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Abstract

Modern bioelectronics addresses challenges for the development of tools capable of ulti-
mate detection at down to single molecule level and recording of extremely small signals
from electrogenic cells like cardiac cells and neurons at the subcellular level. With the
achievements of nanotechnology liquid-gated silicon nanowires emerged as a basis for the
development of reliable, high-speed and highly sensitive biosensors. In spite of conven-
tional field-effect transistors (FETSs), liquid-gated silicon nanowires have the potential for
single charge detection and demonstrate improved electrical coupling with living cells.
Among the major challenges, the achievement of stable long-term operation in a liquid
environment with abilities to recover small signals have still to be addressed. In this work,
we designed and fabricated silicon nanostructures, including single nanowires, nanowire
arrays, and nanoribbons, and studied their transport properties using noise spectroscopy.
We focused on the ways to achieve enhanced signal-to-noise ratio (SNR) and novel ap-
proaches for the detection of signals from biological objects.

An optimized approach for the nanowire patterning has been developed to reduce leak-
age currents in the liquid-gated configuration. To apply different concentrations of target
analytes the microfluidic system with on-chip reference electrode has been developed.
Fabricated nanowires demonstrate good scaling abilities with the subthreshold swing of
160 mV /dec for p™ — p — p* and 250 mV /dec for n™ — p — n™ structures, indicating on a
good quality of liquid-gated FETs. Transistors operate under a relatively low threshold
voltage of around 1.5 V.

Silicon nanostructures were fabricated on the basis of silicon-on-insulator (SOI) wafers
enabling the utilization of both liquid and back gates. We reveal the possibility of gate-
coupling effect utilization for up to 100% enhanced signal-to-noise ratio for comparable
with neuronal signals. The results are in good agreement with simulations performed in
technology computer-aided design (TCAD) software.

The comprehensive studies of noise properties demonstrate that in p* —p—p*structures
it is mainly caused by the mobility fluctuations while in nt — p — n™ structures the
interaction with traps in gate dielectric plays a dominant role. Furthermore, the input-
referred noise of fabricated devices was around 1 x 1077 V2 at 10 Hz for nanowires with
gate area larger than 0.03pm? and increased with area decrease following the general
law observed in different nanostructures. From calculated charge noise dependencies,
nanowires with gate area less than 0.1 pm? demonstrate the ability to detect single charges.
It should be emphasized that with scaling nanowires down, a single trap phenomenon was
registered as a strong modulation of channel current. Extracted time characteristics of
two-level fluctuations demonstrate enhanced capture time dependencies on the current
with unusual for the standard Shockley-Read-Hall (SRH) model slopes in the range from
(-1) to (-14), indicating enhanced sensitivity to surface potential change. Due to the strong
dependence of capture time on the surface potential change single trap phenomena was
considered for enhanced biosensing applications. Coulomb blockade energy was considered
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3 ABSTRACT

to explain the enhanced capture time behavior. To control the trap dynamics parameters,
gamma irradiation was used. At the same conditions, capture time decreased from 5ms
to 0.1 ms, which can be considered for tuning the speed of the detection process. We
developed a model for the simulation of single trap behavior and suggested a new approach
for understandnding random telegraph signal (RTS) fluctuations as a useful signal. Since
the response time of a biosensor is a critical parameter, we estimate that 10sec is the
lower limit for the recording of useful RTS signal.

Along with established silicon-based technologies, a wide bandgap GaN becomes a
promising material for biosensing applications. We studied the transport and noise prop-
erties of planar GaN nanoribbons and revealed the space-charge phenomena. Due to the
spatial separation of charge carriers, electric fields are generated outside the nanorib-
bon. The feature turns out to be beneficial for biosensing applications as it changes the
dynamics of the molecular diffusion towards the surface.

Fabricated silicon nanostructures were employed in biosensing experiments. The re-
sponse to changes of solution pH reached up to 59.5 mV /pH (Nernst limit) with increasing
area sensing area. The response around the Nernst limit was obtained from the TCAD
simulation using the developed model of an ideal liquid-gated silicon nanowire. The model
can be further used for simulations of biosensors based on liquid-gated silicon nanowires.
While the pH response is limited by Nernst limit, a single trap phenomenon was em-
ployed to achieve an enhanced response from capture time as a sensitive parameter. The
slope of capture time was 10 times larger than for current change, which is promising for
biosensing applications.

Silicon nanowires were used for the detection of troponin molecules, a biomarker spe-
cific to acute myocardial infacrction. The lowest detected concentration was as low as 20
pM. Furthermore, reusability of troponin biosensor was shown by applying glycine-HCl
buffer. The features observed in the noise behavior was explained as a formation of the
membrane on the surface of the biosensor which allows the penetration for only specific
ions.

The recording of extracellular action potentials (APs) from cardiac cells is important
for fundamental studies of AP propagation features reflecting cellular activity and the in-
fluence of pharmacological substances on the signal. We applied a novel approach of using
fabricated Si nanowire (NW) FETs in combination with fluorescent marker techniques to
evaluate the functional activity of cardiac cells. High-quality AP signal recordings from
HL-1 cardiomyocytes were demonstrated. The propagation of APs across the confluent
cellular layer with the speed of around 10-13 mm/sec was shown using spacialy distributed
Si NW FETs. This method was supplemented by studies of the pharmacological effects of
stimulations using noradrenaline (NorA) as a modulator of functional activity on a cellu-
lar and subcellular level, which were also tested using fluorescent marker techniques. The
addition of NorA resulted in the increase of beating frequency in cardiomyocyte cellular
community. The role of calcium alteration and membrane potential were revealed and
analyzed using fluorescent microscopy. The results open prospects for the application of
fabricated Si NW FET sensors as a tool for the recording of cellular network activity,
interfacing with living systems, and analysis of pharmacological agent influence on cells.



Zusammenfassung

Die moderne Bioelektronik stellt sich den Herausforderungen bei der Entwicklung von
Werkzeugen, die eine Detektion auf Einzelmolekiilebene und die Erfassung extrem klei-
ner Signale von elektrogenen Zellen wie Herzzellen und Neuronen auf subzelluldrer Ebene
ermoglichen. Mit den Errungenschaften der Nanotechnologie sind Silizium-Nanodréahte als
Grundlage fiir die Entwicklung zuverlassiger, schneller und hochempfindlicher Biosensoren
entstanden. Trotz herkommlicher Feldeffekttransistoren (FETSs) haben fliissiggesteuerte
Silizium-Nanodréhte das Potenzial zur Einzelaufladung und zeigen eine verbesserte elek-
trische Kopplung mit lebenden Zellen. Zu den grofien Herausforderungen gehort die Er-
reichung eines stabilen Langzeitbetriebs in einer fliilssigen Umgebung mit der Fahigkeit,
kleine Signale detektieren zu konnen. In dieser Arbeit wurden Silizium-Nanostrukturen
entworfen und hergestellt, darunter einzelne Nanodridhte, Nanodraht-Arrays und Nano-
ribbons, und ihre Transporteigenschaften mittels Rauschspektroskopie untersucht. Haupt-
entwicklungsziele waren insbesondere die Verbesserung des Signal-Rausch-Verhéltnis, und
neue Methodiken fiir die Erkennung von biologischen Signalen.

Ein optimierter Ansatz fiir die Nanodrahtstrukturierung wurde entwickelt, um Leckstrome
in der fliissigkeitsgesteuerten Konfiguration zu reduzieren. Um verschiedene Konzentratio-
nen von Analyten zu messen, wurde ein Mikrofluidiksystem mit On-Chip-Referenzelektrode
entwickelt. Gefertigte Nanodrihte zeigen gute Skalierungsfihigkeiten mit dem Ladungs-
tragermobilitidt von 160 mV /dec fiir p™ —p—p*und 250 mV /dec fiir n™ —p—nT Strukturen,
was auf eine gute Qualitét fliissigkeitsgesteuerter FETs hinweist. Transistoren arbeiten mit
einer relativ niedrigen Schwellenspannung von etwa 1.5V. Die Silizium-Nanostrukturen
wurden auf der Basis von Silicon-on-Insulator(SOI)-Wafern hergestellt, die die Verwen-
dung von Front- und Backgates ermoglichen, wobei das Frontgate vom Elektrolyt gesteu-
ert wird. Wir zeigen die Moglichkeit der Nutzung des Gate-Coupling-Effekts fiir ein bis
zu 100% verbessertes Signal-Rausch-Verhéaltnis, fiir vergleichbar mit neuronalen Signalen.
Die Ergebnisse stimmen gut mit Simulationen iiberein, die mit Hilfe von TCAD-Software
(Technology Computer-Aided Design) durchgefiihrt werden.

Die umfassenden Untersuchungen der Rauscheigenschaften zeigen, dass in p™ — p —
ptStrukturen hauptsichlich durch die Mobilitatsschwankungen verursacht werden, wihrend
in n* —p—nt Strukturen die Wechselwirkung mit Traps in Gate-Dielektrikum eine domi-
nante Rolle spielt. Dariiber hinaus betrug das eingangsbezogene Rauschen der Transisto-
ren etwa 1 x 1077 V2 bei 10 Hz fiir Nanodriihte mit einer Gate-Fliche gréfler als 0.03 pm?
und erhohte sich mit abnehmender Flache geméfl dem allgemeinen Gesetz, das in verschie-
denen Nanostrukturen beobachtet wurde. Aus berechneten Ladungsrauschabhéngigkeiten
zeigen Nanodrihte mit einer Gate-Fliche von weniger als 0.1 pm? die Fihigkeit, einzel-
ne Ladungen zu erkennen. Es ist hervorzuheben, dass mit der Verkleinerung von Nan-
odréhten ein einzelnes Trap-Phidnomen als starke Modulation des Kanalstroms registriert
wurde. Extrahierte Zeitmerkmale von zweistufigen Schwankungen zeigen eine verbesser-
te Abhéngigkeit der Erfassungszeit vom Strom, wobei die fiir das Standard-Shockley-
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10 ZUSAMMENFASSUNG

Read-Hall (SRH)-Modell ungewohnlichen Steigungen im Bereich von (-1) bis (-14) eine
erhohte Empfindlichkeit gegeniiber Oberflachenpotentialanderungen anzeigen. Aufgrund
der starken Abhéngigkeit der Erfassungszeit von der Oberflichenpotentialéinderung wur-
den Single Trap Phidnomene fiir erweiterte Biosensorik-Anwendungen beriicksichtigt. Die
Coulomb-Blockadenergie wurde als Erklarung fiir das verbesserte Erfassungszeitverhalten
betrachtet. Um die Dynamikparameter der Traps zu kontrollieren, wurde Gammabestrah-
lung verwendet. Unter den gleichen Bedingungen verringerte sich die Erfassungszeit von
5ms auf 0.1 ms, was fiir die Abstimmung der Geschwindigkeit des Erfassungsprozesses
beriicksichtigt werden kann. Darauf aufbauend wurde ein Modell fiir die Simulation des
Single Trap-Verhaltens entwickelt und einen neuen Ansatz vorgeschlagen, um Schwankun-
gen des Random Telegraph Signal (RTS) als informationstragendes Signal zu verstehen.
Da die Ansprechzeit eines Biosensors ein kritischer Parameter ist, schitzen wir, dass 10 sec
die untere Grenze fiir die Aufzeichnung des niitzlichen RTS-Signals ist.

Neben etablierten siliziumbasierten Technologien wird GaN, welches iiber eine grofles
Bandliicke verfiigt zu einem vielversprechenden Material fiir Biosensorik-Anwendungen.
Wir untersuchten die Transport- und Rauscheigenschaften planarer GaN-Nanoribbon und
zeigten die Raumladungsphénomene. Durch die rdumliche Trennung der Ladungstrager
werden auflerhalb des Nanoribbons elektrische Felder erzeugt. Die Funktion erweist sich
als vorteilhaft fiir Biosensor-Anwendungen, da sie die Dynamik der molekularen Diffusion
zur Oberflache veréndert.

Die fabrizierten Silizium-Nanostrukturen wurden in Biosensorik-Experimenten einge-
setzt. Die Reaktion auf Anderungen des pH-Wertes erreichte bis zu 59,5 mV /pH (Nernst-
Grenze) bei zunehmender Flidche. Das Resultat um die Nernst-Grenze wurde aus der
TCAD-Simulation mit dem entwickelten Modell eines idealen fliissiggesteuerten Silizium-
Nanodrahtes gewonnen. Das Modell kann fiir die Simulation von Biosensoren auf Basis
von fliissiggesteuerten Silizium-Nanodrahten weiterverwendet werden. Wihrend die pH-
Reaktion durch den Nernst-Grenzwert begrenzt ist, wurde ein Single Trap Phénomen ein-
gesetzt, um eine verbesserte Reaktion der Erfassungszeit als empfindlicher Parameter zu
erreichen. Die Steigung der Erfassungszeit war 10 mal groler als bei der Stroménderung,
was fiir Biosensorik-Anwendungen vielversprechend ist.

Silizium-Nanodrahte wurden fiir den Nachweis von Troponinmolekiilen verwendet, ei-
nem Biomarker, der speziell fiir den akuten Myokardinfarkt entwickelt wurde. Die nied-
rigste nachgewiesene Konzentration lag bei nur 20 pM. Dariiber hinaus wurde die Wieder-
verwendbarkeit des Troponin-Biosensors durch den Einsatz von Glycin-HCI-Puffer nach-
gewiesen. Die im Rauschverhalten beobachteten Merkmale wurden als eine Bildung der
Membran auf der Oberflache des Biosensors erklért, die die Ionen-selektive Permabilitét
begriindet.

Die Erfassung von extrazelluldren Aktionspotentialen (APs) aus Herzzellen ist wichtig
fiir grundlegende Untersuchungen von AP-Ausbreitungsmerkmalen, die die Zellaktivitéit
und den Einfluss pharmakologischer Substanzen auf das Signal widerspiegeln. Wir haben
einen neuartigen Ansatz zur Verwendung von fabrizierten Si Nanowire (NW)-FETSs in
Kombination mit Fluoreszenzmarker-Techniken angewandt, um die funktionelle Aktivitét
von Herzzellen zu bewerten. Es wurden Rauscharm AP-Signalaufzeichnungen von HL-1-
Kardiomyozyten nachgewiesen. Die Ausbreitung von APs iiber die konfluente Zellschicht
mit einer Geschwindigkeit von etwa 10-13 mm/sec wurde mit Hilfe von rdumlich verteilten
Si-NW-FETs gezeigt. Diese Methode wurde durch Studien iiber die pharmakologischen
Effekte von Stimulationen mit Noradrenalin (NorA) als Modulator der funktionellen Akti-
vitat auf zellularer und subzelluldrer Ebene ergénzt, die ebenfalls mit Fluoreszenzmarker-
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Techniken getestet wurden. Die Zugabe von NorA fiihrte zu einer Erhchung der Schlag-
frequenz in der Zellgemeinschaft der Kardiomyozyten. Die Rolle der Kalziumverdnderung
und des Membranpotentials wurde aufgedeckt und mit Hilfe der Fluoreszenzmikrosko-
pie analysiert. Die Ergebnisse eroffnen Perspektiven fiir die Anwendung von gefertigten
Si-NW-FET-Sensoren als Plattform fiir die Erfassung der Aktivitét von zelluldren Netz-
werken, die Kopplung mit lebenden Systemen und die Analyse des Einflusses pharmako-
logischer Wirkstoffe auf Zellen.
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Chapter 1

Introduction

Biosensing has been rapidly evolving over the last decades and became a highly developed
field of research with a great potential for applications in the life sciences and health care.

Recent trends in medicine demonstrate a transition towards personalized services.
Such way declares the individual approach to each patient and disease treatment based
on person’s unique biomarker profile in order to reduce the risk of disease aggravation at
early stages.

Therefore, scientific community is focused on the development of compact point-of-
care devices, allowing the doctor to constantly monitor the patient’s condition. The
core component of the product should be a reliable, stable, and highly sensitive biosensor,
enabling to permanently track the changes of physiological parameters of the human body.
For example, when myocardial infarction occurs, the troponin molecules are released into
the blood indicating on the cardiac dysfunction. To prevent the heart attack and to
save the patient’s life, such biosensing systems should detect the disease markers at the
smallest concentration level possible. For the precise determination of this markers, the
high-cost equipment, trained personal, and long sample preparation time are usually
required. Till now, a variety of studies have been performed in order to develop the
highly sensitive sensors to be available in the markets worldwide. There are, however,
only a few biosensing techniques, including optical-based techniques, such as enzyme-
linked immunosorbent assay (ELISA), which have been successfully introduced to the
market. The major drawbacks of such systems are the bulky equipment and, what is
more important, the inevitable requirement for the biomarker labelling, which significantly
affects the effectiveness and response time of such type of sensors.

Meanwhile, the modern bioelectronics challenges existing tools for the investigation of
living systems and organisms to understand biochemical reactions and internal commu-
nication patterns, which define their behavior. The task is very complex and requires to
study much more simple objects first. Electrogenic cells play a crucial role in the functional
activity of main human organs - brain and heart. Generated by the cells extracellular
potential changes are extremely small, which makes their recording very challenging. The
investigation of cellular functional activity allows to find patterns which enable to dis-
tinguish between normal and anomalous behavior, opening prospects for prediction, and
prevention of possible disease development. Novel biosensors are already capable of such
signal monitoring, however still suffer from low signal-to-noise ratio (SNR) and stability
issues.

Low-dimensional nanostructures have been intensively studied over last decades aim-
ing at the development of new high-performance electronic devices. Silicon nanowires
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16 CHAPTER 1

(NWs), in particular, are a remarkable example of such structures, demonstrating unique
electrical, optical, thermoelectric, and structural properties. In addition, they are usually
fabricated using complementary metal-oxide-semiconductor (CMOS) compatible technol-
ogy, thus becoming attractive not only for the fundamental studies, but also for a variety
of applications such as high-performance advanced transistors, cost-efficient photovoltaic
devices, and ultrahigh-sensitive chemical and biological sensors. Silicon nanowires are also
often regarded as key structures of modern nanoelectronics. The high aspect ratio and
nanoscale diameter enable the improved interfacing to living cells, and provide an instru-
ment for highly sensitive and selective analysis of molecular-scale objects. Their property
of directly translating interactions with target biological objects into a readable electrical
signal allows the real-time observation of biochemical processes. Liquid-gated silicon NW
field-effect transistors (FETs) were studied for the development of new type biosensors
[1-3]. They demonstrate unique possibilities for sensing of small analyte concentrations
with the sensitivity approaching the single molecule level. What is more important, the
electrical properties of such structures are tremendously sensitive to the changes of surface
charge. Thus, interactions with charged analyte molecules can considerably effect the elec-
trical behavior of NW FETSs, which makes such devices perfect for the label-free sensing
of biochemical species. Furthermore, demonstrating the enhanced interfacing properties
with living cells [4], silicon NW FETSs are the active devices, enabling to adjust the work-
ing point to achieve better SNR for the recording of extracellular electrical activity from
such electrogenic cells as cardiomyocytes and neurons. The nanoscale sizes of such devices
allow to reach cellular and even sub-cellular spatial resolution for signal monitoring [5].

Therefore, Si NW FETs are perfect candidates for the detection and studies of nanoscale
biochemical analytes, including single biomolecules, and their binding kinetics, as well as
for extracellular activity monitoring of electrically active cells.

To implement an exclusive specificity of silicon NW-based biosensors to target ana-
lyte, their surface has to be modified with the special linker molecules and analyte-specific
receptors. This step plays crucial role determining the performance of the biosensor. Be-
cause of the electrical double layer, which forms, when the liquid is getting in contact with
the surface of such sensors, only charges located closer than the Debye screening length
can be effectively detected. Therefore, the linker and receptor molecules should be as
small as possible. In this respect, there are several ways to enhance the sensitivity of such
biosensors, either by enhancing the performance of the biorecognition layer, involving the
utilization of smaller linker and receptor molecules, or by optimizing the sensor working
regimes, or utilizing novel effects and device parameters.

The optimization of biorecognition layer requires comprehensive biochemical studies,
synthesis of smaller receptors, improvement of immobilization protocol, which is a com-
plicated and time-consuming task. On the other hand, the investigation of nanowire FET
operation regimes, study the device geometry impact on the sensitivity, as well as uti-
lization of novel effects and phenomena opens prospects for the development of advanced
biosensors.

Recently, single electron effects in FET devices have emerged as a promising tool for
quantum information processing and biosensing [1, 6-8]. Silicon NW FET devices are
known for their ultimate scaling abilities. Together with the gate area reduction, the
amount of traps in the gate dielectric also decreases. At the characteristic size of 0.1 pm?,
only a single trap can influence the channel conductivity by capturing and emitting a
single charge carrier. The strong modulation appears as a two level fluctuations known as
the random telegraph signal (RTS) noise. Such a trap is usually treated as the source of an
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unwanted excess noise in electronic nanoscale devices. Typically, the statistical behavior
of such a trap can be explained in the framework of the Shockley-Read-Hall (SRH) model,
where the capture time has a power dependence on the channel current with the power
of 1. However, this is not always the case, and much stronger power dependencies were
reported in literature [1, 9, 10]. The fact of enhanced dependency observation indicates on
the strong influence of the surface potential on the single trap parameters. Therefore, the
single trap approach can be directly applied to enhance the sensitivity of the biosensors.
To understand such an enhanced behavior the quantization, charge carrier distribution in
the channel, as well as Coulomb blockade energy have to be taken into account.

The understanding of enhanced single trap dynamics allows to develop a strategy for
the achievement of the reliable single trap formation, and its application in fundamental
studies as well as in applied fields of research, particularly, in biosensing. It should be
noted that when this step is solved, suggested approach can be applied to the large scale
CMOS-compatible production, which reasonably reduces costs of sensor fabrication.

In this thesis we designed and fabricated silicon nanostructures including nanowires,
nanowire arrays, and nanoribbons. We targeted our research on the investigation of
transport properties of fabricated devices using noise spectroscopy with respect to the im-
plementation of novel effects and phenomena into advanced biosensing techniques. Our
silicon NW FET structures fabricated on the basis of silicon-on-insulator (SOI) wafers
enable the utilization of both liquid and back gates. The gate coupling effect was demon-
strated as a powerful tool for tuning the conductive channel of the nanowires, resulting in
the twofold increase of SNR for comparable to neuronal signals. The results are supported
by the comprehensive simulations in technology computer-aided design (TCAD) software.

