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Abstract

Medical research and technological advancements are heading towards tailored healthcare
approaches that prioritize individual needs, allowing for more accurate diagnoses, more effec-
tive treatments, and better patient outcomes overall. One such approach is the use of digital
twins, which involves creating a unique computational and technological representation of an
individual’s medical copy based on data collected from multiple edge Al technologies. Digital
twins can help develop new treatments and medications, optimize drug dosages, and predict
side effects before they occur. Furthermore, they can identify potential risk factors and detect
early symptoms before they become severe, aiding in disease prevention. Moving towards pre-
ventive and personalized healthcare requires real-time monitoring of key biomarkers directly
on-body. However, there is still a need for robust and low-power wearable sensors that can
continuously monitor multiple biomarkers in human biofluids. These sensors would have the
potential to serve two primary purposes: firstly, early detection of change in concentration of
biomarkers, enabling doctors to make faster treatment decisions. Secondly, the large amount
of data collected from different patients in hospitals can be used to develop personalized
healthcare solutions that improve patient outcomes. FET-based biosensors have emerged
as promising candidates for the next generation of low-power and label-free biosensors due
to their ease of miniaturization, low-power consumption, and the possibility of integration
into CMOS technology. This project aims to lay the groundwork for the creation of robust and
low-power multimodal biomarker ISFET-type wearable sensors that can quasi-continuously
monitor multiple biomarkers in human interstitial fluid. In this work, fully-depleted silicon
nanowire array Field-Effect Transistors (SiNWs FET) on SOI technology have been proposed
as biosensors to detect biomarkers in human biofluids, such as interstitial fluid. Two different
platforms have been fabricated, one entirely at the Centre of MicroNanotechnology (CMi) of
EPFL, and one at CEA-LETI in Grenoble. The fabricated SINW FETs have demonstrated excel-
lent performance in terms of electrical characterization, with an OFF to ON ratio larger than
6 orders of magnitude and a subthreshold swing of 80 mV/decade, two key requirements to
obtain an efficient biosensor. A dependable method of surface functionalization for detecting
C-Reactive Protein (CRP) has been developed. This method employs antibody fragments on
high-x oxides, and it has been extensively validated using various characterization techniques
such as Surface Plasmon Resonance (SPR), X-Ray spectroscopy (XPS), and Quartz Crystal
Microbalance with Dissipation Monitoring (QCM-D). Efficient and reliable monitoring of C-
Reactive Protein in dual-gate configuration and preliminary results in constant current mode
have been demonstrated. Moreover, we have proven a reliable and reproducible detection
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of pH levels both in buffer and human ISF-like solutions. The intrinsic double gate structure
of the system has been exploited to obtain signal amplification (from Nernstian sensitivity
of 59 mV/pH up to 3 V/pH), and a constant current configuration has been introduced to
obtain a system with voltage output and the possibility to have fine-tuning of the output
dose response through the selection of the system operating point. The results obtained in
this thesis move toward real-life applications of wearable sensing, thus considering stability,
reliability, and miniaturization. The proposed biosensors offer a promising solution for the
detection of biomarkers in human biofluids, enabling real-time health evolution monitoring,
and preventive and personalized care.

Keywords: Biosensors, Biomarkers, Field-Effect Transistor (FET), Silicon Nanowires, Fully-
Depleted FET, Silicon-on-Insulator, ISFET, MOSFET, label-free sensor, pH sensor, low-power,
high-«x dielectric, affinity-based biosensors, signal amplification, wearable sensors, Digital
Twin, Edge-Al sensors, C-Reactive Protein, protein sensing, interstitial fluid (ISF), low-invasive
Sensors.
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Sommario

La ricerca medica e i progressi tecnologici si stanno dirigendo verso approcci sanitari per-
sonalizzati che danno priorita alle esigenze individuali, consentendo diagnosi pitu accurate,
trattamenti piu efficaci e risultati complessivamente migliori per i pazienti. Uno di questi
approcci e 'uso dei Gemelli Digitali, che prevede la creazione di una rappresentazione com-
putazionale e tecnologica unica della copia medica di un individuo, basata sui dati raccolti
da pitt tecnologie di endpoint di Intelligenza Artificiale (Edge-Al) all’avanguardia. I gemelli
digitali possono aiutare a sviluppare nuovi trattamenti e farmaci, ottimizzare i dosaggi e
prevedere gli effetti collaterali prima che si verifichino. Inoltre, possono identificare potenziali
fattori di rischio e rilevare i primi sintomi prima che diventino gravi, favorendo la prevenzione
delle malattie. L'evoluzione verso una salute preventiva e personalizzata richiede il moni-
toraggio in tempo reale dei biomarcatori chiave direttamente sul corpo. Tuttavia, c’€ ancora
bisogno di sensori indossabili robusti e a basso consumo energetico, in grado di monitorare
continuamente pitt biomarcatori nei biofluidi umani. Questi sensori potrebbero servire a due
scopi principali: in primo luogo, il rilevamento precoce dei cambiamenti nella concentrazione
dei biomarcatori, consentendo ai medici di prendere decisioni terapeutiche piu rapide. In
secondo luogo, la grande quantita di dati raccolti da diversi pazienti negli ospedali puo essere
utilizzata per sviluppare soluzioni sanitarie personalizzate che migliorino i risultati dei pazi-
enti. I biosensori basati su transistori a effetto di campo (FET) sono emersi come candidati
promettenti per la prossima generazione di biosensori a basso consumo e 'label-free’, grazie
alla loro facilita di miniaturizzazione, al basso consumo energetico e alla possibilita di inte-
grazione nella tecnologia CMOS. Questo progetto mira a gettare le basi per la creazione di
sensori indossabili di tipo ISFET (Transistori a effetto di campo sensibili a ioni) per biomarca-
tori multimodali, robusti e a basso consumo, in grado di monitorare in modo quasi continuo
pitt biomarcatori nel liquido interstiziale umano. In questo lavoro, i transistor a effetto di
campo ad array di nanofili di silicio (SiNWs FET) 'Fully Depleted’ su tecnologia SOI (silicio su
isolante) sono stati proposti come biosensori per rilevare i biomarcatori nei biofluidi umani,
come il liquido interstiziale. Sono state fabbricate due diverse piattaforme, una interamente
presso il Centro di MicroNanotecnologie (CMi) dell’ EPFL e una presso il CEA-LETI di Grenoble.
I FET SiNW fabbricati hanno dimostrato prestazioni eccellenti in termini di caratterizzazione
elettrica, con un rapporto OFF/ON superiore a 6 ordini di grandezza e una ’subthreshold
slope’ di 80 mV/decade, due requisiti fondamentali per ottenere un biosensore efficiente. E
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stato sviluppato un metodo affidabile di funzionalizzazione della superficie per rilevare la
Proteina C-Reattiva (PCR). Questo metodo impiega frammenti di anticorpi su ossidi ad alta
costante dielettrica (high-x) ed e stato ampiamente convalidato utilizzando varie tecniche
di caratterizzazione, come la risonanza plasmonica di superficie (SPR), la spettroscopia a
raggi X (XPS) e la microbilancia a cristallo di quarzo con monitoraggio della dissipazione
(QCM-D). E stato dimostrato un monitoraggio efficiente e affidabile della proteina C-reattiva
in configurazione dual-gate e risultati preliminari in modalita di corrente costante. Inoltre,
abbiamo dimostrato un rilevamento affidabile e riproducibile dei livelli di pH sia in soluzione
buffer che in soluzione che rispecchia il liquido interstiziale della pelle umana. La struttura
intrinseca a doppio gate del sistema € stata sfruttata per ottenere 'amplificazione del segnale
(da una sensibilita nernstiana di 59 mV/pH fino a 3 V/pH), ed ¢ stata introdotta una config-
urazione a corrente di drain costante per ottenere un sistema con un’uscita in tensione e la
possibilita di avere una regolazione fine della risposta alla dose in uscita attraverso la selezione
del punto di bias del sistema. I risultati ottenuti in questa tesi si orientano verso applicazioni
reali di rilevamento indossabile, tenendo conto di stabilita, affidabilita e miniaturizzazione. I
biosensori proposti offrono una soluzione promettente per la rilevazione di biomarcatori nei
biofluidi umani, consentendo il monitoraggio in tempo reale dell’evoluzione della salute, la
prevenzione e la cura personalizzata.

Parole chiave: Biosensori, Biomarcatori, Transistore a effetto di campo (FET), Nanofili di
silicio, FET a svuotamento completo, silicio su isolante (SOI), ISFET, MOSFET, sensori label-
free, sensore di pH, sensori a basso consumo, dielettrici ad alta costante dielettrica, biosensori
basati su affinitd, amplificazione di segnali, sensori indossabili, Gemelli Digitali, sensori
Edge-Al, Proteina C-Reattiva, sensori di proteine, liquido interstiziale (ISF), sensori a bassa
invasivita.
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Thesis Outline

This thesis takes a holistic approach, where each subsequent chapter builds upon the notions
introduced in the previous ones to provide a comprehensive and interconnected analysis of
the topic. To ensure that each chapter is readable and comprehensible on its own, a brief
introduction is provided at the beginning of each. These introductions summarize the key
notions and concepts introduced in the preceding ones, providing readers with the necessary
context to understand the current chapter’s analysis. Overall, this approach allows readers to
engage with the manuscript on both a chapter-by-chapter basis and as a cohesive whole.

Thesis Objective

This thesis work proposes a Fully Depleted Silicon Nanowire Field-Effect Transistor as the ideal
candidate for the transducer component of biosensor systems designed for wearable and low-
power solutions. The entire project was conducted within the Digipredict European project,
which aimed to develop Edge AI-deployed Digital Twins for predicting disease progression and
needs for early intervention in infectious and cardiovascular diseases beyond COVID-19 [1].
Wearable biosensors play a crucial role in real-time biomarker detection, serving as Edge-Al
IoT nodes that collect physiological data to create a personalized health copy or Digital Twin.
This data can be exploited for diagnosis and disease prediction, making biosensors a central
element of personalized healthcare. The targeted human bio-fluid for this biosensor system is
the interstitial fluid since it allows the usage of biomedical systems employing low-invasive
technology. This fluid can be collected by piercing the skin to a depth of only a few hundred
micrometers, painlessly and with minimal discomfort, just below the first epidermal layer. To
meet the project goals, the biosensor system must be compatible with the electronic read-out
system and the microneedle collection platform that has been designed and developed by
consortium partners. This compatibility ensures that the biosensor system can be integrated
seamlessly into the overall project framework and that it can provide reliable and accurate
data for disease prediction and diagnosis.

Chapter 1: Introduction and State of the Art

In this introductory chapter, the framework of the thesis is presented, along with the main
objective of the work, the scientific research context, and the current needs in personalized
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healthcare. In addition, the chapter introduces the concept of biosensors and their role in
creating a Healthcare Digital Twin. The selection of dermal interstitial fluid as the fluid of
interest for detecting selected biomarkers is explained, with a discussion of the most recent
works on the composition of this fluid and the cutting-edge technologies for its collection.
Furthermore, the necessary fundamentals of the Ion-Sensitive Field-Effect transistor are
introduced to understand the choice of using this device as the transducer component of the
biosensors. Finally, the chapter reports on the choice of using high-x oxides as the sensing
layer and Fully-Depleted Silicon Nanowire FET as the base of the biosensor system. These
choices are presented with a discussion of the advantages of this approach and its potential
for advancing the field of biosensing.

Chapter 2: Silicon Nanowires technology

In this chapter, the technology at the base of the biosensor transducer is reported. Two similar
platforms, respectively designed and fabricated at CEA-LETI and at EPFL are presented. For
the first platform, the main steps of the fabrication process flow are reported, followed by
its DC electrical characterization. For the chips designed and fabricated in-house at EPFL, a
more detailed description is reported: the performed simulation to select the best process
parameter is described, together with the detailed fabrication process flow. The main critical
steps in the fabrication process flow are presented before the DC electrical performance of the
obtained devices.

Chapter 3: Surface functionalization and methods

In this chapter, a fundamental part of the project is discussed: the functionalization proto-
col used to immobilize specific probes to capture protein analytes in complex biofluids is
described in detail. The characterization techniques used to confirm the correct covalent
immobilization of the chosen antibodies are also reported to confirm the good quality of the
functionalization layer, and the importance of each component to ensure stability, low drift,
and high specificity of the sensor.

After the first part, the chapters introduce three different electrical methods exploited to mea-
sure and detect analytes concentrations, namely front-gate operation, back-gate operation,
and constant drain current operation. We explain in detail the latter, being a novel method
exploited to enhance the sensor’s sensitivity and stability.

Chapter 4: pH sensing

This chapter presents the results of pH detection in both ISF-like solution and buffer. Building
upon the devices introduced in Chapter 2 and the electrical detection methods discussed
in Chapter 3, it serves as a natural continuation of the previous chapters. The results are
organized based on the platform used and the characterization technique employed. Initially,
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pH monitoring in buffer is examined, followed by the successful monitoring of pH in ISF-
like solutions using two distinct techniques: top-gate detection and constant drain current
method.

Chapter 5: CRP sensing

In this chapter, we present the results of C-Reactive Protein (CRP) detection in buffer. We uti-
lized the functionalization method discussed in Chapter 3 to immobilize antibody fragments
on high-x oxides of SINWs structures. The detection experiments were conducted in two
different configurations. First, we performed CRP detection in a top-gate configuration using
100 times diluted buffer. Subsequently, we explored the bottom-gate configuration, which
allowed for successful CRP detection in 10 times diluted buffers with thanks to the internal
signal amplification. Additionally, we conducted preliminary experiments using a constant
drain current method, which demonstrated enhanced sensitivity and response to protein
concentrations.

Chapter 6: Conclusions and future perspective

This conclusive chapter highlights the obtained advancements and contributions of this
work in the field of low-power biosensors for real-time monitoring of biomarkers in human
interstitial fluid. Future perspectives and further studies are proposed to enhance the obtained
results in this work and exploit them for an integrated wearable solution.






|§ Introduction

This chapter provides an overview of the concept of Digital Twin, which forms the basis for
the development of a miniaturized and low-power biosensor for protein and pH monitoring
in human biofluids. Section 1.1 introduces the concept of Digital Twins and its relevance
to the biosensor design. In Section 1.2, the biofluid of interest, Interstitial Fluid (ISF), is de-
scribed in terms of its composition, clinical extraction methods, and the current State of the
Art for extraction and simultaneous analysis. The integrated system concept, which includes
sensors, microfluidic components, and microneedle extractors, is presented in this chapter as
well. In Sections 1.3.1 and 1.3.2, fundamental theoretical concepts related to the Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET) and the Ion Sensitive FET (ISFET) technologies
are discussed, along with the reasons for choosing high-x dielectric and Fully-Depleted Silicon
On Insulator (FD-SOI) technologies for the biosensor transducer. Furthermore, this chapter
provides an overview of the current State of the Art in biosensing based on FET, particularly
focusing on FD-SOI silicon nanowires FET as biosensors. This chapter serves as a comprehensive
introduction to the concepts and technologies that form the foundation of the biosensor design
and fabrication discussed in subsequent chapters.

1.1 Biomarkers monitoring for Digital Twins applications

In recent years, we have witnessed the critical significance of medical research and advance-
ments in healthcare systems. The COVID-19 pandemic has further emphasized the need for
tailored healthcare approaches, as it has become increasingly clear that patients respond
differently to the virus and its treatments. Researchers and healthcare professionals have
worked tirelessly to understand the virus’ impact on different patient populations and to
develop tailored treatment plans based on individual needs [2, 3, 4, 5, 6]. Patient-centered
analysis of the disease’s pathologies has been shown to be essential in effectively treating
SARS-CoV-2. Rather than relying on general curing philosophies, a tailored approach to the
patient’s unique symptoms and circumstances has been found to be more effective.

By leveraging cutting-edge technologies and developing more precise diagnostic tools, health-
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care providers can better understand patients’ unique needs and deliver targeted treatments
that improve outcomes. It is essential to recognize that personalized healthcare is not just
important during pandemics; it is a vital aspect of promoting overall health and well-being. As
we continue to navigate the challenges posed by COVID-19, we must also focus on building a
healthcare system that prioritizes personalized care for all patients. The concept of Digital
Twins aligns perfectly with the idea of personalized healthcare. It entails creating a unique
computational and technological representation of an individual, including their disease dys-
functions. This representation is based on data collected from multiple Edge Al technologies
such as organs on chip (OoC) and real-time biosensor readings. The implementation of Digital
Twins could provide faster and more accurate diagnoses while also predicting disease trajec-
tories. The possibilities offered by Digital Twins in healthcare are immense: this technology
can aid in the development of new treatments and medications, optimize drug dosages, and
predict side effects before they occur. Additionally, it can help prevent diseases by identifying
potential risk factors and detecting early symptoms before they become severe.

This work finds its natural development in such a framework: the main goal of this project
is to lay the groundwork for the creation of robust and low-power multimodal biomarker
ISFET-type wearable sensors that can quasi-continuously monitor multiple biomarkers in
human interstitial fluid (ISF). By collecting data on highly diluted biomarkers, such as specific
proteins, these biosensors will serve two main purposes. Firstly, early changes in biomarkers
concentrations can be detected, enabling doctors to make faster treatment decisions. Secondly,
the large amount of data collected from different patients in hospitals can be used to train
machine learning models, ultimately leading to personalized healthcare solutions.

In the scientific literature, there are various definitions of what a biosensor is. Here we report
an adapted definition from [7]:

A biosensor is a self-contained device that is capable of providing real-time analytical informa-
tion about a test sample, by exploiting a recognition system based on biochemical or biological
mechanisms.

Figure 1.1 provides a simplified schematic of a biosensor system. The biological recognition
system is the first to respond to the sensed event. In our specific case, antibodies immobilized
on the transducer’s surface recognize the specific antigen, capturing it close to the sensing sur-
face. The recognized event creates a perturbation in the working mechanism of the transducer,
resulting in a readable signal that can later be analyzed and related to a specific quantity of
the captured antigen.

Our work specifically employs devices from the Field-Effect Transistor (FET) family as trans-
ducers. We will introduce the most important notions on the physics behind the devices for
the understanding of this work in Section 1.3.1, and their use as liquid-gated devices in 1.3.2.

This work is part of a larger project that aims to integrate the fabricated sensors with com-
patible silicon microneedles, enabling the extraction of human interstitial fluid for quasi-
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Bio-recognition elements Transducer Read-out system Signal processing

Figure 1.1: Biosensor schematic.

continuous on-body biomarker monitoring. This study specifically focuses on the design,
fabrication, and characterization of the sensors, and does not include a report on the integra-
tion process.

1.2 Interstitial Fluid as a biological fluid of interest

Interstitial fluid (ISF) serves as the cellular environment [8], and represents between 15 to 25%
of the total body weight [9]. It fills the space between cells and is responsible for delivering
them essential nutrients and removing metabolic waste [10]. Moreover, it constitutes 75%
of the extracellular fluid, it does not clot [11], and can be a source for continuous real-time
biomarkers monitoring. Previous works have demonstrated that ISF is very similar to plasma
in terms of protein composition, but it could show a different quantity, not strictly correlated
to the one in plasma or blood [12, 13].

Epidermis
(75-150 pm)

Dermis
(1-4 mm)

Subcutaneous
Tissue
(1-20 mm)

Blood Follid !
ollicle
vessels oil

Figure 1.2: Skin anatomy, adapted from [14].

Of the whole volume of ISE dermal ISF represents 30-40% of the total amount [9]. Dermal ISF
is found in the extracellular space in the dermis, a skin layer of an average thickness between
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1 mm and 4 mm, that lays under the first layer of the skin, called epidermis, which has an
average thickness between 75 ym and 150 ym (Figure 1.2). Dermal ISF represents an attractive
alternative to blood or plasma for human biomarker detection since micro-sized needles
can be used to collect ISF by penetrating the skin only a few hundred microns, enabling a
low-invasive and pain-free method of biomarker detection [15]. In addition, this on-skin setup
can be carried by patients, eliminating the need for cumbersome equipment.

Even if further research is required to fully characterize the proteomic profile of ISE previous
studies have shown that only a small fraction (less than 2%) of biomarkers present in the blood
is not found also in ISF [12, 16, 17, 18], and that only 5% of the proteins are unique in ISF [19].
Future studies have to focus their attention on the correlation between the concentration of
biomarkers in blood and in ISE A general snapshot of interesting biomarkers concentration in
ISF compared to human plasma or whole blood is reported in Table 1.1.

Plasma/Blood | Interstitial fluid

Total protein [8] 73.7 g/L 20.6 g/L
Albumin [8] 0.676 mM 0.188 mM
Glucose [20] 5-25 mM 5-25 mM
Cholesterol (HDL) [21] 1-2.5 0.3-0.8 mM
Cholesterol (LDL) [21] 1.5-4 mM 0.3-0.9 mM
Cortisol [22] 82 - 550 nM 30-50 nM
Lactate [23] 1-13 mM 1-13 mM
Lipids [24, 25] 9.2 uM 1.5 uM
Ca** [8] 1.257 mM 1.189 mM
Mg** [8] 0.532 mM 0.506 mM
Na™* [8, 24] 138.8 mM 135-150 mM
K+ [8, 24] 4.28 mM 3.2-4.9 mM
Cl™ [24] 90-120 mM 99-117 mM
CO; [8] 29.7 mM 23.9 mM
Phosphate [8] 1.177 mM 0.61 mM

Table 1.1: Comparison between plasma and ISF composition.

To the best of our knowledge, the only commercialized wearable devices that can perform
markers monitoring at a molecular level in ISF are the ones involving electrochemical contin-
uous glucose monitoring (CGM) [24, 26]. The best examples are the devices from Dexcom,
Freestyle Libre from Abbot, and Minimed” from Medtronic. These devices are described as
minimally invasive since the sensing element is inserted a couple of millimeters underneath
the skin.

As of today, improved solutions for ISF extraction are still needed, due to a still difficult
extraction of valuable ISE In fact, there are only 120 uL of available ISF for one cm? of skin,
and the maximum collection volume results in around 10 uL [19]. To collect larger volumes,
previous works have suggested the application of external pressure. The main problem
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resulting from pressure-driven extraction methods is known as filtration: water and smaller
molecules respond to the applied pressure quicker than larger ones, creating unreal analytes
concentrations that could lead to false sensing outputs [27, 28]. Nowadays, different available
extraction methods are available and used in the medical world, the main ones are listed
below.

* Capillary wicking: it involves inserting a wicking material into the dermal space, to
absorb ISF for analysis. The material could be pre-saturated of unwanted analytes, to
collect only the necessary ones. The major drawbacks are the slow collection rate and
its invasiveness.

 Suction blisters: it provides high extraction rates (up to 5 yuL. per minute) thanks to a
suction mechanism that creates blisters on the skin surface. The main drawback is the
falsification of large analytes concentrations compared to the serum levels, due to the
filtration effect.

* Microdialysis and ultrafiltration: either whole ISF or only analytes are collected through
a semipermeable membrane inserted into the dermis. The collection method in this
case could be by a fluid flowing in the membrane (microdialysis) or by applying pressure
(ultrafiltration). It provides a long-term collection method, but it is very invasive and
due to the nature of the membrane it has a physical cutoff for larger analytes, with a five
to ten times diluted ISE

» Reverse iontophoresis (electroosmosis): by applying an electrical voltage across the skin
an electroosmotic flow of analytes is created through the epidermis. This method results
in highly-diluted ISF samples (up to 1000-fold dilution).

* Needle-based extraction: a small needle is inserted in the dermis, and ISF is collected by
applying pressure around it. This method could guarantee constant extraction rates of
2.6-5.3 nL per minute per needle [19].

Promising and innovative solutions are offered by devices exploiting microneedles structures,
that penetrate the skin for only a few hundred micrometers (<700 ym). These structures offer
two types of sensing: in-vivo dwelling sensors if the sensing structures are placed onto the
microneedles, or ex-vivo if the hollow microneedles are used to collect ISF and direct it on the
external part of the skin, where the sensors are then placed (Figure 1.3).

Tehrani et al. offer a great example of a microneedles-based sensor in ISF in their work [15]:
continuous, simultaneous, and real-time prolonged monitoring of analytes such as glucose
and lactate are performed in a label-free manner, during normal daily activities of the tested
volunteers. Figure 1.4 shows the great integration level of the system, from the sensors and
the PMMA-microneedle array to the wireless communication electronics placed directly on
the skin of the patient. This technology employs an in-vivo setup since the sensing layers
are deposited directly on the microneedles, thus no ISF extraction is needed. This example

9
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- -
Hollow
Sensors on microneedles
microneedles
Collected
ISF

[T - p— MNeedle
sensor

Epidermis

- Dermis

.. Subcutaneous
tissue

SENSOR 1 o\ e

RE

SENSOR 2

Figure 1.4: Tehrani et al. Microneedle-based sensor in ISF [15].

shows a great level of integration, and optimal results for the tracking of important markers
such as glucose or lactate, revealing an important correlation between the values in blood and
ISE Due to the choice of exploiting an intra-dermal sensor placement, this solution is not yet
compatible with protein sensing, which requires more complex functionalization protocols
and can not ensure the safety of the patient. An interesting clinical study has been carried
out by Ming et al. [23]: they exploit a similar technology to Tehrani et al., but they focus their
attention on the detection of lactate levels in dermal ISE With their study, they demonstrate a
good correlation between lactate levels in ISF and the ones in venous blood.

The study from Jina et al. [29] is another example of continuous ambulatory monitoring in
ISE and it employs microneedles for CGM. This type of sensor differs from the one of Tehrani
et al. because the sensing elements and the transducer structures are not placed on the
surface of the microneedles, thus dwelling in the dermis, but they are placed externally in a
sensing chamber filled with buffer solution. The sensing is based on amperometric detection
employing glucose oxidase cross-linked with bovine serum albumin.

An example of ex-vivo protein measurement in ISF is offered by the work of Wang et al. Their
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Electrode Working Electrode Electrode
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Microneedle Array

(a) Jina et al. Microneedle-based sensor in ISF (b) Wang et al. Microneedle-based sensor in
for CGM [29]. ISF [30].
Figure 1.5

work exploits a cheap and disposable polystyrene microneedles patch, functionalized with
specific antibodies for high-sensitivity protein detection. The sensing mechanism is based on
an optical immunoassay that requires secondary antibodies with a fluorescent tag. The need
to perform an ELISA-based assay imposes the necessity to peel off the patch and proceed with
an ex-vivo quantification of the captured analyte. This method imposes straightforward limi-
tations: this system is optimal for low Limit of Detection and high-accuracy sensing but does
not integrate with continuous monitoring of the analyte of interest. Moreover, the placement
of the sensing layer onto the microneedles could lead to capturing probes desorption from
the surface, and degradation in the dermal tissue, as reported by the same authors. Similar
ex-vivo detection is reported by Zheng et al. [31], where they exploit fluorescence detection of
glucose, adenosine triphosphate, L-tyrosinamide, and thrombin with the aid of fluorescently
tagged aptamers.

Venugopal et al. [22] report a sampled measurement of cortisol in ISE by combining a collec-
tion of ISF in the stratum corneum and Electrochemical Impedance Spectroscopy detection.
The collection of ISF happens every 6 hours, and the cortisol detection is performed on an
external platform. Their extraction is based on micropores created by a low-energy infrared
laser-focused on a black dye material on the skin, guaranteeing a painless extraction. Also
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in this case the main limitation to continuous biomarkers monitoring lies in the ex-vivo
measurements since the electronic components are not integrated into the patch.

Dervisevic et al. [32] proposed a potentiometric sensor able to monitor pH values in ISF with
a sensitivity of 62.9 mV/pH and in a range between 4.0 and 8.6. These results encourage our
work, also because it highlights the importance of monitoring pH levels in ISE but they are
limited by only sensing pH levels, and not other biomarkers. The system is based on invasive
dwelling sensors, that are not compatible with affinity-based biosensors based on specific
antibody probes.

Sensors

Flexible substrate / silicon chip

Passive

& Microfluidic

Microneedles

ISF extractor \

Figure 1.6: Schematic of the final integrated sensor, with passive microfluidic, and micronee-
dles ISF extractor. In this work, we lay the groundwork for the design and fabrication of
the sensing component of the system. The microfluidic and microneedles fabrication and
integration are the core of collaborative efforts involving other partners within the European
Consortium.

In this study, we propose a cutting-edge sensor technology that can be seamlessly integrated
into a wearable patch, as depicted in Figure 1.6. This figure illustrates a conceptual represen-
tation of the final product, which includes a sensor based on CMOS-compatible technology, a
passive microfluidic system that guides the collected interstitial fluid (ISF) to the surface of
the sensor, and a microneedle extractor for dermal ISF collection. While the main focus of this
thesis is the development of the sensor technology, the design and creation of the microfluidic
system and the microneedle extractor are collaborative efforts involving other partners within
the European Consortium.
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pH and C-Reactive Protein as biomarker of interest

The pH value of a solution reflects its acidity or alkalinity, with a neutral solution having a
pH of 7, acidic solutions having a pH below 7, and alkaline solutions having a pH above 7.
In humans, the normal pH value is slightly alkaline, with an average of 7.40 [33]. Acidemia
or alkalemia are indicators of body dysfunction and health status. For example, metabolic
acidosis is associated with increased mortality in critically ill patients, and a pH correction of
>1.16% within the first 24 hours had the best predictive ability for survival in ICU hospitalized
patients with acidemia of presumed metabolic origin [34]. The rate of change in pH may
be a better predictor of ICU mortality than other metabolic indices. Similarly, other studies
have shown that both base excess and arterial lactate samples upon admission have good
prognostic abilities [35].

The pH of the interstitial fluid is around 7.4, while the intracellular fluid pH is within 7.2-
7.6 [36]. Both blood and interstitial fluid pH are regulated by bicarbonate-carbonate and
phosphoric acid-mediated pH-buffering systems [36, 37, 38]. The protein-mediated pH-
buffering system is a notable difference between blood and interstitial fluid pH-buffering
mechanisms, with blood containing potent pH-buffering proteins like hemoglobin, while they
are absent in the interstitial fluid. This means that even under metabolic disorder conditions
except for severe cases, the arterial blood pH remains constant within the normal range (7.35-
7.45), while the interstitial fluid pH easily drops below the normal level due to much lower
pH-buffer capacitances than that in blood [39, 40, 41]. The intracellular pH-buffering system
and proton-transporting system from the intracellular space to the extracellular space are two
significant systems that prevent the interstitial fluid pH from dropping. The dysfunction of
these transporters leads to abnormal intracellular fluid pH of cells, leading to the development
of metabolic diseases.

Patients with type 2 diabetes mellitus and mitochondrial dysfunction produce high levels
of protons, which reduce the pH of the interstitial fluid, leading to insulin resistance via a
reduction in insulin-binding affinity to its receptor. Therefore, the lowering of interstitial fluid
pH should be considered as one of the therapeutic targets for the amelioration of insulin
resistance and the onset of metabolic dysfunction [36, 41]. In summary, pH changes play
a critical predictive role in the development of metabolic diseases and their complications,
with a lowering of interstitial fluid pH leading to insulin resistance and metabolic dysfunction.
It is believed that a local change in interstitial tissue (ISF) pH could be an early warning
sign for shock onset. Therefore, continuous pH monitoring in ISF could be critical to detect
circulatory shock earlier and to reduce mortality in ICU. Moreover, the possibility to multiplex
pH monitoring with other inflammatory markers, such as C-Reactive protein (CRP), may
offer greater insides into the pathological trajectory of patients and provide better therapeutic
strategies.

