation. Finally, unreacted aldehyde groups are
blocked using a blocking agent such as ethanolamine, and the sensor is rinsed and dried, making

it ready for DNA hybridization and subsequent detection.

9.2.2.  Chip design and fabrication for specific analyte detection
According to the fabrication process of OG-JFET, there is a ~ 500 nm well depth in the open gate
area (developed due to processing of stacked layer of Si0,-Si3N4), which needs to be considered

in designing any surface chemistry and surface modification in future works. This could cause
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non-uniformity and possible surface instability when a surface modification is tried on the sensor,
such as graphene, graphene oxide, or modifications like silane chemistries. While we did not try
functionalization of the surface and did not face this challenge practically, this huge non-uniformity
should be considered, especially for short-channel OG-JFETs. One solution to this issue is to ask
manufacturers to leave a particular layer of stacked SiO>-Si3N4 or one of them on the open gate
area for a smoother oxide surface. One of the causes of errors in the measurement could be the
non-uniformity of the oxide layer on the sensor, which might cause variations in the charge

sensitivity of devices.

9.2.3.  Device topologies
The OG-JFET could be operated with a double gate, which requires having a solution gate on top
and a back gate uniformly designed on the backside of the chip. This configuration would enable
an extended gate from the solution side and introduce a new sensing modality with the solution
gate. Additionally, isolating the single channel from the rest of the chip is another important future
step for achieving a single isolated channel. The p-type sensing layer is uniformly shared under all
devices in the current structure. However, to create a unique sensing channel, the channel could be
isolated by N++ implantation or etching the p-type channel and then filling the gap with a
dielectric. Furthermore, the shared back gate must be specified for each channel if the top layer is
isolated. Further fabrication efforts are required to assign a separate back gate to each isolated

channel on the top.

9.2.4. Microfluidics integration
We have provided two distinct methodologies to apply a microfluidics channel or well onto the
OG-JFET. The first is based on 3D printing modeling and uses PDMS as the base material for
microfluidic channel fabrication. The second one is entirely based on 3D printing and uses off-the-
shelf electronics components such as spring-loaded connectors, which allows rapid prototyping of
fluidics compartment fabrication and integration. The following steps in the microfluidics
integration could be scaling down the channel microfabrication with higher precision mold
fabrication techniques, such as photolithography and soft lithography, to have a channel with
dimensions as low as the OG-JFET channel size (minimum viable size 5 um) for the standard

single channel OG-JFETs. Furthermore, more research is required to apply novel emerging 3D
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microfluidics on the OG-JFET due to the adaptability of the sensor to 3D structures compared to

the 2D ones, which causes considerable challenges in controlling the leakages to surroundings.

9.3. Conclusions
This thesis has successfully advanced the field of biochemical sensing by exploring the novel
open-gate junction field-effect transistor (OG-JFET) technology. Through a comprehensive
investigation that included designing innovative OG-JFET sensors, conducting extensive literature
reviews, and employing multiscale and Multiphysics simulation techniques, we have demonstrated
the potential of OG-JFET for various chemical and biological sensing applications. Implementing
microfluidic integration methods and developing portable characterization systems have further
validated the practical utility and versatility of OG-JFETs as a new multipurpose sensing platform.
This research establishes a solid foundation for future OG-JFET development. It provides valuable
insights that can be applied to creating next-generation biosensors, paving the way for significant

advancements in sensing technologies by adopting OG-JFET.
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Appendices

In this thesis, in addition to the contributions in the form of journal papers, several publications in

the form of conferences or abstracts were also contributed.

Al. Conference paper 1
A New Foundry-Based Open-Gate Junction Field-Effect Transistor (OG-
JFET) as Electronic Sensing Platform (ESP) for Life Science Applications

Authors: Abbas Panahi, Hamed Osouli Tabrizi, Priyadarshini Mangannavar, Oleg
Chebotarev, Andrew Fung, Ebrahim Ghafar-Zadeh

Conference: Presented at IEEE Sensors Conference, 2021 (Virtual)

This conference paper introduces the foundry OG-JFET technology, characterization, simulation,

and pH test results and discusses its novelty as a new ion-sensitive FET sensor.