The analysis of transport properties demonstrates an excellent scaling abilities of our
liquid-gated silicon NW FETs. The comprehensive studies of noise properties reveals the
capability of single elementary charge detection for the devices with the gate area of less
than 0.1 pm?. Furthermore, at such dimensions single trap phenomenon was registered as
a strong modulation of the FET channel current. Enhanced capture time dependencies
on the drain current demonstrate extremely high slopes of up to (-14.13), unusual for
the standard SRH model. The Coulomb blockade energy, quantization effects and charge
carrier distribution were considered for the understanding of such enhanced bahavior in
liquid-gated silicon NW FETs. It should be emphasized that the single trap phenomenon
appears in the gate area range, where single charge sensitivity was obtained. The capture
time dynamics has been approved to be highly sensitive to the surface potential change
in solutions with different pH, thus opening the prospects for the development of novel
biosensing approaches. Liquid-gated silicon NW FETs were used for the detection of
troponin molecules, a gold standard markers of acute myocardial infarction (AMI). De-
veloped sensors demonstrate good sensitivity with the lowest detected concentration of
20 pM. We reveal the possibility of sensor reusability by applying glycine-HCI buffer.

The stable and reliable biosensor operation is a guarantee of the proper device work
and diagnosis for a long period of time. In this respect, new materials and compounds
are also considered for the role of a transducer. The wide bandgap material have proven
themselves to be a promising candidates for sensing application because of their mechani-
cal robustness, environmental stability, and high tolerance to high temperatures as well as
radiation [11]. We considered GaN nanoribbons fabricated on the basis of AlGaN/GaN
heterostructure. The novel space-charge effects are revealed as a powerful tool for the
enhancement of molecular diffusion processes towards the surface of the biosensor.

In addition, we demonstrate the recordings of extracellular activity from cardiac cells
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and show the propagation of the action potentials (APs) across the confluent cellular layer
with the speed of arounf 10-13 mm/sec, reflecting the cellular activity. We applied a novel
approach of using fluorescent microscopy together with silicon NW FETSs to evaluate the
functional activity of cardiac cells. The pharmacological effect of noradrenaline (NorA),
as a modulator of functional activity of the cells was tested by the suggested method. The
addition of NorA caused the increase of the cellular beating frequency. The role of calcium
alteration and membrane potential were analyzed in terms of fluorescent microscopy. Fur-
thermore we investigated the compatibility of our silicon nanostructures with the neuronal
cell culture. The results demonstrate that fabricated silicon NW FETs are the excellent
choice for the broad area of application in biosensing with remarkable novel effects, such
as the gate coupling effect, and single trap phenomena, for the investigation of different
kinds of biological objects.

The thesis is structured in the following order. Chapter 2 includes fundamentals
on the biosensor detection principles, the operation principles and electrical characteris-
tics of FET and biosensors based on FETs, and covers the topic of noise origins. The
chapter describes features of the electrical double layer, its importance for detection of
biological species using FET-based biosensors, as well as electrophysiology of cells. In
chapter 3, methods, including surface modification and cell culture, measurement tech-
niques and developed setups, as well as software are presented. Chapter 4 is dedicated
to the design, fabrication, and investigation of silicon nanostructures including nanowires,
nanoribbons and nanowire arrays. The findings in gate-coupling effect as well as noise
properties including single trap phenomena are considered in detail for the application in
biosensing. In chapter 5, nanoribbons based on AlGaN/GaN heterostructure were stud-
ied. The characteristic features of the transport properties were revealed, and features
of space-charge phenomena were considered for biosensing applications. In chapter 6,
knowledge obtained from studies of different structures is applied for biosensing with
advanced parameters. The experiments include the detection of troponin molecules, an-
tioxidants specific to reactive-oxygen species, as well as in vitro recording of cardiac cell
electrical activity. Conclusions and final remarks are presented in chapter 7.



Chapter 2

Fundamentals and Theory

2.1 Biosensor Detection Principles

The progress in the development of modern smart healthcare products including medical
diagnostic tools, point-of-care devices as well as disease treatment optimization requires
more and more comprehensive biosensors as a core component. To reach the maximum
performance of the detection system and monitor the smallest changes of the analyte con-
centration it should be able to quantify target bio-molecules specifically and selectively
with a high sensitivity and satisfying temporal resolution. Clinical samples under investi-
gation typically contain a large number of components. Specific disease however can only
be classified by monitoring a specific content of a single molecule or a certain group of
target bio-markers and in real life examples many bio-molecules such as deoxyribonucleic
acid (DNA), ribonucleic acid (RNA), various proteins or viruses appear in the concen-
tration orders from fg/ml to pg/ml. Furthermore when personalized medicine becomes
a foremost approach for medical diagnostics not only quantities but also a biomarker
profiles play important role for accurate diagnosis. Meeting the aforementioned require-
ments is an advanced task of the modern bioelectronics including the development of both
highly sensitive and selective functional layers and multichannel biosensing platform [12].
Techniques used for the detection can generally be classified into two big groups [13]:
label-based and label-free. Both detection techniques are schematically shown in figure
2.1.

2.1.1 Label-Based Detection Technique

Label-based biosensor techniques utilize so-called "labels” or ”tags” for the detection of
certain analyte among the other components (see figure 2.1(a)). There are three most
popular approaches for detecting specific molecules utilizing such effects as fluorescence
[15-19], chemiluminescence [20-24], and radioactivity [25-27].

The fluorescent labeling means that target molecules such as antigens modified with
fluorophore are loaded on the surface immobilized probe molecules such as antibodies. Af-
ter the antibody-antigen binding the analyte can be detected using fluorescent microscopy.
Such approach, however, has its disadvantages. Firstly sample losses or occasional func-
tionality losses might occur while the labeling and purification procedures. Secondly, the
fluorescent activity of fluorophores tends to vanish fast upon exposure to the light and
is very sensitive to the environment conditions such as pH of the solution [28]. In spite
of mentioned facts fluorescent technique is popular and widely used method due to high

19
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Figure 2.1: Schematic representation of two detection techniques with different working
principle. (a) Label-based approach uses label activity, generated as a result of the recog-
nition event. (b) label-free detection technique relies on the solely recognition event and
properties of the target object. Figure is adapted from [14].

sensitivity, stability and possibility to utilize it in scanning array configuration [29].

Chemoluminescence is the process of light emission as a consequence of a chemical
reaction. This phenomenon allows to detect target molecules with simple instruments
without additional light sources. Method demonstrates high sensitivity and is attractive
in environmental, biomedical and chemical analysis. Among the major drawbacks are the
limited spacial resolution and limited dynamic range. Furthermore samples can be used
for detection only once in comparison to the fluorescence technique where samples can be
reused.

Another popular technique utilizes radioisotopes as labels. Method suggests ultimate
sensitivity and resolution with well developed protocols providing high stability and re-
producibility. Obviously method utilization is limited from the viewpoint of safe handling
and therefore can be used only for low-throughput applications.

Label-based approach allows for highly sensitive and reliable detection in almost all
assays. With all benefits labeling has several disadvantages. It provides the information on
the target concentration or its location. However due to the underlying labeling principles
continuous monitoring becomes impossible and the information regarding binding kinetics
cannot be extracted. Furthermore usually multiple washing steps are required to complete
the assay, thus reducing the effective throughput and increasing the cost. In this respect
other approaches should be considered to overcome mentioned above challenges.

2.1.2 Label-Free Detection Technique

Label-free biosensors emerged as a novel platform to satisfy the strong requirement in
continuous binding kinetics monitoring down to the single molecule level and precise
quantification with the high throughput. The working principle of the label-free sensors
relies on the interaction of the target molecule with the receptor-functionalized surface of
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the transducer which converts the binding events into readable signal through the changes
in physical properties of the sensor (see figure 2.1(b)). Label-free technique became very
attractive and has been undergoing a great progress during the past decades since it sim-
plifies the assay development. Because each target molecule requires only one recognition
element the amount of functionalization steps and thus overall complexity is reduced mak-
ing the cost of such tests lower. There are many label-free techniques developed which can
be categorized into two groups based on the transducer type, namely optical-based and
non-optical-based. Biosensors based on the surface plasmon resonance are leading in the
field of commercially available label-free optical technologies. There are however several
more worth mentioning approaches emerging recently and used in a various applications.
They are the waveguide-based biosensors including optical slot-waveguide [30-32] optical
resonator-based biosensors [33-36] interferometer-based biosensors [37, 38] bio-photonic
sensing cells - based biosensors [39, 40] and porous materials for optical biosensing [41-44].
On the other hand-side there are non-optical-based label free biosensing techniques
including acoustic waves [45-47] , micro-calorimetry [48, 49] and electrochemistry [50-53].
The strong push over the development of novel label-free techniques and transducer
types has been made by recent advances in nanotechnology enabling the fabrication of
high-throughput, highly sensitive label-free biosensors with low sample consumption as
well as low damage to the analytes. The compatibility with the modern fabrication
technology makes them attractive for the low-cost production. Furthermore the possibility
to integrate them with modern electronics opens the prospects for the ultimate automation
of the screening process. Because the thesis is mainly focused on the field effect transistors
we will describe only principles behind this type of transducers in the following section.

2.1.3 Biomarkers of Cardiovascular Disease

Cardiovascular system is one of the most important in the human organism while ensuring
a continuous blood flow and providing the organism with oxygen and nutrients, thus sup-
porting the livelihood of the entire organism. That‘s why any dysfunctions might cause
irreversible damage to the organism with even lethal outcome. Nowadays cardiovascular
diseases are unfortunately widely spread and taking the leading positions by the mortality
rates worldwide. Further uprising threat tendency is caused by many factors like tobacco
use, physical inactivity, excessive alcohol consumption, unhealthy diet, obesity as well as
often mentioned aging of the world population [54]. Acute myocardial infarction (AMI)
is one of critical stages of coronary artery disease. The development of disease is accom-
panied with the lack of blood supplied and is followed by tissue death. Many biosensing
techniques have been developed to be track such stages and apply appropriate treatment.
This is however not enough for every case and to be able to prevent critical stages of AMI
more sensitive techniques with high temporal resolution for realtime biosensing should
be established. It is important to understand the dynamics of so-called biomarkers, the
molecules which are typical to find in higher than normal concentration in blood serum
when certain stage of disease appears. A comprehensive research together with dozens of
clinical investigations have shown that c-reactive protein and troponin molecules express
elevated concentrations [55, 56].

Troponin complex plays important role in regulation of striated muscle contraction
process (see figure 2.2). The complex consist of three regulatory proteins, responsible for
specific functions. troponin C (TnC) binds Ca*", troponin I (Tnl) inhibits the ATPase
activity of actomyosin, and troponin T (TnT) provides for the binding of troponin to
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Figure 2.2: Schematic representation of actin-myosin complex. During the relaxation,
binding sites of myosin on actin molecules are blocked by the tropomyosin. The contrac-
tion occurs when calcium molecules bind to troponin C, causing the conformation change
in troponin I and troponin T. As a result the tropomyosin slides away, allowing myosin
to bind to actin. This causes shortening of the complex resulting in the muscle contrac-
tion. When cardiac cell injury occurs, troponins are released into the blood, making them
highly specific and sensitive biomarkers. Figure is adapted from [58]

tropomyosin [57]. The complex together with tropomyosin is located on actin filaments.
The cardiovascular disease development and transition into a critical stage (i.e. myocardial
infarction) is accompanied by the muscle cell destruction or necrosis and release of tro-
ponin molecules into the blood. Increased troponin concentration can be observer shortly
after the myocardial injury in the range from 2 to 4 hours [59]. Troponin is released in two
steps, first - from the cellular cytosol, and later from degrading myofilaments. In respect
to the process kinetics, the troponin sensitivity is not maximal directly after the injury
onset and reaches 90% after 1 hour. Due to further injury development the sensitivity
increases in time and 99% sensitivity can be achieved after 6 or more hours of myocardial
neCrosis.

There are three isoforms of troponin I found for the striated muscle, where two are
typical for skeletal fibers and one for cardiac muscle [60, 61]. The interesting fact is that
cardiac Tnl is larger than others due to additional 30-membered peptide [61]. troponin I
is interesting not only because of high specificity to cardiac injury but also because of its
properties. It has excess of positively charged residues and its estimated pl is aroung 9.9
[57]. This fact is attractive for the implementation of label free technique based on field
effect transistors.

2.1.4 Biosensors Based on Field-Effect Transistors

Among the variety of structures suggested by nanotechnology the nanoscaled field-effect
transistors became within the topmost perspective for the biosensing applications. The
ability to directly translate the specific interactions of the analyte with the field-effect
transistor (FET) surface into a readable signals makes them very attractive to become a
transducer for the label-free detecion technique. Transistor-based biosensor is usually a
three-terminal device including source, drain and gate, which is exposed to the sensing
environment, often liquid, directly or through so-called extended gate. The operation of
such transducer is very similar to the operation of metal-oxide semiconductor field-effect
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Figure 2.3: Schematic transition from solid (a) to liquid (b) gate towards the development
of novel highly-sensitive biosensors.

transistor (MOSFET) device where the electrical conductance of the channel between
source and drain reflects the changes of the gate surface potential(see figure 2.3. In
biosensor such significant changes are caused by the influence of various chemicals, charged
ions or by adsorption of target molecules on the surface of the transducer.

With special chemical treatment called surface modification or sometimes functional-
ization biosensor can be prepared for the specific interactions such as enzymatic reactions,
DNA hybridization and antibody-antigen reactions. In this respect several types of FETs
used for biosensing can be highlighted. Enzyme-based FETs are the core components of
the biosensors where the products of biocatalytic reaction produce the surface potential
changes corresponding to the enzyme concentration. One can find a variety of works
where different enzymes were studied, for example glucose oxidase [62], urease [63] tyrosi-
nase [64], etc. One of the most commonly used detection technique employs the binding
of charged antigens to antibodies immobilized on the surface of the FET resulting in the
changes of surface potential. Such transducers are also called ImmunoFETSs since the ap-
plication area often deals with the detection of disease markers. troponin I is considered
as a gold standard marker for the detection of acute miocard infarction. There are how-
ever still several important challenges to overcome in order to implement a fully practical
diagnostic platform useful for medical applications. One of them is the inability of detect-
ing macromolecules in physiological solutions without pretreatment. Another problem is
related to physical properties of the solid to liquid interface where Debye screening length,
Ap, is the limiting factor of biosensor sensitivity. Ap is the distance from the surface at
which electrical charge can be effectively recorded. Therefore it is important to control
the Debye screening length which depends on the ionic content of the solution as well
as the length on the receptor molecules in order to be sensitive enough to the captured
molecules. Furthermore the working regime of the FET biosensor plays crucial role on
the sensor performance, since the applied gate voltages should be in a safe range, where
the antibody-modified surface is not degrading and can provide reproducible results. One
more remarkable FET-based biosensor type allows to investigate the electrically active
living systems containing for instance cardiomyocytes or neurons. An objects under in-
vestigation can be either cells cultured on the sensor surface(in vitro) or a tissue from
the living organism (ex vitro) or even a living organism(in vivo). Cell-based FETs allow
to monitor the metabolism of cells, the interaction of the drugs or even detect action
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potential activity inside and outside the cell membrane. The requirements to biosensor’s
sensitivity, selectivity, spacial and temporal resolutions are growing rapidly. Therefore
many candidates were considered to become an ideal candidate for label-free applica-
tions. In this race low-dimensional semiconducting structures such as silicon nanowires,
carbon nanotubes or graphene outperformed the standard bulk FET devices by enhanced
surface-to-volume ratio. This feature makes nanoscaled devices highly sensitive to charges
close to the surface. Furthermore at nanoscale materials demonstrate unusual properties
including quantization, ballistic transport or gate coupling effects which can be employed
for the biosensor enhancement. Along with this, such devices can be scaled down to fit
the dimensions of target molecules aiming the single molecule detection or investigation
of electroactive cells on subcellular level.

2.2 Field-Effect Transistor

Field-effect transistor is a semiconductor device in which an electric field is used to control
the current through the conductive channel. Single type charge carriers are involved in
the formation of charge transport, in this respect FETs are also called as a unipolar
transistors. It has three terminals for interfacing with electronic circuits, namely source,
drain and gate. The current flows in the conductive channel between drain and source
while controlled by the gate. By applying potential to the substrate transistor can be
additionally body-biased or gated in silicon-on-insulator (SOI) configuration. There are
many different implementations of field effect transistors, e.g. MOSFET, junction field-
effect transistor (JFET), ion sensitive field-effect transistor (ISFET) and based on it
biologically sensitive field-effect transistor (BioFET). The concductive channel is usually
doped in order to form n-type semiconductor with electrons as a main charge carriers
or p-type semiconductors where holes are the main charge carriers. Depending on the
desired operation of the FET source and drain contacts may be doped with similar type
dopant to form depletion mode FET or with opposite type to form enhancement mode
FET.

Field Effect

The effect of changing charge carrier concentration in the layer near the interface between
the dielectric and the semiconductor under the influence of external electrical field is
called the field effect. The mode when near-interface layer contains increased concentra-
tion of major carriers is called accumulation. On the other hand when the concentration
is decreased the device is in depletion mode. When increased concentration of minority
carriers is increased the device operates in the inversion mode. In comparison to metals
where electrical charge concentrates on the surface in semiconductors the charge is dis-
tributed into the volume of the crystal. The sign of the charge in semiconductor depends
on the applied gate voltage.

Accumulation Mode

When negative voltage is applied formed charge is positive. In p-type semiconductor
positive charge is caused by the holes attracted to the surface. Similarly electrons are
pulled to the surface of n-type semiconductor when positive voltage is applied. Under
such conditions the structure is operated in so-called accumulation mode.
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Depletion Mode

On the contrary to the previous clause when changing voltage polarity to opposite, in
p-type semiconductor the near-interface layer would be depleted by the major carriers
and in n-type semiconductor when negative voltage applied would cause the electrons to
push away from the surface. In this case devices are opereted in depletion mode.

Working Principle

To explain the working principle of the liquid-gated FET, we consider n-type device. A
typical transfer curve is shown in figure 2.4(a). When zero voltage is applied between
gate and source there is no conductive channel between source and drain since there are
two reverse-biased p-n junctions (figure 2.4(b)). Therefore when applying drain-source
voltage the current is negligibly small. If negative voltage is applied to the gate, the
holes are accumulated close to the dielectric interface and the current will not change.
On the contrary, when applying positive gate voltage the depletion region starts growing
and then transforms to the inversion layer which forms the conductive channel (figure
2.4(c)). From this moment on the current gets the finite value and it is dependent on gate
voltage. The gate voltage when the conductive channel forms is called threshold voltage,
Vrn. When increasing gate voltage more and more transistor gets into working regime
(figure 2.4(d)). In the linear operation mode, when Vpg < Viz — Vi, the current through
the channel can be described by the following equation:

W V2
Ip = ,uncozf ((VG - VTh) Vbs — %) (2-1)

For the p-type FET the threshold voltage and the range of working voltages are
negative.

Mobility

In solid-state physics when electric field is applied to the semiconducting material electrons
and holes are moving across the material and collide with atoms in the crystal structure,
impurities and defects causing electron and hole scattering. In between collisions electrons
and holes gain velocity in applied electric field. Resulting average drift velocity of electrons
and holes is a finite value proportional to applied electric field where p is the constant of
proportionality and is called mobility. This parameter is very important in semiconductor
physics since it express how good is the movement of charge carriers resulting in the device
performance and speed of operation. Because effective mass of electrons is lower than for
holes, the mobility of electrons is approximately 3 times larger. Mobility depends on
the set of parameters including temperature, impurity concentration and electrical field.
The dependence of mobility on temperature is defined by the charge carrier scattering
mechanisms. When scattering on lattice is stronger the dependence would be:

pr = por(To/T)° (2.2)

In the case when scattering on impurities is stronger the mobility would be defined as:

K = MOL(T/T0)3/2 (2-3)
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where 11 is the mobility at initial temperature (i.e. room temperature) and p - mobility
at temperature T. Power exponent c¢ is different for different materials, for silicon in
particular it is equal to 5/2. Taking into account two scattering processes the resulting
mobility is defined as:
1 1 1
== (2.4)
KL HL  HI
therefore overall mobility would be close to the smallest value of two components.

The conductivity of the material can be written as the combination of electron and
hole components as

o = q(npn + ppip) (2.5)

For the intrinsic semiconductor the conductivity is defined by the temperature de-
pendence of intrinsic carrier concentration n; and it is quite strong with exponential law.
In working range of temperatures (from —60°C to 125°C) the the intrinsic silicon con-
ductivity is changing in 5 orders of magnitude. Considering impurity semiconductor the
concentration of charge carriers is defined by the donor or acceptor concentration and
thus the effect of minority carriers can be neglected. In working temperature range the
concentration of majority charge carriers is almost constant thus making the conductivity
dependent on mobility which is a function of temperature.
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Figure 2.4: Schematic representation of FET working principle. (a) - shows typical trans-
fer curve measured in liquid environment. Operation modes are highlighted on the curve,
(b) - corresponds to the FET working in subthreshold regime where inversion channel is
not yet formed and the current is not flowing through the channel, i.e.; in closed state,
(c) - when gate voltage reaches the value of threshold voltage a high concentration of
inversion charge carriers is formed in a thin inversion layer next the the interface with
gate dielectric and provides the current flow in the channel, (d) - further gate voltage
increase produces more inversion charge carriers thus increasing current, (e) - at higher
gate voltages when the resistance of the channel becomes smaller the current through the
channel is limited by the resistances in the circuit.
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Threshold Voltage

The voltage at which the current starts flowing through the transistor channel is called
threshold voltage and it is designated as Vpy. In the case of metal-oxide semiconductor
(MOS) transistors the influence of gate voltage on the channel is defined by the oxide
capacity between the metal gate and the semiconductor. Therefore gate capacitance is
one of the most important parameters in the device. The capacity itself is defined as

Es€0

Cox = d

(2.6)

where ¢, is a permitivity of dielectric layer and d is the thickness of the layer. The
thinner the layer the better control over the channel can be achieved. The limiting factor
is the dielectric breakdown. The threshold voltage can be spitted into several components:

Virn = Vrp + Vip (2.7)

where Vg is the flat band voltage which compensates the equilibrium surface poten-
tial, Vpp is the band banding due to the space charge region and equals to the threshold
voltage when surface potential equals to 0.