C-Reactive Protein (CRP) is an exceptional biomarker protein that provides valuable informa-
tion for both early detection and diagnosis of diseases. This pentameric acute-phase protein
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is composed of five subunits of 23 kDa and is primarily expressed by liver cells (hepatocytes)
in response to inflammation or tissue injury [42, 43]. CRP plays a crucial role in the human
body’s immune response, and its values in blood or serum have been correlated with several
clinical complications. The diagnostic applications of CRP measurement span various fields,
including immunology [44], oncology [45], cardiology [46, 47], nephrology [48], diabetology
[49, 50], and other chronic conditions.

Moreover, recent research works have highlighted the potential of CRP as a source of informa-
tion for predicting mortality in severe cases of SARS-CoV-2 infection. Hospitalized patients
who died had significantly higher median CRP levels than those who survived, while survivors
had lower peak CRP levels and earlier declines [51, 52]. This finding highlights the crucial role
of CRP in assessing a patient’s condition during COVID-19 infection [53].

Multiple studies have demonstrated the predictive importance of CRP baseline blood levels.
CRP is a strong predictor of various cardiovascular events, such as incident myocardial infarc-
tion, stroke, peripheral arterial disease, and sudden cardiac death. Additionally, it is a useful
predictor of recurrent ischemia. Based on CRP levels of <1, 1 to 3, and >3 mg/L, individuals
can be categorized into low-, moderate-, and high-risk groups for future cardiovascular events
[46]. In fact, elevated CRP levels can be a predictor of future heart problems and inflammation
leading to atherosclerotic vascular disease, up to 5-20 years before the actual event occurs [47].
Notably, CRP provides independent prognostic information on risk at all levels of severity of
the metabolic syndrome [54].

CRP levels are stable over long periods of time, are not affected by food intake, and demon-
strate almost no circadian variation, thus changes in blood or serum concentration are strictly
correlated to health issues. The baseline level of CRP in blood is approximately 0.8 ug/mL
(6.66 nM), with values of 0.3, 0.6, 1.5, 3.5, and 6.6 mg/L being reported as the 10, 25™, 50,
75t and 9oth percentile cut-offs [55]. CRP concentration can increase by up to 10,000-fold
in the presence of an acute infection, being values between 0.1 ug/mL and 100 pug/mL of
physiological relevance. To detect CRP over a wide dynamic concentration range (from pM to
uM), it is necessary to develop new biosensing platforms and analytical techniques. However,
conventional bioanalytical techniques such as laser nephelometry, fluorescence, and chemi-
luminescence measurements are expensive and require sample pretreatment and trained
personnel. A label-free CRP immunosensor, which could be low-cost, fast, and portable,
is a promising alternative to current clinical tests. Several label-free biosensing platforms,
including electrochemical sensors, capacitors, transistors, and surface plasmon resonance,
have been developed. Nevertheless, most of these methods can only detect CRP within a
narrow concentration range and involve multi-step, demanding processes to immobilize
bioreceptors. Developing a continuous, label-free CRP biosensor that can detect CRP over a
wide range of concentrations without the need for sample pre-treatment and labeling steps
could revolutionize the diagnosis of acute and chronic conditions. This would lead to faster
and more accurate diagnoses, better treatment outcomes, and ultimately saving lives.
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Numerous electrochemical biosensors have been suggested as viable options for rapid and
affordable CRP detection platforms. Unlike optical measurements, these sensors enable the
use of minimal sample volumes, label-free techniques, and quicker detection processes. FET-
based devices, widely utilized for biosensing, have also been extensively explored for their
efficacy in CRP detection. The following references highlight some notable works related to
CRP sensing using FET-based devices.

In their study, Kim et al. introduced a chip-based point-of-care sensor designed to detect
CRP in serum [56]. The sensor’s fundamental technology relied on a nanogap-embedded
FET, as illustrated in Figure 1.7a, with silicon-binding proteins utilized for specific antigen
detection. The incorporation of the nanogap enabled the sensor to achieve an impressive

limit of detection at 0.1 ng/mlL, covering a detected concentration range from 0.1 ng/mL to 0.1
pg/mL.

‘Ohmic contact (Si/Ti/AVNi/Au)

Polyimide
# G ﬁ
Gate
AW
N

2DEG.

Sapphire substrate

(a) Kim et al. CRP biosensor based on a nanogap- (b) Lee et al. CRP biosensor based on AlGaN/GaN
embedded field effect transistor, adapted from  High Electron Mobility Transistor, adapted from
[56]. [57].

Figure 1.7

Lee et al. exploited an AlGaN/GaN high electron mobility transistor (HEMT) combined with
a null-balancing circuit to detect CRP in a detection range between 10 ng/mL and 1 ug/mL
[57]. To enable CRP detection, the Ni/Au gate of the system was functionalized with CRP
antibodies, enhancing its specificity towards the target analyte (Figure 1.7b). Thanks to the
two-dimensional electron gas at the very interface with the oxide, HEMTs offer improved
sensitivity, higher speed, and lower noise.

The use of one-dimensional structures as efficient transducers for protein sensing has been
demonstrated in numerous studies. Rabbani et al. conducted a noteworthy study where they
employed a carbon nanotube Field Effect Transistor (CNT-FET) as an immunosensor to detect
CRP [58]. In their setup (Figure 1.8), a CNT was deposited onto a Si/SiO, surface, forming a
conductive channel between the source and drain contacts to create the FET structure. The
device exhibited a remarkable response within a concentration range of 10 ng/mL to 1000
pg/mL, with an impressive response time of only 3 minutes.

The proposed sensor showcased reliable electrochemical detection of C-Reactive protein,
effectively capitalizing on the CNT-FET’s large surface-to-volume ratio. Moreover, the ap-
proach offers scalability and affordability, making it a promising solution for practical and
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Figure 1.8: Rabbani et al. CRP biosensor based on carbon nanotube FET, adapted from [58].
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cost-effective biosensing applications.

Lee et al. [59] presented a pioneering example of a CRP biosensor utilizing silicon nanowire
arrays fabricated through a top-down approach (Figure 1.9a). Their innovative work demon-
strated a multiplexed biosensor capable of detecting multiple proteins simultaneously. By
employing sol-gel materials encapsulating protein-specific antibodies, they achieved CRP
detection within the range of 0.12 ng/mL to 10 ng/mL, alongside pH sensing.

The integration of silicon nanowires (SiNWs) with the sol-gel antibodies facilitated high-
sensitivity and label-free immunoassays, requiring only a small amount of serum and yielding
results in just a few minutes. This novel approach opens doors to efficient and rapid detection
of CRP and other proteins, showcasing the potential of silicon nanowire-based biosensors in
advancing diagnostic capabilities.

Chu et al. [60] have presented a remarkable fully integrated system designed for CRP sensing.
This cutting-edge system utilizes aptamer-immobilized AlGaN/GaN high-electron-mobility
transistors (HEMTSs) as the core sensing technology, achieving an astonishing limit of detection
(LoD) as low as 1 fM. To facilitate an automated experimental process, the researchers incor-
porated an integrated microfluidic chip, as depicted in Figure 1.9b. This microfluidic chip
consisted of two polydimethylsiloxane (PDMS) layers: a liquid channel layer and a pneumatic
layer, in addition to a printed circuit board and an AlGaN/GaN HEMT-based FET sensor. The
compact design of this integrated system enables wide-range concentration detection of CRP,
encompassing the entire range for the three categories of CRP concentrations typically used
as cardiovascular disease markers. Moreover, the system’s unprecedented ultra-low detection
limit (1 fM) demonstrates its exceptional sensitivity. Considering these advancements, the
developed system holds immense potential for evaluating the risks of cardiovascular diseases
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Figure 1.9

at the point of care in the future. The successful integration of aptamer-based sensing and mi-
crofluidics brings forth a promising avenue for highly sensitive and automated CRP detection,
thereby enhancing early disease diagnosis and management.

Tu et al. [61] have presented one of the latest advancements in CRP sensing, showcasing a
wearable and wireless patch designed for real-time electrochemical detection of the inflam-
matory biomarker C-reactive protein (CRP) in sweat. This cutting-edge system makes use of
innovative technologies, including iontophoretic sweat extraction, microfluidic channels for
sweat sampling, and reagent routing and replacement. The core of the sensor array consists
of anti-CRP antibodies-conjugated gold nanoparticles graphene-based sensors for accurate
CRP quantification. The sensor patch, based on a polyimide substrate and a flexible printed
circuit board, is depicted in Figure 1.10. It ensures wireless communication to seamlessly
transmit the collected data. The sensor array is comprised of several components, such as
an electrodeposited AuNP-decorated Laser Engraved Graphene (LEG) working electrode im-
mobilized with anti-CRP capture antibodies (cAbs), an Ag/AgCl reference electrode, a LEG
counter electrode for sweat CRP capturing and electrochemical analysis, a LEG-based impedi-
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Figure 1.10: Tu et al. wireless CRP biosensor in sweat, adapted from [61].

metric ionic strength sensor, a LEG-polyaniline-based potentiometric sweat pH sensor, and a
strain-insensitive resistive graphene temperature sensor. This wearable sensor is equipped
to perform autonomous sweat extraction, collection, biomarker analysis, and wireless data
transmission, all while individuals engage in their daily activities, even during sedentary peri-
ods. Remarkably, the sensor exhibits an ultralow limit of detection, boasting an impressive
sensitivity of 8 pM. With its real-time monitoring capability and high sensitivity, this wireless
patch represents a significant advancement in non-invasive CRP detection, paving the way for
potential applications in personalized health monitoring and disease management.

1.3 Biomarkers sensing with FET technology

1.3.1 The Field Effect Transistor

The primary objective of this project is to create a biosensor that can be integrated into a wear-
able system, making it compact and energy-efficient. FET-based sensors are an ideal choice
for this task, as they meet the necessary requirements. In addition, using the same technology
for sensing and other electronic components (such as read-out circuits and communication)
can result in unparalleled miniaturization and reliability. By leveraging this approach, we aim
to develop a biosensor that can be seamlessly integrated into wearable devices, facilitating the
monitoring of a range of biological parameters in real-time.

The Field-Effect transistor (FET) is an electronic device in which the current flowing in a
semiconductor channel between two terminals (Source and Drain) is controlled by the electric
field created by applying an electric voltage on a third terminal (Gate). Of the various types of
FETs, the Metal Oxide Semiconductor FET (MOSFET) is the most widely used in the world
of information technology. MOSFETs are based on a fundamental structure called a MOS
capacitor, which consists of a bulk silicon (with low p or n doping), an oxide layer (originally
silicon dioxide), and a metal layer (or highly doped polysilicon) on top, as illustrated in Figure
1.11.

The great breakthrough that allowed the fabrication of the first MOSFET was achieved by Atalla
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Figure 1.11: MOS structure, adapted from Figure 4.8 of [62].

in 1959 [63], by being able to neutralize the silicon surface states by growing thin silicon oxide
on the silicon surface. Atalla, worked at the Bell Laboratories, following the first advancements
in the FET technology pursued by Bardeen, Brattain, and Shockley in the second half of the
40s and in the 50s. In 1960 Mohamed Atalla and Dawon Kahng announced their MOSFET [64],
starting a new era in information technology.

A MOS capacitor is an electronic device where the total charge at the interface between the
oxide and the silicon can be regulated by an external voltage applied between the p-doped
bulk silicon and the top metal (Vgp). Depending on the magnitude and polarity of Vgp, the
MOS capacitor can operate in three distinct regions: accumulation, depletion, or inversion.
While a detailed description of the working principle of a MOS capacitor is beyond the scope
of this work, interested readers can find comprehensive explanations in [62] and [65].

The modern MOSFET is typically a four-terminal device consisting of the gate, source, drain,
and body terminal (often referred to as bulk). However, in many applications, the body
and source terminals are short-circuited, resulting in a three-terminal device. In digital
applications, the MOSFET functions as a switch, with the enhancement mode MOSFET being
a "usually OFF" transistor. When no gate voltage is applied, no current flows between the
source and drain. However, when the gate voltage surpasses a certain threshold voltage (Vy),
the device switches to the ON mode and conducts current, thanks to the formation of a charge
inversion layer at the oxide-semiconductor interface. It is worth noting that even for gate
voltages lower than the threshold voltage, the device conducts a small amount of current
that exponentially increases with the voltage itself. This operating region is known as the
subthreshold regime (or weak inversion) and is of significant interest in sensing applications.
While this simplified description does not cover all aspects of the MOSFET, it serves as an
essential foundation for understanding the device’s characteristics and behavior.

In the following description, we always consider the bulk terminal as grounded, and the source
terminal connected to the bulk, thus the drain to source current can be written as Ips = Ip,
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and the gate to source voltage can be written as Vgs = V. The relationship between the
current flowing between the drain and source, and the gate voltage V¢ is usually denominated
transfer characteristic. To include a large range of currents, the transfer characteristic could
be represented in a semi-logarithmic plot [62], as in Figure 1.12.

log(lbs)
A

>

weak | moderate strong VGs

Figure 1.12: MOSFET transfer characteristic, adapted from Figure 4.8 of [62].

This current could be described by a complete all-region model, as the one proposed in
Section 4.3 of [62]. What is important for this thesis is that the conduction mechanism in the
MOSFET is composed of two types of currents: a minority carriers diffusion component (Ipg;
in Figure 1.12) and a drift component (Ips, in Figure 1.12). The diffusion component (Ips;)
is dominating the conduction when the applied gate voltage does not allow the complete
formation of an inversion channel in the undoped silicon (weak inversion), while the drift
component dominates the conduction when the applied gate voltage is high enough to
create an inversion channel close to the oxide interface (strong inversion). A third working
region in which both current components play an important role in the conduction is usually
denominated moderate inversion.

As aforementioned, the inversion layer is completely formed when the applied gate voltage
is larger than the threshold voltage. The threshold voltage of a MOSFET (in an extremely
simplified description) can be defined as the voltage at which the surface potential ¥ is
equal to 2¢, where @ is the difference between the Fermi level of the doped silicon and the
intrinsic Fermi level (in the case of an n-MOSFET):

Pp=—In— (1.1)
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where N, is the bulk silicon doping, and r; the intrinsic carrier concentration of silicon.

The threshold voltage can be expressed by the equation:

pr_@Si _ Qox+QD_st +2
Cox

dr (1.2)

where @) and Pg; are respectively the gate metal and the silicon work function, Q,, is the
charge in the gate oxide, Qp is the depletion charge in the silicon layer, and Qg; is the charge
trapped at the interface, q is the elementary charge and C, is the oxide capacitance.

Other than the threshold voltage, two important parameters for biosensing applications based
on Field-Effect Transistors are the subthreshold swing (SS) and the drain current ON/OFF
ratio. The subthreshold swing indicates the inverse of the slope of the linear part of the transfer
characteristic while plotted in a semi-logarithmic fashion, thus representing the steepness of
the exponential growth of the drain current in the weak inversion region. The subthreshold
swing in a bulk MOSFET can be expressed by equation 1.3:

-1 Cp + Cgs

SS= (m (1.3)
Cox

6VGS

kT
:—ln(lO)(1+
q

Ves<Vin )

where, Cp is the depletion capacitance, Cg; is the capacitance associated with the trapped
charges in the oxide, and C,, is the oxide capacitance. The value of the swing is usually
reported in the amount of millivolt needed to grant one order of magnitude change in the
drain current. As mentioned before, in weak inversion the main current contribution has a
diffusion origin, thus the physical limitation of the subthreshold swing in MOSFET technology
is related to the thermionic injections of carriers and it is equivalent to 59.5 mV/decade. This
parameter is fundamental in biosensing applications since the current sensitivity of the system
is inversely proportional to the subthreshold swing. The second fundamental parameter is the
Ion/1pfF ratio, being the ratio between the current value while the transistor is on, and the
value when no gate voltage is applied. This parameter is strictly correlated to the concentration
sensing range of the biosensor [66].

High-« dielectrics and fully-depleted technology

As discussed above, the minimum physical value of the subthreshold swing at room temper-
ature is 59.5 mV/decade. This value is obtained when the oxide capacitance C,y is infinite,
or when the depletion capacitance Cp and the capacitance related to trapped charge Cg; are
both zero. However, achieving an infinite oxide capacitance is not feasible, and to increase the
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capacitance value, the SiO, gate oxide layer has been thinned down over the years. Scaling
down the oxide thickness, however, reached a natural limit when gate leakage became un-
sustainable, preventing the proper functioning of transistors [67]. To continue scaling down
technology nodes, high-« dielectrics like hafnium oxide (HfO») were introduced [68], leading
to the sub-1 nm Equivalent Oxide Thickness (EOT) era. Since high-«x dielectrics have a higher
dielectric constant, achieving the same oxide capacitance value requires a thicker layer of
HfO, compared to SiO;. To facilitate comparison between high-x dielectrics, the concept of
equivalent oxide thickness was introduced. EOT is a parameter that indicates the thickness of
the silicon oxide film required to match the electrical performance of a high-x material in use
and can be calculated using Equation 1.4:

€si0,

EOT = Thigh—« (1.4)

€high—«

where tp;gn—« is the thickness of the high-x oxide, €s;0, is the dielectric constant of silicon
dioxide, and €;¢p,—« the dielectric constant of the high-x oxide. High-x oxides are not only
advantageous for MOSFETSs’ electrical performance, but they are also crucial to achieving
ion sensitivity close to the Nernstian limit, as already demonstrated in literature [69]. While
optimizing the oxide capacitance value could help achieve ideal subthreshold swing values,
the optimization of the depletion and the oxide traps capacitances should be addressed as
well. The minimization of the capacitance linked to the trapped charges in the oxide can be
achieved by optimal fabrication strategies.

In a MOS capacitor, the depletion capacitance is equivalent to the variation of charges in
the depletion region given by the variation of the gate voltage (Cp = 6Qp/6Vg), being the
depletion charge equivalent to Qp = -qN 4xp, where N4 is the substrate doping, and xp is the
extension of the depletion region. Equation 1.5, describes how the depletion region thickness
varies with the surface potential ¥;:

2 .
Xq= 251l (1.5)
gNa

being eg; the dielectric constant of silicon. The maximum extension of the depletion region
is achieved when the strong inversion conditions are set, thus when the surface potential is
U, =2dp.

The depletion capacitance Cp has been reduced through the introduction of Fully Depleted
(FD) technology. The FD technology utilizes a thin, low-doped Si layer that is sandwiched
between two oxide layers: the top-gate oxide and the bottom oxide (also known as the box-
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oxide or back-gate oxide). This configuration can be achieved, for instance, by exploiting a
Silicon-on-Insulator (SOI) substrate. In the case of SOI substrates, with a silicon layer thickness
tsi < Xpmax> the depletion charge can not vary with the variation of the gate voltage, thus
Cp =6Qp/6Vs =0 [70]. This condition is called full depletion and enables the achievement
of ideal values of subthreshold slopes. It is imperative to specify that this explanation is not
completely accurate because it does not take into account the capacitive coupling between
the front and back interfaces. A complete analysis is offered in [71]. In Figure 1.13 we compare
the equivalent capacitor networks for the bulk MOSFET and the fully depleted SOI case.

a) b)
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Figure 1.13: Equivalent capacitor networks for a) bulk and b) FD-SOI MOS. Adapted from [71].

Equation 1.6 provides the complete expression for subthreshold swing in FD-SOI devices:

Csi GCsi
ovVG kT C Csi Coxz Cox1
SSFD,501= 71— = 1n(10) |14 2L 4 5L Core Cou (1.6)
6log(ID) ¢ Cox1  Cox,1 1+ —C“'Q + CCSi
0x,2 0x,2

In this equation, Css; and Cg, o are the top and bottom interface trap capacitances, while
Cox,1 and Cyy 2 are the front and bottom gate oxide capacitances, respectively. Cs;, which
is the silicon film capacitance, is calculated as €g;/ ts;. The multiplying factor in the square
brackets of Equation 1.6 is almost equal to 1 for FD-SOI structures. In this work, we obtain
a calculated multiplying factor of 1.0588 and a subthreshold slope of 63 mV/decade for our
devices when the contributions of the trapped charges in the oxide layers are not considered,
and considering the following used parameters:

* tg;=27nm,andeg; = 11.7.
* tox,1 =7nm, and €,x,1 = €xf0, = 16.

* tox2 =20 nm, and €,y = €50, = 3.9.

More details on this will be provided in Section 2.3.
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In this work, we will exploit two different SINW array platforms, but both of them are charac-
terized by a thin silicon layer (ts; < 30 nm), and thin SiO; box thickness (ts;0, pox is 120 nm
and 20 nm in the two cases). They can be described as Ultra-thin Double-Gate SOI Transistors
and accurate modeling of the threshold voltage and the subthreshold current is offered in [72].

In the case of fully depleted structures (such as the ones exploited in this work), the depletion
charge is constant, as previously stated, and it is expressed by Equation 1.7:

Qp,Fp-sor = qNats; (1.7)

These double-gate SOI transistors face the effect of volume inversion [73]: when the silicon
thickness is lower than the sum of the extension of the depletion regions created at the two
interfaces the entire silicon layer is depleted and the two depletion region interacts, thus the
inversion layer is not created only at the top and bottom interfaces, but throughout the entire
silicon volume. This effect differentiates the behavior of this family of devices with respect
to bulk MOSFETs, bringing higher carriers’ concentration and mobility, an increase in drain
current and transconductance, and lower frequency noise [73, 74].

The threshold voltage could be modified as in Equation 1.8:

QDFD—SOI
¢M _QSS' * ' o
Vth,FD—SOIZTl‘HI/S —C;ox\/ 1+E (1.8)

where the depletion charge is divided by two because equally shared by the two gates, and the
two parameters:

9 Qp,Fp-sor

= 1.9
C=%T 8Cs; (1.9)
and
5 Cox (1.10)
4Cyg;

create a correction factor under the square root that ranges between 1 and v/2. Moreover,
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the surface potential at the threshold ws* in a thin SOI structure can be modified as in the
equation below:

=2 +le (5 ! ) (1.11)
Vs =2¢r p mOT a :

For sensing applications, the most interesting working region for the transistor is the weak
inversion, since the highest current sensitivity is obtained at lower voltages. In their work [72],
Francis et al. also propose an analytical equation for the drain current in subthreshold regime
for an FDSOI n-MOSFET (Equation 1.12):

2
Ip= %Hn‘lCSi(k_T) [1 _ e(—q/kT)(QD/Scs,-)] , [1 _ o aVos/kD) | @l KT) (Vo= Ves—[(Qp/2)Coxl~25)
q

(1.12)

where y, is the electron mobility, Vps and Vg are the drain to source voltage and the gate
voltage, respectively. As expected we have an exponential behavior of the subthreshold current,
the main factor that allows to achieve higher current sensitivity. Moreover, Equation 1.12
agrees with the assumptions previously discussed: the subthreshold slope of this kind of
device reaches the ideal value of 59.5 mV/decade for MOS transistors, according to Equation
1.6.

In this work, the best-case achieved subthreshold swing is 80 mV/decade. We could impute
the difference from the ideal value to the presence of traps at the two Si-oxide interfaces, an
effect described by Equation 1.13:

Css
SSreal = SSideal 1+C_ (1.13)

ox

In this work, and in general, for sensing applications based on FET, the theoretical definition
of the threshold will not be used to calculate the voltage sensitivity, but we will exploit the
concept of threshold voltage arbitrarily defined at a constant drain current I,.
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1.3.2 The Ion-Sensitive Field-Effect-Transistor
Fundamentals of solid-liquid interface: oxide materials

Before digging into the theory of the Ion-Sensitive FET (ISFET), it is worth introducing some
concepts about the charge distribution in oxide-electrolyte interface systems. When an oxide
(or another material) is immersed in an ionic liquid, an electrical potential is generated in the
proximity of the interface. In fact, an oxide surface usually shows a negative surface charge
that attracts counter ions from the electrolyte, to assure the electrical neutrality of the system.
The modeling of the charge distribution in the electrolyte has evolved over time.
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Figure 1.14: Oxide-electrolyte interface models.

The first to propose a model for this charge distribution was Hermann von Helmholtz in 1853
[75]. in the first model, the negative surface charge is compensated by a compact layer of
counter ions in a very thin region in proximity to the interface. This results in a parallel plate
capacitor behavior with a linear potential drop, as depicted in Figure 1.14a.

Figure 1.14b shows the Gouy-Chapman model, which takes its name from the two scientists
that independently proposed it [76, 77]. They introduced the idea of a diffuse double layer that
has an excess charge that is equal and opposite to the one of the oxide surface, to guarantee
the system neutrality. The distribution of the ions creates an exponential decrease in the
surface potential along the electrolyte solution. Overall, this model overestimates the expected
capacitance compared to experimental results.

In 1924, Otto Stern proposed a model taking into consideration the ionic radius of the charges
in the electrolyte by combining the two previous models [78]. As shown in Figure 1.14c, the
distribution of the ions can be divided into two regions: a first compact layer (inner Stern
layer) is formed by counterions in direct proximity to the solid-electrolyte interface thanks to
electrostatic Coulomb attraction. This compact layer is followed by a diffuse layer, in which
the ions are not fixed, but tend to diffuse. The potential distribution in the electrolyte is split
across two capacitors: across the Stern layer (Cg) the potential has a linear drop, that becomes
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exponential across the diffuse layer (Cy; ¢ ). The overall capacitance can be modeled as two
capacitors in series (Double Layer Capacitance, Cpy), thus leading to Equation 1.14:

CaiffCpL

CpL= (1.14)

Cairf+CpL

Newer and more precise model systems have been proposed, the Stern model remains accept-
able in first approximation, and it will be the reference one in this work.

Fundamentals of the ISFET

In 1970, Piet Bergveld suggested for the first time that the MOSFET, which physics has already
been discussed in the previous Section 1.3.1, could also be utilized for ion sensing, leading to
the creation of a new technology, named Ion-Sensitive Field Effect Transistor (ISFET). After its
debut in a short communication in 1970 [79], the author proposed a detailed description of
the device in a full paper in 1972 [80]. Over the past 50 years, numerous research studies have
been conducted on the ISFET technology, leading to the proposal of various related devices
such as CHEMFET [81], PRESSFET [82], Bio-FET [83, 84], and more.

An ISFET can be described as a MOSFET where an electrolyte replaces the metal gate, and the
threshold voltage can be modulated by chemical phenomena at the interface between the
gate oxide and the electrolyte itself. The gate voltage is usually applied through a reference
electrode immersed in the electrolyte, also called Liquid Under Test (LUT). Two schematic
representations of a bulk MOSFET and an ISFET are shown in 1.15 to highlight the differences
between them. It is important to note that ISFETs were not originally designed to replace
conventional pH glass electrodes. Instead, they were developed to provide alternative options
for scenarios where glass electrodes were not suitable, such as when measuring small volumes
or requiring a fast response time. However, despite their potential practical applications,
ISFETs have often been compared to pH glass electrodes, which has shifted the focus of
discussions in research [85].

The equation describing the threshold voltage of an ISFET should be slightly modified com-
pared to Equation 1.2 because the role of the metal gate is played by a liquid gate. Hence, the
threshold voltage of the ISFET can be represented as in Equation 1.15:

ol_ﬁ_Qox_st+QB+

Vt:Eref—!po+)(s C
ox

2¢ (1.15)

Compared to the equation of the MOSFET threshold voltage, we have two additional contribu-
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Figure 1.15: Schematic comparison between MOSFET and ISFET. a) Bulk Si-MOSFET cross-
section, b) ISFET cross-section. The metallic gate of the MOSFET is replaced with a liquid gate,
and the gate voltage is applied through a reference electrode immersed in the same liquid
under test.

tions: E,. is the constant potential of the reference electrode, while ¥, + 1°°! is the interface
potential at the electrolyte/oxide surface. In particular, ¥, is the chemical potential (that

sol

depends on the chemical reaction, or species concentration), and y*°* is the surface dipole

potential of the solvent, and it is considered constant.

The key role in the equation for biosensing applications is played by ¥, which will change as
a function of the analyte concentration in the solution, depending on the application. Any
chemical activity on the oxide surface could modify the value of ¥y, thus creating a threshold
voltage shift (AVy,). In our work, we introduce the theoretical explanations for ISFET behavior
considering the case of pH detection. This explanation can be extended to different ions and
analytes detection.

If we take into consideration Equation 1.16 describing the ISFET drain current in the unsatu-
rated region [86, 87], we notice that changes in drain current due to pH variations could derive
only by a shift in the surface potential ¥:

@_ Qox_st+QD
Cox

w sol 1 2
Ip=pinCox— 1| Vas = Erep =W+ — +2¢7|| Vps = 5 Vps™ (1.16)

To link a shift of the surface potential (A%) with a shift in pH (Ap H) we need to introduce
the site-binding model proposed in 1974 by Yates et al. [88] and later adapted to the case of
ISFETs [89, 90].

The site-binding model describes the charging mechanism of an oxide-electrolyte interface.
The hydroxyl groups of the oxide surface are amphoteric: they can be neutral (A-OH), proto-
nated and thus positively charged (A-OH, "), or deprotonated and thus negatively charged
(A-O7). In the presence of an ionic liquid, we can define the following surface reactions [87]:
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Figure 1.16: Amphoteric sites on the oxide surface. Site-binding model for charging mecha-
nism of an oxide-electrolyte interface.

(@) AOH= A0 +H} and (b) AOH, = AOH + H} (1.17)

where H{ are the hydrogen ions located directly near the oxide surface. Thanks to the surface
reactions described in Equation 1.17, a surface charge (-q[B]) is built up, thus developing
an electrostatic potential ¥, at the proximity of the oxide surface. This potential creates the
difference between the surface proton chemical activity [ay{] and the bulk proton chemical
activity [agp*], related by the Boltzmann distribution equation [90, 91]:

-q¥
Ap; =ag; -exp(%) (1.18)

that can be rewritten in terms of pH values as:

a¥
2.3kT

pHs=pHp+ (1.19)

where pH and pHp indicate the surface and bulk pH values, respectively.

The pH sensitivity arises from the ability of the oxide to keep [H{ | constant, upon variations of
[H}]. This property is described by the so-called intrinsic buffer capacity B, and it corresponds
to the variation of the number of charged groups [B] (equal to the number of deprotonated
hydroxyl groups minus the protonated ones) divided by the variation of pH;. A complete
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expression of the buffer capacity is given in Equation 1.20:

51B] Kba%;, +4KqKpags + Kq K,

b
Bs= SpI, =

N 5—2.3ay: (1.20)
(KaKb + KhdH;r + aiﬁ)

where N is the density of available amphoteric sites, K, and Kj, are the dissociation constants
related to the reactions in Equation 1.17. These three parameters are characteristic of the
oxide nature, thus different oxides have different buffering abilities and will generate different
pH sensitivity. Equation 1.20 holds true for all oxides whose charge generation mechanism
can be explained by the association and dissociation of the amphoteric groups.

The buffering activity of the oxide creates a surface charge density (o) that has to be balanced
by an equal but opposite charge in the electrolyte solution side of the double layer (opr). The
ability of the electrolyte solution to balance the two charges is related to the double-layer
capacitance.