Abstract:

An electronic sensor platform based on ion-sensitive open-gate junction field-effect-transistors
(OG-JFET) is introduced for life science applications. OG-JFET is fabricated using an established
and mass-producible method. A thin layer (1.6 um) of p-type silicon is epitaxially grown on thick
(450 pm) n-type silicon to create a vertical p-n junction. The p-type layer is the main channel, with
two ohmic contacts as the source and drain. OG-JFET in our design showed a 52.12 mV/pH
sensitivity and 16 mV hysteresis with a 3 pA/hour drift rate. Also, a COMSOL Multiphysics model
is introduced to design OG-JFET efficiently.

Keywords—Field-effect transistor (FET), biosensor, ISFET, MEMS, COMSOL, Junction Field-
effect Transistor (JFET), BioFET

Al.l. Introduction

Field-effect transistors (FET) based biosensors have received significant attention over the last two

decades for biomedical applications [1]. FET sensors have been proven to be low-cost, highly
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sensitive, label-free, seamless miniaturization with the perfect integration capability with Lab-on-
a-chip (LOC) technologies [2]. Biological FETs (BioFET) have the same structure as ion-sensitive
FETs (ISFETs), but with this subtle difference, a new biorecognition element has already been
covered at the gate. So far, various structures for BioFETs have been introduced [3]. Most of them
are based on cleanroom microfabrication processes, which are not scalable due to the complexity
of the fabrication process and the materials used, such as carbon-based 2D materials [3]. While
showing extraordinary sensitivity and improving other sensing features, these sensors are not
scalable in mass fabrication. Many BioFET structures are based on the well-established and almost
flawless Complementary Metal Oxide Semiconductors (CMOS) technology, such as an extended
gate, a floating gate, a floating-control gate, etc. The unmodified CMOS-based ISFETs (or
BioFETs) are based on mass-producible CMOS technology. However, disadvantages accompany
unmodified CMOS ISFET sensors [4]. The long via pads that connect the gate to the channel are
the source of parasitic capacitance errors. Also, the necessity of using bulky Ag/AgCl electrodes
in solution hampers further integration with Lab-on-a-Chip technologies for further personal health

monitoring utilization.

In this work, we introduce a new technology for bio/chemical sensing applications that is
structurally new in the ISFET sensing area. While the JFET platform already exists, the application
for biosensing is new. The sensor is based on a planar JFET structure with an open gate for
introducing chemical/biological samples. In this structure, an integrated back-gate avoids needing
a bulky electrode in solution, such as Ag/AgCl. Chemical sensing was tested by studying the
sensor's sensitivity to different [H+] concentrations in the buffer solution (PBS). Previously, the
same technology was used with a quantum dot sensing layer to demonstrate photovoltage field-
effect transistors, pushing the infrared detection limits in silicon [5] by taking advantage of the
back-gated JFET structure for signal amplification. Porous silicon junction field-effect transistor
(PSJFET) and cSi-Au-JFET sensors are another variant of JFET that has been applied for NO»
detection [6], [7]. To the best of our knowledge, the present work using the electronic sensor
platform offered by CMC Microsystems is the first reported application of the OG-JFET structure

in chemical sensing.
Al.2. Proposed Method and Materials

Al.2.1.  OG-JFET Sensing Mechanism
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An open-gate JFET consists of a p-type layer grown on top of the n-type channel, supported by a

back gate, as shown in Figure A1-1.

Drain

Back Gate

Figure A1- 1. The structure of the open gate junction field affects the transistor sensor.

As shown in Fig. A1-1, the sensor consists of a p-type layer on a very thick N-type silicon layer.
The gate is on the sensor's backside, which modulates the channel conductance with voltage biases.
The sensor is exposed to the chemical/biological solution/materials through the open gate area's
top layer between the source and drain. Electrons/holes flow from the source to the drain (or
opposite) in the p-type channel when the sensor is reversely biased. A very thin oxide layer on the
outer p-type layer usually happens as the native oxide. This very thin layer of oxide interacts with
solution ions and water molecules and creates a double-layer capacitance in the solution (for more
detailed information, please read [3]). The double layer gives birth to a stacked layer of ions that
modulate the oxide surface charge with the concentration of ions in the solution or, in other words,
the potential in the electrolyte solution, which includes the biological materials and a place where
chemical reactions occur. The sensor should work in reversed-biased conditions to limit the gate

leakages and ensure the p-n junction diode is turned off.