Qs
COCC

where ¢,r¢ is the difference in metal and semiconductor work functions, s is the
equilibrium surface charge including charges accumulated in the gate dielectric and charges
captured to the surface states. The band banding voltage is defined as follows:

Vi = Ous + (2.8)

VBB = ¢sm + Ci V (bsm (29)

where

a = +\/2qgeeqN (2.10)

and it indicates on the influence of volume charge in the substrate. Typically ¢, =
2¢r, here ¢ show the difference between Fermi level and electrostatic potential in the
semiconductor volume. Overall the threshold voltage can be written as

_ Om — s . Qs
q Cos
The typical threshold voltages are in the range from 0.5V to 1.5 V. The key idea of the
ISFET is to replace the metallic gate with electrolyte gate. In this configuration transistor
can be used for a variety of applications including pH monitoring and biosensing. Now
the role of gate electrode plays the electrolyte solution which is in direct contact with gate
dielectric. The drain current is controlled by the electrical potential of the electrolyte solu-
tions applied against the reference electrode. In comparison to the conventional MOSFET
the role of metal workfunction plays the potential of reference electrode. Furthermore the
threshold voltage includes also terms responsible for the surface potential of the interface
between electrolyte and gate oxide:

+ 265 (2.11)

ng Qs
VTh = Eref _¢O+Xsol+_ +
q  Co

+ 205 (2.12)



28 CHAPTER 2

14] 14}

12+ & 12t
= =

< 10t = 10t
\./O o

- 8r g 8f
£ g

o 6F 8 6f
5 g

3 4t T 4f
o

g 2t g 2
o ©

()3 = OF

_2 Il 1 1 L Il Il L _2 1 1 1 L 1 1 1
00 05 10 15 20 25 30 00 05 10 15 20 25 30
(@) Gate Voltage, V4(V) (b) Gate Voltage, V4(V)

Figure 2.5: (a) Typical transfet curve of liquid-gated FET. (b) Transconductance of
liquid-gated FET calculated as a derivative of a transfer curve.

where 1) is the potential defined by the ion distribution near the interface and ys is
the surface dipole of a solvent. The changes of the surface potential are directly reflected
in the threshold voltage and causes the changes of drain current at the same voltage
applied to the reference electrode. Such changes might be the consequence of solution pH
change or binding of analyte from the solution in BioFET configuration.

Transconductance

The parameter showing how strong the current through the channel is influenced by the
corresponding changes in gate voltage is called as transcunductance, g,,, and is defined
as

_ 0Ip
7

Typical transfer curve or FET device is shown in figure 2.5(a). Corresponding transcon-
ductance curve calculated using equation 2.13 is shown in the figure 2.5 (b).

m (2.13)

2.3 Electrical Double-Layer

The interaction of surface with various liquids plays an important role in bioelectronics
and defines the fundamental properties of interaction processes. When the object is
brought into a contact with the fluid a so-called electrical double layer is formed at the
interface between two materials. For instance the object can be represented by a surface
of metal electrode or a dielectric covered nanowire. The electrical double layer refers to
spacial charge separation at the interface of two phases. The formation of charge on the
solid surface can be caused either by the ion absorption on the surface or by dissociation
of surface compound or by electron density redistribution. In the case of biosensors the
electrical double layer (EDL) is most often observed at the interface between a solid body
and the electrolyte (see figure 2.6). For such configuration the adsorption of the ions of
a certain type and sign turns out to be more beneficial. Such ions are called ”potential
determining ions” since they are bonded directly to the surface and determine its charge.
The layer of absorbed co-ions is very dense and it has a permanent thickness comparable to
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the atom radius. The appearance of the charges on the solid surface at the interface with
liquid creates an electrical potential which can be calculated from the Nernst equation:

RT asu'r ace
_ BT, surface)

= — 2.14
Fz A (solution) ( )

'

where F - Faraday constant, z - ion charge, T - temperature, R - universal gas constant,
Q(surface) AN O(solution) are the ion activities next to the surface and in the bulk fluid. The
activity of ions can be related to the physical concentration Ciy, as t(ion) = Y(ion)C'(i00),
where v(on) is the activity coefficient of certain ion type. At low concentrations the
activity coefficient tend to unity and therefore can be replaced by simple concentrations.
The charged surface is attracting the ions of the opposite sign from the solution by the
electrostatic forces. Such ions are called ”counter ions”. By the configuration the system
reminds the parallel plate capacitor and was generalized in Helmholtz model. Here the
surface charge is compensated by the counter ions located at the distance from the surface
to the center of the ion - i.e. the ion radius. The surface potential dissipates from the
surface to the location of the counterions linearly. This is however a very rough estimation
since the approach hypothesizes rigid layers of the opposite charges. This is not the case
in nature. Because of thermal motion the mobile counter ions are diffusing into the
electrolyte until the the tendency is suppressed by the counter potential. The thickness
of formed diffusion layer is determined by the kinetic energy of ion motion. Gouy and
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Diffuse Layer

Slipping Plane

Stern Plane

Electric Double Layer
@ )
0
|
0 ©

Negatively Charged Surface Electrical Potential

Figure 2.6: When liquid is brought into contact with charged surface the charge redis-
tribution occurs in liquid resulting in a formation of electrical double layer - a spatially
separated charges of opposite signs. Tons adsorbed onto the surface form rigid Stern layer
where potential drops linearly as in parallel plate capacitor. The slipping plane separates
mobile ions from those attached to the surface. Because of excess positive charge the
potential in this plane drops to so-called (-potential. In diffuse layer ion concentration
follows Botzmann distribution and potential here drops exponentially. In bulk liquid ions
are evenly distributed.
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Chapman independently came up with the idea of diffuse double layer where the charge in
terms of counter ions concentration near the surface follows the Boltzmann distribution:

n = noexp (—zep/kT) (2.15)

where ng - is the bulk ion concentration, z - is the charge of the ion, e - charge on a
proton, k - Boltzmann constant, ¢ - electrical potential. Such interpretation would be
suitable to describe the behavior of bulk solution assuming that activity equals to molar
concentration. This changes when approaching the charged surface and volume charge
density should be considered when studying the coulombic interactions. The volume
charge density can be calculated as:

pi = Z z;en; (2.16)
i
For the plane surface coulombic interactions can be written using Poisson equation:

d*p/dx? = —4mp/d (2.17)

where ¢ varies from ¢,, at the surface to 0 in the bulk solution. Solving the equation
gives the potential distribution as a function of distance from the surface. The thickness
of diffusive layer is found to be:

1/2

Adouble = (218)

e.kT/ (47r62 Z nigzi2>

As it derives from the equation the thickness of the double layer depends on the ion
valence and the concentration. The theory suggested by Gouy and Chapman describes
well the interactions within the system of a rigid charged surface and oppositely charged
ions from the solution - known as diffuse double layer. The thickness of a double layer
were experimentally found to be a little greater than predicted by a model. Stern in turn
suggested additional modification of the theory by assuming that ions are not a point
charges as it was postulated before and they cannot approach the surface closer than
some distance, § - the radius of the ion, which is in a range a few manometers. Therefore
he assumed that some of ions are possibly adsorbed by the surface in the plane § nowadays
known as the Stern Layer. The potential drop of ¢y — s will occur over the rigid layer
of a "molecular capacitor” (Helmholtz Plane) and the rest ¢s will drop over the diffuse
layer. ¢s has become known as a zeta(() potential. The existence of the electrical double
layer is of a fundamental importance for a variety of applications. In particular it plays a
crucial role for the biosensors where target charged molecules are getting screened by the
double layer.

2.4 Electrophysiology of Cells

The progress in understanding bioelectrical activities in the human body requires a deep
understanding of a basic processes including information transmission and processing
by the neural networks in brain, recognition and response to the light excitation by the
ganglion cells in the eye as well as coordinated and synchronous beating of cardiomyocytes
in the heart. The knowledge is especially valuable for medical purposes, in particular for
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anomalous behavior detection and possible treatment or correction. To address challenges
in the research area a new and more sophisticated electrophysiological techniques for high
spatiotemporal resolution measurement has to be developed [65]. Electrophysiology as a
branch of physiology studies the electrical properties of biological cells or tissues involving
measurements of voltage changes or electric currents on a variety of scales from the whole
organs down to single ion channels. The electrical activity of electrogenic cells(such as
neurons or cardiomyocytes) originates from the properties of the cellular membrane. It
is known that all eukaryotic cells are surrounded by a 5-8 nanometer thick membrane
composed of a lipid(or phospholipid) bilayer with embedded transmembrane proteins.
The pure phospholipid bilayer membrane does not contain free ions, thus preventing the
charge transer, acting as a great insulator with a specific conductance per unit area of
only around 1 x 1073 Qm™=2 [66]. On the other hand mentioned above transmembrane
proteins, also known as ion pumps and ion channels, play a key role in the process of
ion transfer inside/outside of the cell. Ton pumps, consuming energy in cellular currency
of adenosine triphosphate (ATP), create a concentration gradients across the membrane
by pushing specific ions through the membrane. Consequently the ion channels tend to
compensate the excess charge and allow ions to move across the membrane following the
gradient. A typical example is a Nat /K™ ion pump. When the cell is not experiencing
any excitation, ions distribute across the membrane in a predictable way while the net
charge remains neutral. The concentration of Na™ is much greater outside the cell while
K™ concentration is greater inside the cell. The negative charge is mainly localized in
the form of phosphate ions and charged proteins. Specialized phospholipids and proteins
associated with the inner part of the membrane are the large source of negative charge.

In the equilibrium the charge separation results in the potential difference across the
membrane, which can be explained by the Nernst equation:

_ RT | [X]

E, = z_Fln[Tf (2.19)

7

where R = 8.314 J mol 'K~ is the universal gas constant, 7" - the temperature in Kelvin,
z - the valency of the ion, F' = 96485.33 C'mol~! - Faraday’s constant, [X]_ and [X], are
the extra- and intracellular concentrations of the ion X, respectively.

However in reality membranes are permeable for several kinds of ions, like Na™ K™,
Cl~. Typical concentrations of major potential-determining ions and corresponding equi-
librium membrane potentials are presented in the table 2.1.

In the case when multiple ions participate in the transmembrane transport they in-
fluence each other resulting in unequal distribution in the equilibrium. The membrane

lon concentrations(mM)

lon species

Intracellular Extracellular
Na* 8-30 145
K+ 100-155 5
Ca?+ 104 2
Cl- 4-30 120

Table 2.1: Typical concentrations of ions forming the membrane potential and participat-
ing in action potential generation[67-69].
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potential in the state of dynamic balance of the ions which are continuously transferred
through the membrane is called resting membrane potential. More accurate resting po-
tential can be estimated from Goldman-Hodgkin-Katz equation [69]:

_ RT PK[K]e + PNa[Na]e + PCl[Cl]i

[
oF " Px|K]; + PxalNal; + Pci|Cl].

(2.20)

taking into account the internal and external ion concentrations as well as relative per-
meability for each ion type (Pg,Pnqa ,Pci). In living cells the value of resting membrane
potential is in the range from —90mV to —60mV.

2.4.1 The Action Potential

It should be mentioned that transmembrane ion channels can be classified to several
types by the working principle, namely ligand-gated, mechanically-gated, leackage and
voltage-gated. While leakage channels contribute to the resting potential, the voltage-
gated channels play important role for the bioelectrical activity of the cell, since the
ion transfer is activated by the changes in membrane potential. When the membrane
potential rapidly rises or falls, as a result of external stimulus, electrogenic cell fires an
action potential (AP) [70]. The remarkable feature of action potential formation is the
requirement of the membrane potential to exceed the threshold potential. Otherwise the
formation of AP is terminated resulting in failed initiation as it is shown in figure 2.7. In
neuronal cells, when membrane potential raises from resting potential of around —70 mV
over the threshold potential of around —50mV channels start pushing Na™ into the cell
as its concentration is higher outside.

The membrane potential starts getting less negative and moves toward zero, caus-
ing membrane depolarization. The concentration gradient still remains so strong than
Na™continue entering the cell resulting in the membrane potential reaching around 30 mV.
At this stage other voltage-gated channels open for potassium ions. Under the concen-
tration gradient K+ leaves the cell reducing the positive charge inside the cell leading
to repolarization of the membrane. Membrane potential reaches resting potential of the
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Figure 2.7: Action potentials typical for neuronal cell(a) and cardiac muscle cell(b). The
action potential fires, when membrane potential increases over the threshold membrane
potential(orange line) as a response to the external stimulus(green line). Otherwise the
action potential generation will be terminated(red line).
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cell, however with an overshoot. The period of time when the membrane potential gets
lower than the resting potential is called hyperpolarization and occurs due to delayed
closing of Kt channels. Typical action potential of neurons last about 10 ms. The cardiac
action potential differs from neuronal and also vary within the heart, which is caused by
other ion channels present in the cellular membrane. It is worth mentioning that car-
diac action potential is not initiated by the nervous activity but rather by the so-called
pacemaker cells. Such cells possess the property of automatic action potential generation
approximately 60-100 times a minute. As it can be seen from the figure 2.7, the shape of
cardiac action potential is different from the one of neuronal cells. The resting potential
of cardiac cells is around —90mV. After the stimulus came from the pacemaker cells
action potential starts with the depolarization assisted by the sodium iflux. The mem-
brane potential reaches approximately 30 mV, where repolarization starts by the outflux
of potassium ions. On the contrary to neuronal cells, the membrane potential reaches the
plateau level where potassium outflux is balanced by calcium influx. The process induces
so-called calcium-induced calcium release from sarcoplasmic reticulum which assists the
contraction of muscle fibers [71]. Finally cell repolarizes due to K outflux. Typically
pacemaker action potential last in the range from 100 to 300 ms and action potentials in
cardiomyocytes up to 500 ms.

2.4.2 Cellular Communication

Action potential, fired locally on the membrane, can trigger action potentials in the
neighboring segments of the membrane as a result of ion currents, propagating across the
membrane as a wave. Because action potentials are newly generated in every neighboring
segment the signal propagates without dissipation [72]. After the peak of depolariza-
tion voltage-gated Na™ channels are inactivated the action potential cannot propagate
backwards. When it comes to signal transfer between cells there are several different
mechanisms, including chemical and electrical. In the case of chemical synapses, the
signal is transmitted using chemical messengers called neurotransmitters. When action
potential reaches the synaptic knobs, the neurotransmitters are released into the synaptic
cleft, the space between presynaptic and postsynaptic cells (see figure 2.8). After diffusion
through the cleft, the binding of neurotransmitters to the receptors on the postsynaptic
cells triggers the action potential. Taking into account that the cleft is usually from 20 nm
to 40nm the release, diffusion and recognition of the neurotransmitter causes the 1ms
to 5ms delay in signal propagation. On the contrary, electrical synapses, also known as
gap junctions, provide much faster transmission (see figure 2.8). Such beneficial signal
propagation does not rely on the neurotransmitters rather on special hemichannels in the
membrane called connexons. By connecting connexons, belonging to neighboring cells, a
direct contact and cytoplasmic continuity allow ion currents to be directly transmitted
between cells without directional restrictions. Both transmission mechanisms are typical
for nervous system. Cardiac cells, however, make use of only electrical synapses.

2.4.3 Extracellular Recordings

The bioelectrical activity of electrogenic cells appears in the form of ionic currents flowing
across the membrane as it was discussed previously. Changes of ion concentrations inside
and outside the membrane influence on the electrical potentials on both sides of the
membrane. In this respect, there are two approaches for measuring electrical cellular
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Figure 2.8: In chemical synapse (a) the action potential activates calcium channels which
assist the release of neurotransmitters. Their binding to receptor channels in the post-
synaptic cell triggers the sodium influx, thus firing the action potential. In electrical
synapse (b) cells are directly connected through connexons, which allow the direct ion
transmission from one cell into the other without directional limitations.

activity - intracellular and extracellular. The first one is represented by the patch-clamp
technique, which is considered as a gold standard for the investigation of cell activity
as well as single ion channel. This technique utilizes glass micropipette to penetrate
through the cellular membrane and perform potential measurement inside the cell using
incorporated Ag/AgCl reference electrode. The pipette itself is filled with intracellular
patch solution(I-patch) which connects with intracellular solution while keeping the cell
alive and maintaining the normal cell behavior for the time of measurement. The pipette
detachment, however, results in the stress for the measurement cell, which can also cause
the cell death. Not only the intracellular activity can be measured using patch-clamp, but
also electrical stimulation can be applied from the inside of the cell. Usually this method
provides high signal-to-noise ratio. Even though the technique is robust and reliable,
there are several fundumental limitations. Firstly, cells do not survive long-term patch-
clamping experiments. Secondly, the method does not allow recordings from multiple cells
simultaneously, since pipettes are large enough to put many of them in the microscope
field of view. With the development of micro- and nanoelectronics a novel approach has
emerged as promising method for non-invasive electrical activity monitoring on relatively
large area with cellular or even sub-cellular resolution utilizing multiple channels. Among
a variety of devices, multielectrode array (MEA) and FET are most commonly used
for this purpose. MEAs have attracted much attention due to the fabrication simplicity,
possibility of electrical stimulation using the same electrodes as well as long-term stability
in culture medium [73]. Even though high-resolution MEAs have been developed, the
signal-to-noise ratio (SNR) is still limited while electrodes are becoming smaller [74, 75].

This creates a number of challenges in terms of achieving cellular and subcellu-
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lar resolution for recording functional signals. Silicon (Si)-based devices, on the con-
trary, fabricated using technology compatible with modern complementary metal-oxide-
semiconductor (CMOS) process, possess a lot of advantages due to their unique properties,
which have been demonstrated by extensive research over the past few decades. Further-
more, a transition from conventional planar devices to nano-scaled structures such as
nanowires (NWs) may improve the sensitivity down to the single molecule level. An en-
hanced sensitivity of biosensors based on Si NWs was confirmed for a variety of biological
test objects, including proteins, nucleic acids, and viruses [65, 76]. The characteristic
sizes of such structures allow much denser packaging, resulting in higher spatial resolu-
tion. It should be emphasized that recent research on interfacing between living cells
and nanoscale objects demonstrates improved interface properties, without cleft between
a cell and nanoscale structure in comparison to large-scale planar devices [4]. Further-
more the investigations of gate coupling effect in nanowire transistors demonstrate the
possibility of enhanced signal-to-noise ratio(SNR) for cellular recordings [77]. A critical
aspect of reliable cellular activity recording using MEA or FET devices is the coupling
efficiency between the cell and the device sensing area. To analyze the abilities of cellular
electrical activity monitoring by recording device analytical models have been developed.
Following the Hodkin-Huxley model [70] the electrical characteristics of excitable cells like
neurons or cardiomyocytes can be described by the set of nonlinear differencial equations.
An equivalent circuit of cellular membrane is represented in the figure 2.9 ,where C,,
is the membrane capacitance, determined by the properties of lipid bilayer, gna, 9x,91
are conductivities of corresponding channels through the membrane, Ey,, Fx,E; are

Intracellular Side i

0\

O—=0
O=—=0

Extracellular Side =

Figure 2.9: According to Hodgkin-Huxley model [70], the equivalent circuit of cellular
membrane is represented by the membrane capacitance, C,,, pathways for ion transfer,
represented by conductances, gx, and voltage sources, corresponding to membrane po-
tential formed by specific ions, Ex (X - stands for the specific ion, Na®™, K" and L -
is the leakage channel). The membrane capacitance, C,,, is determined by the properties
of lipid bilayer. The conductance of each channel is determined by concentrations and
permeability of specific ions at each time point.
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Figure 2.10: Schematic interface between the cell and nanowire FET. The higher values
of sealing resistance, R,.q;, represent the better coupling between the cell and electronic
transducer, resulting in better signal transfer.

the potentials for each channel defined by the ion concentrations on both sides of the
membrane.

A simplified representation of the cell interfacing the FET is shown in figure 2.10. The
influence of cellular membrane potential change on the surface potential of the FET in
the region of cell-transistor junction can be described by the following equation[78]:

v,  Cu  dVy 1
dt Cy+Cq dt Real (CM + C(;)

Vi (2.21)

,where () is the cell membrane capacity as described by Hodgkin-Huxley model, C¢ is
the gate capacitance of the FET, R, is the seal resistance.

Seal resistance reflects the quality of the cell-device coupling and is the most important
parameter affecting measurement efficiency, determining the quality and the amplitude of
recorded signals [79]. Typically action potential measured from neurons reach hundreds
of microvolts [80]. Rseu depends on the distance between the cell and device surface,
also called cleft, as well as sensing surface coverage by the cell. If sealing resistance
is low, which means poor interface, the ionic currents inside the cleft will only slightly
influence the surface potential of the sensor. Therefore the one of major challenges for
extracellular electrophysiology is to achieve high sealing resistance, corresponding the
good contact between cell and sensor surface. One possible way to address the issue is to
utilize nanoscaled geometries and novel patterning. The nanowire FET's themselves satisfy
the conditions by the nature and it has been shown that the cleft between nanowires and
the cells is very small.
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2.5 Noise Fundamentals

A variety of unusual effects take place when considering nanoscale objects such as nanowires,
nanoribbons, nanosheets, core/shell devices. The understanding of underlying and fun-
damental physics require utilization of novel approaches. The method should be able to
demonstrate and distinguish the impact of every material layer into transport properties
of the entire system. Noise spectroscopy has recently emerged as a powerful tool for the
investigation of transport features. In comparison to the standard methods this approach
overcomes fundamental limits at nanoscale and does not require the fabrication of special
structures, adjusted to the split capacitance-voltage methods [81, 82]. In general noise
spectroscopy is known to be effective tool for understanding the main noise sources al-
lowing to reduce or completely remove the reasons for exciting noise. Nowadays scientists
draw more and more attention to noise considering it as a useful signal. This is mainly due
to the fact that noise spectroscopy allows device characterization and transport properties
analysis of nanostructures in nondestructive manner. In comparison to the bulk material
structures on the basis of compositional material can express additional transport features
reflected in noise spectra. As an example such structures can be represented by Si/SiOs
structures, core-shell structures or in specific case semiconductor - organic passivation
layers, metals or superconductors with passivation layers.

Noise in semiconductors and semiconductor-based devices can be described as fluc-
tuation phenomena caused by random physical processes happening inside the material.
Such fluctuations provide an information about any interactions within the system, about
elementary particles taking part in the process as well as explain the abilities of the sys-
tem to relax after perturbations, caused by such interactions. To describe the fluctuation
phenomena the concept of spectral density is typically applied to fluctuating parameter
n(t) and defined as:

An2(t)

S = Jim S5 (2.22)

,where An?(t) is the variance of the fluctuating parameter n(t) around the frequency f
with the bandwidth of Af. Typically current, I, or voltage, V, is considered fluctuating
when dealing with semiconducting devices, therefore current, S;(f), and voltage, Sy (f),
spectral densities will be further analyzed.

The main task of noise spectroscopy is to figure out the origin of fluctuations using
measured noise spectra. Often resulting spectra include several fundamental components
corresponding to different physical mechanisms as it is shown in figure (2.11).