The final value of the potential shift AYj is related to the shift in the pH value of the bulk
solution by Equation 1.21:

kT
AWy = —2.3a7ApHB (1.21)

where « is expressed by:

2.3kT -1
a= (1 + %) (1.22)
S

a is a dimensionless parameter that varies between 0 and 1 depending on the buffering ability
of the oxide, and the double-layer capacitance value.

High-«x dielectrics for sensing

As previously discussed in section 1.3.1, the use of high-« dielectric in computing technology
was introduced to respond to the need of scaling down the transistor dimensions. It has
already been reported that a strong correlation between the high dielectric constant of an
oxide and its buffer capacity exists [92]. Other than the dielectric constant, also the ionicity of
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’ Oxide ‘ € OrK ‘ Sensitivity (mV/pH) ‘
SiO, 3.9 10-45 [69, 85, 87, 95, 96, 97, 98, 99, 100]
SigNy 7 45-56 [97, 101]

Al, O3 9 50-57.8 [89, 97, 102, 103, 104]

Sn0O, 9.86 | 52.8-58 [69, 105]

TayOs5 22 56-59 [69, 99, 106, 107]

710, 25 50-55.5 [69, 99, 100, 108]

HfO, 25 54-59 [69, 100, 108, 109]

Table 1.2: Different oxides pH sensitivity.

the oxide (the number of oxygen atoms around a central atom) plays a fundamental role in
the maximum sensitivity guaranteed by a certain oxide.

SiO, has shown from the very first works that could not achieve pH Nernstian sensitivity [87],
and also that tends to absorb other ions in the electrolyte, thus creating instability and drift
[93].

Table 1.2 summarizes some of the sensitivities offered by various oxides in ISFET systems
present in the literature. Among the high-x oxides, Ta,O5 and HfO, offer the highest sensitivity.
Since its extended application in computing technology, the high pH sensitivity and temporal
stability [94], in this work, we chose to use high-quality hafnium oxide deposited by Atomic
Layer Deposition (ALD) as a sensing layer.

1.3.3 FET-based biosensors: limitations

Due to their miniaturization, low-power, and integrability properties, a vast number of previ-
ous studies have exploited Field-Effect Transistors (FETs) as biosensors. However, this section
aims to highlight the existing limitations of this technology and how this work intends to
address them.

The primary limitation of FET-based biosensors is the Debye screening of charges in ionic liq-
uids. As previously discussed, when a charged surface is submerged in an electrolyte solution,
a Double Layer of charges forms on the surface, leading to an exponential potential drop in
the solution. If a charged analyte needs to be detected using an affinity-based mechanism
on a biosensor (e.g., an antibody-antigen mechanism), the Coulomb potential created by the
charge is also exponentially screened by the solution, as illustrated in Figure 1.17a, over a
distance known as the Debye length. This length can be expressed as in Equation 1.23:

€oer kT
Ap= 1.23
D=\ 721, (1.23)

31



Chapter 1 Introduction

where €y and €, are respectively the vacuum and media permittivity, k is the Boltzmann
constant, T is the temperature, q is the elementary charge, and I the ionic strength of the
liquid. The higher the ionic strength, thus the concentration of ions, the shorter the Debye
length and the stronger the charge screening. This limitation is the main factor that makes
researchers study FET-based biosensors in diluted samples, to increase the Debye length.
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Figure 1.17: a) Schematic representation of the Debye screening in affinity-based detection
mechanism. The electrostatic potential created by the charged analyte exponentially decreases
depending on the ionic strength of the solution. If the probe-analyte capturing site is too far
from the surface, the charge can not affect the conduction properties of the surface. Adapted
from [110]. b) Concave corners reduce the screening effect in nanowires FET structures.
Adapted from [111].

This work proposes two solutions to overcome the charge screening: 1) the exploitation of
not suspended planar SiNWs, and 2) the immobilization of fragments antigen-binding region
(Fab) antibody on the sensing surface, rather than full antibodies, to use the affinity-based
protein recognition mechanism.

The first solution has proved to enhance sensitivities when dealing with label-free FET-based
biosensors, thanks to the very large surface-to-volume ratio, and also thanks to the Debye
volume limitation guaranteed by concave surfaces, as simulated by Shoorideh et al. [111],
and shown in Figure 1.17b. The Debye volume can be defined as the volume that surrounds a
defined surface within one Debye length distance: in the case of concave surfaces (such as the
lower corners in non-suspended NWs structures) this volume is reduced compared to convex
ones, thus increasing the surface-to-volume ratio and limiting the possibility of double layer
creation.

The second method exploited in this work to overcome the Debye screening is the use of
antibody fragments: a full antibody can have a length between 10 and 15 nm, thus exceeding
the Debye length by a factor of 20 in standard human biofluids. By removing the non-antigen-
specific part of the antibody, known as the fragment crystallizable region (Fc region), it is
possible to obtain either a couple of Fab regions (known as F(ab), region) or a single one.
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This study exploits anti-CRP Fab, to shorten the distance between the binding site and the
oxide-sensitive surface of the system.

The choice of using SiNWs on SOI for biosensing applications is strongly supported also by
previous works. These devices have proven to be optimal candidates for the detection of
different biomarkers, from pH and ions [112, 113, 114, 115], DNA [116], proteins [117, 118,
119], cortisol [120], vascular endothelial growth factor molecules [121], cancer risk biomarkers
[122], and many others.

1.4 SiNWs as biosensors: state-of-the-art

Silicon Nanowire Field-Effect Transistors (SiNWs FETs) have been widely adopted in our sys-
tem for several compelling reasons, already mentioned in the previous sections. Their unique
characteristics, such as an increased surface-to-volume ratio, lead to enhanced sensing capa-
bilities, making them highly suitable for detecting a wide range of biomolecules and analytes.
The nanoscale dimensions of SINWs enable the detection of even minute concentrations of
target molecules, amplifying their sensitivity and reliability as biosensors.

Moreover, previous research and pioneering works have consistently demonstrated the re-
markable potential of SINWs as sensors. These studies have showcased the exceptional
sensitivity, selectivity, and label-free nature of SINWs FETs, making them an attractive choice
for biosensing applications.

To present a comprehensive overview of the state-of-the-art in SINWs FET-based biosensors,
we have compiled Table 1.3 summarizing the main works in the field. This table showcases the
key features, performance metrics, and applications of these influential studies, highlighting
the significant advancements and breakthroughs that have further reinforced the use of SiNWs
FETs in biosensing applications. Additionally, it is worth noting that while the focus of Table 1.3
is on SiNWs FET-based biosensors, there has been an increasing body of work exploring double-
gate FET structures (DG-FETs) for enhancing sensitivity in biosensing applications [123, 124,
125, 126, 127, 128, 129]. While not listed in the table, these studies have provided a solid basis
for harnessing the advantages of dual-gate structures to further improve sensor performance.
DG-FETs offer the potential for fine-tuning and optimizing sensor characteristics, such as
threshold voltage and transconductance, leading to enhanced sensitivity and selectivity in
detecting target molecules. As research in this area continues to evolve, the combination of
SiNWs and DG-FET architectures holds the promise of opening new avenues in biosensing
technology, pushing the boundaries of sensitivity and paving the way for innovative and highly
efficient biosensor platforms.

By leveraging the vast potential of Ultra-Thin SOI SiNWs FETs and building upon the achieve-
ments of these landmark works, our system endeavors to push the boundaries of biosensing
technology, offering a powerful tool for rapid and precise detection of pH and C-Reactive
Protein.
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1.5 Summary

This chapter provides the theoretical basis for the work presented in this thesis. We discuss
the concept of biosensors and explain why dermal interstitial fluid is an interesting biofluid
for real-time biomarker detection in the human body. We also discuss the motivation behind
our choice to use ion-sensitive field-effect transistors (ISFETs) as a key component of the
biosensor system. ISFETs are easily miniaturized, offer low-power solutions, and can provide
high sensitivity and selectivity when properly functionalized.

To enhance the sensitivity and stability of the system, we propose using high-x oxides as the
sensitive gate oxide, and fully-depleted 1D structures (such as silicon nanowire arrays on
silicon on insulator) as optimal candidates for high-sensitivity systems. Moreover, the use of
antibody fragments as capturing probes, in the affinity-based detection mechanism of the
biosensors, has been encouraged to overcome the Debye screening of charged analytes in
ionic liquids.

In the next chapter, we introduce and provide a detailed presentation of the platform used
during this work, with their fabrication process flow details and electrical characterization.
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In the previous chapter, the fundamental theory of Field-Effect Transistor and Ion Sensitive
FET has been introduced. Fully depleted silicon nanowire arrays on SOI substrates have been
selected as the core technology of the biosensor, due to their high surface-to-volume ratio, and
high subthreshold slope. Moreover, the use of high-x dielectric as gate oxide has proved to be
the optimal choice for achieving high sensitivity and stability. This second chapter provides an
overview of the fabrication technology chosen to implement a FET-based biosensor for rapid
diagnostic and real-time protein detection. The focus is on two different implementations
of SINW arrays on SOI technology, namely wafer-scale fabricated chips produced by CEA-
LETI in Grenoble, and chips fabricated at CMi in EPFL with a design that can fit with the
microneedles array system needed to extract human interstitial fluid (ISF). Firstly, we present
the most important steps of the CEA-LETI chips fabrication process flow, their DC electrical
characterization, and performance in Section 2.2. Secondly, we report on the in-house fabricated
nanowire arrays, where we provide an overview of the TCAD simulation used to select the best
source and drain implantation parameters in Section 2.3.1. We then present the detailed
fabrication process flow (Section 2.3.2) highlighting the most critical steps (Section 2.3.4) and
the DC electrical characterization (Section 2.3.5).

2.1 Introduction

As described in Chapter 1, 1D fully-depleted structures are optimal candidates for biochemical
sensing in human bio-fluids [136]. In this work, horizontal silicon nanowires (SINWs) on
Silicon-on-Insulator (SOI) substrates have been exploited as the core platform for the fab-
rication of miniaturized biosensors. Over the full length of this work, two platforms will be
exploited:

» A wafer-scale fabricated chip made of more than a hundred independent SINW arrays,
designed and fabricated at CEA-LETI in Grenoble.

* An optimized SiNW arrays chip on SOI, designed and fabricated at EPFL, able to be
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integrated with the ISF extraction solution developed within the frame of the European
Digipredict project.

The first platform was entirely designed and fabricated at CEA-LETI, and it was intended as
a multi-purpose and projects chip. In Section 2.2, we report the fabrication details together
with the DC electrical characterization of the SINW arrays. The results obtained by using this
platform as pH sensor and biosensor for protein detection are presented and commented on
in section 4.1, and 5.1, respectively. Since this platform was not designed within the frame of
the Digipredict project, compatibility with the other parts, such as the microneedles extractor
or the electronic read-out circuit, is not ensured. Moreover, the limited availability of chips,
lead to the decision to in-house fabrication of the second listed solution. The fabrication
process of the latter is reported in section 2.3, the electrical characterization in section 2.3.5,
while the obtained results for pH and CRP sensing are reported in section 4.1.3 and 5.1.

2.2 CEA-LETI silicon nanowire arrays

2.2.1 Chip description and fabrication process flow

! ' Contacks
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Figure 2.1: CEA-LETI chip: picture and layout. Each device is made of two separate structures,
one made of 5 parallel nanowires, and the second with 15 parallel nanowires. In this work, we
report the results obtained only with arrays of the second type. The orange box highlights the
position of 100 identical devices.

The chips provided by CEA-LETI [137] are squared chips with a side length of 2 cm, as shown
in Figure 2.1. They are based on SOI technology, and the main steps of the fabrication process
are described in Figure 2.2: the fabrication starts from a (100)-oriented SOI wafer, with a SiO»
box thickness of 120 nm. The top silicon layer is thinned down by oxidation and etching steps,
to reach a final thickness of 30 nm. The NWs are patterned by electron beam lithography,
followed by deep reactive ion etching of Si. A standard lithography step is then employed to
define source and drain regions, that are created by phosphorous ion implantation. A first
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layer of 3 nm thermal oxide is grown on the NWs surface, followed by atomic layer deposition
(ALD) of 4 nm of high-« dielectric (HfO;). The nanowires are then encapsulated with a 50
nm SiN and 250 nm Tetraethyl Orthosilicate (TEOS) bilayer. After depositing ohmic metal
contact and lines for source and drain regions, a 100nm thick silicon dioxide passivation layer
is deposited. Finally, the HfO, surface of the nanowires is exposed by selective etching of
the passivation and encapsulation layers. Each chip possesses 100 identical devices, that are
positioned in the top-center of the layout, within the orange square drawn in Figure 2.1.

Each device is split into two different structures, that can be operated independently: one
structure (structure #1 in Figure 2.1) is made by five parallel nanowires, while the second
structure (structure #2 in Figure 2.1) is made by five triplets of nanowires electrically connected
in parallel. In the second structure, all the horizontal nanowires share the same source and
drain contacts. At chip level, the 100 devices can be split into twenty lines: each line is
composed of five sensors that possess common source and independent drain contacts.
This particular design allows us to operate two sensors on the same line by using only five
contacts, namely two drain contacts (one per each sensor), one source contact (shared by the
two devices), a back-gate contact, and a liquid gate contact (shared by the two devices). As
described in section 3.3.1, this will allow us to perform reference-compensated experiments.

SOl wafer thinning to 30 nm

E-beam lithography SiNWs patterning
Source and Drain implantation
Thermal oxidation (3 nm SiOz2)

ALD high-k deposition (HfOz)

SiN encapsulation deposition

Silicide process for contact formation
Metal deposition

TEOS passivation deposition
Open-up to SiNWs gate oxide

High-k gate oxide

Figure 2.2: Schematic view of the complete device and summary of the fabrication process
flow adapted from [137].

This specific chip layout has been developed in order to enable a microfluidic system in-
tegration to implement a multiplexed measurement of different bio-markers [137]. In our
specific case, we developed a Polydimethylsiloxane (PDMS) microfluidic thanks to which we
can specifically functionalize each sensor, with the liberty of immobilizing different probes
on the surface of different SINW arrays. We discuss this in detail in section 3.2. We report in
Figure 2.3 the atomic force microscopy (AFM) surface topography of three parallel nanowires,
a subgroup of the fifteen nanowires. Additionally, we provide a scanning electron microscopy
(SEM) image, falsely colored for clarity. To acquire the AFM topography image we used a
Cypher S AFM from Oxford Instruments in AC-tapping mode, a scan size of 1 ym, and a
scan rate of 1.95Hz. The used tip was a Tap300Al-G with aluminum reflective coating from

39



Silicon nanowires technology Chapter 2

the source potential has been fixed at 0 V, thus in all the plots we consider the drain to
source voltage Vpg equal to the voltage Vp applied on the drain contact. The front gate
potential is applied through an external commercial Ag/AgCl reference electrode (from Micrux
Technologies) immersed in the liquid-under-test (LUT) solution in contact with the gate oxide.
We refer to this voltage as the reference voltage (Vrgr). The back-gate voltage is applied by
biasing the Si bulk from the back of the chip while being in contact with the conductive chuck
of the probe station, and we refer to it as Vg. All the measurements are performed in normal
environmental conditions and the LUT is always at room temperature. During the full DC
electrical characterization, the employed liquid has been a not diluted phosphate saline buffer
(PBS). One SiNW array is made of 15 parallel NWs, each with alength L = 1.4 ym, a width W =
140 nm, and a thickness of 30 nm. First, we report the transfer characteristic Ip-Vggr of one
array on a semi-logarithmic plot in Figure 2.4a: the drain voltage is fixed at 0.3 V, and all the
currents are measured thanks to the Source Measure units (SMUs) of the parameter analyzer,
while the reference voltage is swept from -0.5 V to 1.0 V and vice-versa, to be able to measure
the hysteresis between the forward and backward sweeps.
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Figure 2.4: Transfer and output characteristics of a CEA-LETI SINW array. a) Semi-logarithmic
plot of the transfer characteristic of one SINW array sensor. The drain current is hysteresis-free,
with an ON-OFF ratio of six orders of magnitude. Leakage currents are lower than 0.48 nA/um
for the entire operating region. b) Output drain characteristic.

The SiNW array shows a drain Igy to Iorr ratio of six orders of magnitude, and a hysteresis
between the forward and backward sweeps lower than 3 mV. Gate and back-gate leakages
are lower than 0.48 nA/um for the whole operating region, demonstrating the presence of a
high-quality high-x dielectric. The transistor output characteristic is shown in Figure 2.4b,
where Vg = 0 V. The plot shows the transistor response for different applied reference voltages,
ranging from 0.5 V (weak inversion regime) to 1.5V (strong inversion). In the saturation region,
the transistor shows a slight channel length modulation effect, that does not affect the sensor
capabilities.

Figure 2.5a shows the extracted sub-threshold slope of the device, for both backward and
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Budget-Sensors. The scanning electron microscopy image has been acquired with a Zeiss
Merlin microscope, equipped with a Gemini column. Our observations reveal that the SINWs
structure possesses an overall height of 42 nm, resulting from silicon dioxide box over-etching
during fabrication. The SEM image further depicts two distinct structures with five and fifteen
nanowires, respectively, which can be used independently. For this thesis, we solely report
the results obtained from the second type of structure, consisting of five triplets of parallel
nanowires.
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Figure 2.3: AFM and SEM images of the CEA-LETI SiNW array. a) Cut-line profile of the AFM
topography image in figure (b). The total thickness of the SINWs structure is 42nm, due to the
thickness of the gate oxide and the over-etching of the silicon dioxide box. b) AFM topography
image, highlighting three parallel nanowires. c) Falsely colored SEM image, to have a color
correspondence with (b). We can notice on the top the smaller device, with only 5 parallel
nanowires, and on the bottom trench the second type, with 15 parallel nanowires (in orange).

2.2.2 DC Elecrical characterization

The DC electrical response of the SiNWs BioFET is measured using a Keithley 4200A Parameter
Analyzer connected to a Cascade Microtech Probe Station. For all the reported measurements
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Figure 2.5: a) Transistor subthreshold slope for both forward and backward sweep of the
reference voltage. b) Transconductance efficiency (g,,/Ip). Higher values are found in sub-
threshold working regime, as expected.

forward sweeps. The two curves overlap, highlighting once again the absence of hysteresis,
and the sub-threshold slope remains lower than 90 mV/decade for almost two decades of the
drain current. An abrupt switch-on mechanism is fundamental in a FET-based biosensor when
operated in weak inversion regime. In fact, the current sensitivity is inversely proportional
to the subthreshold slope value [138, 139, 140, 141, 142]. For the sake of completeness, we
also report the transconductance efficiency of the transistor, a fundamental parameter in
analog circuit design: it consists of the ratio between the transconductance g;,, and the drain
current Ip, giving an immediate idea of the ratio between the amplifier gain and the power
consumption. In weak inversion, our transistor demonstrated optimal capabilities, with a
transconductance efficiency of 28 V-1, comparable to those found in the literature for novel
semiconductor devices [143], and standard bulk silicon Field Effect Transistors [144, 145, 146,
147, 148]. The transconductance efficiency is a key parameter for analog application and
design [149], but it was also proven to be an important feature for the design and development
of biosensors [150].

We also measure the transistor’s back-gate transfer characteristic by applying a constant
voltage to the Ag/AgCl reference electrode of Vrgr = 0V, and a drain voltage Vp = 0.3 V. The
results are shown in Figure 2.6a, where we report the drain current together with the back-gate
leakage. In this configuration, the back-gate leakage is always lower than 0.14 nA/um, while
the backward and forward sweep perfectly overlap, with no hysteresis. The ability to tune the
transistor top-gate transfer characteristic is proven in Figure 2.6b, where different Ip-Vggr
curves at different back-gate constant voltage values are displayed. The transistor shows to be
easily and reliably tunable, and this property allows to position the bias point in the desired
working region: by tuning the back-gate voltage, it is possible to work in sub-threshold regime
with a Vgrgr = 0V, an interesting working condition for a biosensor.
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Figure 2.6: Back-gate influence on the transistor’s performance. a) Back-gate transfer char-
acteristic. b) Ip-Vgrgr transfer characteristics for different applied back-gate voltages: the
transistor shows to be easily tuned by changing the back-gate bias.

2.3 Fabrication and characterization of in-house SiNWs biosensors

In this section, we report the detailed fabrication of the SINWs biosensors fully designed and
produced in the cleanroom of the Center of MicroNanotechnology (CMi) on the EPFL campus.
We first present the TCAD simulation used to tune the used parameters during the source
and drain implantation step (section 2.3.1), followed by the complete fabrication process
that eventually achieved the best performances (section 2.3.2), and the different trials of
the fabrication process, describing the failed attempts in detail (section 2.3.4). Finally, we
comment on the electrical performances of the chips in Section 2.3.5.

2.3.1 TCAD simulations for source and drain regions implantation

Dopants implantation in thin silicon layers of the SOI substrate presents many challenges that
must be faced to obtain desired ohmic contacts, without damaging the SiO; box. In our work,
the right ions’ energy and implantation dose have been simulated using Sentaurus TCAD
software, before shipping the substrates to IBS in France for the actual process. Three main
parameters were taken into consideration during the simulations:

¢ the SiO; stopping layer thickness on top of the silicon layer, used to obtain the implan-
tation peak at the Si surface;

 the implanted ions’ energy;

* the implantation dose.

The three parameters have been tackled at the same time, but we report the results in the
above-presented order.
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To study the influence of the stopping layer, various thicknesses between 1nm and 10nm
have been simulated. We can approximate the implantation doping profile as a Gaussian
distribution [151], whose peak position and broadness are dependent on different parameters,
mainly the implantation energy. To achieve a uniform and high concentration of dopants
close to the gate oxide surface, the distribution peak position should fall near the top surface
of the silicon layer. This can be accomplished by using a silicon oxide mask to physically stop
the ions at the desired position. To obtain the best results, simulations have shown that a SiO»
mask thickness between 5nm and 7nm is ideal.
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Figure 2.7: Stopping layer thickness TCAD simulation results. Channel cross-section when
the top-oxide layer is a) 5 nm thick, and b) 6 nm thick. The implanted ions reach the SiO, box
for thicknesses of the stopping layer of 6 nm.
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Figure 2.7 displays the results for 5nm and 6nm, where it can be observed that for a thickness
below 6nm, the dopants reach the buried SiO, box. However, this scenario should be avoided
because a high-density concentration in the bottom oxide may increase leakage current,
which can negatively impact the transistor’s performance. Therefore, a thickness of 6nm was
selected because it provides a high dopant concentration at the silicon surface while keeping
the implanted ion relatively far from the buried oxide surface.

The second studied parameter has been the ions’ energy. The highest their energy, the deeper
the penetration depth of the ions. Since the silicon layer during the implantation process is
only 27 nm thick, the tuning of this parameter is of great importance. We simulated 5 different
implantation energies, at a fixed dose of 3-10'%¢m ™2 and 6-10'9cm 2. The obtained results
are depicted in Figure 2.9, considering the cross-section of the channel. To ensure the future
presence of ohmic contacts, we arbitrarily impose a minimum active dopant concentration
after the annealing above 1-10'%cm™3 [65]. A second constraint is the absence of active
dopants in the silicon oxide box, to avoid current leakage. As visible from the simulation
results in Figure 2.8 for the phosphorous concentration, and in Figure 2.9 for the active dopant
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Figure 2.8: Source and drain simulated phosphorous concentration profiles at different
implantation energy values after thermal annealing, at different implantation energies. a)
Dose is fixed at 3-10"°atoms/cm™3. b) Dose is fixed at 6:10"°atoms/cm™3. We exclude
energies that implant in the box.

profile, the energy values that satisfy both constraints are between 1.6 keV and 2.0 keV. Above
2.0 keV the presence of implanted ions in the box is clear, while under 1.6 keV the active
dopants concentration in the Si channel is not satisfying the imposed conditions.
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Figure 2.9: Source and drain simulated active dopants concentration at different implantation
energy values after thermal annealing in the silicon layer (green) and silicon dioxide box
(blue). Results for a) 3-10"°atoms/cm™3 and b) 6:10 atoms/cm™3. We arbitrarily choose a
minimum dopants concentration of 1-10'%atoms/cm™3 through the entire Si thickness.

For the three different implantation energies (1.6 keV, 1.8 keV, and 2.0 keV) we simulated five
different dose values: 5-10'* cm™2, 1-10'° cm™2, 3-10'® cm™2, 6:10'° cm™2, 1-10'® cm™2, to
fine-tune the best parameters and allow a final active dopant concentration higher than 1-10'°
cm~3 throughout the whole top silicon layer thickness, without having phosphorous atoms
implanted in the SiO, box.
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To check these requirements we report the phosphorous concentration along the thickness of
the silicon layer and the net active dopant concentration after thermal annealing.

Figure 2.10 shows the dopant concentration across the silicon and the silicon dioxide box. We
immediately notice that for both the implantation energy values of 1.6 keV and 1.8 keV the
implanted phosphorous atoms do not penetrate the oxide box. Figure 2.10c highlights the
simulation results concerning the implantation energy of 2.0 keV: we notice that for lower
doses there is the presence of P atoms in the buried oxide, while for doses higher than 3-10%°
cm™2 the atoms do not penetrate in the box. Although strange, we can speculate that this
result could be explained by the damage created to the silicon crystalline structure during
implantation: at higher doses the damage is greater and happens faster, creating a more
difficult path for the implanted P atoms that can not penetrate so deeply in the silicon as it
happens for lower doses. Although simulation results seem to suggest that an implantation
energy of 2 keV at higher doses would give the desired results, we opted to exclude this energy
implantation value to avoid any possible damage to the silicon dioxide buried box.
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Figure 2.10: Source and drain simulated phosphorous concentration at different implantation
dose values after thermal annealing in the silicon layer (green) and silicon dioxide box (blue).
Results for implantation energy of a) 1.6 keV, b) 1.8 keV; and c) 2.0 keV.
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To reach the final decision about the employed implantation energy and dose, we finally
compared the active dopants concentration for different doses at 1.6 keV and 1.8 keV. Figure
2.11 shows the obtained results for the mentioned conditions. For energy equal to 1.6 keV,
the doses higher than 6-10'® cm~2 would satisfy the imposed conditions: throughout the
whole silicon layer the dopant concentration is higher than 1-10!® cm™3. This outcome is also
guaranteed by the simulation for doses higher than 3-10'® cm ™2 at an implantation energy of
1.8 keV.
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Figure 2.11: Source and drain simulated active dopants concentration at different implanta-
tion dose values after thermal annealing in the silicon layer (green) and silicon dioxide box
(blue). Results for implantation energy of a) 1.6 keV, and b) 1.8 keV. We arbitrarily choose a
minimum dopants concentration of 1-10° atoms/cm™3 through the entire Si thickness.

After careful consideration, we decided to use an energy level of 1.6 keV to avoid any potential
damage to the box underneath, and a dose of 6 -10'° atoms/cm™2 since it provided the optimal
balance of results and cost-effectiveness.

2.3.2 Cleanroom process flow for SiNWs-FET fabrication

The complete fabrication process flow is made of 24 steps as presented in the following section,
and in the detailed runcard in Appendix A. The starting substrate is a silicon-on-insulator
(SOI) wafer, with a <100> silicon layer of 70 nm, a p-type doping concentration of 101%em3,
and a SiO, BOX of 20 nm thickness (Figure 2.12a). To ensure full depletion in the silicon
layer, the first step consists of the thinning of the silicon layer down to 35 nm, as explained by
Bellando in [152]. The silicon layer undergoes a thermal oxidation growth of 86 nm SiO; in
forming gas, using a Centrotherm furnace. During this step a silicon oxide growth and silicon
consumption ratio of 0.44 has been considered (Figure 2.12b). After the growth of 86nm of
oxide, the substrate is immersed in buffered HF solution (N Hy F 40% + HF 50%, 7:1) in order to
etch the silicon oxide and obtain a 30 nm thick silicon layer (Figure 2.12c). The actual achieved
final thickness is 32 nm.

47



Chapter 2 Silicon nanowires technology

c)

Figure 2.12: Fabrication step: top Si layer thinning. a) pristine substrate, b) thermal oxide
growth, c) oxide etching to thin down the Si layer to 30 nm.

After the thinning of the Si layer, the implantation-stopping mask is created by repeating
the thermal oxidation described above, but only growing 6 nm of SiO, (Figure 2.13a). Due
to the nanometric dimensions of the silicon nanowires, any alignment step is critical in the
fabrication process. Thus, the alignment markers are created by means of electron beam
lithography, using a Raith EBPG5000+ system. The substrate is coated with CSAR62, a positive
tone e-beam resist, and appropriate alignment markers are patterned on the resist surface
(Figure 2.13b). Finally, the markers are etched into the wafer thanks to a silicon dry etching
technique, by means of an Alcatel AMS 200 SE system, as shown in Figure 2.13c.

a) CSAR62 b) 0

Si
Sio,

Si

Figure 2.13: Fabrication step: electron beam markers creation. a) 6 nm thick implantation
stopping layer growth, b) e-beam lithography, c) markers creation by deep reactive ion etching
of §i/Si0, layers.

After the thinning of the top Si layer and the creation of the electron beam lithography markers,
the highly doped source and drain regions must be defined and created. To do so, a first
photolithography step occurs: we coat the substrate with 1 um of AZECI 3007, a photoresist
designed to have high resistance for dry etching and implantation processes. Subsequently, the
substrate is exposed by maskless lithography (Figure 2.14a) using the Heidelberg Instruments
MLAI150 to define the source and drain implantation regions. After the resist development
step, the chips were shipped for implantation to IBS in France, where the highly doped regions

2

were created using beam line implantation at 1.6 keV and a dose of 6:10'°cm ™2, as simulated

and discussed in subsection 2.3.1.

Once the source and drain implantation process has been completed, the remaining resist
on the surface has been removed by a 30-second high-power oxygen plasma etching (600W,
400 sccm O, flow), followed by an overnight soaking in Microposit’ Remover1165 at 70°C.
Following the resist removal, the thin oxide stopping layer is no longer needed. It could be
kept as a high-quality thermally grown gate oxide, but the use of hydrogen silsesquioxane 2%
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Figure 2.14: Fabrication step: source and drain regions implantation. a) Photolithography to
define source and drain regions, b) ions implantation at energy 1.6 keV and a dose of 6-10'°
atoms/cm™2.

(HSQ, commercialized by Dupont as XR-1541-002) would irreversibly affect its quality upon
HSQ stripping. Thus, the oxide is removed by immersing the chips in BHF solution for 30
seconds.

B maies

Figure 2.15: Fabrication step: silicon nanowires creation by electron beam lithography. a)

HSQ patterning by e-beam exposure. b) DRIE to remove the excess of silicon, and define the
nanowires.
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To define the SINWs’ geometry, we employed electron beam lithography. 30 nm of HSQ 2% are
coated on the chips, and exposed with a dose of 2000 uC/cm?. After resist development in
25% TMAH solution for 35 seconds, the SiNWs are formed by dry etching, exploiting an Alcatel
AMS 200 SE, to etch the excess Si, as shown in Figure 2.15.