A1.2.2.  Design and Fabrication Processes
The fabrication of OG-JFET is based on a standard VLSI (very large-scale integration) process at
Institut interdisciplinaire d'innovation technologique (3IT) at Université de Sherbrooke. In this
standardized process, an epitaxial p-type (conduction channel with doping of ~ 5x10'%) with 1.6

um thickness was grown on 450 um n-type silicon substrate with estimated doping of 1x10'® cm®.

292



Additionally, ion implantation was performed to create an ohmic source and drain contacts on the
epitaxial channel, followed by lithographic aluminum patterning as a contact. The metal is
passivated by a Si3Ns. A detailed standard fabrication process for OG-JFET is shown in Figure A1-
2. The fabrication begins with alignment marker patterning on a silicon wafer with an orientation
of <100> and 100 mm diameter of approximately 420 pm +/- 25 um thickness with a resistivity
of 0.006 to 0.02 Ohm-cm. This step is followed by PECVD deposition of 200 nm +/- 25 of SiO»
on the sensor top silicon later. After the deposition of SiO,, a layer of photoresist would be
deposited, which is followed by an etching process to open the space for implantation, which is
required for metallization and making silicon ready for drain and source contact; before
metallization is continued, a back and front annealing will be conducted, which will help to
consolidate metallization. Afterward, all the front areas will be encapsulated using 500 nm thick
Si3N4. The final fabrication stage will be opening the gate area and contact pads, as shown in

Figure A1-2.
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Figure A1- 2. The standard fabrication process of OG-JFET.

Al1.2.3.  OG-JFET Design

The sensor layout design was performed using L-Edit software (Mentor Graphics) based on the

design kit provided by CMC Microsystem. Fig. A1-4 shows a schematic of the fabricated sensor.
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The sensor consists of seven sensing channels (opened gate) surrounded by eight pads in the

chip's primitive, with characteristics presented in Table A1-1.

Al1.2.4. COMSOL Multiphysics Simulation of OG-JFET

To extract the OG-JFET's electronic transfer characteristics, a multi-physics finite element
simulation was performed. In this regard, COMSOL Multiphysics 5.5 software was used to model
the semiconductor device. Accordingly, a 2D sensor model was designed in COMSOL with each
channel's specified size and dimensions according to the geometrical design and information

provided in Table A1-1.

Table Al- 1. Design parameters values for OG-JFET

Parameters Value
P-type length (Log) 100 pm
P-type doping (NA) 5x 10 % jem3
P-type channel thickness (tp) 1.6 um
Channel depth (3D, not shown) 1000 pm
N-type length (Log) 100 pm
N-type thickness (tn) 450 pm

N-type doping (Np)

1 x 10 18 /cm3

Source / drain length and width (Ls)

20 pumand 1000 pm

Source/drain implantation doping

2 x10%6 /cm?3

(P++)
N++ doping ~1x109
Source/Drain offset (Lo) 10 um

Opened gate surface

silicon with native
silicon oxide

Loc
<

<

Source s - Drain
v

A

m Np n-type

M

Back Gate

Figure Al- 3. OG-JFET design parameters that can be controlled in fabrication.
A1.2.5.  Fluidic Fixture
Following the replica molding approach, a microfluidic chamber was fabricated with PDMS to

test OG-JFET with fluidic samples with different pH. A PCB was designed and manufactured, then
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put on top of the four-pillar 3D-printed structure to hold the PDMS microfluidics and connect the
sensor to the semiconductor analyzer using spring-loaded connectors, as shown in Fig. A1-5. The

PCB has a switch by which one can select the channel (see Fig. A1-4) for doing the tests.

Al.3. Results and Discussions
Al1.3.1. OG-JFET Transfer Characteristics

All the measurements were conducted using a semiconductor analyzer device (Keithley 4200A -
SCS Parameter Analyzer) connected to the sensor through BNC connectors on the PCB board (See
Fig A1-5). The switch on the PCB was used to connect different drains (see Fig A1-4) of OG-
JFETs to the BNC and semiconductor analyzer. All the tests were done by biasing the sensor in
reversed bias mode by applying a negative voltage to the drains and a positive voltage to the back

gate. Figure A1-6 shows the Ids-Vds curve of the dry OG-JFET and the simulation results.