Noise properties are particularly important when considering detection applications
such as biosensing. Often molecular attachment or action potential of electrogenic cells
causes changes of sensor parameters, which are considered as a useful signal. Typically
the magnitude of such response is very low, especially when speaking about ultra-low
target molecule concentrations. Furthermore a transition towards real-time detection
systems in a wide range of applications dictate a requirements of SNR to be higher than
one. The ratio between useful signal amplitude and the noise level is a factor determining
detection limits of the sensor. Considering nanowire FET biosensor the detection ability is
determined by the transconductance(as defined by equation 2.13), g,,, as well as intrinsic
noise of the device. Current fluctuations can be expressed as 01 = d1g + 615, where 6/g
is the result of surface potential change by 0V caused by biological object and 1y is the
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Figure 2.11: Schematic representation of the main noise components discussed in the
chapter: flicker noise (1) with 1/f behavior, generation-recombination noise (2), where the
plateau is followed by 1/f? behavior, shot noise (3), and thermal noise(4) demonstrate
frequency-independent behavior in a wide frequency range

noise related term. In such notation signal-to-noise ratio can be defined as:

0lg

SNR-—Mﬁ (2.23)

Because the impact of target biological objects on the current is usually extremely small,

it is useful to consider equation 2.23 in terms of surface potential fluctuations,0V, and

equivalent device noise at the input, 6V;. The signal from sensors often undergoes filtering

and frequency range restrictions where useful sensor response is observed. In this respect

it is useful to switch into spectral representation of the equivalent input-referred noise
[77].
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,where St is the drain current spectral density, Sy is the equivalent input- referred voltage
spectral density.

Therefore, to improve the detection abilities, simplify circuitry and lower cost signal-
to-noise ratio should be carefully considered [83].

SNR = (2.24)

2.5.1 Thermal Noise

Thermal noise, also known as Johnson-Nyquist noise, is the result of random Brownian
motion of the charge carriers in a semiconductor with resistance, R, at a certain absolute
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temperature, T. Being a white noise by nature the power spectral density of thermal noise
is independent on frequency up to a few gigahertz. The level of power spectral density
(PSD) can be calculated as:

Si(f) = 4kT/R (2.25)

,where k is the Boltzmann constant, R is the differential resistance of the sample R =
dV/dI , where V is the applied voltage, and I is the current through the sample. The
spectral density does not depend neither on the current through the resistor nor on the
material of the resistor. Thermal noise, however, can be used to analyze the effective
carrier temperature, statistical fluctuations due to the finite number of carriers and their
interactions with scattering particles [84].

2.5.2 Dielectric-Polarization Noise

A modification to Johnson-Nyquist noise has been made in terms of fluctuation-dissipation
theorem by considering a complex impedance. For a lossy capacitor voltage spectral
density has been derived to be:

2kTtgd
= 2.2
Sy O, f (2.26)

,where tgd describes losses in the gate dielectric. From equation (2.26) voltage spectral
density has obviously a 1/f dependence on the frequency. Dielectric-polarization noise
concerns only ultralow-noise devices where trapping noise has almost no impact on the
current fluctuations in the conductive channel[85]. For such devices together with regular
thermal noise dielectric-polarization noise creates a thermal limit which addresses the
challenge of the smallest sensitivity to surface potential changes.

2.5.3 Shot Noise

Shot noise, which is also white in nature, was conceptually introduced in 1918 by Schottky
[86] and represents random independent transfer events of discrete charge carrier,e. It can
be observed when the carrier flow is controlled by a potential barrier. The current power
spectral density of the shot noise in relatively large NW diameters can be estimated
according to Schottky equation:

Si(f) =241 (2.27)

,where ¢ is the elementary charge and I is the current formed by the charge carriers
being transferred. Current in the sample can be considered as a sum of short pulses
due to discrete charge carriers randomly passing the potential barriers. If there is some
correlation between pulses in a pulse sequence, then the deviation from the usual shot noise
behavior is observed. The deviation can be registered, for example, when the interaction
between electrons plays an important role. In such case, a decrease in noise can be
registered which is a fundamental characteristic of any irregularity in the electron flow
and reflects the quantum statistics of electrons in a single channel or multiple channels
[87]. Usually the shot noise is registered at low temperatures, when the thermal noise
is low enough and statistical fluctuations due to the finite number of particles can be
detected.
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2.5.4 Flicker Noise

The low-frequency part of the noise spectrum is of fundamental interest for the investi-
gation of semiconducting devices. The appearance of different noise components depends
strongly on the quality of semiconductor, features of fabrication technological process
as well as physical processes happening in the structure and therefore are considered as
excess noise.

Flicker noise is the dominant excess noise at low-frequency range of the spectrum.
It represents the universal noise found in many systems, including electronic nanowire
structures. Flicker noise is also known as 1/f (one over f) noise due to the characteristic
behavior of spectral density as a function of frequency:

Si(f)~1/17 (2.28)

, where ~ is usually found to be around 1 in the interval from 0.7 to 1.3 for metallic
and semiconducting nanowires. This component is typically investigated in the frequency
range from 1 Hz to 10 kHz.[88-90] At higher frequencies flicker noise becomes lower than
thermal noise level. Lower frequencies 1/f behavior is observed down to 1 x 107 Hz[91].
The origin of flicker noise is still under debates, however it is agreed that 1/f noise is the
result of channel conductivity, o, fluctuations [92]. The following equation can be used
for evaluating the conductivity:

o= nqpu (2.29)

here n = N/W L is the concentration of free charge carriers, u is their mobility, ¢ is the
elementary electron charge, W is the width and L is the length of the sample. From
equation 2.29 the two parameters which can vary and influence the conductivity are the
concentration and mobility. In this respect there are two main schools with different
approaches for explaining the flicker noise.

Ap model

The first, Ap model, assumes that the charge carriers flowing in the volume of the sam-
ple are scattering on the acoustic fluctuations of crystalline lattice, known as acoustic
phonons. The concentration of phonons also fluctuates with 1/f spectrum resulting in
the charge carrier scattering and thus conductivity fluctuation with the same 1/f pattern.
[88, 93, 94] Extensive investigations proved that this kind of noise is always present in
many systems[88]. Hooge suggested that noise is caused by independent scattering events
of charge carriers and mobility fluctuations of bulk carriers (Apu), which leads to 1/N
dependence [88, 95]. Here N is the number of charge carriers. According to Hooge’s
empirical law:

St _ Qf

I Nf
where ay is the dimensionless Hooge’s constant, which is used to quantitatively assess and
compare the noise performance of NW devices. Here oy /N describes the noise amplitude,
A. ag = 0.002 was found in the first experimental studies of metallic systems at 300 K.
However, later it was shown that this value can vary as a result of sample preparation,
material, defect density, and other effects [88]. Typical oy values for silicon are in the
range from 5 x 107% to 2 x 1073. The Hooge’s parameter may provide insights into the
physical origin of the flicker noise and can be used as a dimensionless parameter to compare
the noisiness of different systems. Analyzing equation 2.30 it is obvious that there is no

(2.30)
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dependencies on the sample size, charge carrier concentrations. The fact indicates on the
volume origins of the noise. Because of scattering on the lattice and mobility fluctuation
Hooge’s parameter can be written as:

an ~ (1 tan)? (2.31)

;where i, is the mobility limited by the lattice fluctuations. It should be mentioned
that equation works on the assumption that all charge scattering process are independent
and therefore result in the 1/f spectrum. Based on the Hooge’s model equation explaining
flicker noise in linear regime of SOI MOSFETSs were derived[90, 92]:

[2
Si(f) = f?é\fZL ~ (2.32)
2 *1/73
Si(f) = DTS L (2.33)
Svelf) = 201y (2.34)

T CZLf T 7L

,where N is the concentration of free charge carriers in the inversion layer, V* = (Vg —
Vrh) - effective gate voltage.

AN model

Another model, introduced by McWhorter, describes 1/f noise as the result of the interac-
tion between flowing charge carriers and traps located on the interface between semicon-
ducting channel and dielectric layer[96]. The charge carriers are getting captured onto the
traps causing the fluctuation of their number, AN. Each independent capture/emission
act to/from the trap results in the Lorentzian-shape component:

Si(f) = AGR—l ) (2.35)

. Here AgR is the amplitude coefficient, 7 = mpexp(x/A), 7o - tunneling time constant,

A = 1/h®/2m:ép is the tunneling parameter, m? - effective electron mass in the dielec-
tric perpendicularly to the current flow, ¢ barrier height which charge carriers should
overcome to be captured onto the trap, i - Planck constant. Typical values for Si/Si0s
interface are 75 = 1 x 107%sec, A = 1 x 1078 cm. The superposition of all events hap-
pening on the traps which are uniformly distributed into the depth of the dielectric, z,
starting from the interface as well as over energy, E, results in the 1/f noise[97]. It should
be emphasized that the interactions between traps should be excluded, otherwise the re-
sulting spectrum would look like a Lorentzian. According to the McWhorter’s model the
input referred noise in strong inversion is defined as:

kTq2ANot(EF) 1
Svalf) = fzrc: T 7L

(2.36)

;where Cy, = €44 /tor is the capacity of the dielectric layer, &,, is the dielectric permit-
tivity, Z-channel width, N, (FEF) is the oxide trap concentration which take part in the
interactions (located in the range of several kT from Fermi level, Er) This equation shows
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the independence of the input-referred noise on the applied gate voltage and allows to
estimate the active trap concentration.:

FZLC?

Not = SVG(f) kTqQ)\

(2.37)

When traps are non uniformly distributed in the depth of the dielectric, the spectrum
will follow the law S; ~ 1/f7, where 0.8 <y < 1 or 1 <~ < 1.2. The input fluctuations
can be converted into the current fluctuation using formula:

Sva(f) = Sl(f)/gfn (2.38)

,where g,, = MC’OVDS% is the transconductance of the FET. The current fluctuations can

be written as:
kTq2u2V53Z)\Not(EF) A
Sf(f) = ng ~ ﬁ

From equation 2.39 we can conclude that for uniform trap distribution the current spectral
density will be determined by the mobility, p(Vrg).

(2.39)

Combination of Flicker Noise Mechanisms

Any model has its own application boundaries. McWhorter‘'s model describes well the
noise behavior for n-type channel where Sy # Syg(V*). On the other hand for p-type
channel devices the input-referred noise typically increases with gate voltage increase.
According to AN model this would indicate on the nonuniform distribution of traps in
the dielectric. However the fact that p-type channels works more through the volume
of the device leads towards the application of the other, Ay, model. Indeed because
of increased distance between inversion layer and Si/SiO, interface the interaction of
charge carriers with traps decreases whereas the barrier height increases. This explains
lower flicker noise in p-type channel devices. It should be emphasized that it has now
been established that the origin of 1/f-noise can be switched by means of the gate voltage
applied from number fluctuations to mobility fluctuations in the NW structure with a
characteristic size of about 50nm [77]. Many efforts have been made to determine the
applicability boundaries of one or the other theory of flicker noise. Meanwhile additional

models combining some assumptions of AN and Ap models arose, namely correlated
(ANAp) and uncorrelated (AN + Ap) models.

Uncorrelated Model

This model takes into account an independent impact of both AN and Ap fluctuations
on the flicker noise formation. The decisive factor indicating on the dominant mechanism
remains the dimensionless Hooge’s parameter. Therefore several ranges can be pointed
out (see figure 2.12):

o ay <2 x 1075 corresponds to the Ay model;
e 2 x107% < ay < 1073 the impact of both fluctuation types is observed;

e ay > 1073 corresponds to the surface AN noise. In this range all imperfections of
the fabrication technology are observed as increased surface trap density. Modern SOI
FETSs with nitrated and high-k dielectrics belong to this area judging by the noise level.
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Figure 2.12: Noise parameter « versus oxide trap density calculated for oxide thicknesses
of t,, = 3nm and t,, = 30nm. Three regions can be highlighted, where mobility fluctu-
ations are dominant, where number fluctuations are dominant and the region where one
of uncorrelated noise sources can be dominant. Adapted from [90]

Correlated Model

Another approach takes into account experimental findings indicating on the correlated
manner of AN and Ay fluctuations[98-100]. The correlated model assumes that traps
in the gate dielectric interact with the channel through capture and emission of charge
carriers while changing scattering intensity within the channel. This means that changes in
the charged state of the trap modulate the scattering cross section as well as influcence on
the mobility of the charge carriers withing the channel. The following equation describes
the current spectral density including aforementioned processes:

s() = KT ( 1 1

2
= fZL ﬁ =+ asc,u) Not(f) ~ Z (240)

where a,. ~ 2x 1071 Vs is the scattering parameter showing the influence of trap
coulomb scattering on the mobility[99]. The sign under the brackets is selected depending
on the charge state of the trap. The neutral center will support the mobility increase and
thus ”-” is appropriate in this case, otherwise ”+” should be selected. From equation
(2.40) one should expect the quadratic dependence of current spectral density, Sr(f) ~
(V*)?. Input referred noise in this case is described by the formula:

B @PkTANy(Er)

1




44 CHAPTER 2

It should be emphasized the mobility in the channel is limited by the coulomb scat-
tering on the ionized impurities within inversion layer, on the charge captured at the
interface, on the phonons and surface roughness. All the components depend on the
temperature and electrical field adding physical sense to the Ap part. The quadratic
dependence of S7(f) might have a higher power when quantum-mechanical effects come
into play[101, 102].

2.5.5 Generation-Recombination Noise

Generation-Recombination noise is a result of the individual random events of generation

and recombination between one of allowed bands and traps in the bandgap of semiconduc-

tor. Such process causes the resistance modulation resulting in the current fluctuations

with spectral density:

Si(f) = —210
1+ (2mf1)?

,where S;(0) is frequency-independent part of the spectral density S;(f), 7 = 1/(27 fo)
is the fluctuation relaxation time constant, f, is the characteristic cutoff frequency of
Lorentzian. It is seen from 2.42 that the spectral density has a plateau with the magnitude
of S;(0) at frequencies f < fo and becomes frequency-dependent as S;(f) ~ 1/f* at
frequencies f > fo. Investigation of generation-recombination (GR) noise using noise
spectroscopy allows to study the trap density, their energy level, capture cross sections,
etc. Recently, it was shown that the frequency shift of the GR noise component is also
related to protein binding to the NW surface [103].

(2.42)

2.5.6 Random Telegraph Signal Noise

Scaling transistors down is the primary method to achieve better performance of micropro-
cessors and memories. The miniaturization of transistors, in particular nanowires, leads
to decreasing the effective gate area. In turn the amount of oxide traps which take part
in the charge carrier exchange processes decreases. Experimental findings demonstrate
that flicker noise generated by traps in the gate dielectric splits into several randomly
distributed by frequency GR components as a result of downscaling process in submicron
and nano-sized structures.[104]. Following the idea of defect number decrease at some
critical area a single trap can influence on the current flow. The fact is also widely known
as single trap phenomena. In this case current through the channel behaves similarly to
random telegraph signal with two stable states corresponding to the charge carrier being
captured or emitted from the trap(see figure 2.13(a)). random telegraph signal (RTS) fluc-
tuations are characterized by average capture and emission times, the time which system
spends before the carrier capture, 7., and the time before emission, 7., correspondingly.
The histogram of such current fluctuations is shown in figure 2.13(b). Each stable state in
the current fluctuations corresponds to the peak on the histogram curve and can be fitted
as Gaussian distribution which is related to other fluctuations present in the systems in-
cluding thermal noise fluctuations. Typically behavior of capture and emission times are
described in terms of Shockley-Read-Hall (SRH) dynamics model. However in the case
of strongly confined SOI FETs the behavior of capture time on the carrier concentration
may vary from SRH behavior and become much stronger [1, 105-107]. The probability
that the trap is occupied by an electron is given as:

g="7/ (Te +7) (2.43)
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Two level current fluctuations result in Lorentzian-shape spectrum(figure 2.13(c))
which can be described using Machlup equation[108]:

Si(f) = 18)) 5 (2.44)

(Te + 7 {(} + Ti) + (27rf)2]

,where AT is the RTS amplitude, 7. and 7, are the trap capture and emission times and
f is frequency. Analysis of RTS noise in various working regimes of device at different
temperatures gives the information about single traps, allows to determine their energy
levels, spacial location as well as the origin. There are several approaches for extracting
useful information such as capture and emission times from measured RT'S fluctuations.
First one assumes relatively large signal-to-noise ratio and RTS amplitude. In this case
it is possible to extract capture and emission times by averaging times in each state
calculated directly from the timetrace. Another approach can be used when signal-to-
noise ratio is small. This method involves analysis of both time and frequency domain
data. To extract capture and emission times a system of equations is used:

T=1/2nf, (2.45)

7. Counts(capture) (2.46)

7. Counts(emission) '

PN (2.47)
Te + Te

As RTS deals with single charge carriers this phenomenon becomes more popular in a
number of research fields including quantum information processing and biosensing.
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Figure 2.13: An example of random telegraph signal fluctuations. (a) Typical recorded
timetrace with two current levels, corresponding to capture and emission states of the
trap, Alp is the amplitude of the RTS fluctuations. (b) Histogram of recorded timetrace
demonstrating two distinct peaks, corresponding to each stable state in RTS fluctua-
tions. (c) Noise spectrum corresponding to recorded timetrace. The Lorentzian-shape
component is caused by the RTS fluctuations.
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2.5.7 Analysis of Noise Components

The investigation of each individual noise component allows to extract an important
information about the device performance and drives a fabrication technology towards
improved device parameters, decreasing noise. In addition noise spectroscopy allows to
find optimal operation regimes of FET devices, where profit for signal-to-noise ratio is
achieved by lowering the overall noise of the system . Such situations are specifically
desirable for any kind of amplifiers as well as sensors. Usually measured spectra contain
several overlapping components, which simultaneously contribute to the noise level in the
entire frequency range. Therefore each individual component has to be extracted from the
spectra and analyzed separately. This can be achieved in two possible ways. First is to find
the operation regime of the FET, where the interesting component is more pronounced
and all the rest are low enough or completely suppressed. This is, however, difficult to
achieve in many cases. Therefore, we often use the second approach. The procedure relies
on the fitting of the noise spectra to customly created model, which contains all necessary
noise components. The noise components with different origins were experimentally found
to be independent on each other and, therefore, the overall noise can be considered as
a sum of all present components. Such approach is implemented in the custom software
developed during the work and described in section 3.2.
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Materials, Methods, and Setup
Development

The development of biosensing platform based on field-effect transistors (FETS) requires
a comprehensive tool set for the investigation of transport phenomena. In particular, at
nanoscale, where device properties change very quickly following the external conditions,
high accuracy measurements with precise control over the data acquisition process are
required. For the transport evaluation of fabricated nanostructures, we utilize current -
voltage as well as noise spectroscopy. The ability to detect target objects from the solution
is the major task of a biosensor. To achieve the result the object has to be captured
as close to the sensor surface as possible. Surface modification with specific chemicals,
providing special linker groups allows to bind the target object from the solution and
immobilize it next to the surface of the sensor, enabling to identify the binding event.
In addition, the investigation of living systems (e.g. cardiac cells of neurons) is not
possible without visualization techniques enabling to highlight different properties and
aspects including live and dead cells as well as calcium content in cells and mitochondrial
membrane potential.

In this chapter, we explain the key points in the development of measurement setups
for the complex analysis of fabricated nanostructures. The software for setup control and
further data analysis was developed using Python(Python, version 3.4.3) programming
language in combination with Qt Framework (PyQt, version 4.11.4). A set of packages
used for the development are mentioned in appendix C. We present the developed protocol
of Si nanowire (NW) FET surface modification for the detection of cardiac troponin I using
antibody-antigen reaction. Finally the methods of cardiomyocyte cell culture on the chip
and fluorescent imaging techniques for live-dead staining as well as calcium content and
mitochondrial membrane potential visualization are described.

3.1 Current - Voltage (I-V) Characterization of FETs

Current - Voltage (I-V) characterization was used for the device quality control and pa-
rameter extraction. Typically silicon-on-insulator (SOI) FET devices have 4 terminals,
namely source, drain, front(or liquid) and back gates. The characterization consist of mea-
suring output (dependence of drain current, I, on drain-source voltage, Vpg, at different
liquid and back gate voltages, Vi¢ and Vg ) and transfer characteristics(dependence of
drain current, Ip , on liquid or back gate voltage, Vi or Vg , at different drain-source
voltages, Vpg ). Current - voltage characterization was performed using two or three

47
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GPIB
Network

Faraday Box

Figure 3.1: Schematic representation of I-V measurement setup. Device under test (DUT)
is placed inside the Faraday box, which also serves as a common ground for all measure-
ment devices. Source contact is connected to ground, other terminals are connected to
corresponding source-meter units to set the voltage and measure current. Back gate
contact is not always required therefore it can be omitted.

source-meter units (SMUs) as it is show in the figure 3.1 depending on the liquid- or
back-gate characterization required. Device under test (DUT) is placed inside the Fara-
day shield formed by the continuous covering metal box which prevents the disturbances
of possible external electromagnetic fields. Typically drain-source and gate-source volt-
ages are applied using Keithley 2430 and Keithley 2400 correspondingly. Both of them
correspond to 2400 series devices representing the Source Meter class with high-precision,
low-noise and highly stable DC power supply together with low-noise and high-impedance
multimeter. Devices allow simultaneous voltage sourcing and current measurement which
allows evaluation of output and transfer curves for FET devices as well as measurement of
leakage currents. To utilize available features of Keithley source-meter units and perform
high-quality DUT characterization we developed a software package with the code name
PyIV which runs on the computer and communicates with SMU devices using SCPI com-
mand protocol throught the GPIB-USB adapter. The program employs Keithley SMUs
for measuring output and transfer curves. The simple user interface allows to select the
SMU for setting drain-source and gate-source voltages, integration time, current compli-
ance, set-measure delay and averaging (see figure 3.2). Important option is the possibility
of hardware sweep which helps to eliminate the influence of data transfer between SMU
and computer. Save data group box gives a flexibility to name the measurement and
group them into the experiments. With switched advanced saving option on one can
obtain more sophisticated name selection by introducing wafer and chip names and tran-
sistor number. After performed measurement the data is saved into selected folder in the
way that each measurement is stored in separate ”7.dat” file and experiment summary is
collected in the MeasurementData_.dat file. Such data organization provides easy access
to any measurement made and thus is simple to analyze. For this purpose another package
called IV _anallysis was written. It allows to extract the transconductance and calculate
the channel resistance with respect to transistor configuration provided as the layout file.
Developed software solution allows for automated transistor characterization. The char-
acterization of all devices was carried out using the setup described previously. Structures
used in the work have the possibilities of front and back gating. All voltages were applied
agains the grounded source. Drain-source voltage was set in the range from 20mV to
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Figure 3.2: The user interface of developed program, PyIV, for the I-V characterization.
The program is capable to perform output and transfer curve measurements, depending
on selected characterization type. (a) The data plot, showing typical transfer curves at
various drain-source voltages, measured for FET device. (b) The panel for selecting the
sweeping parameters and SMU configurations.