Before depositing the high-x gate oxide, two metallic stopping layers made of 5 nm Ti - 35 nm
Pt - 2 nm Ti are deposited, to guarantee a successful ion beam etching step (details in 2.3.4).
These stopping layers are deposited using lift-off technique, as shown in Figure 2.16. The
second Ti layer is fundamental to guarantee uniform oxide growth by ALD technique during
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Figure 2.16: Fabrication step: metallic stopping layers deposition for the next Ion Beam
Etching step. a) Standard photolithography to open source and drain regions. b) Ti-Pt-Ti
tri-layer lift-off step.
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the next step.
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Figure 2.17: Fabrication step: gate and field oxide deposition. a) 7 nm high-x (HfO,) gate
oxide deposition. b) 50 nm Al, Os field oxide deposition. Both layers are created by Atomic
Layer Deposition.

To achieve a high-quality gate oxide, a 7 nm HfO, layer was deposited using atomic layer
deposition [153]. Since the metallic lines that would be deposited later cover a significant area
of the chip, ensuring electrical isolation from the silicon bulk was crucial. To address this issue,
a 50 nm field oxide layer of Al,O3 was deposited using ALD. These deposition techniques were
carefully chosen to guarantee the quality and effectiveness of the gate oxide and field oxide
layers, which are vital components in the fabrication of high-performance microchips. (Figure
2.17).

The final stage of the fabrication process involves creating the necessary metallic contacts
to bias the device and exposing the gate oxide to enable contact with the liquid under test,
thereby producing an ISFET-like device. This step is divided into three photolithographic
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Figure 2.18: Fabrication step: source and drain region opening by ion beam etching. a)
Photolithography to define source and drain contact. b) Al O; and HfO, dry etching. The Pt
layer is used as a stopping layer to tune the etching duration.

steps. The first step involves opening the source and drain contacts, as depicted in Figure 2.18.
We explored two different techniques for this stage, namely BHF wet etching and ion beam
dry etching. A detailed comparison of these two techniques is presented in the forthcoming
subsection (2.3.4).
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Figure 2.19: Fabrication step: metallic lines deposition. a) Standard photolithography for b)
metal line deposition by lift-off.

Ultimately, the second technique was found to produce more reliable results and was therefore
preferred. During this step, the previously deposited Pt layer onto the highly doped source
and drain regions is crucial as it serves as a stopping layer.

Subsequently, the metal lines that allow to contact the source and drain regions from the
side of the chip are deposited by lift-off technique, using a new photolithography mask. The
deposition process involves a 5 nm thick Ti layer used as an adhesion layer, onto which 65 nm
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Figure 2.20: Fabrication step: passivation layer deposition. 100 nm Al, O3 encapsulation layer
deposited by atomic layer deposition.

of Pt is deposited (Figure 2.19).
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Figure 2.21: Fabrication step: opening-up of the passivation layer to reach SiINWs surface. a)
Standard photolithography step for b) selective etching of Al, O layer by means of H3 PO, wet
etching.

To conclude an encapsulation and passivation layer of 100 nm Al,O3 is deposited by ALD
technique (Figure 2.20). The last photolithographic mask is then used to expose the metal
pads for contacts, and the gate oxide. This last step is performed by selectively etching the
aluminum oxide layer with 85% H3PO, for two minutes (Figure 2.21).

The chip layout and an optical picture of the final chip are shown in Figure 2.22. Each chip
possesses ten pairs of identical SiNWs arrays, that can be differently functionalized, and one
on-chip reference electrode. The chip is a square of 1 cm side length.
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Figure 2.22: Fabricated SiNWs chip. a) Design layout, highlighting the different structures
on the chip. Each chip contains 10 pairs of SINW arrays, an on-chip reference electrode, and
test structures to measure the actual source and drain doping level. b) Optical picture of the
finished chip.

Transmission Electron Microscopy

To confirm that the correct fabrication process has been pursued, Transmission Electron
Microscopy characterization has been performed on a chip with SiNW arrays that have been
successfully electrically characterized. The main goal of this step is to ensure the presence of a
uniform HfO, that would ensure high sensitivity and stability to the sensor. Moreover, there is
the necessity to check the absence of over-etching effects, and the layers’ thicknesses.

Figure 2.23 reports the main results of the study. The complete lamella preparation and more
detailed images are reported in the Annex B, for the sake of completeness. In Figure 2.23a
we report the TEM cross-section of a single NW, highlighting the different layers’ thickness.
As expected, the SiO, box has an overall thickness of 20 nm, with a thinning down where the
layer is not protected by the Si nanowire, due to the dry etching step and the use of BHF for
HSQ removal. The real SINW thickness stands at 25 nm, a small deviation from the measured
27 nm with ellipsometer techniques. Finally, the high-x HfO, layer has a thickness of 8nm,
close to the expected one. The blur effect on the side of the nanowire is an artifact due to
the not perfect alignment of the lamella. A better representation of the real uniformity of the
HfO, layer is shown in Figure 2.23b: it is a scanning TEM (STEM), and the bright layer is the
gate oxide. To confirm the presence of the correct stack of materials, the Energy-dispersive
X-ray spectroscopy (EDS) characterization of one nanowire has been performed. Figure 2.23¢c
shows the high-angle annular dark-field image, while Figures 2.23d-f show the map elemental
analysis of the nanowire’s cross-section. As expected Hf is prevalent in the gate oxide layer,
being uniform all over the surface. Moreover, the analysis of Si and O signal confirm the correct
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Figure 2.23: TEM, STEM, and EDS characterization of the in-house fabricated SiNWs. a) TEM
cross-section of one SINW. The thicknesses of the different layers are pointed out, and they
agree with the expected ones. b) STEM cross-section image of three nanowires, to show the
uniformity of the HfO, layer. c)-d) EDS characterization, and elemental analysis for the STEM
cross-section of one NW. ¢) High-angle annular dark field detector image, d) oxygen signal, e)
hafnium signal, and f) silicon signal.

fabrication process.

2.3.3 Ohmic contacts on thin silicon and doping level test

To ensure a proper function of the SiINWs FET, we need to create ohmic source and drain
contacts on a 27 nm thin silicon layer. This requires the tuning of different parameters, such as
the implantation energy and dose to avoid the penetration of the dopants in the buried SiO»
box, while keeping a high doping level. The parameters for the phosphorous implantation
have been chosen after carefully simulating the process with Sentaurus TCAD, as previously
described in section 2.3.1. To verify the correct occurrence of the silicon doping process and to
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a) b)

Figure 2.24: On-chip test structures to measure source and drain doping level: a) TLM method,
b) 4-probes point method.

measure the actual doping level, various test structures (Figure 2.24) specifically incorporated
into the chip layout were used. The first structure is based on a simple trasmission line model
(TLM), to study both the sheet resistance and the contact resistance [154].

I-V curves are recorded between contacts placed at an increasing distance on a doped line
of silicon, and plotted in Figure 2.25a. The contacts between the deposited metal and the
doped Si are ohmic, resulting in linear I-V curves. Resistance values are extracted from the
slope of each curve: the intercept with the y-axis corresponds to twice the value of the contact
resistance, while the slope is the sheet resistance divided by the line width. From the extracted
parameters it is noteworthy to obtain the Si doping level through the equations:

0si = Rspeer t 2.1)
and
1
Np=——— 2.2)
qUnpPsi

using the empirical relation for the electron mobility as a function of the doping concentration
[155]:

7.4x 10877233
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The extracted sheet resistance was found to be 152.10 {2, which corresponds to a resistivity of
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Figure 2.25: Linear I-V curves between two contacts placed at an increasing distance on a
doped Si line. b) Extracted resistance values. The intercept with the y-axis is equivalent to
twice the contact resistance value, while the slope is proportional to the sheet resistance.

0.410 m{2cm. Thus, we obtain a measured doping concentration of 1.71- 10%%¢cm 3, confirming
the simulated results. To further validate this finding, we conducted a four-point probes
measurement on the test structures shown in Figure 2.24b. Following a similar calculation
process, the extracted sheet resistance is 150.02 {2, equivalent to a resistivity of 0.405 m{2cm,
resulting in a measured doping level of 9.35-10'%cm™3. This demonstrates good consistency
with the predicted doping concentration.

2.3.4 (Critical steps in the fabrication process flow

The detailed process flow described above represents the very final version, which was arrived
at after numerous attempts and modifications to the original design. Through an iterative
approach of trial and error, we were able to optimize the fabrication process to achieve the
desired results. The final process flow was carefully developed to ensure the highest quality
and reliability of the fabricated microchips. One of the most critical steps has been the opening
of the source and drain regions after the gate and field oxide deposition. The first attempts
were made by using selective wet etching with buffered HF: a protective photoresist mask
was created with standard photolithography, and the Al,O3 and HfO, layers were etched by
immerging the chips in BHE The nominal values for etching rates at CMi are 70 nm/min and
1.5 nm/min for Al, O3 and HfO,, respectively.

The huge difference between the two etching rates [156], created many problems, leading to
unwanted electrical paths for the current flowing in the devices. In particular, a long etching
time is required, due to the very slow etching of HfO, in BHE resulting in a very large lateral
etching of the aluminum oxide layer, as shown in Figure 2.26: both in the test structures and in
the real SiNWs device, it is possible to notice halos around the etched structures. These circles
extend for various micrometers, indicating possible damage to the oxide layers.
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Figure 2.26: Optical microscope pictures highlighting the lateral over-etching. Phenomenon
happening in a) test structures and b) real devices. Glowing halos are clearly visible around
the structures, indicating an oxide over-etching during the wet-etching step.

Measuring the current flowing between two random contacts on the chip, we obtain Schotkky
conduction like in Figure 2.27a, indicating an unwanted leakage, probably created by the
lateral over-etching, described above. To solve this issue the wet-etching step has been
replaced by a dry ion beam etching one. Nevertheless, this technique would create another
problem: in fact, the silicon layer is very thin (only 27 nm), and precisely stopping the etching
on the Si without damaging it resulted to be nearly impossible. The Veeco IBE350 at CMi is
equipped with a secondary ions mass spectroscopy (SIMS) detection system, that collects and
counts the ejected secondary ions during the etching in real-time. The counts are displayed in
real-time, thus the user has the faculty to follow the elements that are being etched, and to
stop the etching step whenever the desired signal appears.
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Figure 2.27: Flowing current between two random contacts on the chip. a) Chip with lateral
over-etching, showing unwanted electrical current conduction, and b) chip after the solved
issue, showing pA current levels between two random contacts on the chip.

Unfortunately, silicon can not be detected easily by this tool, introducing a further difficulty
that we solved by depositing a platinum stopping layer prior to growing the gate and field
oxides. In this way, the ion beam etching would be stopped when the Pt signal was detected
by the SIMS system, indicating the complete etching of the oxides on top. Figure 2.27b shows
the current flowing through two random contacts on a perfectly working chip: it is clear that
the measured current corresponds to the instrumentation noise level, indicating the absence
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of unwanted leakage.

2.3.5 Electrical characterization of the fabricated SiNWs

After the completion of the fabrication process flow, the chips were electrically characterized.
All the electrical measurements presented in the following have been performed at room
temperature and ambient conditions, employing a Keithley 4200A parameter analyzer. The
reported results concern a device made of 20 parallel NWs, each of them is 1.6 pm long, and
120 nm wide, spaced by 100 nm from the neighbor nanowires.

In order to study the impact of the liquid top gate and the back-gate on the conduction
mechanism we measured both the top and back-gate transfer characteristics, constantly
applying a drain to source voltage bias of 0.5 V. In all cases, the controlling voltage has been
swept from low to high values (forwards sweep) and vice-versa (backward sweep) to measure
the hysteresis.
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Figure 2.28: Transfer and output characteristics of the in-house fabricated SiINW array with 20
parallel nanowires, each of them has a width of 120nm and a length of 1.6 um. a) Dual-sweep
transfer characteristic of one SINW array on the fabricated chip. Vps =0.5V, and Vg =0 V. b)
Output characteristic obtained sweeping Vpgs between 0 Vand 1.5V, and keeping Vpg =0 V.

The device exhibits n-type conduction, as illustrated by the semilogarithmic plot of the transfer
characteristic in Figure 2.28a. The applied Vps is 0.5V, the back-gate is held at 0 V, and the
reference voltage is applied through a Micrux Technologies Ag/AgCl bulk reference electrode
immersed in the liquid under test in contact with the exposed gate oxide. The Ion/IorF
current ratio is found to exceed 7 orders of magnitude, indicative of the high-quality transis-
tor behavior. The gate and back-gate leakages remain consistently lower than 100 pA/um,
which is noteworthy given that the back-gate contact is connected to the Si bulk, collecting
leakage contributions from the entire chip. The calculated hysteresis between the forward
and backward sweep is 110 mV. The transistor output characteristic is shown in Figure 2.28b,
which demonstrates a low channel length modulation effect. Specifically, we present the
output curves generated by varying the gate voltage (in this case, we assume that the gate and
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Figure 2.29: a) Subthreshold swing and b) transconductance efficiency of the in-house fabri-
cated SiNW array.

reference voltage are equivalent) between 0.75 V and 1.5 V, while the back-gate and source
voltages are maintained at 0 V.

Figure 2.29a shows the subthreshold swing as a function of the transistor’s output current. The
extracted minimum value is 80 mV/decade, while we obtain values lower than 90 mV/decade
over a current range of two orders of magnitude. Similar behavior can be observed in the
reverse sweep of the reference voltage, although a hysteresis value of 110 mV between the
forward and backward sweep, similar subthreshold swing values show that the device can
be exploited in both sweep directions, with similar performance. Figure 2.29a represent the
transistor transconductance efficiency, a key parameter for selecting the best operating region
to obtain high sensitivity in biosensors application and low power consumption to satisfy the
constraints imposed by the wearable application of our system.
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Figure 2.30: Back-gate control capabilities for the in-house fabricated SiNW array. a) Back-
gate transfer characteristic, with Vrgr = Vs =0V, and Vp = 0.5 V. b) Transfer characteristic shift
due to different applied back-gate bias values.
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In Figure 2.30 we demonstrate the ability of our sensor to be controlled by the back-gate
contact, provided through the bulk of the chip. In particular Figure 2.30a shows the back-gate
transfer characteristic of our system: the ON/OFF ratio is more than six orders of magnitude,
while the leakage current remains always lower than 2 nA. We will show how we exploit the ca-
pability of our sensor to work in back-gate configuration in Chapter 4 and 5, by demonstrating
an intrinsic signal amplification during pH and protein sensing. Figure 2.30b reports different
Ip-VgEer curves at different applied back-gate voltage values, demonstrating the ability of this
second gate to control the position of the transfer characteristic, in order to place our bias
point in the optimal conditions.

2.3.6 On-chip Ag/AgCl quasi reference electrode

As shown in Figure 2.22, the in-house fabricated chips possess a platinum pad with an area of
0.2 mm? that can serve as an on-chip quasi-reference electrode (QRE) if properly covered with
Ag/AgCl ink. Platinum was chosen as a pad material due to its low reactivity and for its high
surface charge density, and SunChemical (C2130809D5) Ag/AgCl (60/40) paste was chosen
as ink material. To study the performance of such QRE, multiple Ag/AgCl on-chip reference
electrodes have been tested against a double-junction Ag/AgCl commercial electrode in ISF-
like solutions (composition in Table 2.1).

Compounds | Concentration (mM)
Na* 133
K* 4
Ca’* 1.2
Mg** 0.7
Cl™ 112.2
HCOy 28.3
BSA 0.19
Creatinine 61.9
Phosphate 0.61

Table 2.1: ISF-like solution composition.

In Figure 2.31 we report the performance results for different QREs, with a surface area
between 0.1 mm? and 0.5 mm?, both in terms of voltage and temporal drift against double-
junction reference electrodes. Moreover, in the figure, we compare these performances with
commercially available Ag/AgCl reference electrodes.

The observed time drift for QREs ranging in size from 0.1 mm? to 0.25 mm?

is comparable
to the drift observed in commercial reference electrodes, both falling within the range of 0
to +2 mV/h (with the exception of one chip displaying an outlier value). Additionally, the
stabilization voltage values of the QRE exhibit minimal dispersion, as depicted in Figure 2.31a,
with a maximum voltage mismatch of 80 mV compared to the commercial double-junction

Ag/AgCl electrode.
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Figure 2.31: Quasi reference electrode stability study in ISF-like solutions. a) Stabilization
voltage statistics of different on-chip Ag/AgCl QREs vs double-junction reference electrodes
compared to commercial reference electrodes. b) Temporal drift statistics of different on-chip
Ag/AgCl QREs vs double-junction reference electrodes compared to commercial reference
electrodes.

This study validates the feasibility of utilizing on-chip QREs based on Ag/AgCl ink deposition
on a 0.2 mm? platinum metal pad for the in-house fabricated SiNW chip, offering an additional
capability for system miniaturization.

2.4 Summary

This chapter presents the fabrication process flow of two similar platforms based on Fully-
Depleted SOI technology. The first platform is a wafer-scale chip consisting of 100 identical
SiNW arrays suitable for use as biosensors based on FETs, fabricated by CEA-LETI in Grenoble.
The second platform, designed and fabricated in-house at EPFL, Lausanne, features 10 couples
of identical SiNW arrays, enabling reference-compensated configuration.

For each platform, the chapter provides a detailed description of the fabrication steps and
DC electrical characterization. In particular, the critical fabrication steps for the in-house
fabricated chip are highlighted, and the strategies employed to overcome difficulties are
discussed.

The CEA-LETI chip allows for the operation of 100 identical devices, providing redundancy in
sensor response and the capability to target multiple analytes with the same platform. The DC
electrical characterization of the chip shows a high drain current ON/OFF ratio (> 6 orders of
magnitude), very low hysteresis (< 3 mV), and low gate and back-gate leakage currents (< 0.5
nA/um). The capability of the sensor to tune the threshold voltage through back-gate biasing
is also demonstrated, which is crucial for the detection of C-Reactive protein as discussed in
Section 5.1.
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The in-house fabricated chip provides 10 couples of identical devices, facilitating reference-
compensated configuration. TCAD simulation is employed to select the best parameters for
source and drain implantation, leading to ohmic contacts on thin silicon. The fabricated
system shows excellent ohmic contacts with the thin silicon layer (contact resistance of 30
(2), a high drain current ON/OFF ratio (> 7 orders of magnitude), low gate and back-gate
leakage currents (< 100 pA/um), and a threshold voltage that can be easily modulated through
back-gate biasing. The optimal back-gate transfer characteristics are also demonstrated.

Table 2.2 provides a comprehensive comparison of the performance between the two different
platforms discussed in this chapter. The table highlights the key parameters and highlights
the differences and similarities between the platforms. The in-house fabricated devices
exhibit superior performance compared to the CEA-LETI device, particularly in terms of the
ON/OFF ratio, which is a crucial factor in achieving a wide range of detected concentrations
in biosensors. Additionally, the chips fabricated in CMi offer the advantage of depositing an
Ag/AgCl ink to create a quasi-reference electrode, eliminating the need for an external and
cumbersome reference electrode required by the CEA-LETI chip. Furthermore, the geometry
of the in-house fabricated chips is specifically designed for seamless integration with the
microneedles extractor system developed by our partner institution.

CEA-LETI In-House
# of NWs 15 20
# of arrays 100 10
Length 1.4 ym 1.6 yum
Width 1 NW 140 nm 120 nm
NW pitch 120 nm 100 nm
Gate oxide 3 nm SiO; + 4 nm HfO, 7 nm HfO,
SiO, box thickness 120 nm 20 nm
OFF current 10 pA <10 pA
ON current (@Vgrgr=1V,Vp =0.3V) 10 uA 10 uA
ON/OFF ratio >10° >10’
Front-gate leakage 0.48 nA/um 0.083 nA/um
Back-gate leakage 0.14 nA/pm 0.083 nA/um
SS,.in 85 mV/decade 81 mV/decade
SSaverage (over 3 decades of I ) 89 mV/decade 90 mV/decade
Max g,,,/1p 28V-1 30 !
Front-gate hysteresis 3mV 110 mV
Back-gate hysteresis <300 mV <10 mV
On-chip reference electrode NO YES
Microneedles chip compatibility NO YES
Back-gate operating voltage window 20-35V 1-4V

Table 2.2: CEA-LETI and in-house fabricated SiNW platforms performance comparison.

Overall, this chapter provides a comprehensive overview of the fabrication process and DC
electrical characterization of two similar platforms based on Fully-Depleted SOI technology,
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highlighting their potential applications in biosensing and providing insights into the critical
steps of their fabrication.
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ods

In the previous chapters, we provided an overview of the technology selected for the fabrication
of our biosensor system, the complete microfabrication process flow, and the DC electrical per-
formances of the exploited SINW arrays. In this chapter, we delve into the crucial steps of the
implemented functionalization protocol used to covalently immobilize anti-CRP Fab fragments
on the HfO, gate oxide surface (Section 3.1). To detect C-Reactive proteins, a functionalization
layer is essential to enable selective detection of the desired antigen, and it is crucial to ensure
that the layer is sufficiently short to overcome the Debye screening of charged molecules in ionic
bio-fluids. We present various methods used to confirm the correct immobilization of anti-
body fragments. Surface plasmon resonance (Section 3.1.3) verifies that the selected antibody
[fragments provide selective recognition of CRP in the desired concentration range. X-ray spec-
troscopy confirms that the chosen immobilization protocol ensures the proper immobilization
of fragments on high-oxide surfaces (Section 3.1.4), while Quartz Microbalance measurements
demonstrate the necessity of a good APTES layer for stability and low drift. We then describe
our measurement setup in Section 3.2. Our setup utilizes a microfluidic chip to detect bio-
markers in low sample volumes, and a printed circuit board interfaces the chip with multiple
electrical cables. The final three sections of this chapter detail the different electrical characteri-
zation methods we used to measure the targeted biomarkers. Section 3.3.2 explains the classical
method we employed, called front-gate operation. In Section 3.3.3, we describe the internal
amplification obtained by sweeping the back-gate voltage of our transistors, thus exploiting the
double gate structure of the device. Lastly, we introduce a method called drain constant-current
amplification in Section 3.3.4, with which we could achieve a tunable amplification of the
signal, depending on the operation region of the transistor.

3.1 Surface functionalization study

3.1.1 Materials

In this subsection, we report all the materials employed during this work for the experi-
ments. All reagents and solvents were used as received, without further purification. DI
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water was obtained through a Millipore Milli-Q lab water system, and 99% ethanol was pur-
chased by Sigma-Aldrich. 11-Mercaptoundecanoic acid 95%, MES buffer, 1M ethanolamine,
(3-Aminopropyl)triethoxysilane (APTES 99%), Di(N-succinimidyl) glutarate, glutaraldehyde so-
lution 25%, were purchased from Sigma-Aldrich. 0.01M HEPES buffer was prepared by diluting
1M stock solution purchased from ThermoFisher. EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride), Sulfo-NHS (N-hydroxysulfosuccinimide), StartingBlockTM Block-
ing Buffer were purchased from ThermoFisher. BR228-D4A3 CRP recombinant monoclonal
antibody fragments (Fab), human C-Reactive Protein, and human C-Reactive Protein depleted
serum were purchased from BBI Solutions. Anti-cardiac troponin I F(ab), fragments were pur-
chased from Absolute Antibody. Bovine Serum Albumin was purchased from Sigma-Aldrich.

3.1.2 Employed functionalization for antibody fragments immobilization on high-
k oxide surfaces

The most commonly used chemistry in the literature to immobilize antibodies on silicon
dioxide involves (3-Aminopropyl)triethoxysilane (APTES) molecules [98, 116, 118, 159, 160,
161, 162, 163, 164, 157, 158]. APTES is an amino silane that possesses triethoxysilyl groups,
which can react with hydroxyl groups on the silicon dioxide surface [165], and can act as the
first layer of a self-assembled monolayer functionalization structure [166, 167, 168]. The other
termination of the molecule is an amino group, which can be used in conjunction with an
amine-reactive homobifunctional cross-linker, such as di-(N-succinimidyl) glutarate (DSG), to
link the antibody fragments to the surface via free amine groups present on the lysine residues
of the antibody structure [169]. We chose to use DSG crosslinker due to its short carbon chain
between the NHS ester groups, which is critical to avoid the Debye screening effect that may
occur to the electrical charges carried by the proteins [110]. Below, we present a detailed
description of the functionalization protocol, outlining each step in detail.

To create a specific CRP capture layer, anti-CRP fragments (Fab) were immobilized on the
HfO, surface of the NWs (Figure 3.1). Initially, the surface was thoroughly rinsed with 99%
ethanol and dried with N»,. To ensure effective surface coverage of the hydroxyl-terminated
oxide surface, the SiNWs were exposed to UV ozone curing for 1 minute [170, 171], then
immediately incubated in a 2% APTES solution in 99% ethanol for 1 hour. Following this
incubation, the chip was extensively rinsed with ethanol and dried with N,. To obtain an
ordered monolayer, the SiNWs were annealed at 120°C, as described in [165, 133]. Next, the
APTES-modified surface was immersed in a 1 mM DSG crosslinker aqueous solution (1X PBS)
for 15 minutes to create an amine-reactive surface. The amine-reactive homobifunctional
crosslinker was then utilized to immobilize the CRP Fab (active channel) or the cTnl F(ab),
(reference channel) by immersing the NWs in a 20 ug/mL antibody fragments solution diluted
in 1X PBS for 1 hour. The unbound antibodies were removed by carefully washing the surface
with a 1X PBS solution. To prevent nonspecific surface binding, the surface was blocked with
StartingBlock” ™ blocking buffer (ThermoFisher), and the unreacted sites were quenched with
1M ethanolamine.
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Figure 3.1: Schematic showing the employed high-x oxide surface functionalization pro-
cess. The first step consists of the hydroxylation of the oxide surface by means of UV ozone
treatment. Then, the hydroxyl groups react with the ethoxy groups of the APTES molecules,
creating an amino reactive surface. The selected DSG cross-linker molecules possess two
amino-reactive ester groups: one side reacts with the amine groups of the APTES molecules,
and the other is used to covalently bind the primary amine on the antibody fragments to the
surface.

3.1.3 Surface Plasmon Resonance (SPR)

To prove the capability of the purchased anti-CRP Fab to selectively capture CRP in the physi-
ological range, and to study their binding kinetic, we exploited surface plasmon resonance
(SPR) [172], both in buffer and ISF-like solutions. SPR is a powerful label-free optical detection
technique that employs surface plasmons (SPs) and changes in the refractive index upon
biomolecular interactions to measure the analyte concentration in solution [173, 174]. The
SPR technique employs a metal-dielectric interface where coherent electron oscillations (SPs)
are created upon interaction with a light source, and which shift in propagation constant is
measured after the biomolecular recognition elements capture the specific analyte in the
liquid. The binding event creates a shift in the refractive index proportional to the amount of
captured analyte, which can be measured using intensity modulation.

In our case, we employed a Biacore”™ 8K+ high-throughput and high-sensitivity SPR system
with gold sensor chips to create user-defined surface chemistries. Our goal was to confirm the
functionality of the anti-CRP Fab fragments, rather than to study the functionalization process
on the dielectric surface of the SINWs. The employed SPR system performs high-sensitivity
analysis using an Au electrode, thus the antibody probes are immobilized on the metallic
surface by means of thiol-chemistry. In the employed SPR system, each chip enables the
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parallel execution of eight distinct experiments, facilitated by eight independent channels,
each accompanied by a corresponding reference channel. The functionalization steps for the
primary channels are replicated in their respective reference channels, with the sole distinction
being the omission of the selected probes (i.e., antibodies) in the latter, leading to a blocked
surface devoid of specific probes. The reference channels are exploited to remove bulk and
temperature effects from the active channel response. The study utilized four independent
channels, assigned as follows: two channels were dedicated to buffer measurements, while
the remaining two were utilized for measurements conducted in ISF-like solutions. In each set
of channels, one was functionalized with anti-CRP Fab fragments (active channel), while the
other was functionalized with anti-cTnl F(ab), fragments (reference channel). The channels
functionalized with cardiac troponin antibodies served as negative controls throughout the
entire experiment. Both the active, negative control, and reference channels undergo the same
dose-response analysis. The experimental design and channel descriptions are provided in
Table 3.1 for experiments conducted in buffer solutions and in Table 5.1 for experiments in ISE

Matrix Buffer

Name Reference - Active | Active Reference - Negative | Negative
Channel # CH-1 ref CH-1 CH-2 ref CH-2

Probes Blocked surface | anti-CRP Blocked surface anti-cTnl

Table 3.1: Experimental design and channel attribution for the experiments carried out in
buffer solutions.

Matrix ISF-like

Name Reference - Active | Active Reference - Negative | Negative
Channel # CH-3 ref CH-3 CH-4 ref CH-4

Probes Blocked surface | anti-CRP Blocked surface anti-cTnl

Table 3.2: Experimental design and channel attribution for the experiments carried out in
ISF-like solutions.

A consistent functionalization protocol has been employed to immobilize both types of
antibody fragments. Initially, the chip was incubated overnight in a 1mM solution of 11-
Mercaptoundecanoic acid (MUA) in ethanol. This step facilitated the attachment of the
molecules to the bare gold chip through the thiol group located at the molecule’s end. Subse-
quently, the chip underwent thorough rinsing alternating between ethanol and DI water. Next,
the chip was inserted into the Biakore™8K+ system to finalize the immobilization process
and assess the dose response of CRP. The carboxylic terminations of the MUA molecules
were activated using EDC/NHS, after which a solution of 10 mM 2-(N-morpholino) ethane
sulfonic acid (MES) buffer at pH 6.0, enriched with 20 pug/mL of CRP antibody fragments for
the active channels (CH-1 and CH3 in Tables 3.1 and 5.1) or anti-cTnl F(ab), for the reference
channel (CH-2 and CH-4 in Tables 3.1 and 5.1), was flushed onto the gold chips. To minimize
the non-specific absorption of biomolecules on the surface, any unreacted MUA sites were
quenched using a 1M ethanolamine solution. Finally, the surface was further blocked by
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flushing it with StartingBlock” ™ solution by Thermofisher.

Before conducting the CRP dose response, the functionalized chip was washed with assay
diluent for 1 hour. After the completion of the functionalization process, the different channels
were exposed to consecutive injections of the liquid under test.
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Figure 3.2: Surface Plasmon resonance anti-CRP Fab study in buffer solutions. a) Refer-
ence subtracted SPR real-time traces for the channels functionalized with anti-CRP Fab and
anti-cTnl F(ab),. The latter does not show any response to CRP injections with increasing con-
centrations. b) Calibration curve showing the dose-response to CRP injection of the anti-CRP
Fab fragments in buffer.

All the reported results are obtained by subtracting the active signal from the reference one
(signals of CH-i reference channels are subtracted from signals of CH-i channels). Figure
3.2a shows the real-time reference subtracted SPR response in buffer for the channels func-
tionalized with anti-CRP Fab and anti-cTnlI F(ab),. We notice a completely flat response
of the troponin antibodies to consecutive CRP injections, while the channel with anti-CRP
fragments responds with a classical stabilization curve that depends on the CRP concentration
in solution. The flat response of the troponin antibodies demonstrates a good quenching of
the unreacted sites, minimizing the effect of undesired unspecific absorption of proteins. To
better visualize the CRP dose-response, the average values for each injection are extracted
from the real-time response and plotted against the CRP concentration in a semi-logarithmic
plot in Figure 3.2b. A 4-parameter logistic (4PL) regression is used to fit the obtained data, to
extract information on the binding kinetics of the antibody fragments. We conclude that in
buffer, the half maximal effective concentration (EC50) is approximately 1ug/mL.