Figure A1- 4. The fabricated sensor consists of seven channels and one common source. (a) layout design, (b) the
fabricated sensor

295



Figure A1- 5. The test setup used for pH tests on-chip. (a) connection of the syringe pump and the microfluidic
channel; (b) the circuit schematic; (c) a closeup of the chip, microfluidic, 3D printed structure, and spring-loaded
connectors.

Based on the Ids-Vds curve of OG-JFET for the design shown in Fig. A1-4, the sensor responded
like the conventional JFET structures. However, we cannot see a perfect linear saturation region
due to the long channel length (here, 100 um). The gate bias voltage is positive, and the drain-
source voltage is negative, which means increasing the gate voltage would dampen the channel
conductance and decrease the current. The sensor function was also tested with the COMSOL
simulation package based on the size and parameters defined in Table A1-1 and geometry in Fig.
Al-4. The Ids-Vds curve we got from COMSOL is shown in Fig. A1-6. COMSOL simulation
predicts the sensor response like the experiment curve trend; however, there is a specific error
(11.58%, at Vds=10 V) that comes from the non-idealities of the fabrication process and likely
variances of geometries and doping levels. OG-JFET sensor was tested under different pH
solutions to analyze its sensitivity towards ion concentration changes in the PBS buffer solution
(here [H+] concentration). Different pH solutions were prepared by adding HCL (0.1 M) and
NaOH (0.1 M) solutions to the PBS and measuring the pH with a standard pH meter.

Figure A1- 6. Ids-Vds curve of OG-JFET for reversed bias condition. (a) COMSOL result; (b) experiment results

The solution was then directed onto the sensor through the PDMS microfluidic channel (shown in
Fig. 5). The pH test results are shown in Figure A1-7. The sensitivity of OG-JFET is in the Nernst
limit (<59 mV/pH), which shows a good sensitivity compared to the available SiOz-gated ISFETs
with sensitives between 40 to 50 mV/pH [3].
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Figure A1- 7. OG-JFET response to different pH values. Inset: OG-JFET sensitivity at reference current of 0.5
mA and Vds=5 V.

Ald4. Conclusion

OG-JFET has been introduced in this work as a new ion-sensitive field effect transistor (ISFET)
based on a standard VLSI microfabrication process. OG-JFET is a mass-producible, highly
sensitive, and large-sensing-area BioFET that can be tailored to different applications through
layout design and microfluidic packaging design. In addition, we have performed a COMSOL
simulation to model the sensor operation under various bias conditions. OG-JFET has been tested
in solutions with different pH to record its response to ion concentrations (here [H+]). OG-JFET
showed a sensitivity of 52.12 mV/pH, which is within the range of the standard ISFET sensing
regime. However, the sensor's hysteresis in a pH load cycle was measured at 16 mV with a drift of
3 pA/hour. Based on the results and simulation studies, OG-JFET can be considered a new FET

electronic sensing platform for different biosensing applications.
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Abstract

This paper presents a new field-effect-based sensor for biosensing applications. The sensor is
composed of a new structure based on the junction field effect transistor, or JFET, a well-known
electronic transistor. To prepare the JFET for biosensing and solution-based sensing, the p-type
JFET is opened from one side (the n-type layer is removed), allowing the application of a solution
containing biochemical substances on top. The opened-gate area consists of silicon with a very
thin layer of Si02, which is naturally grown on silicon when exposed to the environment. The p-
type channel length between a source and drain is about 100 um, and its thickness is 1.6 pm with
1000 um wideness. A standard source design is introduced, containing seven channels that further
improve the sensing area (= 0.7 mm?). Dried DNA demonstrates the biomolecular sensing
capability of the open-gate junction field-effect transistor (OG-JFET). Experimental analysis
showing a sensitivity of 30 pA/DNA- Concentration (ng/ulL) for OG-JFET toward dry DNA.