100 mV to keep devices in linear operation mode or around 1V for the saturation regime.
In liquid-gate configuration gate voltage was applied against an Ag/AgCl reference elec-
trode in the range from 0V up to 5V in positive or negative direction depending on the
structure type (nt —p—ntor pt —p—pT). As an electrolyte we used phosphate-buffered
saline (PBS) with pH 7.4 and salt concentration of ~ 10mM to make the conditions close
to physiological. While the measurement reference electrode is dipped into electrolyte on
top of the device or is built into the tubing of the microfluidic system. In the back-gate
configuration the gate voltage was applied to the corresponding terminal, which typically
is connected to the substrate of a device. On the contrary to the liquid top gate dielectric
the one on the back gate is often much thicker. Therefore the range of applied voltages is
extended approximately by one order of magnitude and reaches up to 15V The results of
measured characteristics allow to judge about the quality of fabricated devices and extract
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important characteristics such as transconductance and threshold voltage. Furthermore
at this stage the structures demonstrating leakage currents will be omitted from use.

3.2 Noise Spectroscopy

Another investigation activity involves noise spectroscopy of fabricated nanostructures
as a powerful tool for transport properties characterization. The main noise properties
were discussed in section 2.5. High precision and fine measurement process control are
extremely important especially when speaking about low-dimensional systems where the
processes are tending to change very fast with changing of external parameters such as
applied voltage. For this purpose fully automated noise measurement setup (PyFANS)
was developed aiming to perform the complete automation of the measurement process
in order to provide high degree of measurement process automation and to eliminate the
human influence on the process, thus increasing accuracy. The setup development was
a continuation of the work, performed by Dr. Viktor Sydoruk [109] and Dr. Sergii Pud
[110], and was also inspired by their suggestions and ideas. Further we will highlight the
main point and issues during the development of hardware providing the fine tuning of
applied voltages and controlling software parts.

The FANS system was built over the commercial data acquisition (DAQ) system Ag-
ilent U2542A as the main controlling unit. The module offers multifunction capabilities,
in particular it can be used as a multimeter or a scope. Furthermore the module is able to
source certain voltage level or even a defined waveform. DAQ module itself has 4 simul-
taneous analog input channels with 16-bit resolution and acquisition speed of up to 500
kSa/s, two 12-bit analog output channels and 24-bit programmable TTL input/output
channels. The complete automation of noise measurement process, however, requires the
system to be able to record both AC and DC coupled signals as well as source voltage
to more than 2 channels in multiplexing manner. Therefore FANS system was equipped
with the extension box for DAQ device schematically shown in figure 3.3.

The box allows to multiplex each of two DAQ output channels to 8, which are used
to control motorized potentiometers (marked as M in figure 3.3), polarity switches, relays
in the circuit and other controllable systems which require arbitrary voltage levels. All
controlling signals are generally shown as control bus in figure 3.3 and yellow lines indicate
a control flow direction to the units in the circuit. The box also enables to switch DAQ
input to AC or DC coupled mode which depending on the selected configuration can serve
as a voltmeter or a scope. All channels are switched using bipolar relays providing good
and noiseless contact. The control over the FANS extension box is performed through
the TTL-compatible digital outputs of the DAQ device. Major points required for DUT
characterization are highlighted with a green spot in the figure 3.3 and green lines indicate
the connection to measurement bus.

To set the working point of the DUT the system measures V,.4in, Vbs, Viag, and uses
them as a feedback loop for motorized potentiometers to set a desired voltage values. By
measuring V,,.i;» and Vpg for selected load resistance, Rj,.q, we can calculate the current
through the channel of DUT as for simple voltage divider (as follows from figure 3.4(a)):
Ip = (Vinain — Vbs) /Rioaa- The load resistance is a high-precision, low-inductance resis-
tance box with a possibility of nominal value change in the range from 1 Ohm to 1IMOhm.
Such circuit configuration allows to select the optimal working regime for measurement
system, which often depends on the resistance of DUT.

Noise measurements were performed using analog input channel in AC configuration.
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Figure 3.3: Schematic representation of FANS noise measurement setup. It incorporates
circuitry for setting the working point of DUT in low-noise manner, using batteries and
potentiometers. The system includes a set of amplifiers and filters as a part of FANS
controller. Two buses, measurement and control, are used to perform voltage measure-
ments on the required terminals and perform the control over the measurement circuitry.
The control bus also enables the temperature control as well as measurement channel
selection. The entire system in powered by Agilent U2542A data acquisition system.

Firstly signal was preamplified using an ultra-low noise homemade amplifier with gain of
172, since the first amplification step is very important for a proper noise measurement
[109]. Then signal is passed through the commercial amplifier ITHACO 1201 with a
variable gain from 1 to 100k. Further signal is amplified with low-noise general purpose

4 Rload

10 mF
Rsample

§
(a) i (b)

Figure 3.4: (a) A simplified circuit for setting voltage to the terminal of DUT. (b) The
equivalent circuit of the DUT, during the noise measurements.
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programmable-gain amplifier PGA-103 which are capable of digitally selected 1,10 and
100 times signal amplification. At maximum amplification the noise level is as low as
16 nV/v/Hz at 10Hz. Afterwards signal is filtered using digitally controlled antialiasing
continuous time filter LTC 1564 with possible cutoff frequency ranging from 10kHz to
150 kHz.Sampling rate was set to maximum of 500 kHz allowing the best possible time
resolution for this hardware. In this respect the cut-off frequency was selected to be
a 100 kHz which is enough for the low-frequency noise analysis and satisfies Nyquist
theorem. Parasitic capacitance (around 350 pF') which comes mainly from the cables and
connections together with equivalent circuit resistance form an RC circuit which results in
a roll-off in the high-frequency range. At large sample resistance the equivalent resistance
is defined by the load resistance. For R;,,q = 5 k(2 the cuto-off frequency is around 91 kHz,
and it should be taken into account.

Prior to noise measurements the system has been calibrated to exclude the influence
of amplification cascade which also has non-thermal noise behavior at low frequencies
because of used semiconductor components in the circuitry.

The voltage noise, S‘(/DUT), cased by the DUT is extracted using the following equation:

S‘(/maw)(f) (amp)
(DUT) K(amp) (f)? “v) ( )
Sy (f) =7 = Sy (S (3.1)
v k(preamp)(f)z v
-where S‘(,me“s) is the voltage noise measured with FANS system, S‘(fmamp ) and S‘(,amp )

are the calibration curves for homemade amplifier and following amplification cascade,
respectively, k(preamp) and K(amp) are the amplification gains for homemade amplifier and
following amplification cascade, respectively. A picture of assembled setup is shown in
figure 3.5. Assembled system is shown in the following figure. Equivalent circuit for
AC signal recording is presented in figure (3.4(b)). Potentiometer together with 10 mF
capacitance introduce negligibly small impact on the equivalent impedance of the circuit
(less than 4.2 at frequencies greater than 1 Hz).

Therefore the equivalent resistance of the circuit (figure 3.4b) can be calculated as
parallel resistor connection:
RloadZsample

= 3.2
Rload + Zsample ( )

R.,

;where Rjoqq is the load resistance and Z, e is the differential resistance of the sample. In
this respect when circuit works in open regime, Rjoqq > Zsample thus equivalent resistance
will be defined by Zsgmpe. Otherwise, when Rjpuq < Zsampie, 1-€. in shortcut mode,
equivalent resistance will be defined by Rj,.q. The fact should be taken into account
when performing noise measurements to simplify further data analysis. Often for noise
evaluation current spectral density, S;, is required. The value can be recalculated form
measured voltage spectral density as:

Sv

S =%
R,

(3.3)

,where R., is equivalent resistance as defined by equation(3.2).

FANS setup is controlled using software, called PyFANS, developed using Python pro-
gramming language(Python version 3.4.3). The main window of developed user interface
is shown in figure 3.6.
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Figure 3.5: A photo of assembled FANS noise measurement setup. (a) Vacuum chamber
for measurements at low temperatures. The system is based on the Stirling cooler, and is
capable to reach as low as T0 K. (b) Enclosed in the Faraday box circuitry for the voltage
control and noise measurement, including batteries and high precision set of resistors. (c)
The homemade ultra-low noise amplifier. (d) The circuitry to control the voltage, applied
to DUT, as well as amplifiers and filters for noise measurements. (e) Agilent U2542A
DAQ system, controlling the noise measurement procedure.

Software allows to control all main components of the setup and is responsible for
data acquisition and storage. Program automates all major processes in noise measure-
ment experiment including setting voltages. This is organized through the motorized
potentiometers which can be controlled with the feedback loop. In the settings section of
PyFANS main window there are options which allow to define voltage ranges where noise
spectra should be acquired. The system allows to record timetrace as well as noise spectra
which are calculated using Fourier Transform in real time. The resulting noise spectrum
is the average of a number of measured spectra predefined in settings section. The error
at each point of noise spectrum inversely proportional to square root of the number of
averaged spectra the resulting spectrum. Therefore for precise measurement it is recom-
mended to use > 100 spectra. Noise spectrum is a combination of two frequency ranges:
1 Hz to 3000 Hz with the frequency step of 1 Hz and 3kHz to 250 kHz with frequency step
of 10Hz. This information is enough for a proper analysis of the noise spectra, while
keeping the measurement file size acceptable for storage.

The information about each measurement is displayed in the Measurement Data sec-
tion on the main window of PyFANS. Furthermore visual information can also be displayed
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Figure 3.6: The main window of the noise measurement program, PyFANS, responsible
for the complete automation of the process. Measured noise spectra appear in the plot(a).
The configuration and measurement parameters can be set in the panel on the right hand

side (b). An important measurement data is also displayed in the section “Measurement
Data”.

while measurement. It includes the noise spectrogram which shows the dynamic changes
in noise spectra with time. This is interesting for observation of Lorentzian-shape compo-
nents in spectra. Additionally I-V or other characteristics can be monitored on the plot
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Figure 3.7: The main window of the noise analysis program, PyFANS Analyzer . (a) An
example of noise spectrum fitting in log-log plot mode. (b) Data from (a) where y-axis
is multiplied by the frequency. In this view GR-like components appear as bumps, thus
easier to extract.
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which can be defined by user.

Analysis of measured noise spectra can be performed using specially developed com-
panion software, called PyFANS Analyzer. An example fitting performed in developed
program is shown in figure (3.7).

The program allows to process the raw data obtained from FANS setup. Major features
include data filtering, smoothing, cutoff correction and creating a noise model with a
custom combination of flicker, thermal and several generation-recombination (GR) noise
components. Furthermore program allows semi-automated fitting option. Figure 3.7
shows two coordinate modes where data can be fitted, Sy (f) and f x Sy (f). The second
one provides better and more convenient approach for Lorentzian-shape noise fitting since
in this coordinates it is represented as a bump, while flicker noise component becomes a
horizontal line. Program allows to visualize other parameters of the experiment, including
[-V curve and highlights each point on the graph corresponding to noise spectrum. The
noise model parameters are later saved into the file for further analysis.

3.3 Multichannel BioMAS Setup

Bioelectronic Multifunctional Amplifier System(BioMAS) is a developed in-house mul-
tichannel measurement setup, used for cellular activity recording. The system allows
measurements on a variety of devices including multielectrode array (MEA) and FET
by selecting appropriate adapter, called here as a headstage. Schematically system with
FET configuration is shown in figure 3.8. The system enables I-V characterization as

+ Action
E Potential

Liquid Gate Voltage, V,; (V)

FET Headstage

Drain Current, |, (nA)

LabView — =
Acquisition Control Software \ 7

Data Analysis

Measuremen\

- Main Amplifier
FET Chip

Figure 3.8: Schematic demonstration of BioMAS system. The system is capable of the
measurements on a variety of devices, including FETs and MEAs. We present here a
part responsible for FET measurements. It consists of the FET Headstage, where the
chip is inserted. Analogue signal is passed to the main amplifier for further filtering and
amplification. Data acquisition and control of the measurement circuits is performed
through the commercial DAQ device. The System is controlled from a PC with LabView-
based software.

well as time-series recordings in parallel from all 32 transistors on the chip [111]. The
setup consist of an amplification cascade which includes a pre-amplifier and a main am-
plifier. For AC-coupled measurements, filters were used to prevent aliasing effects. The
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amplified signal was then passed to the DAQ system for readout and further data pro-
cessing on the computer. Commercially available DAQ system converts voltage, coming
from the main amplifier into 16-bit digital values. The system provides the conversion
bandwidth of 1.25 x 10° samples per second. Typically 10kHz sampling rate is used
when multichannel recordings are performed. The pre-amplifier consists of a correspond-
ing operational amplifier and a Si NW FET on the chip (the “channel”). The resulting
amplification depends on the feedback resistance (Rpp) connected to the operational am-
plifier and the actual transconductance of the FET defined by the selected working point:
Vout = VL X gm X Rpp.

It should be noted that for optimal signal amplification, RFB corresponds approx-
imately to the FET channel resistance. In order to select the working point with the
highest transconductance for the FETs, -V characteristics are measured prior to the
time trace studies. Optimized values for drain-source, liquid-gate, and back-gate voltages
can be selected based on replotted derivative (01p/0Vig) curves. Time series reported
for cellular recordings are recalculated into the input voltage fluctuations using equation:
A‘/G = A‘/071,15/ (gm X RFB) .

For data analysis we developed the software using Python programming language. It
allows to find action potentials (APs) in the timetrace, extract them, align on the time
axis and average for each available channel. The main window of the program is shown
in figure 3.9.

. BioMAS FET analyzer [E=SfcE™ <)
ile Channels

Figure 3.9: The main window of developed program for the analysis of data produced by
BioMAS system. The plots demonstrate typical timetraces recorded from the FET device
during experiments with cardiac muscle cells.



Surface Modification for Troponin Detection 57

3.4 Surface Modification for Troponin Detection

As it was described in section 2.1.2 in order to make the detection of analyte from the
solution it should be immobilized next to the surface of a biosensor, so that the electrical
charge brought by a polar molecule influences on the surface potential.

For biosensing experiments we employ antibody-antigen reactions. This approach
allows for a highly specific and selective binding of target molecules from the solution.
To create such binding sites we performed surface modification with monoclonal cardiac
Troponin I(cTnl) antibodies (see figure 3.10). During the first step devices are rinsed
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Figure 3.10: Schematic representation of the surface modification protocol for immobi-
lization of monoclonal cardiac troponin antibodies on the silicon nanowire surface. The
protocol allows to prepare the biosensor surface for the selective detection of cardiac
troponin I from the solution.

with ethanol and dried with nitrogen flow to clean and prepare the surface for further
treatment. In order to activate and form a dangling bonds on the surface devices were
treated with oxygen plasma and dehydrated on the hotplate. To bind antibodies covalently
to the surface several chemical steps should be performed. 3-aminopropyltriethoxysilane
(APTES) was applied to the surface through the molecular layer deposition for 1 hour
at room temperature. Then by dipping the chip into 5% glutaraldehyde solution the
amino-terminated surface becomes aldehyde-terminated. Afterwards ¢Tnl antibodies are
covalently linked to the nanowire surface. To prevent the non-specific binding to the
antibodies all unspesific binding sites as well as non-reacted aldehyde sites are blocked
using ethanolamine.



o8 CHAPTER 3

3.5 Cell Culture and Imaging

3.5.1 Cardiomyocyte Cell Culture

As a model system for our investigations we used HL-1 mouse cardiomyocyte cell line.
HL-1 is an immortilized cell line which is able to divide continuously and contract sponta-
neously. The cell line can be sequentially passaged keeping the morphological, biochemical
and electrophysiological properties the same. The system has been proven to be excel-
lent choice for studies of normal cardiomyocyte function including signaling, electrical,
metabolic and transcriptional regulation as well as physiological and pathological cardiac
conditions such as hypoxia, hyperglycemia, hyperinsulinemia, apoptosis, and ischemia-
reperfusion injury. Cells were received in a frozen state, then thawed at room tempera-
ture and grown in T-25 flask until the full surface coverage. Before transfering cells onto
the sensor surface, silicon nanowire chips were cleaned and disinfected with 70% ethanol
solution. Afterwards the active sensing surface of nanowires was covered with a mixture
of fibronectin (5pgmL~") and gelatin (0.2pgmL™") for 1 hour at 37°C to improve the
adhesion of cells to silicon dioxide dielectric surface. When cells formed a confluent layer
in the flask a part of cells was separated and placed into the on-chip reservoir with the
density approximately 150cells/mm?. Afterwards chips were transferred into the incuba-
tor with the 5% flow of CO, gas at 37°C. Such conditions are favorable for the normal
culture growth and formation of confluent and contracting layers. The medium for cellular
growth was a mixture of 100 U/ml penicilin, 100 pg mL~! streptomycin, 10% fetal bovine
serum, 0.1 mM norepinephrine, and 2 mM L-glutamine. During the cell growth culture
medium was exchanged on the daily basis and about 2 hour before the measurements.

3.5.2 Fluorescent Imaging of Cardiomyocytes

Live-Dead Staining. In order to visualize the vitality of grown cell culture we used a
fluorescent live-dead staining technique involving calcein AM(calcein acetoxymethylester)
and DAPI (4’ 6-diamidino-2-phenylidole) fluorescent dyes. Both dyes are able to penetrate
through the cell membrane. In the case of calcein, when the molecule gets inside the
cell esterases present internally are removing the acetomethoxy group and make the dye
trapped inside the cell. When the cell is dead such active esterases are not supplied
anymore. Therefore calcein produces a strong fluorescence at around 515 nm when excited
at 495nm. DAPI in turn binds only to adenine-tymine rich regions in deoxyribonucleic
acid (DNA). When excited with ultraviolet light at wavelength of 358 nm, excited emission
will occur at 461 nm(blue light). Both flyorescent dyes were used to label viable cells
and recognize them through the fluorescent microscopy. The procedure begins with the
washing of cells cultured on-chip with PBS for 3 times to prepare cells for addition of
fluorescent dyes. Calcein AM (2pM), green fluorescent dye, was introduced into the
cells during 30 minutes incubation at 37 °C. The blue fluorescent dye DAPI(300 nM) was
loaded during 5 minutes incubation at room temperature. After the incubation solutions
were removed and chips were washed 3 times for 3 minutes. Labeled samples were then
checked at ZEISS ApoTome with Axio Imager Z1 fluoresce microscope.

Calcium and Membrane Potential Imaging. One of important things to evaluate
the functional activity of cells is to estimate the calcium content inside the cell as well
as membrane potential of mitochondria - the main calcium storage within the cell. The
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deviations from normal Calcium content, energetic deficit and oxidative streaa in car-
diomyocytes are an important hallmarks in a wide range of cardiac diseases. For the
investigation of calcium content inside of cells as well as mitochondria membrane poten-
tial together with extracellular electrical recordings we employed fluorescence microscopy.
Method allows to monitor the current state of the confluent cellular network and de-
tect the changes under the influence of pharmacological treatment. As the labels for the
fluorescent microscopy we utilized the combination of calcium-sensitive Fluo-4 AM and
membrane potential-sensitive TMRM fluorescent dyes. Fluo-4 AM is an AM ester which
is able to penetrate through the cell membrane. After the hydrolization by the endoge-
nous esterases Fluo-4 becomes trapped inside the cell. The marker allows to visualize
the calcium content in the high-throughput drug screening. The emission at 506 nm is
efficiently excited by the light at 494 nm.

TMRM is a cell-permeant membrane potential - sensitive dye which accumulates in
active mitochondria. The dye is not actively interacting with membrane proteins and is
not aggregating in the cell membranes. Therefore the transmembrane distribution of the
marker is directly related to the membrane potential according to the Nernst equation.

Prior to the introduction of fluorescent dyes chips were washed with PBS solution.
Green fluorescent dye Fluo-4 (10 pM) was loaded during the incubation for 30 minutes at
37°C and red TMRM dye (200 nM) was loaded at room temperature for 5 minutes. The
stain solution was then removes and samples were washed with PBS 3 times for 3 minutes
each. s

3.6 Summary

In this chapter we discussed the development of tools for FET characterization, including
[-V and noise measurements. Developed solutions allow to automate the data acquisition
process for device transport properties investigation and simplify the analysis of obtained
results. In addition a software package for analysis of data obtained from BioMAS multi-
channel FET measurements was developed. It enables to extract transport characteristics
as well as cellular action potentials from timetraces, recorded on parallel FET channels.

We presented a method of the surface modification for cardiac troponin I detection
using antibody-antigen reaction. Finally, we described the cardiomyocyte cell culture on
chip and methods of their imaging. Furthermore, imaging methods of calcium content in
the cell and membrane potential of mitochondria are presented.

Discussed materials and methods were used to obtain and analyze the results discussed
in present work.
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Transport Phenomena in Silicon
Nanostructures

4.1 Design of Nanostructures

In current work we have developed and fabricated Silicon nanowire (NW) field-effect
transistor (FET) structures for the investigation of novel effects which can be used for
the sensitivity enhancement of biosensors. Layouts of the structures are defined by the
requirements of microfluidic integration to the system, cell culture requirements as well as
compatibility with multichannel measurement setup. Fabricated nanowire samples have
different geometry configurations including single nanowires as well as nanowire arrays
and nanoribbons. Here we introduce the layouts and geometries of devices.

Chip layouts were designed in two principal configurations: linear and grid (see figure
4.1). Si NW FET chips were designed to be fabricated on four inch wafers. Therefore chip
dimentions were assigned to 11 x 11 mm?. This allows to solve several issues. Such chip
configurations allows the utilization of microfluidic channels with comparably big sizes
which makes all the manipulations with fluidic relatively easy without the need of sophis-
ticated placement equipment. Often patch-clamp micropipette together with microscope
are necessary for the control of cell culture and simultaneous recording of intracellular and
extracellular cell action potentials. Therefore, cellular measurements require more space
on the chip in comparison to ion sensitive field-effect transistor (ISFET) measurements.
Moreover, spatially distributed FET structures, implemented in linear and grid layouts
chips, allow the investigation of cellular communication, involving the recording of action
potential (AP) propagation across the cellular networks. Such layout design configuration
yields 50 chips per wafer. Each layout contains 32 transistors for both single nanowire
chips and nanowire array/nanoribbon chips.

Single Silicon Nanowire FETs were selected for the implementation of novel biosens-
ing approaches including single trap phenomena which allows sensitivity enhancement. In
this respect the dimensions of nanowires should be small enough when only a single trap
can influence the conducting channel resulting in random telegraph signal noise. Con-
sidering this designed single nanowire chips contain nanowires with different geometries
containing nanowires with the same length and varying width as well as nanowires with
same width and varying length. Such configuration gives an opportunity to find optimal
geometries for increasing the propability of random telegraph signal (RTS) fluctuations
caused by a single trap. Designed nanowire widths are in the range from 70 nm to 500 nm
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Linear Layout Grid Layout
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Figure 4.1: Chips were designed in two layouts - linear and grid. Each of them contains
32 transistors, which are located in the middle part of the chip, while the metal feedlines
extend the metal contacts to the edges. Each transistor consists of a meza structure
shown as a blue shape, where the middle part(assigned as nanostructure) is patterned
respectively to the planned nanostructure - single nanowire, nanowire array or nanoribbon.

and lengths vary in the range from 100nm to 4 pm. The complete set of single silicon
nanowire dimensions as well as location of various chip types and their layouts over the
wafer can be found in the appendix B.