The same data analysis is performed with the real-time SPR response in an ISF-like solution.
For this case, it is essential to subtract the reference channel response to obtain meaningful
results. The reference subtracted real-time traces for both the channels with anti-CRP and
anti-cTnl antibodies are shown in Figure 3.3a. Figure 3.3b reports the CRP dose response of
the properly functionalized channel, and the relative fit performed with a 4PL regression. It
is worth noting that the absolute response to the same concentrations of CRP is lower than
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Figure 3.3: Surface Plasmon resonance anti-CRP Fab study in ISF solutions. a) Reference sub-
tracted SPR real-time traces for the channels functionalized with anti-CRP Fab and anti-cTnI
F(ab),. The latter does not show any response to CRP injections with increasing concentra-
tions. b) Calibration curve showing the dose-response to CRP injection of the anti-CRP Fab
fragments in ISE

the one obtained in buffer. This result is precious since it would probably be reflected in
FET-based detection. The regression model outputs a half maximal effective concentration
(EC50) of 1.5ug/mL, slightly higher than the one obtained in buffer.

The above-described experiments are conclusive, indicating the good performance of the
chosen anti-CRP Fab fragments in the concentration range of interest. Moreover, these probes
can well perform both in buffer and in more complex matrices, such as ISE

3.1.4 X-Ray Spectroscopy (XPS)

After confirming that the selected antibodies respond correctly to CRP in the desired range, the
immobilization protocol on the HfO, surface has to be tested and studied. X-Ray Spectroscopy
(XPS) is a method of characterizing surfaces that provides insight into the microstructural
composition of a material’s surface [175]. This technique uses the photoelectric effect, in
which photons, specifically X-rays, are directed at the surface of interest, causing the emission
of secondary electrons that carry characteristic energy. The energy of these electrons depends
on the material’s composition and the chemical bonding of its elements. Since the photons’
penetration depth is usually greater than that of electrons, the excited volume in this method
is not limited to the surface of the sample. The short escaping length of electrons enables
the collection of information that pertains solely to the surface of the sample, making this
technique interesting for our study. We used a PHI VersaProbe II scanning XPS microprobe by
Physical Instruments AG with an Al Ka X-ray source of 24.8 W power, and 100 um size. The
spherical capacitor analyzer was set at 45° take-off angle with respect to the sample surface.
The pass energy was 46.95 eV yielding a full width at half maximum of 0.91 eV for the Ag 3d
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5/2 peak. Curve fitting was performed using the PHI Multipak software.
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Figure 3.4: X-ray spectroscopy carbon peak modulation after each functionalization step.
a) Comparison between the different spectra at every step of the functionalization and two
control chips. The hafnium oxide control is immersed in an antibodies solution without
undergoing the previous functionalization steps. The silicon dioxide control chip undergoes
the same functionalization process as the properly functionalized hafnium dioxide chip. We
can notice the presence of the secondary peak at 288.3 eV for the fully functionalized HfO,
and SiO, chips, indicating a correct antibodies immobilization, while this peak does not show
up for the HfO, control chip, indicating the necessity of a proper functionalization layer to
ensure a correct antibodies immobilization. b-e) Detailed carbon peak evolution at every
functionalization step, with peaks fitting. f) Carbon peak with peaks fitting for the HfO, control
chip.

To demonstrate the successful functionalization of high-« dielectric with specific antibodies,
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we conducted XPS analysis on 20 nm HfO, grown by ALD on Si substrate, as well as on a
thermally grown 200 nm layer of SiO on Si substrate, which we utilized as a control experiment.
The functionalization of silicon dioxide with the proposed chemistry has been extensively
documented in the literature [176, 177, 178]. Our primary focus was on the C and N peaks
in the acquired spectra, as they provide the most valuable qualitative information regarding
the presence of covalently bonded antibodies on the two surfaces [133]. By examining these
peaks, we were able to determine the efficacy of our antibody functionalization method on
both HfO, and SiO, surfaces.

The evolution of the Cls peak for the different steps of the functionalization protocol pre-
sented in Section 3.1.2 is shown in Figure 3.4a: the bare HfO, surface shows a peak at 285 eV,
corresponding to a C-C bonding and indicating normal surface contamination [179]. This
peak varies in intensity throughout the functionalization process, as shown in Figure 3.4a and
in greater detail in Figure 3.4b-e, where the spectrum is fit with various peaks representing
different molecular bonds. Upon covalent bonding of APTES molecules to the oxide sur-
face, the C-C peak at 284.8 eV intensifies due to the carbon backbone of the molecules [180].
Additionally, a peak at 286 eV appears, indicating the presence of C-N bonds at the amine
termination of the molecule [180, 181]. The relative contribution of the C-N peak increases
upon the reaction of the glutarate linker with the amino termination of the APTES, as depicted
in Figure 3.4d. Finally, the antibodies are covalently immobilized on the surface and an ad-
ditional shoulder peak at 288.3 eV emerges (Figure 3.4e), clearly indicating the presence of a
peptide bond (NHC=0) in the functionalization stack [182, 183, 184], and confirming success-
ful functionalization of our high-« dielectric surface. We can compare the final spectrum with
two control experiments. The XPS spectrum of an HfO, surface that was merely immersed in
antibody solution but did not undergo the full functionalization process is presented in Figure
3.4f: it lacks the shoulder peak at 288.3 eV, confirming the absence of correctly immobilized
antibodies on the surface. Furthermore, we present the spectrum of a 200 nm silicon dioxide
surface that underwent the same functionalization approach (Figure 3.4a), showing a similar
XPS spectrum to that of the HfO, surface.

A similar description can be carried on by focusing attention on the modulation of the nitrogen
peak. In our study, the peak showed a relatively low intensity, but useful information can still
be extracted by a careful peak fitting, as shown in Figure 3.5. The comparison of the spectra
at different functionalization steps is reported in Figure 3.5a, where we can immediately
recognize a strong similitude between the fully functionalized HfO, surface and the control
SiO, with the same functionalization. In Figures 3.5b-d the fitting of the more relevant spectra
is reported: after the addition of the APTES molecule a strong intensity contribution of the
C-NH; peak at 399.6 eV is clearly visible [185, 184, 183], most probably related to the amino
terminations of the molecule. We assigned the peak at 400 eV to the HNC=0 peptide bonds,
which increases in intensity when the antibodies are covalently bonded to the linker molecules.

We can confidently conclude that the silanization chemistry perfectly serves the necessary role
of immobilizing the chosen anti-CRP Fab fragments on our high-«x dielectric surface, having
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Figure 3.5: X-ray spectroscopy nitrogen peak modulation after each functionalization step.
a) Comparison between the different spectra at every step of the functionalization and two
control chips. The hafnium oxide control is immersed in an antibodies solution without
undergoing the previous functionalization steps. The silicon dioxide control chip undergoes
the same functionalization process as the properly functionalized hafnium dioxide chip. We
can notice the presence of a pronounced peak at 400 eV for the fully functionalized HfO, and
SiO, chips, indicating a correct antibodies immobilization, while this peak does not show
up for the HfO, control chip, indicating the necessity of a proper functionalization layer to
ensure a correct antibodies immobilization. b-d) Detailed nitrogen peak evolution at every
functionalization step, with peaks fitting.

compared the results with a standard SiO, functionalized one.
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3.1.5 Quartz Crystal Microbalance (QCM)

Quartz Crystal Microbalance with dissipation monitoring (QCM-D) measurements have been
employed to prove the good quality of the functionalization layer and to highlight the im-
portance of a uniform APTES layer. QCM-D is a highly sensitive mass balance that exploits
a resonating quartz crystal to detect nanogram changes in mass per unit area. QCM-D is
based on a resonating body, that shifts its resonant frequency based on the amount of analyte
adsorbed on the surface. It is part of the acoustic wave sensors family, based on piezoelectric
materials that can be oscillated with the application of an alternating electrical voltage via
metal electrodes. The resonant frequency of the oscillation is related to the added mass at the
crystal surface [186], with the following equation [187]:

-2 fo

A/ pG

Af= Am (6.1)

where Af represents the resonance frequency shift due to the mass change Am, f; is the
resonance frequency of the quartz crystal, A is the surface area, and p and G are the density
and the shear modulus of the quartz, respectively. This technique proves to be interestingly
useful to study our functionalization layer since it can be exploited in a liquid environment
[188], by taking into consideration the dissipation contributions due to viscoelastic interaction
of the absorbed analyte with the liquid environment [189]. The information extracted from
the viscoelastic interaction of the experiment can result in interesting information about the
nature of the absorbed analyte, its thickness, or its density. For the scope of our work, we are
only interested in confirming the ability of our functionalization layer to selectively recognize
and detect specific antigens in the solution. We will not apply a data analysis model such as
the Voight-based viscoelastic one to extract the absorbed concentration, since we used this
method only to obtain qualitative information on our functionalization protocol. Further
analysis could be carried out with the use of our data, but this is out of the scope of this work.

For our study, we used a Q-Sense Analyzer from Biolin Scientific, with three available parallel
measurement modules. We exploited custom-made quartz crystals with a deposited layer
of HfO, on top, to mimic the SiNWs gate oxide surface and study the effectiveness of our
functionalization protocol on high-x dielectric surfaces. The first step of our experiment is
to create a dense monolayer of APTES molecules onto the surface: this step is done in static
mode, not exploiting the Q-Sense chamber, since APTES solutions can be very contaminant
and usually are not allowed in those systems. After immobilizing the APTES molecules with
the process described in section 3.1.2 on two out of three hafnium oxide discs, we proceed
by loading the three discs in the available modules. Each microbalance undergoes a slightly
different functionalization process, in fact, only one of them will be properly functionalized
with the described protocol, and the other two will be used as control experiments. The control
experiments are based as such:
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* one microbalance has not been immersed in the APTES solution, thus it does not possess
the first silanized layer. Apart from this modification, the rest of the functionalization
protocol is maintained. This control serves as proof of the utility of the APTES layer;

* one microbalance undergoes the complete functionalization protocol, but instead of
using anti-CRP Fab fragments as capture layer, we employ cardiac troponin I (cTnlI)
F(ab), fragments. We expect this microbalance to not respond to CRP injections in the
tested solution. Thus, we use this sensor as the negative control.

For the entirety of the dose-response experiment with the Q-Sense Analyzer, we flush the
same solutions through the three modules with the three microbalances, with the help of a
peristaltic pump, that keeps a constant flow of 50 uL/minute. The first part of the experiment
involves completing the functionalization protocol, and it is reported by showing the 5th
harmonic frequency shifts in Figure 3.6a: after injecting 0.1xPBS buffer until we reach a stable
response, we introduce a 1 mM DSG aqueous solution that acts as a linker between the APTES
molecules and the antibodies. After the injection of the linker, the three microbalances are
exposed to different solutions (steps indicated with 'probes’ in the graph): the main sensor
and the sensor with no APTES layer are functionalized with a solution of 20 ug/mL of anti-
CRP Fab fragments, while the negative control is shown to a solution of 20 ug/mL anti-cTnI
F(ab), antibodies fragments. As expected the three sensors experience a negative shift in
the frequency: the two sensors functionalized with anti-CRP fragments show a similar shift,
while the resonator functionalized with cardiac troponin antibodies fragments experiences
a larger shift. Since the QCM technique is a mass-sensitive measurement, we expected the
latter sensor to show a larger change in frequency, since the F(ab), fragments are double in
size with respect to Fab fragments. Indeed, the total change is almost two times larger than
the one for the quartz functionalized with anti-CRP Fab.

After the immobilization of antibodies on the microbalances’ surface, we flush in the modules
the washing buffer to remove the unbound probes. Both the negative control and the mi-
crobalance without the APTES layer show a positive shift of the frequency, indicating that part
of the antibodies was not covalently bonded to the surface. On the other hand, the properly
functionalized sensor does not show such a positive shift, suggesting that the antibodies were
correctly immobilized on the hafnium dioxide surface with a strong binding mechanism.
To passivate not functionalized areas we proceed with two steps: we flush StartingBlock™
Blocking Buffer from Thermofisher and 1 M ethanolamine to quench amino terminations that
did not react. We have presented the extracted frequency shifts from the real-time trace shown
in from 3.6a in Figure 3.6b to better visualize what is happening on the resonators’ surfaces.
We can notice that antibodies are either absorbed or immobilized on all surfaces. Comparing
the two sensors with anti-CRP Fab, the one without the APTES layer seems to undergo only
physical absorption of antibodies and not covalent bonding, as the probes are washed away
with buffer injection, indicating a weaker bonding to the surface.

After completing the functionalization process, we tested the three sensors with the same
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Figure 3.6: QCM frequency shift of the 5th harmonic for three different sensors. The first
sensor (red) undergoes a complete functionalization process, the second one (yellow) is simi-
larly functionalized with the only difference that anti-cardiac troponin I antibodies fragments
are used as a replacement for the CRP ones, and finally, the third curve (blue) undergoes a
full functionalization with anti-CRP fragments, but skipping the first step of APTES mono-
layer deposition. a) Real-time sensors’ response during the functionalization process. Each
functionalization step is highlighted at the bottom of the plot. The used linker is 5% DSG,
while the blocking and the quenching are performed with StartingBlock™™ blocking buffer by
Thermofisher and 1 M ethanolamine solution, respectively. b) Average values extracted for
each curve at every step of the functionalization.

solutions injections. First, we injected increasing concentrations of Bovine Serum Albumin
(BSA) to test the unspecific response of the functionalization layer. During this step, the three
sensors respond in different ways. The negative control exhibited a small negative frequency
shift, with a maximum shift of -0.5 Hz when tested with a high BSA concentration of 25 ug/mL.
The negative shift can be associated with a very slight temporal drift, as visible in the plot
of figure 3.7a. Similar behavior is shown by the sensor with the full functionalization layer
(labeled in the figures as "CRP Fab"): the sensor shows a maximum positive response of BSA
of 0.75 Hz Figure 3.7b, also clearly traceable to a minimal temporal drift. The only sensor that
shows a (small) response to BSA injection is the one without the APTES layer: for the highest
BSA concentration, this sensor shows a frequency shift of 2 Hz, either signaling an unspecific
response to proteins or a large temporal shift. The origin of this shift is associated with the
absence of the silane molecules, thus to the poor bonding of the probes to the surface.

After the unspecific binding test, the sensors’ specific dose response is tested with different
concentrations of C-Reactive protein, from 0.1 ug/mL to 25 pug/mL. The negative control
sensor, functionalized with anti-cTnl antibodies does not show any response as expected, indi-
cating good passivation and quenching procedure. The two sensors with anti-CRP fragments
show a specific response to CRP injections, even if the capturing probes on the sensor without
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Figure 3.7: QCM frequency shift of the 5th harmonic when the three sensors are exposed to
different concentrations of Bovine Serum Albumin in 0.1xPBS buffer. a) Real-time frequency
shift, the different BSA injections are highlighted with alternating background colors, and the
absolute values are indicated at the bottom of the plot. b) Average values extracted from a). A
higher unspecific response (or temporal drift) for the sensor with the anti-CRP Fab but without
APTES monolayer is present. Proper functionalization is necessary to achieve sufficient sensor
stability and lower unspecific response.

APTES are only physically absorbed on the surface and not covalently bonded. The necessity
of the APTES layer in the functionalization stack is demonstrated by a higher sensitivity for a
larger concentration range, as shown in Figure 3.8a-b. The red bars in the plot show a higher
frequency shift for the entire tested concentration range. Moreover, after the CRP injections,
the sensors are washed with 0.1xPBS buffer, and they do not show an unwanted unbinding of
the captured analytes.

We can conclude that our functionalization protocol is stable and reliable, providing a specific
response, with low temporal drift and an unspecific response towards different proteins other
than CRP.
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Figure 3.8: QCM frequency shift of the 5th harmonic for when the three sensors are exposed
to different concentrations of C-Reactive Protein in 0.1xPBS buffer. a) Real-time frequency
shift. Consecutive CRP injections are highlighted with alternate background colors, and the
absolute value of the concentrations is indicated at the bottom of the plot. b) Average values
extracted from a). We first notice that the sensor functionalized with anti-cTnl fragments does
not show an unspecific response, being a good candidate as a reference sensor in a reference-
compensated system. The fully functionalized sensor (red) shows a higher sensitivity over
a larger concentration range compared to the sensor missing the APTES layer, proving once
more the necessity of proper functionalization.

3.2 Measurement setup

3.2.1 Low-volume microfluidic

To ensure the distinct functionalization of different sensors, we developed a customized
microfluidic stamp using polydimethylsiloxane (PDMS) for both SiNWs platforms. The fabri-
cation is based on standard soft lithography techniques, as illustrated in Figure 3.9. Firstly, we
designed a silicon mold with the precise negative imprint of the desired microfluidic channels
using standard photolithography. Next, we poured liquid PDMS (with a ratio of 15:1 of base
PDMS and cross-linker) onto the silicon mold and used a vacuum chamber to fill the empty
cavities. The PDMS was then cured at 80°C for at least an hour, and the resulting PDMS stamp
was gently removed from the silicon mold. Finally, we bonded the PDMS stamp to the SiNWs
chip using UV curing and thermal treatment [190, 191, 192], as explained below.

In standard PDMS processing, to bond the fabricated PMDS to a silicon or silicon dioxide
surface, a plasma oxygen treatment is required. In our case, when trying to transfer the
fabricated PDMS microfluidic to the SINW chips the process was irreversibly damaging the
transistors’ performance. As shown in Figure 3.10, after the oxygen plasma treatment used
to bond the PDMS stamp to the oxide top surface of our chip the transfer characteristic was
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Figure 3.9: Soft lithography process for PDMS microfluidic stamps fabrication: a) a sili-
con mold is fabricated through a standard photolithography process, to obtain the negative
replica of the microfluidic stamp. Before PDMS pouring the mold surface is conditioned with
Trimethylchlorosilane (TMCS) to prevent PDMS sticking and help the de-molding process.
b) Liquid PDMS with a PDMS primer to cross-linker ratio of 15:1 is poured onto the Si mold
surface. Before curing the PDMS to obtain a solid stamp, the mold with the liquid PDMS is
degassed in a vacuum desiccator for at least 15 minutes, to avoid the presence of bubbles in
the PDMS matrix. The PDMS is then cured at 80°C for at least 2 hours. c) After PDMS curing,
the microfluidic stamps are cut and gently de-molded from the Si substrate. The inlet and
outlet are created by means of a manual puncher. d) The PDMS microfluidic stamp is bonded
to the surface of the chip after 5 minutes of ozone UV treatment. To enhance and ensure a
good bonding, the chip with the stamp on top is beaked for 30 minutes at 120°C.

unpredictably changing: some transistors stopped working, such as the one reported in Figure
3.10a, while others experienced a deterioration of the sub-threshold slope and an increase of
the hysteresis (Figure 3.10b-d).

The issue originated from the charge trapping phenomenon in the gate oxide during oxygen
plasma exposure of the chip before PDMS transfer. The metal contacts were also adversely
affected by this process, leading to an irreversible deterioration in the transistors’ overall
performance. Following numerous trials, we established a reliable recipe that would not
damage the SiNWs electrical performance and would allow a strong bond between the chip’s
surface and the PDMS. We discovered that for our application, which did not involve high
pressure in the microfluidic channels that could detach the PDMS from the sensor surface
and cause undesired leakage, a 5-minute UV ozone chamber exposure of the PDMS alone was
sufficient to create adequate -OH groups on its surface for bonding to the chip. A subsequent
30-minute baking step at 80°C of the chip and PDMS ensured a robust bond without harming
the transistors.

For both the CEA-LETI nanowires chip and the one designed in-house we used the same
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Figure 3.10: Various transfer characteristics of four different SINW arrays before (black curves)
and after (red curves) PDMS microfluidic stamp transfer. The plasma oxygen surface activation
step irreversibly damages the transistors’ functionality. (a) In some cases, the transistor
completely stops working, while (b) in others we experience an increased hysteresis or (c) a
deterioration of the OFF to ON switching capabilities of the arrays.

technique for the fabrication of the PDMS stamp, and the bonding to the chip’s surface. Two
pictures of the two chips with the respective PDMS stamp bonded on the surface are shown in
Figure 3.11.

80



Surface functionalization and methods Chapter 3

Figure 3.11: a) CEA-LETI and b) in-house fabricated silicon nanowire arrays chips with their
respective microfluidic stamps.

3.2.2 Printed-Circuit-Board

To streamline our measurement process, we designed and built a printed circuit board (PCB)
to replace the traditional probe station setup. The probe station requires constant probe
positioning, which can be cumbersome and time-consuming while having numerous mi-
crofluidic tubes hanging from the PDMS stamps going from the liquid source to the waste.
The PCB is comprised of two parts: one part where we attach the chip using conductive
glue to ensure a back-gate contact through the chip body (Figure 3.12b), and the other part
where we plug in the first PCB to select the sensor we want to work with using mechanical
multiplexers (Figure 3.12a). The second part of the PCB includes SMB connectors to easily
interface with the parameter analyzer. By using the PCB, we can eliminate the need for manual
probe positioning, which improves accuracy and saves time. Furthermore, the mechanical
multiplexers allow for quick and easy switching between sensors, making it a more versatile
and efficient method for repetitive measurements. The conductive glue used to attach the
chip ensures good electrical contact between the back-gate and the PCB, leading to more
reliable and consistent measurements. The PCB also provides a more stable and controlled
environment for measurements, minimizing external interference and enhancing accuracy.
Overall, the use of the PCB has greatly improved our measurement process, allowing us to
obtain more precise and reliable data more efficiently.

3.3 Electrical characterization methods

In this section, we present the different characterization methods exploited to measure pH
and CRP with the SiINWs biosensor.
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SMB connector

Figure 3.12: Printed circuit boards used to facilitate the SINWs chips measurement. a) PCB
with SMB connectors to connect the board with the parameter analyzer and with mechanical
multiplexers to easily switch between different sensors for repetitive measurements. b) PCB
for the support of the SINW arrays chip. The chip is glued with a conductive glue to the board,
to ensure the possibility to bias the back-gate through the chip body. The edge contact pads
on the chip are wire-bonded to the PCB. This second PCB is plugged into the one in figure a).

3.3.1 Reference-compensated response

Label-free biosensors are vulnerable to various factors that may result in the false detection of
target analytes. Temperature changes, temporal drift, external environmental influences, and
unspecific responses can all cause a shift in the biosensor’s response, mimicking and obscuring
an accurate analyte detection. While batch calibration is typically employed to mitigate this
effect, it can not entirely solve the problem. In this work, we utilized a reference-compensated
method, which has been previously employed in other biosensor applications, including
optical biosensors [193, 194, 195]. This technique involves treating the reference sensor
with the same immobilization conditions used for the primary sensor but with a different
immobilized antibody, ensuring that the common mode response is adequately subtracted
[193]. In our study, we implemented the reference compensation method during the data
analysis stage. However, our next objective is to develop and design a circuitry solution to
enable reference compensation in practical applications.

Thanks to the design of our SINW arrays chips, both for the CEA-LETI and the in-house
fabricated one, we have access to identical copies of the same transistor on the same chip,
accurately positioned in a manner that allows us to differently functionalize them with the help
of the customized PDMS microfluidic stamps described in section 3.2.1. The functionalization
protocol is identical for the active and reference sensors’ gate oxide but differs only for the
immobilized capturing probes: we immobilize specific anti-CRP Fab antibodies fragments
on the surface of our active sensor, while we use unspecific F(ab), fragments (either anti-
fluorescein or anti-cTnl) on the surface of the reference sensor. We have already proved the
absence of an unspecific response towards CRP with the anti-cTnl capturing layer using QCM
analysis in section 3.1.5, thus making this a perfect candidate for the reference surface role.
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Figure 3.13: Reference compensated circuit schematic, representing the bias conditions for
the two identical SINWs arrays, functionalized with different antibody types. The gate oxides
of the two transistors are immersed in the same liquid under test, biased by one external or
on-chip Ag/AgCl reference electrode.

3.3.2 Front-Gate operation

We can consider one single SINW array as a four-terminal transistor, with a source and drain
contact, a back-gate (body) contact, and a liquid gate that is biased either through an external
reference electrode immersed in the liquid under test, or an on-chip reference electrode. There
are many different ways to bias our sensors, the most common one is what we call front-gate
operation. In this method, we ground the source contact, while we apply a fixed voltage to
the drain and the back-gate contacts, and we sweep the reference voltage in a defined voltage
range, as shown in the schematic in Figure 3.14a. By imposing those bias conditions we can
record the transfer characteristic Ip-Vggr while the sensor gate is in contact with different
liquids under test (LUTs). The composition of the liquid, i.e. ions’ concentration, pH, proteins’
concentrations, or its physical properties, i.e. temperature, can change the surface equilibrium
of the oxide surface, which can be translated in the equations as a threshold voltage change.
This change brings a measurable shift in the transfer characteristic curves, which can be
related to a specific analyte concentration in solution if the surface is properly functionalized.
In the simplest case study of pH variations, it is possible to link the threshold voltage shift
(AVr) with the pH change (Ap H) through the equation [196]:

T
AV = 2.3kBTApH 3.2)
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Figure 3.14: a) Front-gate and b) back-gate operation schematics.

where kp is the Boltzmann constant, T is the temperature expressed in Kelvin, and q is the
elementary charge. According to theory, and the previous equation, the maximum theoretical
voltage shift with an ISFET system is 59mV/pH.

A similar sensor’s characterization technique is achieved by applying a fixed reference voltage,
and not sweeping it between two values, to record the drain current over time. When the
chemical or physical conditions of the liquid under test change, the output drain current
changes accordingly to the input stimulus. By recording the current change it is possible
to measure the intensity of the stimulus at the input, whether it is a change in the analyte
concentrations or a temperature change. In the case of pH monitoring, the current shift (Alp)
is related to the pH change (Ap H) by the following equation [139]:

T
Alp = ng.SkBTApH (3.3)

where g, is the transconductance of the transistor. We can immediately notice that the output
current shift strongly depends on the working regime of the transistor. In our experiments, we
exploited both the explained methods in front-gate operation: an example of the monitoring
of threshold voltage shift is shown in Figure 4.1, while real-time current monitoring with
applied constant bias is shown in Figure 4.3, with the correlated calibration curves.

3.3.3 Double-gate operation

Field Effect Transistors fabricated on SOI substrates have the intrinsic property to offer a
second mechanism to control the careers density in the conductive channel: in fact, the
presence of a SiO, BOX offers access to a second MOS capacitor structure, that can be gated
by a voltage applied to the bulk of the transistor, as shown in Figure 3.15. We can consider the
silicon body as a fourth terminal, where we could apply a voltage to modulate the channel
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electrical properties thanks to the SiO, back-oxide to channel capacitive coupling. Thanks to
this structure we can gain a signal enhancement in the sensor’s response. Indeed, the electron
carrier density in the transistor’s channel can be modulated by both the top and bottom
gates. As we have previously defined, we can perform a quantitative analysis of a sensor’s pH
response by analyzing the voltage shift needed on one of the two gates to restore the drain
current value upon a unit change of pH in the solution. Since both gates in a double-gate
structure can influence the current flowing in the channel, we can define two different pH
responsivities, one for the top gate and one for the bottom gate. In this paragraph, we explain
why these two differ from each other.

oV V
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| |
|
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—  JOX
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Figure 3.15: Dual-gate Silicon on Insulator Fully-Depleted Transistor schematic and capacitive
stack representation.

The dual-gate field-effect transistor (DG-FET) typically utilizes the secondary gate as a biasing
or supporting gate. However, in our application, we take advantage of it to overcome the
Nernst limitation in ion-sensitive field-effect transistors. Let’s consider the example of pH
sensing: when the top gate oxide is exposed to a liquid with varying pH, the shift in the
liquid’s acidity can be measured by monitoring the threshold voltage shift during the transfer
characteristic recording while sweeping the top gate. During this operation, the back-gate
voltage remains constant to optimally bias the transistor in the desired operating region, which
supports the top gate’s operation.

We can also swap the gate roles by maintaining the voltage on the reference electrode constant
(which biases the liquid on top of the top gate) and sweeping the back gate to record the
bottom transfer characteristic. The biasing conditions are reported in the schematic in Figure
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3.14b: the reference voltage, such as the source and drain voltages are kept constant, while
the back-gate voltage is swept between two values, to record the Ip-Vpg back-gate transfer
characteristic. A change in pH or any desired analyte concentration in the liquid under test
would cause a threshold voltage shift that could be detected during the back-gate voltage
sweep characteristics. The interesting outcome is that the threshold voltage shift for the top
and bottom gate sweeps is different due to the differences between the top-gate oxide and the
bottom-gate oxide.

This concept has been demonstrated and described in previous works, such as [197, 198, 128,
129, 199, 125, 200]. Ahn et al. [139] used a theoretical approach to explain the nature of this
amplification by simulating the occurring amplification in dual-gate FET-based biosensors,
while [201] performed simulations to confirm the origin of the amplification effect, and
specified the transistor working regimes where the dual gate configuration would bring the
best advantages in terms of sensitivity and signal to noise ratio enhancement.

When we operate the double gate FET by sweeping the front gate (through the reference
electrode immersed in the solution in contact with the gate oxide) and we fix the voltage on
the back-gate, we can define the corresponding pH sensitivity as the change in gate voltage
(AVg) necessary to maintain a constant drain current after a change in pH (Ap H). While
the reference voltage (and thus the liquid potential) is kept constant by applying a constant
reference voltage, and we sweep the back-gate voltage to acquire the back-gate transfer
characteristic, any pH variation at the level of the sensing top oxide would create a current
change in the transistor. Since the current is kept constant, there should be compensation
on the bottom gate side, to maintain the total channel conductance change equal to zero.
The back-gate voltage shift (AVps) necessary to keep a constant drain current after a pH shift
ApH defines the back-gate sensitivity of our DG-FET operated in back-gate configuration.

The sensitivity boost in back-gate sweeping derives from the asymmetry of the two gate oxides.
More precisely, as already demonstrated in previous works [201, 139], we can write:

AVpg _ AVREeF Crox
ApH 4 ApH Cpgox

(3.4)

where y is a multiplication factor that depends on the operating region of the transistor,
Crox and Cp,y are respectively the top and bottom gate oxide capacitances. The detailed
description of the role of the parameter v is extensively discussed in previous works [201, 139].
The signal-to-noise ratio (SNR) could be easily enhanced while operating the transistor in
back-gate configuration, and after proving the ability of our system to overcome the Nernstian
limit for pH sensitivity (section 4.1.1), we exploit the dual gate configuration to successfully
detect CRP concentration shift in 0.1xPBS buffer, as described later in section 5.1.

We summarize the methods described so far in Table 3.3, together with the amplification
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Method Sensing parameter Equation Amplification factor
Front Gate sweeping AVrrg AVrpG= 2.3kBTTA pH -
Constant Voltage Alp Alp =gm16AVr G 8m.IG
Back-gate sweeping AVrpg AVrpg=Y 8;‘; AVrrg YCrox! CBox

Table 3.3: Different electrical methods employed for pH and CRP sensing. For each method,
we indicate the sensing parameter, the involved equation, and the amplification factor.

factors (in the case of pH sensing for the sake of simplicity).