Keywords—Open-Gate JFET, ISFET, Field-Effect Transistor, Biosensor, DNA Detection,
MEMS, NEMS

A2.1. INTRODUCTION

Field-effect-based biosensors are becoming popular due to their unique sensing properties for
biomolecular charge detection in the solution. Relying on charge sensing, field-effect transistor
(FET) sensors can be utilized to detect solution charge variations due to the existence of
biomolecules and their possible accompanying chemical reactions. The charge sensing in FET-
based biosensors is done label-free, making it a strong candidate for detecting disease biomarkers

that are extremely important for next-generation point-of-care (PoC) devices. Furthermore, Label-
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free detection significantly simplifies the sensing process, which reduces the final cost of the
sensor, which is cherished in PoC development. Biological field-effect transistors (BioFETs) are
being used for various applications, from DNA detection to cell analysis to study the ions transport
in biological cells [1], [2]. Different structures have been introduced in recent decades, showing
considerable interest in these sensors [3]. The various structures developed, from the
complementary metal-oxide-semiconductor (CMOS) based ion-sensitive FETs (ISFETs) that
offered standard fabrication processes to FET structures based on organic and nanomaterials.
However, their limited sensitivity in terms of material used and the structures led to the proposal

of new physical structures and the utilization of novel materials such as carbon and nanomaterial

[4], [5].

We have presented a new structure based on an open-gate junction field-effect transistor (OG-
JFET) along this line. Standard microfabrication is executed to develop the sensor, enabling large-
volume production. Relying on a back-gate, OG-JFET avoids the bulky top gate in solutions such
as Ag/AgCl. Here, we have presented the dried-DNA results to show this sensor's efficacy for
measuring surface charges without a top electrode. This characteristic is essential for alleviating
packaging issues due to the necessity of using top electrodes. The OG-JFET technology has been
used with a quantum dot sensing layer to validate photovoltage field-effect transistors by [6]
exploiting the back-gated JFET structure. Porous silicon junction field-eftect transistor (PSJFET)
and cSi-Au-JFET sensors are another variant of JFET that has been used for gas detection [7], [8].

A2.1. SENSOR STRUCTURE
A2.2.1. OG-JFET Structure

The OG-JFET structure is based on conventional JFET structures in electronics, with this subtle
difference in that the top gate (here, n-type) is removed to create an opened-gate area for exposing
a p-type channel to the environment. As shown in Fig. A2-1, the sensor provides a back gate to
control the channel's electronic transport performance. The back gate enables control over the
channel conduction by applying voltages to the p-n junction in the structure. A positive voltage
from the back gate and a negative from the drain with a zero-source voltage will put the sensor in

reverse bias, which blocks the current from the back gate to the drain and vice versa.
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A22.2. OG-JFET Sensing

As shown in Fig. A2-1., the sensor is made of a p-type layer on a very thick layer of support made
of n-type silicon. A back gate is applied on the sensor's backside to modulate the channel's
conductance with voltage bias. The chemicals and biomaterials can contact the p-type silicon in
the opened top gate area. Electrons/holes flow from the source to the drain (or opposite) in the p-
type channel when the sensor is reversely biased. When silicon is exposed to the environment, a
specific silicon oxide layer will be created on the sensor's outermost layer, called native oxide.
This thin layer of oxide interacts with the ions and molecular content of the solution, which leads
to a change in the surface charge of silicon. The ion complexation on the surface of the oxide
creates a double-layer capacitance that is the result of the ion layers created on the oxide surface.
The double layer on the surface interacts with the bulk solution. As a result, the ions produced
inside the solution due to biochemical reactions will affect the surface charge concentration,
leading to a variation in the hole transport in the conduction channel. The potential levels on the
sensor's surface are maximized at the surface and decrease to the potential of the bulk solution.
The sensor should work in reversed-biased conditions to limit gate leakages and ensure the p-n

junction diode is turned off.

Source Drain

(a) Back-Gate (b) Back Gate
Extended Gate

m

Figure A2- 1. The structure of the OG-JFET sensor in comparison to other structures. (a): OG-JFET, (b): back
gate structure, (c): Modified CMOS structure, (d): CMOS extended gate

A2.2. OG-JFET DESIGN AND SIMULATION
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The sensor layout was designed in L-Edit software using a standard fabrication process offered by
CMC Microsystem [9]. Our previous publications [9] and [10] describe the fabrication process in
detail.