Silicon Nanowire Array and Nanoribbon Chips were designed specifically for the
recording of extracellular electrical activity of electrogenic cells like cardiomyocytes or
neurons. In this case the layout represents the chip with 32 mapping sites for the mea-
suremetns. The wafer contains chips with the same dimensions for all transistors for
the measurements of cellular activity as well as chips with varied widths and lengths for
principal structure investigations. NW array chips contain structures with length ranging
21m to 20 pm and widths in the range 100 nm to 250 nm with spacing of 250 nm. In turn
nanoribbon (NR) structures have the same length range while the width is in the range
2pm to 20 pm. In the next subsection the fabrication technology of Si NW FETs will be
discussed.
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4.2 Optimization of Fabrication Technology

All fabrication steps were performed at Helmholtz Nanoelectronic Facility (HNF), Forschungszen-
trum Jiilich. Overall, the process consists of 9 major technological steps presented in figure
4.2. Each step has a crucial impact on the quality of final biosensor devices. Therefore,
considering all possible precautions, we have fabricated high-quality Si NW FETs. Dur-
ing the fabrication process we combined photolithography together with electron-beam
lithography for patterning of nanowires. Such combination allows the reduction of pro-
duction costs and improves the fabrication speed, while a single step wafer illumination
through the mask is much faster than writing the structure with electron beam point-by-
point. Further, we discuss fabrication process in details, step-by-step. A complete set of
steps and parameters used for the recent fabrication of silicon nanowires can be found in
appendix A.

(a) Blank SOI wafer (b) Thermal oxidation (c) Spin-coating of e-beam
sensitive resist

(d) Resist development after (e) RIE patterning of SiO2 (f) Resist strip after process
e-beam exposure hard mask

(g) TMAH wet etching (h) Removal of SiO hard (i) Ion implantation of con-
mask with diluted HF tact area

(j) Formation of gate dielec- (k) Opening back gate con- (1) Lift-off the metal feed-
tric tact lines

Figure 4.2: The process flow used for the fabrication of silicon nanowire FETs.
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Substrate selection

For the fabrication of biosensor devices silicon-on-insulator (SOI) wafers were selected.
Wafers with <100>orientation were purchased from SOITEC, France. The utilization of
such substrate has several advantages in comparison to conventional silicon substrates.
Firstly it allows to lower parasitic capacitance due to isolation from the bulk silicon and
thus improving power consumption. Secondly, thanks to the thin active silicon thickness
the transistor channel is fully depleted and thus allows much more efficient and faster
transistor control. Finally, the presence of buried oxide efficiently confines the charge
carrier flowing from source to drain, dramatically reducing performance-degrading leakage
currents. Furthermore SOI technology allows the control of transistor behavior not only
through the gate but also by biasing the substrate underneath the device. The thickness
of active silicon layer was 50 nm or 75 nm and buried oxide layer was 145 nm. Before the
process the wafers were cut into 100 mm wafers using laser. The resistivity of wafers was
14Q2cm to 18.9Qcm. In all structures the active layer was 50 nm. Wafers with active
silicon layer thickness of 75nm were thinned down to fit desired value. Initial wafer in
the process flows is depicted in figure 4.2(a).

Formation of Si0Os hard mask

In order to pattern silicon nanowires it is required to create the hard mask which is
stable enough to survive the wet chemical etching of structures (figure 4.2(b)). Thermal
S10s layer is useful when the hard mask is created together with thinning active silicon
layer from 75nm down to 50 nm. The optimal value of hard mask thickness was found to
be 20nm. In order to achieve this for 75nm Si wafers thermal oxidation was done in two
steps. First was performed to thin the wafer down. Grown Si0O, layer was then removed
with diluted HF solution. Second thermal oxidation was done to form desired hard mask
thickness The oxidation itself was performed in dry oxygen atmosphere at 940°C for
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Figure 4.3: The mapping of PECVD-deposited SiOslayer thickness across the wafer using
ellipsometer. The results demonstrate that S1O;layer was homogeneously deposited with
the thickness of around 18.7 nm.
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45 min resulting in uniform and high quality silicon dioxide surface. For 50 nm Si wafers
plasma-enhanced chemical vapor deposition (PECVD) 20nm SiO; was deposited in the
chamber at 350°C. The thickness of deposited oxide later is shown in figure 4.3.

Approaches to nanowire patterning

Patterning of the nanowires consists of several steps among which two main stages of
defining nanowires and meza structure should be emphasized. In the first case(see figure
4.4(a)), after hard mask formation we pattern meza structure using photo lithography
with consequent hard mask etching using reactive ion etching. After this we transfer meza
structure from hard mask into silicon using wet chemical etching in tetramethylammonium
hydroxide (TMAH) solution. During this process, negative markers for further patterning
of nanowires are etched. Markers itself are 4 squares with the side of 20 pm and spacing
of 100 pm located in the corners of the chip. Afterwards the nanowires are defined using
e-beam lithography. In this case the positive tone e-beam sensitive resist is used. At
this lithography step we define the areas for etching in hard mask of meza structure and
define the nanowires of various geometries. Afterwards etching steps including reactive-ion
etching (RIE) and TMAH are performed again to pattern nano-structures. Such approach
of nanowire patterning causes the excess etching of buried oxide (BOX) layer. This further
results in additional roughness of the BOX layer and consequently leakage current. To
solve the problem we rearranged the process steps to reduce etching times in TMAH
and HF solutions which introduce damage to the burried insulator layer. In the second
case (see figure 4.4(a)), we firstly define positive tone markers(see section 4.2) for e-beam
lithography with the same dimensions as in the first case together with high-precision

NW Patterning Process
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Figure 4.4: (a) A comparison of two approaches for nanowire pattering. (b) and (c)
are the SEM images of structure cross sections fabricated by the new and old processes,
correspondingly. The old process in (a) required two-step etching procedure for sequantial
patterning of meza and nanowires. The new approach in(a) combines two etching steps
into one, resulting in less underetching of the new structures (b) in comparison to the old
ones (c). Furthermore the quality and the roughness of the BOX surface is much improved
in the new process(b). The new process allowed to reduce leakage currents drastically.
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markers for further alignment of meza structure. For this we use photolithography followed
by RIE. The final markers were etched into the substrate on 600 nm. Using prepared
markers we pattern nanowires in hard mask using electron-beam lithography and dry
RIE etching. Afterwards we pattern meza structure into the same hard mask using high-
precision markers. The advantage of such approach is the transfer of NW and meza
structure into silicon simultaneously which allows to keep the high-quality of BOX layer
as it is shown in figure 4.4(b-c). Moreover this approach allowed to reduce leakage currents
drastically. In this respect, the second approach was figured out to be much more beneficial
for the quality of fabricated structures as well as for optimization of fabrication process
from the viewpoint of chemicals utilization. Therefore we discuss the second approach in
more detail.

E-beam markers for the nanowire alignment

The first step is to define markers for fine alignment of e-beam written silicon nanowires
with meza structure of transistors. Marker layer contains both markers for e-beam lithog-
raphy and markers for photo lithography. E-beam markers are 4 squares with the side
of 20 pm and spacing of 100 pm are located in the corners of the chip far from the fine
structures in order not to influence the quality of lithography while the process of marker
search(see figure 4.5(a)). Photolithography markers contain structures for high precision
alignment with accuracy of 100 nm. The marker layer is defined by terms of photolithog-
raphy. Wafers are first dehydrated at 180°C for 5 minutes. Then hexamethyldisilazane
(HMDS) adhesion promoter monolayer is formed on the surface through the deposition
from vapor phase at substrate temperature of 130°C. After applying the adhesion pro-
moter the negative tone photoresist AZ nlof 2020 (MicroChemicals GmbH) is spin-coated
onto the wafers surface at 4000 rpm with further soft bake at 110 °C for 1 minute. The re-
sist is patterned using photolithography (Siiss MicroTec, MA/BA GEN4 with 365 nm UV
light source) with constant exposure dose of 40mJcm™2. After the post-exposure bake at
110°C for 60 s wafers are then developed for 45 s with AZ 326 MIF developer. The process
of development is immediately stopped by dipping wafers into DI water. After patterning

Figure 4.5: A new approach for nanowire patterning required markers to align meza
structure with nanowires. We used a positive square-shape markers(a) with the side of
20 pm and spacing of 100 pm. Each chip has four markers in each corner. (b) The scanning
electron microscopy (SEM) image of etched marker for nanowire patterning.
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the photoresist we transfer it into the substrate by terms of dry RIE etching. The process
of marker etching into the substrate involves several-step RIE process using C'H F3 and
SFs/O5 gas mixtures which provide highly anisotropic and selective etching of silicon and
silicon dioxide correspondingly. Beforehand the etching rates are calibrated. Furthermore
the etching process can be controlled by the laser beam. Firstly 20 nm SO hard mask is
etched for 40s in C'H F plasma. Then active Si layer is etched in SFg/O, plasma for 15s.
Later BOX layer(145nm) is etched through with C'H F3 plasma for 7min. Then Silicon
substrate is etched with SFy/O; plasma for 20s. Finally the photoresist mask is removed
with oxygen plasma for 90s. SEM picture of etched marker is shown in figure 4.5(b).
The resulting depth of markers was controlled by stylus profiler and was measured to be
around 590 nm.

Patterning of nanowires

The patterning of single nanowires starts with e-beam lithography as it is shown in figure
4.2(d). From the previous experience of the fabrication technology two approaches for
nanowire patterning have to be considered. The first one suggests the silicon approach-
ing the nanowire should be patterned in triangular-like manner as it is shown in figure
4.6(a). Such approach suggests less expensive e-beam procedure since more coarse pat-
terns can be introduced. However, it has a drawback limiting the lowest nanowire size.
The limiting factor is an anisotropic etching rate of silicon in TMAH solution. Threfore
the triangular approaching part is etched very fast along the nanowire thus making it
longer than designed. The precise dimension control is required for the size-dependent
effects in the nanowires, especially for the single trap phenomena as it will be shown fur-
ther. In this respect we switched to the rectangular approaching parts, where the walls
are perpendicular to the nanowire. In this crystallographic direction the etching rate of
TMAH solution is the slowest, allowing the precise control of the nanowire dimensions
(see figure 4.6(b)). It should be emphasized that both nanowires presented in figure 4.6
are designed to be 100 nm in length. Considering the aforementioned issue we decided to
utilize a rectangular approaching parts. For the precise alignment we use markers defined

Nanowire Nanowire
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Figure 4.6: The impact of nanowire approaching part shape on the resulting nanowire size
(nanowires were designed to be 100 nm in length). (a) With triangular-shape approaching
parts the nanowire becomes much longer than designed due to anisotropic wet chemical
etching with TMAH. (b) In the case of rectangular approaching part the etching speed is
limited by the crystallographic orientation providing designed nanowire sizes after etching.
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in previous step. Firstly, the wafers are dehydrated at 180°C for 5min. Then e-beam
sensitive resist PMMA (AR-P 640.04) is spin-coated onto the wafer at 4000 rpm. After
the resist was applied, the wafer had been soft baked at 180°C for 5min. The thickness
of the resist layer should satisfy the requirement of holding the RIE etching of SiOy hard
mask for 40s and holding the vertical aspect ratio of our structures. In our case the
resist thickness was about 150 nm which is in a good agreement with the datasheet. The
next step is to transfer the nanowire pattern into hard mask. Further we patterned NW
with e-beam. The PMMA is a positive tone resist. Therefore we expose with e-beam
areas which should be subtracted from mesa structure in order to form nanowires. Since
the area is relatively large in comparison to nanowire sizes the nanowire area gets also
partially exposed to the scattered electrons in PMMA layer. This is called proximity
effect and it can be compensated by the procedure of proximity correction. In this case
the e-beam dose is corrected for the entire writing pattern in the way that at each point
the dose is the same regardless the proximity effect. For the writing we used the dose
of 2701Cem~2 with the beam step size of 5nm. After writing the e-beam pattern the
samples were developed with AR-P 600-55 solution for 1 minute and immediately dipped
into isopropanol for 1 minute in order to stop the development. The patterned nanowire
structures are then transferred to hard mask using RIE etching in C'H F3 plasma (figure
4.2(e)). The etching rate for SiOy was measured to be around 29.832 nm min~'. There-
fore it takes around 40s to etch through the hard mask. The resist was stripped with Os
plasma afterwards (figure 4.2(f)). After the nanowires are patterned into the hard mask,
we continue with patterning of meza structure.

Meza structure patterning

The next step is to pattern meza structure as it is shown in figure 4.7. For this purpose
we use photolithography with defined previously high-precision markers. The wafers are
dehydrated at 180 °C for 5min. Then HMDS adhesion promoter is applied to the surface

Figure 4.7: Microscope image of the meza and nanowire structures after wet chemical
etching. The background corresponds to the burried oxide, red colored shapes are meza
structures with nanowires etched into the silicon active layer.
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from vapor phase at 130°C to create better adhesion of photoresist. AZ 5214 E positive
photoresist is spin-coated at 4000 rpm and then soft-baked at 110°C for 60 seconds.
Then the resist was exposed to UV light with the constant dose of 75mJcm=2. After
development in AZ 326 MIF solution for 55 seconds the pattern is transferred into hard
mask using RIE as it was described for nanowire patterning. When silicon oxide hard
mask is patterned with nanowire and meza structure, it is transferred into active silicon
layer by terms of anisotropic wet chemical etching with TMAH solution (4.2(g)). This
etchant has been shown to produce ultrahigh quality of fabricated structures resulting in
reduced noise properties in comparison to RIE patterning [112]. TMAH solution provides
highly selective and anisotropic etching of silicon. The etching parameters depend on
TMAH concentration and temperature. In our case we used 5% TMAH solution at a
temperature of 80 °C which results in the etching rate of 13 nm min=! in <111>plane and
630 nm min~! in <100>plane. Prior to silicon etching we removed native silicon oxide

layer by dipping wafers for 30 seconds into 1% HF solution followed by DI water rinse
and immediately dipping into TMAH solution for 15 seconds. The etch is stopped by
rinsing wafers in DI water. Because of anisotropic etching considering the angle of 54.7°
between <100>and <111>planes the nanowires become trapezoidal in cross-section. The
hard mask is removed in 1% HF solution(4.2(h)). The resulting structures are examined
by SEM and typical images of nanowires with scaling length are shown in figure 4.8

Figure 4.8: SEM images of fabricated nanowires with lengths ranging from 100nm to
4pm
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Ion implantation

In order to create good ohmic contacts we perform ion implantation with Boron or Arsenic
atoms which results in accumulation mode FETs (p™ —p —p™) and inversion mode FETs
(nt — p —nt) correspondingly. The process step is schematically shown in figure 4.2(i)
The implantation area is defined in terms of photolithography with AZ 5214 E resist as
it was described previously. In order to protect silicon meza from damage introduced by
ion implantation we first perform protective oxidation. For this we first perform standard
RCA cleaning. Meanwhile after Piranha cleaning we remove hard mask used in previous
step by dipping wafers into 1% HF solution for 3 minutes and 30 seconds. After cleaning
step we grow thermally 5nm of silicon dioxide. Depending on the ion to be implanted
we use different parameters. For Boron we use ion energy of 6keV with the dose of
1 x 10" cm~2 while for Arsenic we use 8keV with the dose of 5 x 10 cm=2. After the
ion implantation the samples are cleaned from the photoresist with acetone for 12 hours.
This allows to remove highly cross-linked top layer of the resist. The full RCA cleaning is
then performed in order to remove all organic and inorganic residues as well as protective
oxide from the surface of the wafer. The dopant is later activated with rapid thermal
annealing (RTA): for Boron ion implantation 5 seconds at 1000°C and 30 seconds at
950 °C for Arsenic ion implantation.

Gate oxide formation

The next step is to create the gate dielectric which will also serve as a protection of silicon
channel of biosensor from the liquid environment. For this dry thermal oxidation is used
in order to grow uniform oxide layer( see 4.2(j)). Prior to the oxidation native silicon
oxide is removed from wafers by dipping into 1% HF for 40 seconds. The process at
850 °C for 44 minutes at oxygen flow results in around 8 nanometers of oxide. Such low
oxidation rate of 10 nanometers per hour is selected in order of obtain high quality oxide
layer with better stability required for operation of Si NW sensor in liquid environment.

Back gate opening

The layouts are designed with possibility of back gate utilization for additional control of
silicon nanowires. In our structures we use highly doped substrate of SOI wafer as a back
gate. To create the contact to the substrate we etch the via through the buried oxide of
SOI wafer (4.2(k)). In order to do this we use photolithography with AZ 5214 E as it
was described previously. Additionally after development we perform additional bake of
the photoresist at 120 °C for 2 minutes in order to increase the stability of resist film to
the etchant. In our case we used buffered oxide etch (BOE) since it allows better process
control as well as reduced peeling of resist from the surface of the wafer in comparison
to concentrated HF solution. With etching rate of around 100 nm min~—" the etching time
to create a via through BOX was around 70 seconds. The resist was then striped with
acetone for 20 minutes followed by isopropanol dip for 1 minute and dried by nitrogen
gun. The successful etching process is controlled by stylus profilometry.

Metallization

After the back gate opening metal contacts to Si NW FETs are formed with the lift-
off process (figure 4.2(1)). Prior to this thin Sil, gate dielectric film should be etched
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Figure 4.9: Metallization was performed using lift-off method. (a) Wafer in the beaker
with acetone to dissolve negative photoresist and lift the excess metal off. (b) Microscope
image of the chip after metallization procedure.

down to open access to highly doped silicon area. The photolithography was used in the
same manner as it was for back gate opening. The gate oxide was etched with BOE
for 10 seconds. Wafers were then rinsed in DI water and dried with nitrogen flow. The
resist was then stripped with acetone. Metallization pattern was defined by the next
photolithography. Wafers were dehydrated at 180 °C for 5 minutes. Negative tone lift-off
resist AZ 2020 nlof was spin-coated at 4000 rpm and baked at 110°C for 1 minute. After
the UV exposure with the dose of 40 mJcm™2 through the mask defining metal feedlines
wafers were developed for 45 seconds in AZ 326 MIF developer solution. The wafers were
dipped into 1% HF solution directly before metal deposition in order to strip native oxide
layer. The stack of 5nm TiN and 200 nm of Al was then deposited by sputtering. Wafers
were then put into Acetone for 12 hours making the metal parts which cover the resist
to lift-off as it is shown in figure 4.9(a). Afterwards we cleaned wafers with acetone,
isopropanol and DI water. When resist is not completely removed from the surface of the
wafer additional Oxygen plasma step can be used to remove residues. Metal contacts are
then annealed in forming gas atmosphere(Ny : Hy = 10:1) for 1 minutes at 450 °C to form
good ohmic contacts between aluminum and silicon. The chip after metallization is shown
in figure 4.9(b). In addition metal contact pads can be later adjusted with the deposition
of another metal in order to improve the adhesion to the chip carried for further flip-chip
encapsultation or improve the wire bonding quality and reliability.

Passivation

The last fabrication step is the feedline passivation against the liquid environment. The
access of liquid solution to silicon nanowires is provided by patterning the passivation
layer with photolithography. Polyimide was selected for this process since after hard-
bake it was proved to be stable in liquid environment and highly bio-compatible material.
Passivation starts with wafer dehydration at 180 °C for 20 minutes on the hotplate. The
adhesion promoter VM-652 is then spin-coated at 3000rpm onto the wafer surface in
order to enhance the adhesion between organic materials and silicon substrate. It is then
baked at 110°C for 60 seconds. Immediately after this polyimide (PI 2545) was spin-
coated at 5000 rpm which results in layer thickness of approximately 1.5 pm. Wafers are
then baked on the hotplate at 140 °C for 6 minutes. Mentioned series of polyimide layer
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is non-photodefinable. Therefore additional negative tone resist AZ 2020 nlof is used
to define openings to silicon nanowires and metal bondpads. The resist is spin-coated at
4000rpm onto the baked polyimide layer and baked at 110 °C for 1 minute. It is patterned
with photolithography as described previously. The opening pattern is transferred into
polyimide layer during the development step with the same AZ 326 MIF developer. This
takes 38 seconds to etch through the passivation layer. It should be noted that the etching
rate of PI in AZ 326 MIF solution is very fast. In this respect it is important to stop
etching process immediately after the access to nanowires is opened. For this purpose
several dummy wafers were used to check the etching time. The pattern resist is removed
with acetone and cleaned with isopropanol and DI rinse. Finally wafers are hard baked
in the furnace by ramping to 350 °C with the speed of 8 °Cmin~! and hold at maximum
temperature for 30 minutes under nitrogen flow of 101min~—!. Wafers are then cooled
down to room temperature for 12 hours. The alternative process uses photo-definable
HD 8820 polyimide layer. After the process chips are cut into chips which are further
encapsulated and used for biosensing experiments.

On-chip reference electrode

An important element in the electrochemical system is the reference electrode which pro-
vides a stable potential. This is also critical for FET-based biosensors where the reference
electrode potential determines the working point of the device. Typically Ag/AgCl ref-
erence electrode was used for measurements presented in this work. It provides high
stability and is quite robust. The utilization of such external electrode is sometimes not
convenient because of size limitations and setup configuration considerations. In this case
on-chip reference electrode is a suitable substitution. Because of fabrication simplicity
and clean-room compatibility we used lift-off patterned platinum(Pt) electrode. It was
demonstrated that Pt electrode maintains permanent and stable potential for more than
12 hours immersed in molten NaCl/KClL In this respect Pt electrode can be used as
pseudo-reference electrode[113]. Fabricated reference electrode is shown in figure 4.10(a).
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Figure 4.10: (a)Microscope image of fabricated Pt reference electrode on the chip. Metal
layer is deposited on top of the passivation to prevent the electrical contact with metal
feedlines. (b)Output and transfer characteristics of the chip measured using fabricated
reference electrode.
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To prove the working ability of reference electrode we performed output and transfer
curves measurement. The results are shown in figure 4.10(b) and demonstrate a typical
behavior for liquid gated devices as it will be further discussed.