3.3.4 Constant Drain current operation

In this section, we will describe the third method that we utilized to detect pH and CRP with our
system. This technique is referred to as constant drain current operation because it involves
injecting a constant current into the drain of the field-effect transistor, while both the front gate
and the back gate are biased with a constant voltage. The drain voltage is taken as the output
of the system, and its evolution is monitored over time. The bias conditions of the system are
shown in Figure 3.16: the reference voltage is kept constant through an Ag/AgCl reference
electrode immersed in the solution under test in contact with the transistor’s gate oxide, while
the source and the bulk are grounded and a constant current is injected in the drain. The
voltage output is read at the drain terminal of the transistor, and its value is measured over
time.

Figure 3.16: Constant drain cur-
Io rent operation schematic: the

Q) liquid potential is fixed through
a reference electrode immersed

_\/DO in the solution, as well as the

A | ' source and back-gate voltages.

J_Vm U ‘ | The drain current is forced to be
A constant at a selected value, and

I the drain voltage is taken as the

= = output signal.
As already extensively discussed, the value of the applied reference voltage controls the amount
of inversion charge in the nanowires’ silicon channels, thus dictating the working regime,
i.e. weak, moderate, or strong inversion. Similarly, the operation region of the transistor is
controlled by the drain to source voltage drop and can be linear, triode, or saturation. As
discussed below, the behavior of the sensor, including its sensitivity, stability, and power
consumption, is greatly influenced by the channel inversion conditions and the operation
region. By operating the sensors in constant current mode, we can vary the applied reference
voltage and drain current to reproduce various sensor behaviors within a single system. This
allows us to create either a threshold sensor that can detect even minimal changes in analyte
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concentration, as well as a highly sensitive sensor that can operate over a broad concentration
range.

In the following section, we will present a step-by-step analysis of the study we conducted
to understand the capabilities of this method, by using our system as a pH sensor. It is
well-established that the gate (and back-gate) voltage modulates the density of carriers in
the transistor’s channel, which in turn affects the current flowing through it. When the
applied gate voltage is lower than the transistor’s threshold voltage (V; < Vr), the MOSFET
operates in the subthreshold regime (or weak inversion). By increasing the voltage applied
to the gate, we can transition from weak to moderate inversion and then to strong inversion.
We will show that the calibration curves obtained with this method can significantly vary
depending on the applied bias. Moving from weak to moderate or strong inversion or from
the triode to saturation operation region can transform our sensor from a threshold sensor to
a highly sensitive continuous detector of analyte concentration shifts in the solution under
test. It is important to note that the drain current has an exponential dependence on the gate
voltage while working in the subthreshold regime and a quadratic behavior when moving to
strong inversion. Another crucial bias voltage that regulates the current flowing through the
channel is the drain voltage. There are two working regions when it comes to drain voltage:
the triode region (when Vi — Vr < Vpg) and saturation one (Vg — V1 > Vpg). The behavior
of the output signal when operating our sensor in constant drain current mode depends
heavily on which region the transistor is operating in. At times, after a pH change or a shift in
analyte concentration, the sensor can shift from one working regime to another, resulting in a
significant non-linearity in the sensor’s readings.

To overcome this limitation, we calibrate the sensor with calibration solutions, which we then
use to create a look-up table for future readings. In the following section, we present the
preliminary results obtained while studying this method exploiting our system as a pH sensor,
by testing the sensor with five pH solutions, ranging from 6.6 to 7.8. We aim to explain the
system and demonstrate how to better utilize it.

Weak Inversion

By analyzing the sensor’s behavior in weak inversion, we concluded that we can utilize the
sensor mainly as a threshold detector, or as a highly sensitive system in a very short concentra-
tion range. We bias the sensor with a reference voltage Vggr = 0.2V, Vg =Vps =0V, and a drain
current of 1 nA. The bias point corresponds to the red dot on the Ip-Vp output characteristic
in Figure 3.17a.

The different output current regions of the sensor are highlighted with various background
colors: in red we highlight the triode region, in white the saturation region, and in green the
region of breakdown. Five different pH solutions are presented to the sensor’s gate oxide, with
small values steps. The real-time trace is reported in Figure 3.17b, where we can follow the
output drain voltage over time. The sensor responds with relatively small and non-linearly
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Figure 3.17: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrgr = 0.2
V, Vs = Vgg = 0V, thus in weak inversion condition. The red marker indicates the starting bias
point of Ip = 1 nA for the constant drain current operation. b) Output drain voltage variation
over time upon different pH injections. The inset shows the calibration curves extracted from
the real-time trace.

spaced voltage steps for the first three pH values, but there is a significant change in the output
drain voltage of more than 2 V when moving to the fourth pH value. This indicates that while
working in weak inversion and with a fixed drain current of 1 nA, only a small pH variation
is required to move from the triode region to the saturation region. When the drain voltage
'lands’ in the breakdown region, the change in pH creates a lower shift in drain voltage, thanks
to the ability of the sensor to compensate for it with a lower drain voltage shift. Indeed, the
saturation region extends only from Vp = 0.5 V to 2.5 V (Figure 3.17a). This brings the sensor
to operate in the saturation region for a very narrow pH range, which we were not able to
capture with our standard solutions, as seen in Figure 3.17b. The inset of Figure 3.17b reports
the calibration curve after the drift correction of the real-time trace. In summary, the sensor
operating in weak inversion mode exhibits high sensitivity as it approaches the saturation
region, making it suitable for use as a threshold sensor in most applications.

Moderate Inversion

The next analyzed region is the so-called moderate inversion. We fix the carriers concentration
in the channel by biasing the liquid gate with a Vggr = 0.5V, a source voltage, and a back-gate
voltage of 0 V. We studied three different constant drain currents: 700 nA, 800 nA and 870 nA. As
we will shortly explain, in the first case we can exploit our sensor as a threshold detector, very
similar to the weak inversion case, while when we apply 800 nA or 870 nA we place our starting
point on the edge of the saturation region. The results obtained in the first case are shown in
Figure 3.18: after the first three pH values the output drain voltage experiences a large shift (as
in the weak inversion case). This case shows a similar behavior to the weak inversion one, but
we obtain a more stable and repeatable response, affected by a lower variability.
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Figure 3.18: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrpr =

0.5V, Vg = Vg = 0V, thus in moderate inversion condition. The red marker indicates the

starting bias point of Ip = 700 nA for the constant drain current operation. b) Output drain

voltage variation over time upon different pH injections. The inset shows the calibration

curves extracted from the real-time trace.

When we increase the forced drain current to 800 nA (for the lowest pH value), we place the
starting point close to the edge saturation window (Figure 3.19a). This allows us to exploit
the saturation region for the first pH values, obtaining a huge sensitivity for this pH range. As
shown in the inset of Figure 3.19b the sensor response is highly non-linear, but with a linear
region when the values of the drain voltage land in the saturation operation regime.
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Figure 3.19: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrpr =
0.5V, Vg = Vg = 0V, thus in moderate inversion condition. The red marker indicates the
starting bias point of Ip = 800 nA for the constant drain current operation. b) Output drain
voltage variation over time upon different pH injections. The inset shows the calibration
curves extracted from the real-time trace.

By applying a current of 870 nA to bias the sensor, we can utilize it primarily in the breakdown
region, which is illustrated in Figure 3.20. Although the shift in drain voltage remains substan-
tial, the absolute values are greater than they were previously. It is important to note that the
sensor’s behavior depicted in the figure is limited to five specific pH values, and the optimal
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working region can be determined for each of these values. In an actual sensor, multiple
look-up tables for each working condition and various pH ranges would be required. One
interesting concept is to combine this sensor with a less sensitive pH sensor to first determine
the pH of the liquid being tested with low accuracy, then proceed to a more precise real-time
measurement using the more sensitive system.
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Figure 3.20: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrgr =
0.5V, Vs = Vg = 0V, thus in moderate inversion condition. The red marker indicates the
starting bias point of Ip = 870 nA for the constant drain current operation. b) Output drain
voltage variation over time upon different pH injections. The inset shows the calibration
curves extracted from the real-time trace.

Strong Inversion

When the sensor is biased in strong inversion conditions, it produces a quasi-linear calibration
curve in the largest pH range. As shown in Figure 3.21a, the different regions possess the
largest drain voltage ranges in the Ip-Vp output characteristic. Furthermore, the breakdown
region is not prominent in the examined drain voltage range, allowing us to utilize the triode
region or saturation region to the fullest extent.

By utilizing a drain current of 2 A, a Vg = Vg = 0V, and a reference voltage of Vrpr = 1.0V, we
can entirely exploit the triode region (Figure 3.21b). Throughout the entire pH range variation,
we stay within this region, resulting in a quadratic calibration curve (inset of 3.21b). This
configuration yields a lower relative drain voltage change compared to the aforementioned
cases, but ensures the most reliable response for a broader pH range, preventing response
saturation. This setup could be utilized as the initial measurement stage before proceeding to
a more accurate pH measurement using one of the above-mentioned configurations.

Modifying the drain bias from 20 pA to 22.5 uA causes a complete alteration in the sensor’s
response to the identical pH range. In this situation, the saturation region is fully utilized,
as demonstrated in Figure 3.22b, resulting in a nearly linear calibration curve with a 2 V/pH
sensitivity. The sensor’s response in this region is also the most straightforward to model.
When operating in saturation the transistor’s channel experience the so-called channel length

91



Chapter 3 Surface functionalization and methods

a) 105 Strong Inversion, V. = 1.0V b) Strong Inversion, V. =1.0V, 1, = 20pA
3 - - - T s - - 1 - - r - 1
0.95) s
0.95f 20089
o 0.85]
2.5 g o8
0.9 S 0.75) =
. — £07
<, 2 o.85f Sosy »
€ ) 06l *
g 30-8' %6 66 70 72 74 76 78
315 ° pH
o > 0.75¢
£ c
c T
a8 1 & 0.7
0.65
0.5F
0.6
0 i | A : | ! i 0.55 . . . . n i
0 0.5 1 1.5 2 25 3 3.5 4 0 100 200 300 400 500 600 700
Drain Voltage (V) Time (s)

Figure 3.21: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrpr =
1.0V, Vs = Vgg = 0V, thus in moderate inversion condition. The red marker indicates the
starting bias point of Ip = 20 uA for the constant drain current operation. b) Output drain
voltage variation over time upon different pH injections. The inset shows the calibration
curves extracted from the real-time trace.

modulation (CLM) effect: by increasing the drain voltage the effective channel length shortens,
causing a current increase following the equation [202]:

Ip= 1C ( w ) (Ve — Vp)? (3.5)
D—,un2 ox - AL G T .

where AL is the change in channel length. Considering AL << L, by reorganizing the equation
and exploiting the first-order Taylor expansion we can write:

1 w )
ID:ﬂnECox(T)(VG_VT) (1+AVps) (3.6)

where A is a technology parameter expressed in V! that indicates the strength of the channel
modulation effect.

In the presence of a pH shift in a solution (Ap H), the perturbation on the oxide surface is
compensated by a modification in channel conductance (or carrier density). In our specific
use case, the drain current flowing in the channel is kept constant, therefore, to compensate
for the change in conductance, the drain voltage automatically adjusts itself. If we want to
relate the drain voltage shift as a consequence of a pH change in solution, we can write the
following equation:
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Figure 3.22: a) Ip-Vp output curve recorded at the lowest tested pH while applying Vrgr =

1.0V, Vs = Vg = 0 'V, thus in moderate inversion condition. The red marker indicates the

starting bias point of Ip = 22.5 uA for the constant drain current operation. b) Output drain

voltage variation over time upon different pH injections. The inset shows the calibration

curves extracted from the real-time trace.

AVp  AVg Alp AVp
ApH ApH AVg Alp

(3.7

In the ideal case, the first factor of the right half of the equation corresponds to the threshold
shift due to a pH variation, and we already know this corresponds to 59.5 mV/pH. The second
term can be related to the transistor’s transconductance: by biasing the transistor with a fixed
reference voltage, we can approximate g, as a constant value. Any pH change would create a
small signal perturbation on the gate oxide. The last term of the equation is more complicated.
In the case of small signal analysis, this would reduce to the well-known transistor output
resistance o = (AIp)~!, but here the change of drain voltage is too large to be considered as a
small signal. In the case of strong inversion and saturation, we can still consider this parameter
as a constant, since the Ip-Vp has a linear behavior (thus the slope is constant) and we force a
constant drain current. The previous equation can be written as:

Avp o1
ApH P& 1,

(3.8)

corresponding to the sensitivity of our sensor while working in strong inversion and saturation.
B corresponds to the top-gate pH sensitivity (59.5 mV/pH in the ideal case). The last four data
points collected in saturation and strong inversion are plotted in Figure 3.23, together with a
linear model extracted by using the previous equation as the slope of the line. The good fit of
the model with the data point indicates the correctness of our findings.
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Figure 3.23: Obtained results in constant current operation and strong inversion regime with
proposed model fit. Data points represent the four drain voltage values obtained for the four
highest pH while operating the transistor in strong inversion and biasing with a drain current
of 22.5 uA. The continuous line represents the proposed model valid only for this working
regime.

We achieved a good agreement between the fit and the model. For other working regions,
the modeling results are more complicated since the third term of the equation can not be
considered constant, but it is very dependent on the same output voltage Vp.

Comparison of the working regimes

To select the working regime that best suits the necessity of high sensitivity and low limit
of detection of our protein biosensor, we challenged a sensor with a higher number of pH
solutions, with a finer step between two consecutive values. To carry out this study we selected
the saturation region for all the working regimes (weak, moderate, and strong inversion)
because it intuitively offers higher sensitivity, as demonstrated in Figure 3.24a. In this plot,
five different Ip-Vp curves are reported at different pH, when the same source, back-gate, and
reference voltage are applied: fixing a drain current, we could intersect the reported curve and
extract the corresponding drain voltage values. It is clear that the biggest shifts are obtained
when working in saturation, and that is the reason behind our choice.

To study the different behaviors of the sensors in saturation and in the three different channel
inversion regimes, we exploited 11 solutions, with a pH between 6.6 and 8, as reported in
Figure 3.24b.

From the obtained results we can conclude that the weak inversion regime offers the highest
sensitivity in a narrower pH range, while the strong inversion shows the lowest drain voltage
shift, but for the largest pH range. The moderate inversion is a good trade-off between the two
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Figure 3.24: Constant-current method sensitivity in different working regimes. a) Different
drain voltage shifts at different constant current values, for various pH levels. b) pH response
in constant-current bias in the three different working regimes.

other regimes: it offers a quasi-linear sensitivity for a useful concentration range. Moreover,
we repeatedly experience a lower sensor’s stability while operating in weak inversion regime,
thus for the experiment presented in Chapter 4 and Chapter 5 we will mainly exploit a sensor
working in moderate inversion regime because it offers the best trade-off between sensitivity,
linearity, and stability.

3.4 Summary

This chapter lays the foundation for the introduction of the next chapter by presenting the
results of a proposed protocol for the functionalization of the gate hafnium dioxide surface
of SINW arrays sensors to detect C-Reactive Protein (CRP) in ionic solutions. Additionally,
various methods used for the electrical detection of these species are introduced.

Our research demonstrates the successful use of silanization chemistry on high-x oxides, such
as HfO,, for the covalent immobilization of chosen anti-CRP Fab fragments. Through SPR
analysis, we were able to show that these fragments can selectively detect CRP in both buffer
and ISF-like solutions within a physiological concentration range of 0.05 pug/mL to 25 pug/mL.
We also used XPS to prove that our protocol can immobilize antibody fragments on HfO,
surfaces, as has been demonstrated previously on SiO,. Additionally, we used QCM analysis to
demonstrate the importance of the APTES layer in our functionalization, which reduces the
temporal drift in our sensor and extends the detected concentration range. Moreover, QCM
analysis proved that anti-cTnl F(ab), fragments are a good candidate for the functionalization
of the reference sensor in a reference-compensated configuration. We described the imple-
mentation of the latter, along with its advantages, before moving to the detailed description of
the three electrical detection methods implemented in the next chapter to monitor pH and
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detect CRP.

In the second part of this chapter, we have introduced the electrical characterization methods
that will be employed for pH and CRP monitoring, in Chapter 4 and Chapter 5, respectively. We
detailed the necessary bias conditions for each method, and we will explore their capabilities
in the next sections. The standard front-gate operation offers an easy option to monitor
analyte changes in solution, but it is limited to a maximum sensitivity of 59.5 mV/decade
when the threshold voltage shift is taken as output quantity. Instead, when the bias reference
voltage is kept constant, the drain current could be monitored over time, and the maximum
shift in the output current upon analyte concentration change in solution is strictly linked
to the transconductance of the transducer. The double-gate intrinsic structure of the SOI
system allows operating the transistor by sweeping the back-gate voltage and recording the
back-gate threshold voltage shift as output quantity. Thanks to the asymmetry between the
top and bottom gate oxides, an internal amplification factor (proportional to the ratio between
the two capacitance values) can enhance the threshold shift upon changes in the analyte
concentration. This effect will be exploited both for pH and CRP sensing in the following
chapters. The main drawback of this configuration is the more complicated necessary read-
out. Lastly, we introduced a novel method called "constant current operation" that holds great
potential for achieving significant sensitivity in protein detection. This method offers the
advantage of providing a pure voltage output, exhibiting substantial voltage changes within
the millivolt range in response to even very small concentration changes. The utilization of
this configuration could lead to the development of a simpler read-out circuit, along with a
higher amplification factor and an improved signal-to-noise ratio. Notably, the sensitivity of
the system can be easily controlled by adjusting the bias conditions. Operating in the weak
inversion regime offers high sensitivity but within a limited concentration range, while strong
inversion reduces sensitivity but expands the detectable concentration range. By operating
in the moderate inversion regime, an optimal trade-off can be achieved, striking a balance
between the two.

A performance comparison in CRP detection capabilities of the three different methods will
be provided in Chapter 5.
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In the previous chapter the employed microfluidics and PCB, together with the electrical methods
employed in this work are explained in detail to understand the advantages of each. In this
chapter, we present the main results of our research on monitoring pH using the developed
SiNWs sensor platforms described in Chapter 2. Section 4.1.1 showcases the outcomes of our pH
monitoring experiments conducted in both static conditions and real-time employing PBS buffer
and CEA-LETI chips. Furthermore, in Section 4.1.3, we present the results achieved with chips
fabricated in-house for pH monitoring under similar conditions. This section provides insights
into the performance and characteristics of the in-house fabricated chips about pH monitoring.
Additionally, in Section 4.1.2, we explore the capabilities of our sensor platform to measure pH
values in ISF-like solutions, following careful calibration using human serum samples. This
section highlights the potential of our sensor in real-world applications involving ISF analysis.
Finally, in Section 4.2, we discuss the initial attempts to interface our pH sensor with the multi-
modal on-chip read-out system developed by imec, Belgium. We present a detailed description
of the measurement setup and the interfacing board, along with the primary experimental
findings and conclusions derived from this exploration.

4.1 pH monitoring

In this study, we have utilized pH measurement in various fluids to showcase the potential
of our system before transitioning to protein detection. The significance of maintaining a
balanced pH in the interstitial fluid cannot be overstated, as evidenced by numerous medical
studies. In situations of poor oxygen supply, intracellular fluid environments tend to exhibit
higher levels of acidity, resulting in lower pH values [41]. To maintain an optimal intracellular
metabolism, it is crucial to maintain an optimal pH value. Consequently, any acid produced in
the intracellular space is extruded into the interstitial fluid. Monitoring pH levels in ISF is thus
critical for detecting various illnesses. Furthermore, it is important to note that monitoring pH
values in other fluids such as blood and urine can also provide useful insights into the overall
health and potential diseases of a patient.
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We can divide the performed experiments for pH monitoring and the obtained results into
three groups, based on three families of tested sensors:

e Afirst batch of SINW arrays fabricated by CEA-LETT;
¢ A second batch of SiINW arrays fabricated by CEA-LETT;

¢ A batch of SiNW arrays fabricated at EPFL.

Initially, we conducted experiments by measuring significant pH shifts in buffers with prede-
termined pH levels. These experiments were conducted to demonstrate the efficacy of our
system in detecting pH changes. Following this, we transitioned to monitoring smaller pH
changes in both buffers and more complex matrices, such as 3-fold diluted human serum
collected from diverse individuals. This approach allowed us to assess the performance of our
system under more realistic conditions, and it proved successful in detecting pH variations in
complex biological fluids. In the following paragraphs, we present the different performed
studies and the related results.

4.1.1 pH monitoring in buffer

The first experiments are carried out in front-gate operation, as described in 3.3.2. Figures 4.1-
4.3 show the results obtained with the first batch of CEA-LETI’s chips. We tested five different
pH values, ranging from a minimum value of 6.9 to a maximum of 8 (a range similar to the
physiological one). Figure 4.1 shows the obtained results while the sensor is operated in front
gate configuration: source and back-gate contact are maintained at 0 V, while a potential of 0.3
Vis applied to the drain contact. The solution potential is swept from 0.5 V to 1.5 V through an
Ag/AgCl electrode immersed in the solution under test in contact with the SiNWs gate oxide.
In particular, Figure 4.1a shows the transfer characteristics recorded at different pH levels: to a
pH increase corresponds a right-shift of the curve, indicating a positive shift of the threshold
voltage (AVr > 0). To quantify this shift, we arbitrarily fix a drain current in the weak inversion
regime of the transistor, e.g. 80 pA, and we extract the correspondent reference voltage for the
different curves at different pH values. The obtained data are plotted in Figure 4.1b: each data
point represents the average of three measurements performed at the same pH value, while
the error bars represent the standard deviation. As expected, the voltage shift shows a linear
relation with the pH values, we thus perform a linear fit, to extract the sensitivity of the sensor
in front-gate configuration, defined as

oV
g OVREF

SpH (4.1)

In our experiment, we obtain a sensitivity of 63 mV/pH, indicating a good quality of our sensor
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that shows Nernstian pH sensitivity, thanks to the high-x HfO, gate oxide.
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Figure 4.1: pH sensing in top-gate configuration with the first batch of CEA-LETI chips.
Applied voltages are Vp = 0.3 V, Vs = Vpg = 0 V. The reference voltage is swept between 0.5 V
and 1.5 Vthrough an external Ag/AgCl reference electrode. a) Transfer characteristic curves
acquired at different pH levels. It is possible to notice a right shift with the increase in pH.
b) pH dose response extracted from (a) at Ip = 80 pA. The obtained sensitivity reaches the
Nernstian limit.
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Figure 4.2: pH sensing in back-gate configuration with the first batch of CEA-LETI chips.
Applied voltages are Vp = 0.3, Vs = Vggr = 0 V. The back-gate voltage is swept between 15V
and 35 V through the bulk silicon of the chip. a) Transfer characteristic curves acquired at
different pH levels. It is possible to notice a right shift with the increase in pH. b) pH dose
response extracted from (a) at Ip = 0.4 nA. The obtained sensitivity is fifty times higher than
the one in top-gate configuration.

The same sensor has been used in back-gate configuration, as explained in section 3.3.3,
by exploiting the double gate structure of our system. The potential of the solution is kept
constant by applying a fixed voltage to the Ag/AgCl reference electrode of 0 V, while Vpg = 0.3
V. The back-gate voltage is swept through the silicon bulk between 15 V and 35 V. The high
voltages are necessary due to the thick bottom silicon dioxide layer of the SOI structure. As in
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the first experiment, the sensor top gate dielectric is put in contact with solutions with different
pH, ranging from 5.8 to 8. Each pH value is measured three times, and Figure 4.2a reports
one back-gate transfer characteristic for each pH value. During the data analysis process, we
arbitrarily fix a drain current value of 0.4 nA, to extract the correspondent back-gate voltage
values. The results are then reported against the pH level in Figure 4.2b, where each data
point represents the average of three measurements, and the reported error bars represent the
standard deviations. Also in this case we linearly fit the results, to obtain a sensitivity of 3.17
V/pH. This value exceeds the theoretical Nernst limit of 59.5 mV/pH, indicating an internal
amplification mechanism that can achieve gain values higher than 50. A detailed explanation
of the origin of this amplification is reported in Section 3.3.3.

The last experiment run with the first batch of CEA-LETI chips proves the ability of our sensor
to measure pH change in buffer in real-time. Figure 4.3 shows the sensor response to pH
changes in buffer while the SINW array is biased with Vg =Vs=0V and Vggr =Vp =0 V.
The sensor proves to be reliable and the expected reversed pyramid behavior (Figure 4.3a) for
increasing and decreasing pH is obtained. The sensor shows a temporal drift, that can easily
be subtracted in post-processing. By averaging the current values at different pH levels we
obtained the linear calibration curve in Figure 4.3b: in these bias conditions the sensor shows
a current sensitivity of -438 pA/pH.
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Figure 4.3: Real-time pH sensing in top-gate configuration with the first batch of CEA-LETI
chips. Applied voltages are Vrpr = Vp = 0.3, Vs = Vg = 0 V. a) Real-time output drain current.
The drain current shifts upon injections of different pH solutions. b) Drain current pH dose
response extracted from (a).

4.1.2 pH monitoring in ISF-like solutions

To study the behavior of our sensors in interstitial fluid we decided to exploit collected human
serum and dilute the samples 3 times, in order to match protein concentrations similar to
the one found in human ISE For this round of experiments, chips from the second batch of
the CEA-LETI chips have been utilized. Unfortunately, those chips do not show Nernstian
sensitivity to pH changes, as shown later in this paragraph, but we were able to achieve a
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maximum pH sensitivity of 45 mV/pH while working in front-gate configuration. This "loss’ of
sensitivity compared to the first batch of sensors can be reconducted to the lower high-« front
gate dielectric layer uniformity, as shown in the TEM cross-section image in Figure 4.4.

2.1nm:Si02

Figure 4.4: TEM image of one SiNW cross-section on the second batch of CEA-LETI chips.
We notice a non-perfectly uniform HfO, layer, that decreases the overall pH sensitivity of the
system.

Moreover, with this second batch, we have not been able to perform measurements by sweep-
ing the back-gate voltage in dual-gate configuration. All the tested chips were not properly
responding to the sweeping of the voltage, making the reproduction of the previously obtained
results impossible. This was one of the reasons that pushed our work to move towards our
own designed and fabricated silicon nanowire arrays chip, described in detail in Section 2.3.

To study the pH response of our sensors in ISF solutions, we proceeded by comparing the
experimental output of two main experiments: small pH variations (< 0.5) were monitored
both in buffer and in ISF-like solutions, to compare the sensitivity in different matrices.
Moreover, the sensor has been calibrated with a serum matrix with adjusted pH and then
tested with unknown samples. The readings of our sensor have been compared with the ones
of a standard table pH meter.

Figure 4.5 reports the transfer characteristic curves of one nanowire array for different pH
values, in 1xPBS buffer and MES buffer for the most acidic pH value. The solution potential
is swept between -0.5 V and 1.5 V by applying a voltage to the external reference electrode
immersed in the liquid under test. Source and back-gate voltage are kept constant at 0 V, while
on the drain we applied a voltage of 0.5 V. In Figure 4.5a we show the transfer characteristics
for five different pH values in a semi-logarithmic scale, to enhance the details of the weak
inversion working regime. In the inset, it is possible to appreciate the very low sensor’s
hysteresis, since we reported both the forward and backward sweeps. Figure 4.5b represents
the same curves, but on a linear scale, to enhance the strong inversion working regime. Also,
in this case, the low hysteresis can be appreciated in the small plot inset. The same sensor is
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Figure 4.5: pH sensing in buffer solutions and in top-gate configuration with the second batch
of CEA-LETI chips. Applied voltages are Vp = 0.5, Vs = Vg = 0 V. The reference voltage is swept
between -0.5 V and 1.5 V through an external Ag/AgCl reference electrode. a) Transfer charac-
teristic curves (in a semi-logarithmic scale to highlight the subthreshold region) acquired at
different pH levels. It is possible to notice a right shift with the increase in pH. The zoomed
inset shows low hysteresis between forward and backward traces. b) Transfer characteristic
curves (in linear scale to highlight the strong inversion region) acquired at different pH levels.
It is possible to notice a right shift with the increase in pH. The zoomed inset shows low
hysteresis between forward and backward traces.

used for the second part of the experiment: a human serum matrix is diluted 3 times to mimic
human ISE and its pH is adjusted to five different values in a range similar to the one used in
the first part of the experiment performed with buffer solutions. The sensor is then exposed to
those five different ISF-like solutions, to measure the transfer characteristic of the transistor
and the threshold voltage shift linked to the pH variations.

The results are reported in Figure 4.6a and 4.6b, in a semi-logarithmic and linear plot, respec-
tively. It is immediately possible to notice some differences between these two plots and the
ones obtained by measuring pH variation in buffer (Figure 4.5). The transistor’s drain current
ON/OFF ratio remains identical, with a value higher than five orders of magnitude, but when
exposed to complex matrices as the used ISF-like solutions, the transistor shows a degraded
subthreshold slope. This effect could be explained by the complex nature of the solutions
under test: in human serum, there is an abundance of different species than ions, such as
proteins and hormones. These components have a complex structure and can carry charges,
or they can be polarized. These characteristics bring the formation of an additional capacitor
on top of the gate dielectric, thus changing the coupling capabilities of the reference electrode
in solution with the transistor’s channel. As a consequence, the turn-on mechanism is affected,
and a higher reference voltage change is needed to obtain the same drain current variation
in the inverted channel of the transistor. It is worth noting that the hysteresis between the
forward and the backward sweeps is not affected by the nature of the solutions under test. To
compare the pH response in buffer and ISE an arbitrary current of 10 nA is selected to extract
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Figure 4.6: pH sensing in ISF-like solutions and in top-gate configuration with the second
batch of CEA-LETI chips. Applied voltages are Vp = 0.5, Vs = Vg = 0 V. The reference voltage
is swept between -0.5 V and 1.5 V through an external Ag/AgCl reference electrode. a) Transfer
characteristic curves (in semi-logarithmic scale to highlight the subthreshold region) acquired
at different pH levels. It is possible to notice a right shift with the increase in pH. The zoomed
inset shows low hysteresis between forward and backward traces. b) Transfer characteristic
curves (in linear scale to highlight the strong inversion region) acquired at different pH levels.
It is possible to notice a right shift with the increase in pH. The zoomed inset shows low
hysteresis between forward and backward traces.

the corresponding reference voltage values. This process is carried out for both experiments,
the curves obtained in buffer and the ones in ISF-like solutions. The respective results are
shown in Figure 4.7a and 4.7b. In both cases, the sensor shows a responsivity to pH variations:
when operated in buffer the pH sensitivity is 42 mV/pH, while this value increases up to 54
mV/pH in human ISF-like solution (3-fold diluted human serum). The possible explanation
for this sensitivity increases relies on the presence of complex structures in solution, that can
enhance the pH variation, by changing the carried charges and increasing the variation of
carrier concentration in the channel. Apart from the sensitivity difference, in both cases, the
sensor shows huge reliability in measuring pH variations, with a linear relationship between
the pH value and the reference voltage shift. To ensure the capabilities of our sensor, we need
to prove that a different matrix, i.e. a human serum sample from a different patient, would not
affect the pH response of our sensor.