A2.2.1.  Sensor Desing

The sensor die dimension is about 10 mmx10 mm, creating a large design area. To make a larger
sensing area, we designed a standard source structure that allows the connection of all sources
while the drains are different. The structure of the sensor (See Fig. A2-1) suggests a uniform
channel under the source and drain, a p-type silicon with a doping level of 5x10' /cm?. The
distance between each channel on the sensor is 40 pm, and the channel 2D size on top is 100 um
% 1000 um. The channel depth is uniform in all cross-sections, which is 1.6 pm. The geometry of
the design is shown in Fig. A2-2. According to the designed geometry, a total sensing area of 0.7
mm?2 is provided. The n-type layer is thick, as large as 450 pm, on which a thin layer of p-type

silicon with a thickness of 1.6 pm is developed.
A2.2.2. Simulation

A finite element method (FEM) is used to simulate the sensor numerically. The COMSOL
Multiphysics software models the sensor and solves the semiconductor equations. A 2D sensor
model is created in the model builder of COMSOL. The boundary conditions were then applied to

the sensor; however, the experimental conditions were not maintained due to software limits. For

Figure A2- 2. The microscopic image of the fabricated sensor

instance, the top gate area is open to the environment; however, this was impossible to model in
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COMSOL; thus, it is considered insulated. The model simplifications affect the accuracy of the
simulation. However, considering the model simplifications, a linear function introduced the
equivalent back gate voltage in the simulation. The sensor's geometry was meshed in COMSOL,
which included the uniform meshes in the p-type area and unstructured mesh in the n-type region.
The semiconductor equations, [10], were solved with finite element approximation equations, [10],

were solved with finite element approximation.
A2.2.3. Biomolecular modeling

Here, single-strand DNA (ssDNA) molecules are modeled as single point charges on the sensor's
surface to estimate the effect of surface charge effect. The modeling is performed based on an
experiment conducted on mass monitoring of ssDNA molecules on the sensor. In the modeling, it
is assumed that one charge element of the ssDNA molecule is attached to the sensor's surface and

only this equivalent charge is participating in the charge effect. We have elaborated on this in [11].
A2.2.4. OG-JFET Electronic Characterization

The OG-JFET was tested with a probe station (MPI TS200-SE Probe Station) that connects the
sensor to a semiconductor analyzer (Keithley 4200A-SCS Parameter Analyzer) device. To do so,
the probstation was attached to the sensor. The sensor was placed on a glass slide on the conductive
copper tape to create a back-gate connection. The back-gate connection was soldered. To
characterize the sensor, we swept the drain voltage between 0 and 10 with a negative voltage, and
then the back gate was changed from 0 to 1 in steps of 0.1 V. The back-gate voltage was positive
to ensure the sensor operated in reverse bias conditions. However, in different experiments, the
voltage range varied based on the condition of the experiment, but the same biasing scheme was

preserved.
A2.3. Dry sensor I-V curves

The OG-JFET comprises a vertical p-n junction, creating a planar FET structure. The sensor can
be operated in two modes. The first uses the p-n junction in forward bias. If such a condition is
tested, the p-n junction will be opened after the voltage difference between the drain and back-gate
is more than = 0.67 V. After that, the drain experiences a very high drain current (> 1 mA). The I-
V curves for OG-JFET operation are presented in Fig. A2-4. The figures show the I-V curve of a
p-type channel for OG-JFET.
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A2.3.1. COMSOL Simulation Result

The COMSOL Multiphysics software was used to simulate the OG-JFET sensor. The simulation
results show that the experimental observation is correct as the results show the same trend as the
experiments. According to the simulation results, the sensor response increases and then plateaus,
but it is lower than the same experimental results even though the back-gate voltage is a linear
approximation of the experimental results. That means the model contains errors that are inevitable

due to FEM approximation.