Technology improvements

During the development and optimization of nanowire devices several major improvements
were introduced. Nanowires were redesigned considering the approaching parts to the
nanowires. This allowed to control the nanowire sizes much more precisely, which is
critical in particular for single trap phenomena observation as it will be discussed in the
following chapters. Fabrication flow has been reordered in order to improve the BOX
layer quality after the nanowire etching. By introducing the alignment markers at the
very beginning, it has become possible to combine meza and nanowire etching in one
step and reduce BOX etching in the area of nanowire up to 50%. Fabrication of silicon
nanowires with the new approach resulted in reduction of leakage currents which were a
considerable problem for previous fabrication process. The minor tuning of the fabrication
process has been performed at each step. Several iterations of the process optimization
have been performed to introduce and test all improvements. A complete up to date
technological process flow used for the fabrication of single nanowire FETS is presented
in appendix A.

4.3 Chip Encapsulation

4.3.1 Reservoir for Cell Culture

Fabricated chips are typically glued and wire-bonded to the chip carrier with aluminum
wire (see figure 4.11(a)). Because of liquid environment all exposed metal contacts should
be covered and properly sealed in order to prevent gate-source or gate-drain leakage
currents. The active area of the chip is separated with the glass ring of 5 mm inner

Figure 4.11: Chip encapsulation with reservoir:(a) - chip after wire bonding, (b) - chip
with reservoir made of glass rings and metal wires covered with polydimethylsiloxane
(PDMS)
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diameter. Inner and outer glass rings are glued to the chip and chip carrier with PDMS.
PDMS with 10:1 proportion of precursor and curing agent was prepared using standard
protocol. Firstly inner and outer rings were glued using PDMS and pre-baked at 110°C
for 15 minutes. Then the volume between rings is filled with PDMS in order to cover wire
bonds and put again into the oven for 1 hour. After the encapsulation samples are ready
for liquid gated measurements. An example of prepared chip with reservoir is shown in
figure 4.11(b). Depending on the application, chips can be alternatively encapslated for
the use of microfluidic system.

4.3.2 Microfluidic for Biomarker Detection

For the easy of applying analyte solution to the nanowire surface microfluidic system was
designed to fit the chip dimensions. Microfluidics can be fabricated on a large wafer scale
using specially fabricated mold. The mold is then mounted into special holder which is
filled with PDMS and baked in the oven at 110°C for 1 hour. Then PDMS is detached
from the mold and cut into separate fluidics which can be used on chip. When using
microfluidic channels the chips glued and wire bonded to the chip carrier. The wires are
covered with PDMS without glass rings as it is shown in figure 4.12(a). An inlet and outlet
holes for liquid are made using biopsy puncher in the PDMS fluidic(see figure 4.12(b)).
To perform the measurement, chip together with fluidic are assembled in the optimized
holder, where the lid also serves as a clamp to fix the fluidic. With inserted tubing the
system looks like it is shown in figure 4.12(c). Different solutions can be easily applied to
the sensor using any kind of pump. External or on-chip reference electrodes can be used
to define the gating voltage for liquid-gated silicon NW FETs.

Figure 4.12: (a) - Chip, encapsulated with PDMS without glass rings, inserted into the
socket for measurement, (b) - Microfluidic made of PDMS with inlet and outlet holes for
the liquid flow, (c¢) - Microfluidic is placed over the chip in closed socket with inserted
tubing. Reference electrode is mounted into the outlet tube
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4.4 Silicon Nanowire Devices Characterization

Si NW FETs with outstanding electrical parameters are widely used as building blocks in
modern electronics. A large surface-to-volume ratio is a distinctive feature of these struc-
tures allowing functionality which is extremely sensitive to the surface potential charges
resulting in a considerable change of channel current. As a result, Si NW FETs are
excellent candidates for biochemical sensor applications ensuring a high response signal
level corresponding to bio-object binding events. The scaling of characteristic sizes allows
ultra-low amounts of analyte to be registered down to the single molecule level. However,
with NW size reduction the amplitude of the flicker (1/f) noise component usually in-
creases. Moreover, the probability of RT'S observation in noise spectra also increases. On
the other hand, it was shown [114] that RTS noise parameters depend on gate potential
and can be used as an informative signal for biosensing. Therefore the investigation of
size-dependent features in NW FET biosensors is a challenging and extremely important
task. We designed and fabricated Silicon nanowire structures as described in section 4.2.
Transport properties of fabricated devices were studied in the FET configuration in liquid
environment. phosphate-buffered saline (PBS) solution with pH 7.4 and ionic strength of
10mM was used during liquid-gated measurements. The gate potential was set against
an Ag/AgCl reference electrode.

Silicon nanowires with designed lengths in the range from 100 nm to 4 ym and widths
from 70nm to 500 nm were investigated from the viewpoint of scalability, device perfor-
mance as well as noise properties. Typical transfer curves measured on p* — p — p™ and
nt — p — nT structures with length of 200nm and width of 100nm at various drain-
source voltages, Vpg , are shown in figure 4.13(a). Output curves measured for the same
set of nanowires FETs are shown in figure 4.13(b). Characteristics demonstrate stable
metal-oxide semiconductor field-effect transistor (MOSFET)-like behavior with a typical
transition from ohmic to saturation regime. It should be emphasized that the drain cur-
rent axes scales for nt —p—n* structures are 3 times larger than for p™ —p— p™ structures
for better visualization. At the same applied voltages drain current through the channel
of n™ —p—nT-type nanowire is around 3 times larger than for p* —p — p* -type nanowire.
Which is reasonable from the viewpoint of charge carrier mobility. The major carriers in
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Figure 4.13: Transfer curves (a) measured at various drain-source voltages and output
curves (b) measured at various liquid gate voltages for p* —p—p™and n* — p —n™ liquid-
gated nanowire FET structures with length of 200 nm and width 100 nm.



76 CHAPTER 4

1.2

16 | p+_p_p+ n+_p_n+ 48 p+_p_p+
W=100 nm Length  W=100 nm W=100 nm

14} ——200 nm 4.2 ™ 1.0 ™
—_ ——400 nm —_ = =
3 1.2} 600 nm 3.6 i(% =08 o=
=, . —1um | @ 0y
= 1.0 2um 3.0 = S S
S 4 S o 0.6+ @
S o8- ——4pm 24 ¢ | B !
> j =} =}
O 06 1189 | B 04t 2
£ £ S 9
© ©
5 04 12 = 7] 2
e 0| §o2 g

0.2 - 0.6 = =

0.0 0.0 0.0

( a) -2 -1 0 0 1 2 (b) -2 -1 0 1 -1 0 1 2

Overdrive Liquid-Gate Voltage, V, (V) Overdrive Liquid-Gate Voltage, V, (V)

Figure 4.14: (a) Transfer curves measured for p™ — p — p* and n* — p — n™ structures
with different lengths. (b)Transconductance recalculated as a derivative from the transfer
curves, shown in (a). It should be mentioned that y scales for n-type devices are three
times larger than for p-type devices.

nt —p —nT FET are electrons while for p™ — p — p* FET - holes. It is known that for
silicon electron mobility is around 3 times greater for electrons than for holes [115-118].

Transfer curves measured for p* —p — p™ and n™ — p — n* nanowire FETSs of different
length and width of 100 nm are shown in the figure 4.14(a). Characteristics were measured
in linear operation regime at the absolute value of drain-source voltage Vpg = 100 mV
(The sign is selected considering the conduction type: ”-” for p*™ — p — p™ and "+ for
nt —p—n'). Si NW FET structures demonstrate good scalability with length of the
nanowire. This is also valid for transconductance(see figure 4.14(b)), recalculated as a
derivative of transfer curves. It should be noted that transconductace maximum is also
around three times larger for n™ —p—n*structures in comparison to p™ —p—p*analogues.
Threshold voltage of nanowire FETs with different length were extracted from transfer
curves as an intersection of a tangent line in the maximum of transconductance with
voltage axis 4.15(a). Typical threshold voltage values lie around 1V with a tendency
to slightly increase(taking into account sign) at smaller lengths. Subthreshold swing of
measured transistors was obtained from the slope of subthreshold current in the semi-
logarithmic scale(see figure 4.15(b)). The median value for p™ —p — p* structures is about
169 mV/dec while for nt — p — n* structures the median is about 250 mV/dec. The
values obtained demonstrate a good quality of fabricated devices, considering the liquid-
gate operation. Extracted mobilities were in the range from 40 cm? V='s to 116 cm? V!5
for p* —p— pT structures and from 230 cm? V~—!s to 500 cm? V~'s. The contact resistance
was analyzed for nanowires of different lengths using the transmission line measurement
(TLM) approach. For that the resistance was plotted versus nanowire length at various
overdrive gate voltages. The resistance of the nanowires depends linearly on the length
and the extrapolation to zero gives the contact resistance defined by the geometry of the
devices as well as quality of contact between metal feedlines and silicon. Channel resistace
as a function of overdrive liquid-gate voltage is plotted in figure 4.16. Extracted contact
resistance is several times smaller than the resistance for shortest nanowires. Therefore
the impact of contact resistance on the transport phenomena is negligibly small. It should
be noted that the contact resistance depends on the overdrive liquid-gate voltage. The
decrease of contact resistance can be explained by thinning the Schottky barrier down
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Figure 4.16: Channel resistance extracted for p* —p —p*and n*t — p —n* nanowire FET's
of different lengths and contact resistance extracted for corresponding device type using
TLM method.

as a result of major charge carrier concentration increase in the area of the contact with
increasing gate voltage.

Performed characterization of silicon nanowire devices demonstrate a good quality of
fabricated nanowire devices with excellent scalability. In this respect fabricated Si NW
FETs are a good candidates for both fundamental studies, including size-dependent effects
and application in biosensing experiments.
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4.5 Gate Coupling Effect(GCE) for Advanced FET
Properties

Biosensing is nowadays a highly developed field of research with great potential for appli-
cations in the life sciences and health care. Within a wide range of biosensing applications
we can emphasize several directions including the detection of biological markers, and the
investigation of electrically active cells. Over the decades of extensive investigations silicon
NWs attracted much attention because of the remarkable properties, including enhanced
sensitivity to molecular-sized objects as well as improved interface to the living cells [1-4,
7).

Over the last few decades scientists have struggled to enlarge the dynamic detection
ranges, improve the detection limit for a variety of bio-objects, reduce the noise level and
improve signal-to-noise ratio. However, challenges regarding the reliability and stability
of passivation layers in liquid environment as well as the noise property optimization in
nanosized devices have still not been completely resolved.

Partially, problems can be overcome by studying a variety of device regimes and se-
lecting the optimal one where the best performance can be achieved. Recently, it was
demonstrated that the operation of p™ — p — p* liquid-gated Si NW biosensors can be
optimized by tuning the conducting channel position [77]. The utilization of both liquid
and back gates in the case of p-type channels allows the dominant 1/f noise mechanism
to be switched from the surface to the bulk of the nanowire, which results in significant
noise suppression and improvement of the signal-to-noise ratio.

In this section, we evaluate the gate coupling effect of n* — p —n™ Si NW FET struc-
tures using noise spectroscopy, technology computer-aided design (TCAD)simulations and
utilizing both liquid and back gates to control the device conducting channel. In contrast
to the accumulation mode, the inversion mode in Si NW FETs has the channel position
localized much closer to the interface between the Si NW and dielectric layer. As it will
be shown the structures provide improved sensitivity to the surface potential change of
the NW biosensor.

To overcome several limitations including the short-channel effects [119-121], reduce
the power consumption and increase the performance of the MOSFET devices ultra thin
body (UTB) SOI design was introduced into nano-scaled complementary metal-oxide-
semiconductor (CMOS) technology. As the transistor body gets thin enought the funda-
mental feature of charge coupling between front and back gates becomes more pronounced.
Such behavior is also known as a gate coupling effect and it is related in particular to
threshold voltage of the device [122, 123]. This means that the threshold voltage of the
device controlled through the front gate can be adjusted by applying the back-gate bias.
Such approach is often used for the characterization of FET devices. To date many mod-
els has been developed to explain the impact of gate coupling effect taking into account
the high-field effects and dielectric breakdown, volume inversion and quantum mechanical
effects as well as substrate depletion [124-126]. Often for the description of gate coupling
effect various models are not using the analytical representation of the threshold voltage
but instead the certain value at which the inversion carrier density reaches arbitrary taken
value (e.g. 1 x 10 ecm™2). Typically it is used for the numerical simulations which causes
difficulties extracting the experimental parameters [127].

Therefore the simplest Lim-Fossum model is still used for the characterization even
though it was introduced already more than 30 years ago. Due to this model the threshold
voltage of one gate linearly depends on the voltage applied to the opposite gate termi-
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Figure 4.17: The dependence of threshold voltage at the front gate, Vry,, on the back
gate voltage, Vpq, predicted by the Lim-Fossum model. Adapted from [128].

nal where depletion is established (figure 4.17). The dependence saturates when strong
accumulation or inversion is reached at the other terminal.
The threshold voltage at the front interface depends on the back gate voltage as:

AV, CsiCpox
dVea Crox(Csi + Cpox)

(4.1)

;where Vry,, is the threshold voltage at the front interface, V¢ is the back gate voltage, Cg;
is the capacitance of depleted silicon film, Crpox and Cgox are the capacitances of front
gate oxide and back gate oxide, correspondingly. In our contribution we performed studies
of the liquid-gated FET device for the purpose of the biosensor properties enhancement.

4.5.1 GCE in Si NW Array FETs

The impact of the gate coupling effect has been studied for the n* — p — n™ Si nanowire
FETs in liquid-gate configuration. We applied both liquid and back gates to control the
device conducting channel and performed the investigations of transport properties in-
volving noise spectroscopy. The structures under study were Si NW array FETs where
the conducting channel is represented by 50 nanowires connected in parallel with the
spacing of 250 nm. Nanowires were 100 nm wide and the length of the conducting channel
varied in the range from 16 pm to 21 pm. The structures were fabricated on the basis of
SOI wafers using CMOS-compatible technological process. The liquid-gate dielectric was
8nm thin thermally grown S0, layer. The thickness of the buried oxide was 145 nm.
phosphate-buffered saline (PBS) was used as the electrolyte solution during the measure-
ment. The liquid gate voltage was applied using the Ag/AgCl reference electrode. Highly
doped silicon substrate of the wafer was used as a back-gate.

Firstly a proper operation of both back- and liquid-gate configured transistors we
performed I-V measurements using corresponding gate terminals as it is shown in figure
4.18. The curves demonstrate a typical curves for FET device using both liquid- and
back-gates which means that transistor can be controlled well using both gates.
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Figure 4.18: Transfer and output curves measured using both liquid and back gates
demonstrate a good control over the current through the channel.

To check the impact of gate coupling effect on the channel conductivity we performed
the IV characterization at varying back gate bias using the setup described in the section
3.1 where back gate voltage was additionally supplied with another source-meter unit.
Drain-source voltage was set to 50mV to keep the device in the linear operation regime.
Transfer curves were measured at different back gate bias as it is shown in the figure
4.19(a).

Back gate voltage caused the shift of transfer curves towards lower threshold voltage
of the transistor and fits well to the linear dependence predicted by the Lim-Fossum
model [122]. In order to determine the optimal operation mode of fabricated devices we
performed measurements of the device transconductance at different liquid- and back-gate
voltages within the ranges where device demonstrate reproducible characteristics without
irreversible changes as the result of dielectric damage. The transconductance color map
for n™ — p — n* liquid-gated Si NW FETSstructure is presented in figure 4.19(b).

For the inversion n-type channel FET structure, no significant deviations from the
traditional FET behavior were observed except of a shift of the threshold voltage with
varying back-gate voltage. In order to study device transport properties at different
channel locations, we performed noise measurements in the mode of constant current.
Noise measurements were performed using a noise measurement system developed in-
house. Schematic can be found in the section 3.2.
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Figure 4.19: (a) Transfer curves of Si NW array FET measured at back gate voltages from
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The channel resistance was selected according to the maximum of the transconduc-
tance, g,, , at zero back-gate voltage and then both liquid- and back-gate voltages were
swept in such a way that the drain current was kept constant and equal to 0.26 uA at
50mV drain voltage. The voltage spectral densities obtained are presented in figure
4.20(a).

The measured spectra demonstrate small changes with gate voltages. This reflects a
weak dependence of the device noise on the back-gate voltage, which is different from the
behavior of an accumulation mode FET[77].
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Figure 4.20: (a) Drain voltage noise spectral density, Sy , measured for Si NW array with
a 100 nm wide nanowires and 20 pm length. Drain-source voltage was 50 mV. Liquid and
back gate voltages were swept in a way that the current through the channel remained
constant at 0.26 pA. (b)Transconductance (black circles) and flicker noise amplitude
at 1Hz(red triangles) measured in a constant current regime. Both dependencies are
functions of both liquid and back gate voltages. Red line is plotted as a guide for eye.
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The transconductance dependence on the liquid- and back-gate voltage demonstrates
a monotonic decrease. The flicker noise component was extracted from the spectra by
fitting and it is shown along with the transconductance in figure 4.20(b). The behavior
of the 1/f noise follows the transconductance in a wide range of back-gate voltages and
decreases with increasing back-gate voltage. This makes sense while the working point
was selected initially at the maximum of transconductance. Thus the shift of transfer
curves toward lower threshold voltage causes the decrease of the transconductance. As
far as the measurements of figure 4.20 were performed in the constant current mode,
changing of the gate voltages represents a slight displacement of the carrier distribution
from the surface of the NW. Therefore the top dielectric layer is mainly responsible for
the fluctuations in the channel of the nanowire. The equivalent input noise is a convenient
parameter for making a decision about the dominant noise mechanism [90]:

i
where is the current spectral density and g,, is the transconductance. The behavior
of Sy in the constant drain current mode is presented in figure 4.21.
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Figure 4.21: Equivalent input-referred noise calculated for noise spectra at 10 Hz and
multiplied by frequency. Plotted as a function of both liquid and back gate.

It shows negligible changes at different front- and back-gate voltages. Therefore, we
can conclude that in the fabricated liquid-gated Si NW array FETs noise at not too high
VBeis mainly determined by the number fluctuation model due to the carrier interactions
with the traps located in the liquid gate dielectric. Thus, by moving the channel from the
liquid gate toward the back gate we can see that the liquid gate dielectric — Si interface
is more noisy than the back gate dielectric — Si interface.

To study the gate coupling phenomenon and its influence on device performance and
noise characteristics, we performed an experiment where noise characteristics were mea-
sured along the transfer curves of liquid-gated FETs in linear and saturation regions with
the influence of the back gate (Vg = 10V) and without (Vg =0V). Noise spectra were
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Figure 4.22: (a) Multiplied by frequency current noise spectral density measured in differ-
ent operating regimes with and without back gate.(b) Normalized current noise spectral
density as a function of (g,,/Ip)? at different applied back gate voltages.

acquired at different liquid gate voltages with and without using the back gate. Normal-
ized flicker noise component multiplied by frequency is plotted against the drain current
in 4.22(a). We observe the 1/I% behavior. This reflects the trapping/detrapping model
transformed to the correlated number/mobility fluctuation theory [129] for cases with and
without back gate influence.

The input-referred noise presented in 4.23(a) demonstrates the shift of data point sets
corresponding to the back gate influence in the direction of lower noise. Moreover, the
dependence on gate voltage is not observed so that it can be concluded that the number
fluctuations take place in the channel. The decrease in noise can be explained by the
spread of the inversion layer within nanowire and the enhanced coupling effect, causing
improved control of channel conductivity by the applied back gate voltage. We can show
this by analyzing the flicker noise using the approach described in [130]. The contribution
of the flicker noise of the two interfaces Si / SiO2 (An fluctuations): front, Sy, and back,
S, to the overall noise considering the values g2, /I% can be described by equation 4.3.

Im m
- sUf<[—Df>2 + sUb<f}—;>2 (4.3)

Iy
When sweeping the liquid-gate voltage we fixed back-gate voltage. Thus we can assume
that (gm,/Ip)” does not change very much. The normalized noise densities of the drain
current (S;p/I3) as a function of (g,,/Ip)° with different back gate voltages are shown
in figure 4.22(b). Two lines in figure 4.22(b) reflect the linear relationship of equation 4.3
for two cases: when using back gate and when it is set to zero.

Note that the larger values fS;/I% correspond to noise normalized to a lower drain
current value. By increasing the gate voltage, the FET transport in the channel is changed
to a regime of strong inversion with increased electron density (for both classical and
quantum considerations) shifted to the interface corresponding to the gate. This reflects
the fact that, with respect to the inversion channel, by applying the back gate voltage the
position of the channel is shifted in the direction of the substrate. This causes a decrease of
the interaction rate with traps near the top dielectric thus lowering the noise level. Such a
situation is extremely attractive for biosensor applications, in particular the extracellular
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Figure 4.23: (a) Equivalent input-referred noise calculated from noise spectra at 1 Hz in
different operation regimes.(b) Calculated signal-to-noise ratio (SNR) in different oper-
ation regimes for the bandwidth of 100 Hz and reference voltage fluctuations of 100 uV,
typical for neuronal signals.

action potential detection of electroactive cells. Since the amplitude of typical neuronal
cell action potential pulses are in the range of 100V, the signal-to-noise ratio of the
detector has to be large enough to amplify this signal. In our study we demonstrated the
possibility of lowering the noise level when applying the back gate voltage. This results
in a change of the SNR, as shown in figure 4.23(b). The values of SNR were calculated
using equation 2.24. The frequency bandwidth was selected at 100 Hz as suitable for
recording of cellular signals, and reference voltage fluctuation was defined as 100V -
typical amplitude for neuronal signal. For the same drain source voltages, the curves
measured using the back gate voltage demonstrate an improved SNR compared to that
obtained without back gate voltage. At the higher drain — source voltage of 1.05V the
SNR is twice larger in comparison to the case without back gate application.

4.5.2 GCE in Single Si NW FETs

In comparison to the long nanowire arrays, single silicon nanowire demonstrate enhanced
gate coupling due to higher degree of electrical confinement. Transfer curves measured
for p* — p — p™ Si NW FET at back-gate voltages ranging from 0V to —16.5V are
shown in figure 4.24(a). Back gate voltage causes the shift of transfer curves towards
lower threshold voltages. Similar behavior is observed on the transconductance curves
(figure 4.24(b)). Furthermore application of back gate voltage is accompanied by the
increase of transconductance maximum. The effect indicates on tuning the position of
conducting channel within the nanowire and supports the ideas of increased signal-to-
noise ratio for the detection of biological signals [77]. The situation differs for the n* —
p — nt type structures. Transfer curves measured for n™ — p — n*t Si NW FET are
shown in figure 4.25(a). Together with curve shift towards lower threshold voltage the
slope also changes. Transconductance curves demonstrate the shift together with the
change of transconductance maximum (figure 4.25(b)). Furthermore at certain back-
gate voltage additional bump appears. It is referred to the inversion at the back-gate
interface and formations of another conductation channel. To understand the impact of
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Figure 4.24: (a) Transfer curves measured for p™ — p — p* nanowire structures. (b)
Transconductance calculated from transfer curves.
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Figure 4.25: (a) Transfer curves measured for n™ — p — n* nanowire structures. (b)
Transconductance calculated from transfer curves.

back gate voltage on the charge carrier distribution we performed numerical simulations
using TCAD software.