To prove this claim we calibrated our sensor with the same serum matrix we used for the
previous experiment, with adjusted pH. In particular, we run a pyramid calibration by cycling
at least four times the same pH solution, while we keep the bias conditions constant: reference
voltage is kept at 0.1 V, while Vps = 0.5 V and the back-gate is fixed at 0 V. We monitored the
drain current variations in time, while different solutions with known pH were consecutively
injected. The obtained results are shown in Figure 4.8a: the pyramidal behavior is clearly
visible and repeatable, while it is possible to notice a slight temporal drift that can be corrected.
Figure 4.8b shows the extracted average values plotted both against time (low x-axis) and
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Figure 4.7: Comparison between pH response in buffer and ISF-like solutions with the second
batch of CEA-LETI chips. a) pH calibration curve in buffer extracted from Figure 4.5 at Ip =
1 nA. Extracted sensitivity is around 42 mV/pH. b) pH calibration curve in ISF-like solution
extracted from 4.6 at Ip = 1 nA. Extracted sensitivity is around 54 mV/pH.

pH values (top x-axis) after subtracting the linear trend-line. From this data the calibration
curve of Figure 4.11a is obtained, and the linear model highlighted in the figure describes
the prediction model that can be used to measure pH values in unknown solutions, like
different human sera characterized by a different matrix. Figure 4.11b exactly represents this
experiment: after the sensor calibration, we showed to the sensor 5 different serum samples
that were not in the batch used for the calibration.
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Figure 4.8: Real-time pH sensing in top-gate configuration in ISF-like solution with the second
batch of CEA-LETI chips. Applied voltages are Vrgr = 0.2V, Vp = 0.5V, Vs = Vg =0 V. a) Real-
time output drain current. The drain current shifts upon injections of different pH solutions.
b) Average values extracted from (a) after baseline removal. The bottom x-axis represents the
time, and the top one the pH values.
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These serum samples belong to different people and thus are characterized by a different com-
position. In particular, we used the serum samples from three different people (S1, S2, and S3),
and for the third serum, we injected two arbitrary amounts of Bovine Serum Albumin protein,
to check the effect of large protein concentration variation on the pH readings capabilities
of our sensor. We need to take into consideration that the presence of BSA changes the pH
level of the solutions. After showing the serum samples to our sensor, we back-calculate the
measured pH level thanks to the calibrated prediction model, and we compare our sensor’s
readings with the ones of a standard pH meter.
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Figure 4.9: a) Calibration curve was obtained by creating a linear regression model from the
data extracted in 4.8. b) Calibrated sensor reading of pH values of unknown ISF-like samples.
The system can correctly measure the pH values with a maximum error of 1.65%.

The compared readings are summarized in the table 4.1: we report the two readings (the first
with the use of the pH meter, and the second with our sensor), together with the relative error
between the two measurements. The SINW sensor shows great accuracy in the measurement
of the pH levels of the unknown samples of the three people with no added BSA, with a
maximum error of 1.65%, but also the reading with the BSA modified samples show sufficient
accuracy, with a maximum relative error of 3.43% from the real pH value (assessed with the
use of the commercial pH meter).

Label Sample description pH meter reading pH SiNWsreading error %
Scai Sample from calibration batch 7.52 7.51 0.09
S1 Person 1 7.61 7.68 0.90
S2 Person 2 7.59 7.67 1.23
S3-1 Person 3 7.62 7.75 1.65
S3-2 Person 3 + 10mg/mL BSA 7.42 7.62 2.74
S3-3 Person 3 + 25mg/mL BSA 7.25 7.50 3.43

Table 4.1: Comparison of pH readings in ISF-like solution by the SINWs in top-gate configura-
tion and a commercial pH meter.
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The last experiment performed with the second batch of CEA-LETI chips to evaluate pH levels
of biofluids was done with the same ISF-like solution used in the previous experiment. In this
case, we used the constant current operation mode, described in detail in 3.3.4 to compare
the accuracy of this method with the previous ones. We decided to operate the transistor in
moderate inversion and saturation regime because as previously discussed it is the region
with the best trade-off between sensitivity and linearity. The SiINW array transistor is biased
with a constant drain current of 2 uA, a source and back-gate voltage of 0V, and a reference
voltage of 0.6 V. While operated in constant current mode we keep track of the drain voltage
variations in time. The first part of the experiment consists of the sensor calibration, by cycling
the five calibration serum solutions previously used. The obtained curve is shown in Figure
4.10a, while in Figure 4.10b it is possible to appreciate the extracted average values. These
data are later used to find the best curve fit. in this case, we decided to use an exponential fit
with two terms.
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Figure 4.10: Real-time pH sensing in drain constant current configuration in ISF-like solution
with the second batch of CEA-LETI chips. Applied bias point has Vrgr = 0.56 V, Ip = 2 uA,
Vs = Vg = 0 V. a) Real-time output drain voltage. The drain voltage shifts upon injections
of different pH solutions. b) Average values extracted from (a) after baseline removal. The
bottom x-axis represents the time, and the top one the pH values.

After the sensor calibration in constant current mode, we show the sensor five serum samples
that are unknown to the SiNWs sensor, as already done with the previous experiment. By
applying the experimental calibrated model we can back-calculate the pH values of the
unknown solutions, in order to compare them with the commercial pH meter readings and
calculate the relative error.

The obtained results are summarized in 4.2: the obtained pH values strongly agree with the
ones measured with the commercial system. Moreover, the relative errors are comparable with
the previous method. The main advantage consists of a direct voltage read-out with voltage
variations that are larger than 100 mV/pH in the worst case and can reach 800 mV/pH in the
largest sensitivity region. The voltage read-out would sensibly increase the simplicity of the
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Figure 4.11: a) Calibration curve was obtained by creating a non-linear regression model from
the data extracted in 4.10. b) Calibrated sensor reading of pH values of unknown ISF-like
samples. The system can correctly measure the pH values with a maximum error of 0.52%.

system, avoiding the necessity of reading current changes of the order of pA.

Label Sample description pH meter reading pH SiNWsreading error %
S1 Person 1 7.61 7.68 0.90
S2 Person 2 7.59 7.62 0.42

S3-1 Person 3 7.62 7.66 0.52
S3-2  Person 3 + 10mg/mL BSA 7.42 7.52 1.37
S3-3  Person 3 + 25mg/mL BSA 7.25 7.40 2.11

Table 4.2: Comparison of pH readings in ISF-like solution by the SiNWs n constant drain
current configuration and a commercial pH meter.
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4.1.3 In-house pH sensing

Until now we have shown the results obtained with the SINW array chips from CEA-LETI.
As previously discussed, the second batch of those chips did not show Nernstian sensitivity
towards pH in front-gate operation and did not have a stable response when operated in
double-gate mode, by sweeping the back-gate voltage. We explained the lower pH sensitivity
with the low quality of the high-k dielectric HfO, layer, as shown in the scanning transmission
electron microscopy images in Figure 4.4. This lowered the sensitivity down to 45 mV/pH
and did not allow the reproduction of the obtained C-Reactive Protein detection results
described in the next section. Those were among the reasons behind the decision of designing
and fabricating our own SiNW arrays, with a more suitable form factor for the integration
with a microneedles extractor and other types of sensors developed within the frame of the

Digipredict project, such as a miniaturized amperometric sensor for lactate detection.

Figure 4.12: SEM and optical images of one of the SINW arrays fabricated at CMi: the parallel
silicon nanowires are in between the source and drain regions. Two metallic lines depart in
opposite directions from the source and drain.

After the complete fabrication of our custom-designed chips, we characterized the different
designs of the nanowire arrays. The highest performances in terms of ON-OFF ratio, hysteresis,
and leakage current were achieved by the design featuring an array of 20 parallel nanowires,
each of them with a length of 1.6 um, a width of 120 nm, and a distance between each other
of 100 nm. Figure 4.12 shows the scanning transmission electron microscopy image of the
nanowire arrays after the deep reactive ion etching step and the optical microscope image of
the final device.

This device has been electrically characterized, and its performances are reported in section
2.3.5. In this section, we report the sensing performance toward pH variations (in buffer) of the
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Figure 4.13: Repeated measurement at different pH in top-gate configuration with an in-
house fabricated SINW array chip. For each pH solution, we repeated three measurements of
the transfer characteristic. Each plot represents the three measurements, and the pH level is
indicated on top of each figure. We notice optimal stability and measurement repeatability.

same transistor. To measure its performance, we used five different buffers with adjusted pH
between 6.385 and 7.885. We decided to use a PDMS cell that contains the liquid volume on a
defined region of the chip surface and to manually dispense and exchange the liquids with the

109



Chapter 4 pH sensing

help of manual micropipettes. The volume of the liquid under test was 50 uL. To apply the
necessary bias conditions and to measure the transfer characteristics of the device we used a
Microtech Cascade prober station and a Keithley 4200A semiconductor parameter analyzer.
Each solution has been injected three times, to have a statistical relevance of the obtained
results and to study the variability of the sensor’s response towards the same pH value. We
started our study by operating our sensor in front gate operation, by applying a source and
back-gate voltage of 0V, a drain voltage of 0.5 V, and sweeping the reference voltage between 0
Vand 1.5V through an external Ag/AgCl reference electrode. The repeated measurements of
the transfer characteristic for each pH value are reported in Figure 4.13 as semi-logarithmic
plots: we can appreciate the low variability of the sensor response for repeated tests in the
same liquid, indicating a good reproducibility and reliability of our sensor.
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Figure 4.14: pH sensing in top-gate configuration with the in-house fabricated chips. Applied
voltages are Vp = 0.5, Vs = Vg = 0 V. The reference voltage is swept between 0 Vand 1.5V
through an external Ag/AgCl reference electrode. a) Transfer characteristic curves acquired
at different pH levels. It is possible to notice a right shift with the increase in pH. b) pH dose
response extracted from (a) at Ip = 1 nA. The obtained sensitivity reaches the Nernstian limit.

To appreciate the pH response we report one transfer characteristic per pH value in the plot
in Figure 4.14a: also in this case, we obtain a threshold voltage positive shift (AVr > 0) for
increasing value of pH in solution. To study the sensitivity we decide to arbitrarily fix a drain
current of 1 nA to extract the correspondent reference voltage values for each measurement,
and we plot the obtained data as a function of the pH value in Figure 4.14b. By performing
a linear interpolation of the data we can obtain the sensitivity as the slope of the linear fit,
obtaining a value of 63 mV/pH. The value is slightly above the theoretical Nernstian limit,
probably given a user error during the solutions’ preparation. The important conclusion is
that the custom fabricated sensors at EPFL satisfy the necessary conditions by showing a
Nernstian sensitivity towards pH in buffer, thanks to a restored high quality of the gate oxide
layer, as shown in the TEM picture in Figure 2.23, and described in details in Section 2.3.2.

The second reason that pushed us to fabricate our customized devices was the inability of
reproducing the CRP detection results in back-gate configuration, due to the instability and
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Figure 4.15: Repeated measurement at different pH in back-gate configuration with an in-
house fabricated SiNW array chip. For each pH solution, we repeated three measurements
of the back-gate transfer characteristic. Each plot represents the three measurements, and
the pH level is indicated on top of each figure. We notice optimal stability and measurement

repeatability.

the poor response of the second batch of CEA-LETI chips while sweeping the back-gate voltage
through the Si bulk contact. With this fabrication, we wanted to prove the ability to amplify

111



Chapter 4 pH sensing

the detection signal by using the sensor in dual gate configuration, thanks to the intrinsic
amplification given by the ratio of the two capacitive couplings between front and bottom
gate, as described in detail in the Methods Chapter, Section 3.3.3. To prove the ability of our
sensor to amplify detection signals when operated in back-gate configuration, we repeated
the same experiment performed in top-gate, by sweeping the back-gate voltage between 0 V
and 4 V while keeping the solution potential constant at 0 V, and the drain to source voltage
constant at 0.5 V. Also in this case, we repeated the measurement in each solution three times,
and we report the transfer characteristic curves in a semi-logarithmic fashion in Figure 4.15.
Also in this case we can greatly appreciate the stability of our sensor when shown with the
same solution: the three curves for each pH values perfectly overlap, originating a very small
deviation from the average value.
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Figure 4.16: pH sensing in back-gate configuration with the in-house fabricated chips. Applied
voltages are Vp = 0.5, Vs = Vpg = 0 V. The back-gate voltage is swept between 0 Vand 4 V
through the bulk silicon of the chip. a) Transfer characteristic curves acquired at different
pH levels. It is possible to notice a right shift with the increase in pH. b) pH dose response
extracted from (a) at Ip = 1 nA. The obtained sensitivity is 155 mV/pH.

Once again we want to study the sensor’s sensitivity, to prove the presence of internal amplifi-
cation and to reinforce our claim. In Figure 4.16a one transfer characteristic curve per each
pH value is reported to appreciate the positive threshold voltage shift with the increase of the
protons concentration in the liquid under test. We arbitrarily fix a drain current value of 1 nA,
to extract the correspondent reference voltage, and we report the obtained data in Figure 4.16b.
We perform linear interpolation, and we report the linear fit in the same figure. The slope of
the linear curves is around 155 mV/pH, indicating a three times amplified sensitivity toward
pH when the sensor is operated in back-gate configuration. This result supports our claim
and proves the great quality of the fabricated arrays, that can be used in future experiments to
measure CRP variation in complex matrices, such as human interstitial fluid.
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4.2

Integration and Compatibility Demonstration of the pH Sensor

with On-Chip Read-Out through an Intermediary Board
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Figure 4.17: Schematic representing the interface system between pH and lactate sensors
with the on-chip read-out. On the top part, the block diagram of the ASIC developed by imec
[203], and on the bottom the intermediate PCB is used to interface the read-out chip and the
sensors.
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As previously mentioned in the introductory chapter (Chapter 1), the objective of this project
is to fabricate a biosensor system capable of selectively monitoring different biomarker con-
centrations in human interstitial fluid (ISF). This biosensor system is intended to be integrated
into a wearable setup, which includes an on-skin microneedle extractor system, a microfluidic
interposer for passive fluid pumping, the biosensor itself, and a read-out system for driving
and collecting data on the detected biomarkers. It is essential to emphasize the importance of
designing and fabricating a low-power electronic read-out that can be seamlessly integrated
with the sensor technology, considering the wearable nature of the system. Furthermore,
the aim is not limited to ISFET-based sensors described in this work but also extends to the
detection of various biomarker species using amperometric systems (e.g. lactate detection
based on lactate oxidation) or potentiometric systems.

The development of the microneedle extractor and the read-out electronics involved external
collaborations. The design of the fabricated SiNWs chips was specifically tailored to integrate
with these two systems. Notably, the read-out system was designed and developed by imec
(Leuven, Belgium). To serve as a low-power electrochemical sensor interface integrated circuit
(IC), a multi-modal ASIC was designed and fabricated using 0.18 pm node technology [203]
(GISMO chip). The read-out system offers versatile capabilities for multi-modal electrochemi-
cal sensing read-out channels, accommodating ISFETs, amperometric, and potentiometric
sensors. It specifically includes two distinct ISFET channels and two separate potentiostat
channels. The top portion of Figure 4.17 illustrates the block diagram of the ASIC, which was
designed and independently developed by imec.

In collaboration with imec, this research conducted joint experiments to assess the compati-
bility between the developed SiNWs sensors (as part of this work), an amperometric lactate
sensor (developed at Nanolab, EPFL), and the GISMO read-out (imec, Belgium).

During the first demonstration, the three sensors were mounted on separate printed circuit
boards (PCBs) and required proper interfacing. To address this requirement, an intermedi-
ate PCB was designed to serve as an interface between a male 2.54mm spacing pin header
mounted on the read-out board and the SMB connectors on the two sensor boards (Figure D.1).
The interfacing system is depicted in the lower section of Figure 4.17. In the conducted tests,
both sensors were biased using the two independent potentiostats of the read-out system.

The first experiment targeted the two sensors separately, in this manuscript we report only the
results for the pH sensor. The setup images are reported in the Annex section D.

In the first experiment, a SiNW array chip from CEA-LETI was used to test three different
pH values (4, 7, and 10) in phosphate buffer. The sensor was biased through a potentiostat
channel of the read-out chip, providing an output range of +5 pA. The voltage settings used
were Vrrr =1V, Vs =Vge =0V, and Vp = 0.5V.

An external Ag/AgCl Micrux electrode was utilized, by inserting it into the microfluidic inlet
tube, as illustrated in Figure D.1. A customized microfluidic system (as described in Section
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Figure 4.18: pH measurements conducted using the on-chip readout system developed by
imec. a) Large pH variations monitored using the potentiostat channel of the GISMO chip.
The system demonstrates reliable pH monitoring until the formation of a bubble near the
sensor’s surface, resulting in signal disruption. b) Small pH variations measured using the
potentiostat channel of the GISMO chip. The experiment was repeated without the bubble
trap in the microfluidic system. Although the sensor exhibits higher noise and lower current, a
discernible pH response is still observable.

3.2.1) was employed to deliver the different solutions automatically to the sensor’s surface.
Additionally, a bubble trap was incorporated into the inlet tubing line to prevent any inter-
ference. The experimental results are depicted in Figure 4.18a. The system demonstrates
its capability to continuously and reliably record the shift in current response for the three
different pH levels, maintaining accuracy until the formation of a bubble near the sensor’s
surface within the microfluidic system. Additionally, an attempt was made to achieve finer pH
monitoring within the range of 6.6 to 7.6, with 0.2 pH steps, using the same bias conditions but
without the bubble trap system (Figure 4.18b). Unexpectedly, the sensor response displayed
decreased current amplitude and increased noise levels, despite the presence of a discernible
pyramidal step-like response pattern. This behavior can be attributed to two potential factors:
the sub-optimal design of the microfluidic delivery system and the placement of the external
reference electrode. The non-integrated nature of the solution led to the formation of multiple
air bubbles in the T-junction used for inserting the reference electrode. Furthermore, the
usage of a cumbersome external reference electrode may have contributed to the elevated
noise levels and susceptibility to electromagnetic interference experienced during multiple
experimental attempts.

A second experiment was conducted to simultaneously measure pH and lactate variations in
a solution using the read-out chip and two different sensors placed in separate chambers but
exposed to the same solution. For this experiment, the two potentiostat channels were utilized
in parallel. The bias conditions for the pH sensor remained the same as described above, while
the lactate sensor was subjected to a constant potential bias of 0.5 V and an output range of
+1 pA.
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Figure 4.19: Figure 4.19: Simultaneous pH and lactate sensing. a) pH sensor response using the
imec read-out system, with variations in pH and lactate levels. Surprisingly, the sensor exhibits
cross-sensitivity to lactate. b) Lactate sensor amperometric response with E = 0.5 V (developed
at EPFL, not part of this work) using the imec read-out system, with variations in pH and lactate
levels. The sensor does not provide a reliable response. c) pH sensor response using a standard
Keithley 4200A readout system, with variations in pH and lactate levels. As expected, the sensor
exhibits correct behavior, responding solely to pH variation without lactate cross-sensitivity.
d) Lactate sensor response using a standard PalmSens potentiostat, with variations in pH
and lactate levels. As expected, the sensor exhibits correct behavior, responding exclusively
to lactate variation without pH cross-sensitivity. The issues encountered in a) and b) are
attributed to a non-ideal switching mechanism during the biasing of the respective reference
electrodes.
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To enable simultaneous sensing, a switch mechanism was employed to bias the reference
electrodes of the two systems. The switching frequency of the mechanism was set to 2 Hz.
In total, nine different solutions were tested, comprising all possible combinations of three
distinct pH levels (6.7, 7.6, 8.3) and three different lactate concentrations in phosphate buffers
(0.4 mM, 0.8 mM, and 1.2 mM).

The results obtained for the pH and lactate sensors are presented in Figure 4.19a and 4.19b,
respectively. Unfortunately, the implemented switching mechanism did not provide suitable
bias conditions, leading to disruptions in the accurate measurement of the respective analytes
by the two sensors. Notably, the pH sensor’s response appeared to be susceptible to changes
in lactate concentration in the solution, indicating a high level of cross-sensitivity. To address
this issue, the same experiment was repeated using standard equipment, specifically the
Keithley 4200A for the pH sensor and a PalmSens potentiostat for the lactate sensor. The
results of this alternative setup are illustrated in Figure 4.19c and 4.19d for pH and lactate
sensing, respectively. As expected, neither the varying lactate concentrations influenced
the pH sensor’s response nor did the pH levels affect the lactate sensor’s response. These
results confirm that the difficulties encountered during the experiments utilizing the on-chip
read-out system were indeed caused by the inadequate biasing mechanism.

In conclusion, the preliminary experiments conducted have demonstrated the compatibility
of the SiINWs sensors with the read-out circuit developed by imec. These initial findings
provide promising evidence of the potential for integrating the SiNWs sensors into the wear-
able biosensor system. However, it is important to note that further experiments need to be
conducted to validate the feasibility of simultaneous measurements. Specifically, additional
investigations are required to address the challenges associated with the switching mecha-
nism and cross-sensitivity observed in the pH and lactate sensors. By building upon these
preliminary results, future experiments can provide valuable insights and pave the way for the
successful realization of simultaneous measurements in the biosensor system.

4.3 Summary

In this chapter, we have demonstrated the ability of our Bio-FET platform to continuously
monitor pH variation both in buffer and human ISF-like solution, covering the concentration
range of interest. We have achieved Nernstian sensitivity of 60 mV/pH while operating the
sensor in top-gate configuration, with low temporal drift and high reliability. Furthermore,
by employing a back-gate configuration and leveraging the asymmetrical structure between
the top and bottom gate oxides, we have surpassed the Nernst sensitivity limit with our
sensor. Specifically, the CEA-LETI platform achieved super-Nernstian sensitivity exceeding 3
V/pH, while the in-house fabricated SiINW arrays achieved sensitivity greater than 150 mV/pH.
Operating the sensor in constant drain current mode has yielded an improved signal-to-noise
ratio, resulting in a significant increase in sensitivity for pH monitoring. We benchmarked the
developed SiNWs sensor with a standard pH meter, both exploiting the system in top-gate
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and constant drain current configuration. We achieved a pH resolution of 0.07 pH unitin a
physiopathological range from 6.5 to 8, with a maximal error of 0.92%.

Moreover, we conducted the first experiment to assess the compatibility of our developed
pH sensor with an on-chip multi-modal read-out system developed by imec, Belgium. This
experiment successfully demonstrated the integration capabilities between the two systems,
serving as a foundation for future experiments aiming to achieve higher levels of integration.
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In Chapter 3, we introduced the functionalization approach employed to selectively detect
C-Reactive Proteins (CRP) using the SINWs sensor. In this chapter, we describe the results of
our experiments on detecting CRP in buffer. Initially, we operated our sensor in the top-gate
configuration to assess its performance under varying ionic strengths. However, we found that
it was impossible to detect CRP in this configuration with undiluted buffers. To overcome
this limitation, we implemented a back-gate signal amplification method, which proved to be
effective in monitoring changes in CRP concentration in 0.1xPBS buffer with high sensitivity
in the desired concentration range. We also report the results of our study on sensor stability
against blank injections, which is a fundamental condition to ensure the quality of the obtained
CRP detection. Lastly, we introduce preliminary results obtained while operating the sensor in
constant drain current mode. This novel method holds great promise for achieving enhanced
sensitivities and lower limits of detection. We discuss the potential advantages of this approach
and its implications for future CRP detection applications.

5.1 C-Reactive Protein sensing

In Section 1.2 of the introduction chapter, we extensively covered the significance of monitor-
ing CRP levels in ISF or blood. The following section is focused on the experiments conducted
and the results obtained using both CEA-LETI chips and the one fabricated in CMi at EPFL
while monitoring CRP levels through the three different methods elaborated in Section 3.3.
The results are presented in the same order as the methods used. We begin by describing the
outcomes obtained through top-gate configuration, including both successful and unsuccess-
ful conditions of our system. Next, we discuss the results of the back-gate operation, which
allowed us to monitor CRP levels in the human physiological concentration range in 0.1xPBS
buffer. Finally, we describe the initial outcomes of employing our sensor in constant drain
current mode, which demonstrated to be an interesting method to achieve high sensitivities
in protein detection.

For all the experiments reported in the following sections, we followed the same surface
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functionalization protocol described and confirmed in Section 3.1. Moreover, when possible,
we employed the reference-compensated method. For specific probes, we used the anti-CRP
Fab fragments previously described, while for unspecific functionalization, we used anti-cTnl
F(ab), fragments, which proved to be resilient to CRP binding in the QCM-D experiments
reported in 3.1.5.

The initial set of experiments was carried out using the top-gate configuration, beginning with
CRP detection in a 0.01xPBS buffer. This dilution of the matrix increased the Debye screening
length, making the detection process easier and enhancing the sensor’s response [133].

5.1.1 Front-Gate operation

To work in the front-gate operation, we set Vps to 0.1 V, back-gate voltage at 0 V, and swept the
reference voltage from -0.4 V to 0.8 V. In this section, we only report the extracted reference
voltage required to maintain a 10 nA current in the channel since we have explained the
extraction method in detail before. Before injecting CRP into the liquid under test, we recorded
multiple transfer characteristic curves in the buffer solution to establish the sensor’s stability.
We obtained a maximum dispersion of 6 mV in the reference voltage values at Ip = 10 nA.
We averaged the last five responses recorded during the stability tests to establish an initial
reference value. The sensor’s response is represented by the reference voltage shift concerning
the response to buffer injections in Figure 5.1a. The figure shows two sets of data: one (blue
markers) represents the response of the sensor whose gate oxide is functionalized with specific
anti-CRP antibodies, while the other (orange markers) shows the response obtained from
the reference sensor, which is functionalized with unspecific antibodies. The specific sensor
showed a clear reference voltage shift after an injection of 1 ug/mL of CRP, while the reference
sensor did not experience a threshold voltage shift, even at concentrations as high as 100
pg/mL. Figure 5.1b displays the average response of four different sensors functionalized with
specific anti-CRP antibodies in comparison with the unspecific response.

The experiment is repeated in a 0.1xPBS buffer, where the ionic concentration is ten times
greater than in the previous case. This results in a decrease in the Debye length from 7.3
nm to 2.3 nm [133]. The decrease in the Debye length implies that the ions in the solution
provide greater electrostatic screening to the charges carried by the proteins. Consequently,
the perturbation created on the transistor’s channel conductance by the proteins binding to
the antibodies on the oxide surface is significantly reduced. This is evident in Figure 5.2a,
which shows the response of two sensors used to record specific and unspecific responses,
respectively. The reference voltage shift is reported for both sensors at a fixed drain current of
10 nA. In this case, both sensors show a similar shift in response to increasing concentrations
of CRP, making it impossible to establish any useful correlation between the sensor voltage
shift and the protein concentration in solution. Figure 5.2b compares the specific sensor’s
response in 0.1xPBS and 0.01xPBS. The higher ionic strength of the former solution 'masks’
the charges carried by the proteins to the oxide surface and does not allow any detection by
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Figure 5.1: CRP monitoring in 0.01xPBS in top-gate configuration with the second batch
of CEA-LETI chips. a) Extracted reference voltages at a fixed Ip = 10 nA for different CRP
concentrations in 0.01xPBS. The values are obtained by subtracting the response in blank
buffer from the response at a certain CRP concentration. In blue the response of the sensor
functionalized with specific anti-CRP Fab, and in orange the response of the sensor functional-
ized with unspecific anti-cTnl F(ab),. b) Bar plot showing the average response to an injection
of 25 ug/mL CRP of four correctly functionalized sensors and one sensor functionalized with
unspecific antibodies.

tracking the threshold voltage shifts.

These findings were unexpected, considering that prior literature has reported successful
protein detection in 0.1xPBS using full antibodies and at lower concentrations. However, the
objective of this thesis is to establish a robust foundation of knowledge for designing and
producing protein sensors that are reliable and yield repeatable results, ultimately leading
toward real-life applications and wearable sensing. It is crucial that our sensors exhibit
stability, reliability, and miniaturization as fundamental properties, rather than relying solely
on isolated successful experiments. This purpose leads us to implement other methods to
obtain a more reliable and stable response in higher ionic strength solutions.

5.1.2 Back-gate configuration

The next step in our study has been to detect CRP in 0.1xPBS buffer by exploiting the internal
amplification obtainable by operating the sensor in back-gate configuration, as described in
previous sections and proved to work with pH monitoring in 4.1.1.

For all the following experiments we set Vs = Vrgr =0V, Vp = 0.3 Vand we sweep the back-gate
voltage between 0 V and 25 V. Also in this case, we study the sensor stability while injecting
blank buffers before starting the study of the CRP response. To do so we repeat five times
the measurement of the back-gate transfer characteristic curves in different blank buffers,
for both the active and the reference sensors. The results for the active specific sensor are

121



Chapter 5

C-Reactive Protein sensing

&, 0) o _
anti-CRP Fab ® 0.01xPBS
¢ anti-cTnl Fab 351 0.1xPBS L
10 F
301+
S . 2 sl
E st E ®
< .
I w 20F
o >
>" . !
w & 15f [
>°‘ >D: [ ]
10+
N .
5t [ J
*
10 T = " = 3 0 " o T = 3
10 10 10 10 10 10 10 10 10 10 10 10

CRP Concentration (ug/mL) CRP Concentration (ug/mL)

Figure 5.2: a) Extracted reference voltages at a fixed Ip = 10 nA for different CRP concentrations
in 0.1xPBS. The values are obtained by subtracting the response in blank buffer from the
response at a certain CRP concentration. In blue the response of the sensor functionalized
with specific anti-CRP Fab, and in orange the response of the sensor functionalized with
unspecific anti-cTnl F(ab),. b) Comparison between the dose-response obtained in 0.01xPBS
and 0.1xPBS. The Debye charge-screening does not allow any CRP detection in high-ionic
strength solutions, while the sensor is operated in top-gate configuration.

reported in Figure 5.3a, both in semilogarithmic scale (left axis) and linear scale (right axis).
In the inset of the same plot, we zoomed in on the curves to highlight two important aspects
of our sensor: the sweeping of the back-gate voltage is carried on both in forward mode and
backward mode, to study the hysteresis between the two. The sweeps possess a hysteresis
lower than 300 mV, for all the buffer injections. Moreover, we can get a glance at the drift
between each curve. It is important to underline that in between the recording of two curves,
there is a stabilization time of 10 minutes. To better visualize the temporal drift we analyze the
drain current evolution at different fixed back-gate voltages. We extract these values for both
the active and the reference sensor, and we calculate the difference (A Drain current, in the
plots) between the response of the sensor functionalized with the specific probes and the one
functionalized with the troponin-specific antibodies. The results are shown in Figure 5.3b, for
different selected back-gate voltages.

The highest drift (-19 pA/minute) is obtained at high back-gate voltages (Vg = 23 V), but
to have a fully-comprehensive picture we need to compare those values with the sensitivity
values extracted in the full experiment.

To study the sensor’s response to CRP we inject seven CRP concentrations between 0.06 pg/mL
(500 pM) and 100 pug/mL (833 nM), each every 15 minutes. To record the response we measure
the back-gate transfer characteristics for both the active and the reference sensors, we then fix
a back-gate voltage to extract the equivalent current, and we subtract the reference response
from the active. We repeat this process for four different back-gate voltages, and we report the
obtained results in Figure 5.4. The extracted data are then fit with a four-parameter logistic
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Figure 5.3: Drift and hysteresis are studied with repeated injections of the blank buffer. a)
Back-gate transfer characteristic curves collected every ten minutes after repeated injections
of blank buffer. Applied bias: Vp = 0.3V, Vs = Vgpr = 0 V. The small inset shows a zoom of the
curves, to highlight the minimal drift between each measurement, and a hysteresis lower than
300 mV. b) Extracted reference-compensated (response of the reference sensor is subtracted
to the one of the active sensor) drain current shifts over time (e.g. different blank injection
every ten minutes). The time drift at different fixed back-gate voltages is reported.