Figure A2- 3. The probstation and semiconductor analyzer are used to characterize the sensor.
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Figure A2- 4. The Ids-Vds curves of the sensor when the back gate voltage is increasing

According to Fig. A2-5, as the drain-source voltage increases, the current increases in the ohmic
region, after which the current plateaus. According to the simulation, the threshold voltage at which

the saturation region starts happens between =~ 0.6 V and = 1.7 V, depending on the value of the
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back-gate voltage. As the simulation shows, the back-gate voltage decreases the total area available
in front of charge carriers in the conduction channel. The simulation suggests the same trend as
the experiment. Still, the errors are significant (10-30%) at specific drain-source voltages due to
model simplifications and inconsistency between the boundary conditions and the actual sensor
fabrication. To make the modeling more robust, the fabrication process's inventible errors must be

controlled to meet exact values as simulation.
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Figure A2- 5. COMSOL simulation result showing Ids-Vds of OG-JFET when back gate voltage is increasing
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Figure A2- 6. Simulation and experimental results of dried ssDNA tests on the sensor for different concentrations
(ug/nL). (a): COMSOL simulation, (b): experimental result

A2.3.2.  Simulation and Experiment result of Dry DNA test

The ssDNA molecules were tested on the sensor to test the sensor’s response to a surface charge
variation. The results show the sensor's effectiveness in measuring dried DNA charge. The ssDNA
concentration was put in ultrapure water and dropped on the sensor with a pipette. After
evaporation, the sensor response was recorded. Different concentrations of DNA were used in

water, which resulted in an almost linear response. Also, the existence of ssDNA molecules on the
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sensor is simulated. The simulation is based on assumptions and simplifications. Nevertheless,

accumulating extra negative charges on the sensor's surface increases the current.
A24. CONCLUSION

In this paper, a new FET biosensor is presented. The structure of the sensor is based on the OG-
JFET, which is like the conventional JFET with a removed top gate. Here, an almost 0.7 mm?
sensing area is designed on a 10 mm? die area by common sourcing of seven FET channels with
size of 100 pm x 1000 pm. The depth of all channels is the same, which is 1.6 um. The sensor was
tested with a probstation, and the critical I-V curves were recorded. However, the results show that
the sensor’s response is like the conventional JFET, with different electronic characteristics. The
sensor can be operated in two modes: forward and reverse bias. The reason for such a characteristic
is that the sensor is made of a p-n junction that allows reverse and forward bias of the junction
with the polarity of the applied voltages. It is demonstrated that the sensor I-V curves can be used
to characterize sensors and evaluate biosensing performance. For example, the dried DNA with
different concentrations was prepared and dropped on the sensing area. The result showed a 30
pA/DNA-concentration sensitivity for this sensor. This is an almost linear response. Also, the
sensor is simulated in COMSOL multiphysics to ensure its electronic responsivity and charge
sensing performance. The simulation results demonstrate the same trend as the experiment.

However, there is an invertible error due to model simplifications.
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Abstract:

There have been tremendous efforts to develop biological field-effect transistors (BioFET) for
different applications such as gene detection [1], cell analysis [2], enzyme reaction-based
biosensors [3], and early detection of COVID-19 spike protein in human samples [4]. Owing to
the superior characteristics of FET sensors in various biosensing applications, they have been
recognized as a possible sensing component for point-of-care devices, which is believed to disrupt
personalized medicine significantly when integrated with lab-on-a-chip technologies [5]. So far,
various papers have reported FET-based sensors showing inefficient and bulky tasks through in-
house microfabrication clean rooms. Nevertheless, there is still a demand for fabless
microfabrication of FET sensors, which greatly influences the precision of processing and
packaging for higher production yield. In this contribution, we have designed and fabricated an

OG-JFET to monitor the pH of a solution, which is the basis for further development of biosensors.

A new ion-sensitive field-effect transistor named open-gate junction field-effect transistor (OG-
JFET) is employed to develop the sensor for pH sensing. The sensor is proposed to be used for
chemical and biological sensing applications. OG-JFET is characterized, and all the transfer
characteristics required for biosensing/ion-sensing of OG-JFET have been derived. The sensor
response towards H+ ion has been described by solution with different pH values. Also, we have
conducted a COMSOL Multiphysics to gain a better understanding of the sensor operation and
mechanism of sensing. The simulation results demonstrated good consistency with experimental

results, making the simulations a reliable reference for sensor design. OG-JFET showed a
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sensitivity of 55.29 mV/pH, a hysteresis of 16 mV, and a drift of 3 pA/hours. For the first time, the
simulation and experimental results in this paper put forward the OG-JFET as a new ion-sensitive

FET sensor for chemical and biological applications.
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