(4PL) regression expressed as:

a—d

xX)=d+ ——
o= ey

(5.1)

The best fit is given at a fixed back-gate voltage of 15V, while increasing the back-gate voltage
the sensor shows a high current shift at low concentrations, but a quick signal saturation.
Comparing the absolute current shift (we remind that each injection is performed every 15
minutes) with the temporal drift shown in Figure 5.3b, we have a signal-to-drift ratio in the
linear response region higher than 40 for V¢ = 15 V. Also the signal to noise ratio is lower at
low back-gate voltages, as shown by the error bars present in the plots. The main drawback
of working at lower back-gate voltages is the smaller absolute shift obtained at the output
current.

If we want to compare the responses of the sensor in different working regions, we could plot
the relative response shift in percentage, defined as:

Alp - Alpg
Alpyo

)

S;=100x

(5.2)
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Figure 5.4: Extracted reference-compensated (response of the reference sensor is subtracted
to the one of the active sensor) drain current shifts for increasing concentration of CRP in
0.1xPBS (each injection of CRP is performed every 15 minutes). Applied bias: Vp = 0.3V, Vg =
Vrer = 0 V. The dose-response is extracted for four different back-gate voltage values.

where Alp = Ip,active — ID,reference at a specific concentration, and Alpg = Ipo-active —
Ipo-references where the 0 stands for the value of the drain current when blank buffer is
shown to the sensor. By applying this equation to the data of Figure 5.4, we obtain the plot of
Figure 5.5. Even if the absolute value shift between one concentration and the other is higher

for higher back-gate voltages, this plot confirms that we obtain a higher relative sensitivity for
lower Vpg.

We can conclude that the most interesting region is the one at lower back-gate voltages, but
we need to be able to measure low absolute changes of current, resulting in a more sensitive
and low-noise read-out circuit and interface.

Considering the results obtained at Vg = 15V, we can calculate a signal-to-noise ratio (SNR)
at 20 pg/mlL of 24.22 dB, and an average SNR of 15.72 dB. By considering the sensitivity as the
slope of the linear part of the response (S;;,,), we can calculate the limit of detection offered in
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Figure 5.5: Relative current shift values defined as in Equation 5.2 for different back-gate
voltage values. Current relative sensitivity results to be higher in weak inversion regime.

this configuration as:

3 00 _ 1
=0.8645ug-mL (5.3)

lin

LoD =

The main limitation of the back-gate operation method is the complicated read-out circuit
required to operate it [204]. In a real system, we would not be able to sweep the back-gate
voltage for such big ranges, and the only solution would consist in exploiting a feedback loop
that adjusts the Vg to keep an output current constant.

In a wearable system, such high voltages impose a critical limitation. For this reason, we
explored other reading methods, such as the constant drain current operation described in
Section 3.3.4, and proved with pH measurement in Section 4.1.1.

5.1.3 Constant drain current operation

The constant current method presented in Section 3.3.4 employed to monitor pH levels in ISF
(Section 4.1.2) has also been employed for the detection of CRP in 0.1xPBS solutions in the
preliminary experiment reported below. While the reported results are only preliminary and
require further investigation, they demonstrate a promising path towards a read-out method
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that is both highly sensitive and low-power, making it suitable for detecting very low protein
concentrations.

In the reported experiment below, we functionalized with anti-CRP Fab a CEA-LETI SiNW array
transistor employing the immobilization protocol presented in Section 3.1.2. We employed
a Keithley 4200A parameter analyzer to characterize the system. The system was biased in
constant drain current mode, imposing a reference voltage of 0.5 V to ensure the transistor
worked in moderate inversion, while the back-gate and source were grounded, forcing a drain
current of 100 nA in the channel, and measuring the drain voltage as output.

As already mentioned in the previous section, before testing the detection capabilities of the
sensor we proceed with multiple injections of blank buffer (0.1xPBS) to ensure the stability of
the sensor. After six buffer injections, the sensor output signal stabilized adequately (Figure
5.6a), and we began injecting CRP concentrations ranging from 0.04 ug/mL (333 pM) to 100
ug/mL (833 nM). Each concentration was left on the oxide surface for ten minutes before
injecting the next one.

The real-time trace in Figure 5.6a already shows the technique to be highly promising. For
each injection, we calculated the average value and standard deviation by taking the real-time
response between 70% and 90% after the injection time. To determine the zero response, we
averaged the values obtained from the last three blank injections. This value served as the zero
reference for calculating the relative responses at different concentrations, which we plotted
in a semi-logarithmic plot in Figure 5.6b.
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Figure 5.6: CRP detection in 0.1xPBS performed with the constant drain current configuration.
Applied bias: Vrgr = 0.5V, Vs = Vg = 0V, and forced drain current Ip = 100 nA. a) Output
drain voltage evolution over time upon multiple injections of blank buffer and increasing CRP
concentration. b) Dose-response extracted by averaging the values as highlighted in (a). The
sensor in this configuration shows a non-linear response, with high drain voltage shifts in the
interesting CRP concentration range.

The response signal shows astonishing sensing capabilities: we can clearly distinguish 0.2
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ug/mL (1.67 nM) concentration of CRP in 0.1xPBS buffer, with a signal-to-noise ratio calcu-
lated at 25 pg/mL of 30.55 dB, and an average SNR of 18.43 dB. Moreover, the sensor response
covers the necessary physiological range. We can estimate the limit of detection by con-
sidering a "small-signal" linear sensitivity extracted from the interpolation of the first three
concentrations’ response of S* = 62.5 mV/(ug - mL™1), thus obtaining:

3'0’0
S*

LoD = =0.16 ug-mL™! (5.4)

where oy is the standard deviation upon blank injections. We define a voltage sensitivity
parameter similar to the relative current sensitivity of Equation 5.2, obtaining Equation 5.5:

Vp,i—V,
Sy =100. 2P0
Vbo

(5.5)
where Vp ; is the measured drain voltage for the i-th concentration, and Vp is the average
drain voltage upon blank buffer injections. The obtained value can be visualized in Figure 5.7.
If we take for example the relative voltage sensitivity at the reference CRP concentration of 25
1g/mL we obtain a relative change of 70%, a value comparable with the current sensitivities
obtained while operating the sensor in back-gate configuration.

140 - -

120

100

;@‘ 80T
>
n

60

40

20

0 1 L
107 10° 10 102
CRP Concentration (ug/mL)

Figure 5.7: Relative voltage shift values defined as in Equation 5.5.
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Other than achieving large sensitivities, large concentration range, and low limit of detection,
this method could significantly simplify the readout electronics by enabling the measurement
of voltage changes in the mV range, as opposed to the sub-nanoampere sub-nA range of
current like in the standard read-out methods.
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Top-Gate Back-Gate (Vg =15V) | Constant Current

Buffer dilution 10-fold 10-fold 10-fold
Detected Concentration | ;. ion 0.06 - 100 0.04 - 100
range (ug/mL)
LoD (ug/mL) NA 0.86 0.16

Maximum quantity

NA ~1.2 = Vv
shift (0 - 100 ug/mL) nA 500 m
Relative sensitivity
@25 ug/mL NA 125% 70%
SNR @ 25 ug/mL (dB) NA 24.21 30.55
Average SNR (dB) NA 18.15 18.43

Table 5.1: CRP electrical detection methods performance comparison in 0.1xPBS.

5.2 Summary

In this chapter, we characterized the response of our properly functionalized sensors toward
C-Reactive protein in 0.1xPBS buffer. We found that a standard top-gate configuration could
not achieve protein sensing in buffer with high ionic strength due to the Debye screening
effect. However, we amplified the signal response by exploiting the back-gate configuration of
our system, and the asymmetrical geometry of the back-gate and gate oxide. By exploiting a
reference-compensated configuration and back-gate read-out, we demonstrated great stability
during blank buffer injections, with a rate as low as 0.19 pA/minute, and CRP response in the
physiological range of interest (0.06 ug/mL to 100 pg/mL). We found relative drain current
shifts higher than 120 % for CRP concentration of 10 pg/mL when the sensor is operated in a
back-gate configuration and weak inversion regime.

Lastly, we reported preliminary results on the constant current method while detecting CRP in
0.1xPBS buffer. These results showed tremendous capabilities, with output voltage change
higher than 400 mV for specific CRP concentration ranges, relative voltage sensitivity up to
80%, and a high signal-to-noise ratio.

A comparison table to compare the C-Reactive sensing performance of the SINW arrays in 0.1x
buffer while operating the sensor in different configurations is reported below.

We reported successful CRP detection, providing both current and voltage output, with a low
limit of detection (< 0.9 ug/mL), low temporal drift, and high signal-to-noise ratios.
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Conclusions and future perspective

In this final chapter, the main achievements presented in this manuscript are summarized in
the first section, to highlight the most important contributions. In the second section, the future
perspective is presented to the reader, together with the possible improvements and future steps.

6.1 Main achievements

1. High-performance SiNW array FETs biosensing platform

The top-down fabrication of SINW arrays posed a difficult task due to the many technolog-
ical challenges. The resulting chip possesses identical copies of SINW arrays, that can be
separately functionalized to achieve multi-markers detection and/or reference compensated
measurements. The design of the chip allows the presence of an on-chip Ag/AgCl reference
electrode and the integration with a microfluidic system that dispenses low volumes (< 10
pL) of the liquid under test. The double-gate structure of the SiNWs FETs enables an internal
signal amplification: the in-house fabricated chips ensure an amplification factor of 3. The
fabricated SiNWs FETs are characterized by an optimal subthreshold slope of 80 mV/decade,
an ON/OFF ratio larger than 6 orders of magnitude, and a maximum transconductance of
30 V-1, Doping parameters were accurately extracted through simulation-based techniques,
resulting in optimal ohmic contacts for the source and drain regions on thin Si on SOL.

2. High-« surface functionalization protocol assessment

A complete study of the antibody fragments immobilization protocol on the HfO, surface has
been carried out to demonstrate the high-quality functionalization layer essential to obtain a
stable and selective response to C-Reactive protein in complex biofluids. Standard silanization
chemistry has been transferred from silicon dioxide surfaces to high-«x dielectrics. By means
of characterization techniques such as X-Ray Spectroscopy and Quartz Crystal Microbalance
study, the adopted functionalization layer has demonstrated low temporal drift, the absence
of unspecific binding, and the ability to be used in reference-compensated techniques. The
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chosen anti-CRP fragments have been tested by means of surface plasmon resonance, to prove
their capability of selectively detecting CRP in ISF-like solution in the desired physiological
range between 0.1 ug/mL and 100 ug/mlI.

3. pH monitoring in buffer and human biofluids

The Fully-Depleted SiNW FETs have proven to be excellent candidates for real-time pH moni-
toring. This technology platform has demonstrated exceptional performance in both buffers
and ISF-like solutions (3-fold diluted human serum), exhibiting quasi-Nernstian sensitivity in
both cases. pH monitoring has been successfully demonstrated in both static and real-time
modes, showing low temporal drift and high reproducibility. After calibration in human serum,
these sensors have shown remarkable accuracy in measuring pH in collected serum from
different individuals, with an error as small as 0.9% and a low dependence on the tested
matrix. Repeated measurements using the sensors fabricated at CEA-LETT and CMi (EPFL)
have consistently shown Nernstian sensitivity. In the case of CEA-LETI sensors, sweeping
the back-gate voltage has allowed for an amplification factor as high as 50 times, whereas
in-house fabricated sensors achieved a more limited amplification factor of 3. Conversely, the
CMi sensors employ a smaller back-gate voltage, striking an optimal trade-off between power
consumption and amplification.

4. CRP detection in the human physiological range

C-Reactive Protein (CRP) detection has been successfully conducted in static mode under
various conditions. The monitoring of CRP within the range of 0.1 pg/mL to 100 ug/mL has
been repeatedly demonstrated using a 100-time diluted PBS buffer in a top-gate configuration,
yielding a sensitivity of up to 20 mV/decade. However, it should be noted that protein detection
in this configuration has been limited to 0.01xPBS due to the presence of higher ionic strength,
which prevents the detection of proteins by causing Debye screening effects. To overcome
this limitation, the sensors have been operated in a back-gate configuration, leveraging the
high amplification factor and signal-to-noise improvements. In this mode, the detection of
CRP within the physiological range has been successfully demonstrated using 10-time diluted
buffers. The stability of the sensor has been confirmed through repeated injections of blank
buffers. Notably, the sensitivity of the sensor was dependent on the operational bias, with the
highest sensitivity achieved in the weak inversion regime.

5. Preliminary results on a novel read-out constant current method

A novel approach based on the injection of a constant current on the transistor channel has
been proposed and experimentally demonstrated, showing that the appropriate selection of
constant-current bias mode and inversion region of silicon nanowire FETs leads to significant
signal output amplification and improved sensitivity in biosensing. This approach not only
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simplifies the readout circuit and reduces power consumption but also enables continuous pH
sensing in human interstitial fluid-like solutions. The pH sensing results exhibited a sensitivity
exceeding 400 mV/pH and an error lower than 1% when compared to a pH benchtop system.
Furthermore, a proof of concept was developed to demonstrate the potential benefits of
signal amplification in protein sensing, specifically highlighting enhanced performance in the
detection of CRP in 0.1X PBS compared to the top-gate configuration. However, further
investigations are required to quantitatively evaluate the amplification mechanism, and
additional characterizations are needed to assess the long-term performance of the pH and
CRP sensors. The findings of this study emphasize that utilizing the constant current method
with optimized current levels and control of non-linear response can offer remarkable trade-
offs, including improved sensitivity, stability, and low power consumption, for real-time
continuous sensing of pH and CRP in human interstitial fluids.

6.2 Future Perspective

This section presents a few suggestions for further exploration and continuation of the research
presented in this thesis.

1. Cross-sensitivity and temperature dependence

Thanks to the utilization of the same NWs structure for pH and CRP sensing, integrating both
sensors simultaneously becomes a straightforward task for future research. An essential test
to conduct would be investigating the influence of pH changes on the CRP detection response
across all the utilized electrical configurations. The pH response in ISF-like solutions has
been demonstrated in Chapter 4, and the influence on the pH response of various protein
concentrations has been excluded. In the performed experiment involving CRP detection,
the pH level has been kept constant. Therefore, to comprehensively examine the potential
variations in performance, it is important to conduct an in-depth investigation of the possible
changes in performance due to pH variations.

Another crucial parameter in biosensing is temperature. Different temperatures can alter the
kinetics of the affinity-based detection system and affect transducer performance. Therefore,
integrating an on-chip temperature sensor becomes paramount for future endeavors and
should be regarded as a primary task.

2. On-chip readout integration

As described at the beginning of this manuscript, this project is part of a large European
Consortium involving different partners, whose objective is to deliver an Edge-Al-based
Digital Twin system. The goal of this work was to develop a biosensor system that could
monitor different biomarkers in ISE while other partners develop the read-out circuit and the
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microneedles extractor systems.

Preliminary experiments have been carried out to ensure the compatibility of the read-out
chip developed at imec, [203], Belgium, with the SINW FET sensors, as described in Chapter
4, Section 4.2. Figure D.1 shows the setup of the first trial of joint experiments. The obtained
results have shown compatibility between the two systems while measuring pH in a buffer, but
further demonstrations have to be carried out to enhance the integration of the two systems,
and the use of an on-chip reference electrode.

3. Simultaneous pH and lactate monitoring, and multiplexed biomarkers monitoring

Preliminary experiments were conducted to simultaneously measure pH and lactate variations
using in-house designed and fabricated sensors, along with an externally provided read-
out circuit. However, issues arose due to the incompatible simultaneous measurements
offered by the read-out chip. An important future step involves implementing continuous
and simultaneous pH and lactate measurements. This presents an additional challenge as the
amperometric detection process of lactate oxidation can locally alter the pH of the solution.
Consequently, the pH and lactate measurements should be carried out in separate ISF volumes.
Achieving this would require the implementation of a passive microfluidic system capable of
splitting the extracted ISF into two chambers. While numerous challenges lie ahead for the
implementation of this dual sensor, the necessary sensor technology already exists within the
team, and continuous efforts are being made to achieve this objective.

The proposed sensor aims to monitor C-Reactive Protein (CRP) within the physiological range.
This biomarker has been selected for several reasons, including its relatively higher concen-
trations compared to other relevant biomarkers. Additionally, various physical parameters,
proteins, molecules, or hormones can offer crucial information for developing a Digital Twin.
The flexible SiNWs platform allows for the detection of different proteins, thereby enabling
multiplexed biomarker monitoring. Future investigations should focus on modifying the
functionalization layer to accommodate the affinity-based detection of additional proteins.
Different antibodies and aptamers can be utilized as specific probes for other proteins, such
as cortisol. Therefore, the CRP sensor designed and proposed in this study can be adapted for
the detection of various proteins.

4. Sensors integration on microneedles extractor

The integrated sensor system, illustrated in Figure 1.6, aims to combine the sensing platform
with the silicon microneedles system, which is responsible for ISF extraction and is designed
and fabricated by consortium partners. The in-house fabricated SiNWs chips have been
specifically designed to be compatible with the microneedles chip, but the development of
a suitable intermediate layer is necessary. The microfluidic interposer must transport the
liquid from the back of the microneedles chip to the sensor surface, enabling a passive and
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continuous flow of fresh ISE Since ISF does not clot, the sensor chip can be plugged into
a wearable patch and replaced with a new sensor when required. Designing the integrated
system presents several challenges, with the primary one being the handling of low-volume
extraction. The microfluidic component must be capable of accommodating small volumes,
ranging from 1 to 5 uL, in order to align with the microneedles chip’s extraction capabilities.

5. Constant current method investigation

The previous chapter of this work presented preliminary results on real-time C-Reactive
Protein (CRP) monitoring using the constant-current method. However, further investigations
are required to optimize and validate this method, particularly in terms of its ability to measure
CRP in undiluted buffers and complex matrices. Another crucial step involves designing,
fabricating, and testing the on-chip read-out circuit necessary for the CRP monitoring system.
Furthermore, it is essential to conduct an in-depth study on the reproducibility and device-
to-device variability of this method, considering that it relies on a non-ideal mechanism like
the channel modulation effect in field-effect transistors. Such analysis will provide valuable
insights into the performance consistency of the system.

6. Non-equilibrium methods

The previous chapter’s results have demonstrated the limitations of sensing C-Reactive Pro-
tein (CRP) in undiluted buffers using the top-gate configuration, thus further exploration of
alternative methods is necessary. In this regard, non-equilibrium methods hold promising
potential. While the presented work focused solely on DC detection, the application of an
AC signal could enhance the sensor response by overcoming Debye screening in high ionic
strength solutions. Therefore, investigating the use of AC signals is an avenue that should be
pursued to improve CRP sensing capabilities.

6.3 Concluding remarks

The implementation of Edge-Al technologies plays a crucial role in collecting data for the
development of a Digital Twin. Undoubtedly, biosensors hold immense significance in this
regard. This thesis has laid the groundwork for the realization of multiplexed biosensors
that are highly selective and sensitive. These biosensors are based on Fully-Depleted silicon
nanowires field-effect transistors, offering exceptional integration capabilities and low-power
sensing.

In conclusion, the results obtained and summarized in Section 6.1 serve as a solid starting
point for the development of a sensing integrated circuit. This circuit can seamlessly inte-
grate with wearable sensing devices and low-invasive technologies, enabling a wide range of
applications in the field of biosensing.
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.\ Runcard of SiNWs fabrication

Process
1 RCA cleaning
HZO:NH4OHZH202 5:1:1/
1.1 | RCA1 RCA baths 5 min, T = 75°C
. HF:H,0 1:10 /
1.2 | Oxide removal RCA baths 155 T = 20°C
H,O:HCL:H,0, 6:1:1 /
1.3 | RCA2 RCA baths 5 min, T = 75°C
2 Si thinning
2.1 | Thermal oxidation Centrotherm furnace Si/SiO; consumption 0.44 86 nm of SiO»
2.2 | Oxide etching Plade Oxide wetbench | BHF 7:1 2 min
3 Oxide stop layer
3.1 | Thermal oxidation Centrotherm furnace Si/SiO» consumption 0.44 6 nm of SiO,
4 Dicing
4.1 | Surface treatment Thermal dehydration 120°C - 300s
4.2 | Coating Sawatec SM-200 AZ 1512 - 5000 RPM 1.1 pm
4.3 | Soft-bake Hot-plate 100°C-1min5s 1.1 um
4.4 | Dicing
4.5 | Photoresist clearing | UFT resist Remover 1165 - 70°C 5 min
5 Markers creation
5.1 | Surface treatment Thermal dehydration 180°C-300s
5.2 | Coating ATMsse OPTIspin SB20 | CSAR - 2000RPM 600 nm
5.3 | Soft-bake Hot-plate 180°C - 300 s 1.1 ym
5.4 | Exposure Raith EPBG5000+ Dose 2000 uC/cm? CD =20 um
5.5 | Development Amyl-Acetate 1 min 50 s (stir)
5.6 | Rinse 90:10 MiBK:IPA 1 min

The runcard continues on next page.
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Appendix A Runcard of SiNWs fabrication
Process Zone/Equipment
6 Markers etching
6.1 | SiO,/Si etching AMS200 CHECK LOG 2 um depth
7 Resist clearing
7.1 | Plasma oxygen Tepla GiGAbatch 30's, 600 W, O, flow 400sccm
7.2 | Photoresist clearing UFT resist Remover 1165 - 70°C 5 min
8 Implantation
8.1 | HMDS priming SSE VB20 HMDS standard - 135°C
8.2 | Coating Sawatec SM-200 AZECI 3007 - 2000RPM 1.0 ym
8.3 | Soft-bake Hot-plate 90°C-60s
8.4 | Exposure Heidelberg MLA2 Dose 155 mJ/cm?, defoc 0 Laser 405 nm
8.5 | Post-exposure bake Hotplate 100°C - 60s
8.6 | Development AZ 726 MIF 30s
8.7 | Shipment to IBS
8.8 Implantation standard P 1.6 keV, Np = 6x10%°
9 Resist clearing
9.1 Plasma oxygen Tepla GiGAbatch 60 s, 600 W, O, flow 400sccm
9.2 | Photoresist clearing UFT resist Remover 1165 - 70°C 2 h
10 Dopant Activation
10.1 | Rapid Thermal Annealing | Jetfirst200 7 s above 900°C forming gas
11 Stop Oxide removal
11.1 | Oxide etching Plade Oxide wetbench | BHF 7:1 30s
12 SiNWs formation
12.1 | Surface treatment Thermal dehydration 180°C - 300 s
12.2 | Coating ATMsse OPTIspin SB20 | HSQ 2% - 6000RPM 30 nm
12.3 | Exposure Raith EPBG5000+ Dose 2000 pC/cm? CD =100 nm
12.5 | Development TMAH 25% 40s
13 Silicon etching
13.1 | Excess Si etching AMS200 Si-opto-HR-20deg 28 s SiO; carrier
14 HSQ clearing
14.1 | HSQ removal Arias Acid wetbench HF 1%, 45 s
14.2 | HSQ removal Plade Oxide wetbench | Quick dip in BHF

The runcard continues on next page.
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Runcard of SINWs fabrication

Appendix A

Zone/Equipment

15 S and D opening

15.1 | HMDS priming SSE VB20 HMDS standard - 135°C

15.2 | Coating Sawatec SM-200 AZ1512 - 5000RPM 1.1 ym
15.3 | Soft-bake Hot-plate 100°C-65s

15.4 | Exposure Heidelberg MLA2 Dose 50 mJ/cm?, defoc -2 Laser 405 nm
15.5 | Development AZ 726 MIF 30s

15.6 | Descum Tepla GiGAbatch 20's, 200 W, O, flow 200sccm

15.7 | Native Oxide removal | Plade Oxide wetbench | Quick dip in BHF

16 Stop layer deposition

16.1 | Metal deposition LAB600 Ti-Pt-Ti 5-35-3 nm

16.2 | Lift-off Remover 1175 overnight

17 Gate oxide

17.1 | HfO, gate oxide ALD1 70 cycles 7 nm
18 Field oxide

18.1 | Al,O3 encapsulation ALD 1 460 cycles 50 nm
19 S and D opening

19.1 | Surface treatment Thermal dehydration | 120°C-300s

19.2 | Coating Sawatec SM-200 AZ1512 - 5000RPM 1.1 ym
19.3 | Soft-bake Hot-plate 100°C-65s

19.4 | Exposure Heidelberg MLA2 Dose 50 mJ/cm?, defoc -2 Laser 405 nm
19.5 | Development AZ 726 MIF 30s

19.6 | Descum Tepla GiGAbatch 20's, 200 W, O, flow 200sccm

20 S and D opening

20.1 | Ion Beam Etching Veeco IBE Low IBE - 162 s

20.2 | Plasma oxygen Tepla GiGAbatch 30s, 600 W, O, flow 400sccm

20.3 | Resist clearing Remover 1175 overnight

21 Metal lines mask

21.1 | Surface treatment Thermal dehydration | 120°C - 300s

21.2 | Coating Sawatec SM-200 AZ1512 - 5000RPM 1.1 ym
21.3 | Soft-bake Hot-plate 100°C-65s

21.4 | Exposure Heidelberg MLA2 Dose 50 mJ/cm?, defoc -2 Laser 405 nm
21.5 | Development AZ 726 MIF 30s

21.6 | Descum Tepla GiGAbatch 20's, 200 W, O, flow 200sccm

The runcard continues on next page.
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Appendix A Runcard of SiNWs fabrication
No ‘ Process Zone/Equipment Recipe Target
22 Metal deposition
22.1 | Metal deposition LAB600 Ti-Pt-Ti 5-65 nm
22.2 | Lift-off Remover 1175 overnight
23 Passivation
23.1 | Al,O3 encapsulation | ALD 1 720 cycles 100 nm
24 Passivation opening
24.1 | HMDS priming SSE VB20 HMDS standard - 135°C
24.2 | Coating Sawatec SM-200 AZ1512 - 5000RPM 1.1 ym
24.3 | Soft-bake Hot-plate 100°C-65s
24.4 | Exposure Heidelberg MLA2 Dose 55 mJ/cm?, defoc -2 Laser 405 nm
24.5 | Development AZ 726 MIF 30s
24.6 | Descum Tepla GiGAbatch 20's, 200 W, O, flow 200sccm
25.6 | Al,O3 etching Arias Acid wetbench | H3PO,4 60°C, 2 min
20.3 | Resist clearing Remover 1175 overnight
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TEM lamella preparation

In this Annex, additional images (Figure B.1) about the lamella preparation are reported. The
TEM lamella has been prepared with a Zeiss CrossBeam 540, a combined FIB and SEM system.

The Lamella preparation has been performed at the EPFL Interdisciplinary Centre for Electron
Microscopy (CiME), in Lausanne.

Figure B.1: TEM lamella preparation, performed at CiME. a) SEM image of the chosen device:
20 parallel SiNWs distanced by 100nm, each of them has a width of 100nm, and a length of 1.6
pm. The yellow line indicates the position where the lamella is extracted. b) Magnified image
of the selected SiNW array. It is possible to notice the passivation opening. The yellow line
indicates the position where the lamella is extracted. c) Suspended lamella, before transferring
to the TEM lamella support. Only one side is still linked to the chip. d) Finalized lamella. Two
different thicknesses are visible for the two halves, according to the electron transparency.
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Appendix B TEM lamella preparation

Figure B.2 shows two diffraction patterns acquired during the TEM analysis of the lamella.
The figure on the left represents the crystalline diffraction pattern of the bulk silicon, while the
figure on the right represents the diffraction pattern of the think silicon layer on the insulator.
The two patterns can be perfectly overlapped, indicating the same crystal orientation. On the
top part of the Figure on the right no pattern is visible, due to the amorphous hafnium dioxide
gate oxide layer.

Figure B.2: TEM diffraction patterns for the silicon bulk and the thin silicon layer.
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8] Script for source and drain implanta-
tion TCAD simulation

This appendix contains the scripts for the SSPROCESS compiler used for the simulation of the

source and drain phosphorous implantation.

set SDdose @dose@
set SDenergy Qenergy@
set oxmask ©@0xideMaskThickness@

AdvancedCalibration
AdvancedModels

pdbSet ImplantData MonteCarlo 1
pdbSet MCImplant model sentaurus.mc

#--- 2D Grid definition ---------——-- -

line x location = 0.0 spacing = 0.2<nm> tag= SiliconTop
line location = 27<nm> spacing = 0.8<nm> tag= SiliconBottom
line location = 47<nm> spacing = 2<nm> tag = BOXBottom

X
X
X
line y location = 0.0 spacing = 20<nm> tag= BOXLeft
line y location = 1<um> spacing =20<nm> tag= BOXRight

#--- Initial simulation domain -------------——-——- -~

region Silicon xlo= SiliconTop xhi=SiliconBottom ylo= BOXLeft yhi= BOXRight
region Oxide xlo= SiliconBottom xhi= BOXBottom ylo= BOXLeft yhi= BOXRight

#--- Initialize the simulation -----------——-—-——c
init concentration = lelb<cm-3> field = Boron wafer.orient = 100
#--- MGOALS settings for automatic meshing in newly generated layers -

mgoals min.normal.size = 1<nm> max.lateral.size = 0.2<um>
normal.growth.ratio = 1.4

# graphics configure = " xyshow = Phosphorous *"
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Appendix C Script for source and drain implantation TCAD simulation

# graphics on
#--- Mask Definition ----------mmmmmm

mask name = implant_mask segments = { -1<nm> 500<nm> 1500<nm> 2001<nm> }
# deposit Si type = isotropic thickness =27<nm>

deposit oxide type = isotropic thickness = $oxmask

# deposit oxide type = isotropic thickness = $oxmask

# etch oxide type = anisotropic thickness = $oxmask mask = implant_mask
photo thickness=2<um> mask=implant_mask

#--- Implanting p --- - - - - - - - - -\ - o - . o i i

# Analytic implantation models use the simple Gaussian and Pearson as
# well as the advanced dual Pearson functions . The implantation damage with
# analytic models is calculated according to the Hobler model

implant Phosphorus energy = $SDenergy dose = $SDdose tilt = 7<degree>
rotation = O<degree> ion.movie

# The MC method uses a statistical approach to the
# calculation of the penetration of implanted ions into the target and
# accumulation of crystal damage based on the binary collision approximation

#--- Plotting out the "As implanted " profile --------—------------————-

struct tdr= n@node@_2Dimplant
SetPlxList

#--- Rapid Thermal Annealing ------------------"-"———————~—~—~—~—~——(—(—(—~——————

diffuse temperature = 180<C> time = 10.0<s> N2
diffuse temperature = 180<C> time = 5.0<s> N2 ramprate = 24<C/s>
diffuse temperature = 300<C> time = 20.0<s> N2
diffuse temperature = 300<C> time = 10.0<s> N2 ramprate = 70<C/s>
diffuse temperature = 1000<C> time = 5.0<s> N2

#--- Plotting out the " Annealed " profile ----------------————————-

struct tdr= n@node@_2Danneal
SetPlxList { Damage }
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Read-out circuit and sensor demon-

strator: setup

Ref. electrode ®

§| Read-out chip
g (IMEC)

3 Interface PCB feeqng LEAVING, THANKC

Microfluidic

Figure D.1: Biosensor and chip-readout [203] system setup during the first demonstrator.
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