4.5.3 TCAD Simulation and Analysis of GCE

We implemented a 3D model of our n* — p — n™ NW FET transistor in the Sentaurus
TCAD software and simulated its behavior at different front- and back-gate voltages in
order to study the front-back gate coupling effect in the inversion channel FET. Simulated
nanowire device was 500 nm long and 100 nm wide as it is shown in figure 4.26.

The simulated transfer curves are shown in figure 4.27(a). The drain voltage was set
to 100 mV to keep the device in linear operation regime. The back gate voltage was varied
from —3V to 15V. As we can see, applying the back gate voltage affects the threshold
voltage and shifts the transfer curves towards lower front-gate voltages. At higher back-
gate voltages, the shape of the transfer curves also changes. At lower back-gate voltages
(Ve < 5V), transfer curves have a linear region and sublinear region, caused by contact
resistance and mobility degradation. At higher back-gate voltages, two linear modes are
observed before the sublinear mode is reached. Such an effect may be explained by the
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Figure 4.26: The simulated silicon nanowire structure(left) and the electron density (right)
across the nanowire cross-section at different applied back gate voltages. With increasing
positive back gate voltage the electron concentration at the back interface increases and
forms the inversion channel.

formation of the second channel near the back-gate oxide.

The observation of the second conductive channel is also confirmed by transconduc-
tance of the NW FET, obtained as a derivative of the transfer curves (figure 4.27(b)).
Indeed, for the case of higher Vg , a plateau corresponding to the second linear region
is clearly resolved on the transconductance curves. Such behavior was also observed for
ultrathin SOI MOSFETSs with a standard and ultrathin BOX layer [131]. It should be
noted that the maximum value of transconductance increases with increasing back gate
voltage.

°T (a)

6|

Drain Current, | (uA)
N
Transconductance, g (uS)

-0.5 0.0 0.5 1.0
Front Gate Voltage, V; (V) Front Gate Voltage, V. (V)

Figure 4.27: Transfer curves (a) and transconductance (b) calculated for the nanowire
structure shown in figure 4.26. With back gate voltage increase the transfer curves shift
towards lower threshold voltages. The curves also change the slope, which is reflected
in transconductance curves(b) as a bump. The feature corresponds to the formation of
inversion channel at the back gate interface.
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Figure 4.28: Electron concentration profile in the middle of nanowire channel

In order to investigate the phenomenon of front-back gate coupling effect on the
transconductance, we simulated the charge carrier distributions at different back-gate
voltages. The crossections of silicon nanowire demonstrating electron distributions at
different back gate voltages are shown in figure 4.28. The front gate voltage was fixed
at 3V to keep the inversion mode of the device. Meanwhile the back gate voltage was
swept from —3V to 15 V. As it is shown in figure 4.28 the electron concentration changes
with applied voltage. The back gate voltage of —3V causes the accumulation next to the
back dielectric, while at positive voltages the concentration of electrons next to the back
dielectric increases leading to the inversion. The electron concentration profile is shown
in figure 4.28. Under different applied back-gate voltages, the charge carriers are pulled
towards both interfaces and causing the inversion at both back and fron dielectrics. The
front-back gate coupling effect in the case of an n-type inversion FET is realized as the
pumping of charge carriers between two potential wells: near the front-gate dielectric and
near the back-gate dielectric. Also under certain conditions the formation of two channels
(see figure 4.28) at the same time may be observed. It should be emphasized that in spite
of applying a pulling voltage for the inversion carriers on the back gate there is still a
conducting channel localized near the front gate. Therefore observing switching of the
dominant noise mechanism from number fluctuations to mobility fluctuations is unlikely
in the case of inversion channel NW FET.

4.6 Noise Spectroscopy of NW FETSs

Noise characterization of silicon nanowire devices had been performed using the noise
measurement setup described in section 3.2, including low-noise preamplifier. Measured
voltage fluctuations were translated into a noise power spectrum, Sy , via the fast Fourier
transform. Further voltage noise power spectra, Sy , in units of V?/Hz are translated
into current noise spectral density in units of A*>/Hz as S; = Sy /RZ,, where R, is an
equivalent resistance determined by the load resistance, R;,.q , and sample resistance
in the circuit. Noise characteristics were measured in different operation modes for the
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Figure 4.29: Drain current noise spectral density measured for 100 nm wide and 1 pm long
nanowires in p* — p — pT and n™ — p — n™ configurations.

Si NW FET structures with various nanowire widths and lengths. A typical current
noise power spectral density of both nt — p — n™ and p* — p — p* device types with
width of 100 nm and length of 1pm are shown in figure 4.29. At low frequencies, noise
spectra demonstrate the 1/f flicker noise behavior, which is dominant for major Si NW
chips under investigation. generation-recombination (GR) noise components appearing in
the noise spectra for nanowires with small characteristic sizes often correspond to single
electron events resulting in random telegraph signal fluctuations of the current through
the channel. To study the impact of nanowire size on noise properties we performed noise
measurements on the nanowire sets with widths in the range from 70 nm to 500 nm and
length - from 1pm to 2pm. The values of the current noise power spectral density at
10Hz as a function of the overdrive gate voltage (Vo = Vig—Vry) are plotted in figure
4.30.

The curves have several regions reflecting different noise behavior with respect to the
operation mode. It should be emphasized that p-type devices demonstrate dependence on
the overdrive liquid-gate voltage, while n-type devices demonstrate constant behavior in
the strong inversion. The normalized current spectral density at 10 Hz is shown in figure
4.31. The p-type devices demonstrate 151 behavior while n-type - [52. Such variation
can be explained by different origins of noise for n- and p-type structures. Usually the
input referred noise, Sy , is considered for an analysis of the noise sources in the devices.
The value of Sy can be calculated according to the following expression: Sy = S;/g2,.
The input-referred noise of both device type is plotted in figure 4.32. The fact that
the input-referred noise is independent of the overdrive gate voltage can be explained in
the framework of the McWhorter number fluctuation model, where the interaction with
traps in gate dielectric is most pronounced. On the other hand, when input-referred noise
depends on the overdrive gate voltage, the intrinsic resistance fluctuations or volume noise
behavior can be described by a phenomenological Hooge’s model of mobility fluctuations.
In p-type devices the hole concentration spreads into the volume of silicon channel where
the noise behavior is determined by the charge carrier scattering on the lattice. Hooge’s
parameter, ayy , can be calculated using equation:

S] . g
=N (4.4)
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Figure 4.30: Current noise spectral density measured on the nanowires of different widths
in the range from 70 nm to 500 nm and lengths of 1 and 2 microns for (a) pt —p—p*and
(b) n™ — p — n™ configurations.

, where N is the number of charge carriers. The first suggested value of ay was equal to
2 x 1073, Later the dimensionless parameter ay , referred to as the Hooge’s parameter,
was found to be dependent on the crystal quality of the device and it was demonstrated
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Figure 4.31: Normalized current noise spectral density measured on the nanowires of
different widths in the range from 70 nm to 500 nm and lengths of 1 and 2 microns for (a)
pt —p—pTand (b) n™ — p —nt configurations.



CHAPTER 4

Ne
o]

-
o
&

10°
(b) ** |AN - model | n*-p-n*

() *0, | Al - model | p*-p-p*

—
o
4

107

-
o
&

108}

-
o
)

Input-Referred Noise at 10 Hz, SU(VZ)

Input-Referred Noise at 10 Hz, SU(VZ)

10—9 L L 1 L @ 10-10 - ] I I
-3 -2 -1 0 0 1 2
Overdrive Liquid-Gate Voltage, V (V) Overdrive Liquid-Gate Voltage, V (V)
Length 1 um Length 2 um
Width: Width:

e 500nm 4 250 nm ® 500nm A 250 nm

= 150 nm ® 200 nm ® 200nm ® 150 nm

¢ 100nm <« 90 nm ¢ 100nm <4 90 nm

> 80 nm > 80nm ¢ 70nm

Figure 4.32: Input-referred noise recalculated from noise spectra measured on the
nanowires of different widths in the range from 70nm to 500 nm and lengths of 1 and
2 microns for (a) p™ — p —p* and (b) nt — p — n™ configurations.

to be 2-3 orders of magnitude lower for perfect devices [90]. Nowadays, ay is often used
for the comparison of noise levels and performance of a various devices, regardless of
the materials they are made of. It should be noted that for nanowire biosensors the
noise level, which can be expressed in terms of Hooge’s parameter, is the critical factor
determining the limit of detection and possibility of real-time molecular binding event
extraction [132]. To analyze the origin of the noise, we calculated the input-referred noise
according to the expression introduced above (see figure 4.32). The strong dependence of
Sy on the overdrive gate voltage for p-type devices in accumulation (Vo < 0.5 V) indicate
that the 1/f noise measured is not McWhorter noise but rather volume noise described
by Hooge's model of mobility fluctuation. The non-monotone behavior was registered
in a weak accumulation. On the contrary, n-type devices demonstrate scattering around
a constant value of input-referred noise, specific for each structure under study. Such a
behavior is a signature of a surface noise, described by McWhorter noise model, where the
inversion layer is closely located to the interface between gate oxide and silicon channel.

In order to estimate Hooge’s parameter it is important to evaluate the number of charge
carriers, N. In the linear regime of FET operation the current through the channel can
be estimated as:

, where ¢ is the electron charge, n - charge carrier concentration, urp - field-effect carrier
mobility, £ - electrical field, W - width of the nanowire, h - is the thickness of the
nanowire. £ = Vpg/L, where L is the length of the nanowire. n = N/V', where V is the
volume of the conduction channel, V=W x L x h. The total charge carrier number, NV,
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can be estimated taking into account equation 4.5 as:

IpL?
N=-—22_ (4.6)
qVpsirE
The field-effect mobility of charge carriers in linear operation mode can be extracted from
the equation for the transconductance:

W
Im = ,LLFECofoDS (47)

Based on the equation 4.7 the field-effect mobility can be estimated using following ex-
pression:

__Lgm

B WCOJSVDS

Here C,, = e,:60/d is the gate capacitance. Extracted from noise measurement data
values of field-effect mobility were in the range from 40cm?V=!s™! to 100cm? V—1s~!
for pt — p — p* structures and from 100cm?V='s™! to 300cm?V~=ts™! for nt — p —
n™ structures. Taking into account aforementioned equations the Hooge’s parameter can
be calculated using the following equation:

HFE (4.8)

_ IS Il

o= 4.9
I? qureVps (4.9)

g

We calculated the dimensionless Hooge’s parameter using measured spectra in order to
analyze the noise behavior. The dependencies on the overdrive gate voltage for p* — p —
ptand nt — p — nt structures are shown in figure 4.33. In the case of the Hooge’s model
ay = const while for the McWhorter’s model the Hooge’s parameter behaves as a function
of the overdrive gate voltage ag ~ (Voy)~'. For p-type devices(figure 4.33(a)) , there
is the voltage range (Voy < 0.5V) where ooy = const. This confirms the applicability
of the Hooge’s approach in the regime of strong accumulation. Moreover, in this voltage
range we revealed that ay depends on the width of the measured devices. The Hooge’s
parameter decreases with increasing width. This tendency does not change from weak
to strong accumulation mode. The situation is opposite for n-type structures. In the
inversion regime there is a strong dependence of ay on overdrive gate voltage Vo (see
figure 4.33(b)), which is typical of McWhorter’s noise model [133]. It is known that the
noise level usually increases with decreasing characteristic device sizes [104]. To check the
noise property on the samples under study we plot input-referred noise as a function of
surface area (figure 4.34).

As it is predicted by noise models (see section 2.5) input referred noise for both n-
and p-type FETs is inversely proportional on the surface area. As it is shown in figure
4.34 both device types follow predicted behavior. It should be emphasized that for p™ —
p— pt structure the input referred noise increases for smaller surface areas while the noise
level also depends on the overdrive gate voltage. The overdrive voltage-dependence is,
however, not observed for n-type structures. Therefore we can conclude that studies of
liquid-gated FETs confirmed domination of Hooge’s model of mobility fluctuations for
pt — p — pT structures and McWhorter’s model of number fluctuations for n* — p —
n™ structures.

Figure 4.35(a) shows the input-referred noise dependence on the surface area obtained
for the fabricated devices in comparison to already published results obtained by other
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research groups: N.Clement [134], C.Schonenberger [135], M.Reed [136], A. van den Berg
[137], C. Dekker [138]. The plot shows that input-referred noise scales well with the
active area of the device. Furthermore fabricated devices fit well to the scaling trends
of the technological processes of the world-wide known groups. It should be emphasized
that the majority of devices demonstrate the noise levels between the fundamental limit
determined by the dielectric-polarization noise (estimated for ideal SiO dielectric layer)
and the trap-induced noise caused with the trap density of 1 x 10!°cm=2. When the
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active area of the device is scaled down there is a probability to obtain only a single trap
which influences the current through the conducting channel by capturing and emitting
a single charge carrier. Such behavior is often observed as two-level RTS fluctuations of
current in nanowire FETs. The probability(see figure 4.35) was estimated for oxide trap
density, N, = 1 x 10° cm~2 which approximates the noise over all devices under study.
The area corresponding to the single trap is around 0.1 pm2. The probability might vary
for much smaller areas since more sophisticated statistical model should be applied.

Biosensing capabilities of biosensors, in particular based on Si NW FETs, and therefore
performance strongly depends on the noise properties of the device. In particular, the
detection limit is directly influenced by the noise level in the system. As we can see from
the figure 4.35, it strongly depends on the structure sizes. While the response of the FET-
based system to the collective ion concentration change at the surface(Nernstian response)
is defined by the Nernst limit, the sensitivity to single ions is limited by so-called charge
noise of the device[134]. Charge noise is defined as:

SV? = %S}/Z (4.10)

;where C, is the gate capacitance, ¢ is elementary charge, Sy is the input-referred noise.
We estimate the charge noise for the data shown in figure 4.35(b) taking into account
the gate dielectric capacitance. It should be emphasized that lower charge noise corre-
sponds to the lower sensor area. Accordingly a major part of Si NW FET devices under
study are capable of single elementary charge detection. The remarkable feature of Si
NW FETs is that the gate area where sensors are capable of single charge detection in-
tersect the area where random telegraph signal noise is likely to occur. Due to the RTS
trapping/detrapping of charge carriers from the channel of Si NW FET to the gate oxide
traps the process is highly sensitive to the external influence. It should be mentioned that
majority of traps observed in the experiment as RTS fluctuations demonstrate non-SRH
behavior with strong dependence on the channel current (see figure 4.36). The values of
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function of the device gate area in comparison to the devices fabricated and investigated
in a worldwide-known research groups.
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Figure 4.36: Characteristic time constants as a function of drain current recorded on
different nanowires controlled by liquid-gate as well as back-gate. (a) slope (-0.23) cor-
responds to the measurements with back gate. (b)-(g) correspond to measurements with
liquid gate. The inset shows the statistics of recorded capture time slopes. The slopes
recorded with the liquid gate demonstrate much stronger behavior than predicted by
Shockley-Read-Hall (SRH) model. The curve, highlighted with red color, demonstrates
the strongest recorded capture time dependence. Such large slope value defines the target
for the development of ultrahigh sensitive biosensors.

slope for liquid-gate measurements vary from (-1.52) up to extremely high (-14.37). Such
strong behavior reflects very high sensitivity of single trap parameters to the surface po-
tential change. Therefore the monitoring single trap capture dynamics is very promising
for the development of highly sensitive biosensors with down to single ion detection limit.

4.7 Single Trap Phenomena for Development of
Nanowire Sensor

Silicon nanowires, as a key elements of modern nanoelectronics, allowed to overcome
challenges of planar CMOS technology [3, 139-141]. Due to their advanced performance
and scalability silicon nanowires, configured as field-effect transistors, deserved one of a
leading positions as a transducer for highly-sensitive biosensors. Typically for analyte de-
tection the change of nanowire channel conductivity corresponds to the change of target
molecules concentration. Depending on the application the sizes of silicon nanowire FETs
may be adjusted to dimensions of a target object allowing the tuning of biosensor sensitiv-
ity [142]. Reducing the characteristic sizes noise level of the FET devices tend to increase
as it was demonstrated in section 4.6. Furthermore at nanoscale, when characteristic sizes
become comparable to the areas, where statistically only a single trap can be located at
the interface between silicon channel and gate dielectric, the interaction between such
trap and charge carriers in the channel becomes significant and is known as single trap
phenomenon. Single charge carrier gets captured to the trap and released back into the
channel thus significantly modulating the conductivity of the nanowire channel. Such pro-
cess is observed as fluctuation of drain current in the nanowire FET channel between two
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discrete levels and is also known as random telegraph signal noise. When discovered, RTS
fluctuations were immediately classified as a noise component and research was focused
on the development of methods to prevent the appearance of such single trap behavior.
After decades of comprehensive investigation a number of techniques to reduce the RTS
as well as 1/f noise have been suggested. However the possibility of fundamental and
applied research using single trap phenomena makes it an object of interest rather than
unwanted effect.

Furthermore single trap phenomena became extremely interesting as punctual, and
highly sensitive atomic-size probe for nanoscale FETs and is nowadays considered as a
promising candidate for many applications including quantum information processing,
nanoscopic spin electronics as well as biosensing.

Indeed the processes happening at nanoscale are strongly influenced by various ex-
ternal factors especially electrical field and its changes caused for example by molecule
attached to nanowire sensor surface.

Drain current of nanosized FET's can strongly alter the conductivity of the conductive
channel. For the submicron FETSs the capture kinetics was observed to deviate from
the generally accepted SRH model due to geometrical factor or field effects [143-146].
Therefore single trap phenomenon can be considered as a smallest ever, atomic-size, highly
sensitive sensor. The information about target objects can be extracted from the measured
RTS fluctuations. Modern possibilities of fast data acquisition and processing allow real-
time analysis and extraction of significant information and monitoring of the analyte
concentration.

4.7.1 Enhanced Capture Kinetics Behavior

As mentioned before random telegraph signal noise is observed as two level fluctuations of
the drain current of the FET device due the existance of single trap in the gate dielectric
as it is shown in the figure 4.37. For nano-sized FETs the active volume is enough for
only a small amount of charge carriers to flow. The removal of only a single charge
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Figure 4.37: (a) A typical transfer curve of p* — p — p* liquid-gated Si NW FET. Inset
shows typical RTS fluctuations of drain current. (b) Energy band diagrams for n* —
p —n structures in inversion regime and p* — p — p* structures in accumulation regime.
Increased electron and hole concentrations are shown with red area. Electrons are shown
as orange circles, holes - blue circles. A single trap in the oxide layer is shown as a ”+”
sign.
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carrier from the channel causes a strong deviation of the current through the channel.
The time which the charge carrier spends before being captured by the trap is called
capture time and the time before the release of this carrier back into the channel is
called emission time. The investigation of single trap phenomena over the last decade
confirmed experimentally the deviation of the capture kinetics from predicted by the
SRH model towards the stronger capture time, 7., dependence on the drain current.
Such anomalous behavior is nowadays commonly explained considering the charge carrier
distribution withing the channel dependent on the high electrical field near the interface
[146] as well as Coulomb blockade effect [105, 147, 148].

In this respect quantization and tunneling of the charge carriers inside the conductive
channel has to be considered to describe the basic reasons of the capture kinetics enhanced
behavior.

The studies were performed on the single silicon nanowire structures with p-doped
channel, while the contacts were highly implanted with either boron or arsenic to form
nt —p—nT (first group) or p* —p—pT (second group) or type device correspondingly. The
gate dielectric was thermally grown silicon dioxide with the thickness of 9nm, the back-
gate oxide was 145 nm thick. The thickness of the active layer was 50 nm. The nanowires
under investigation were 200 nm long and 100 nm wide. Measurements were performed
with liquid gate where PBS with pH=7.4 was used as an electrolyte solution. Devices of
n™ — p —nt type were investigated in the inversion regime while the p* — p — p™ type in
the accumulation regime. Typical transfer curves are shown in figure 4.37(a).

During the investigation of both device groups RTS fluctuations were measured as a
part of noise measurement procedure(inset to figure 4.37(a)). Capture time slopes were
estimated as (-1) for the FETSs of a first group and (-2.8) for the second as it is shown
in the figure 4.38. To explain the unusual behavior of capture time kinetics we employed
theoretical predictions with respect to quantization and tunneling effects[149]. Calculated

Gate Voltage V (V)

0.01 0.1
210"k ' ol , B Experiment
\c; © , B Theory
c
g | e
§10° "o -
O o~ a—A\=1 n’-p-n
GE) - o~ Slope =-1
” 10 h=12 .\EI Cey
o L
2 Slope =-2.8 ﬁ\ aoN
O . . ‘ [ J =
10-4 | p _p_p e ®
0.01 0.1 1

Drain Current | (uA)

Figure 4.38: Measured(filled symbols) and calculated(empty symbols) capture time depen-
dencies on the drain current. Red curves correspond to inversion regime nt —p—ntFETSs,
while black curves correspond to accumulation p™ — p — p™ FETs.
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capture time dependencies together with measured data are plotted in the figure 4.38.
Results demonstrate a good agreement of measured and theoretically estimated values.
The electron capture time slope was also predicted to be (-1) for n* —p—nTstructures. To
explain the enhanced slope for our p™ —p—p*structures we assumed that the concentration
of holes is considerably higher at the interface between silicon channel and gate dielectric.
It should be mentioned that the sign of applied voltage does not influence the physical
concept, since major charge carriers also change to the opposite sign. Charge carriers
distributions were calculated for both structure types and plotted in figure 4.39. Several
remarkable features of charge carrier distributions should be emphasized.

e The concentration of electrons is high in the inversion channel at the interface of n™ —
p—nt FET.

e There is a narrow (about 1nm) gap between the peak electron concentration and the
interface where the concentration of holes is low for the inversion regime n* —p—n"FET.

e The distribution of holes has a pronounced maximum in the accumulation regime of
pt —p—p" FET

The electric field in the nanoscale channel is very high (1 x 10°Vem™ to 1 x 105 Vem™).
It should be noted that a strong exponential cross-section, o, dependence on the field in
the oxide was reported [150]. It can be represented as the following equation[98, 150]:

o x exp(Fox) (4.11)
,where
Vo — Vil
Eox =—— (4.12)
drox
For the electron effective capture cross-section, we can rewrite relation 4.11 in the following
form:
Ve — Vinl
Op = Opo€xp | ———— (4.13)
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Figure 4.39: (a) Electron concentrations (solid line) and hole concentrations (dash-dot
line) in n* — p — n™ nanowire FET as a function of distance from the surface at different
applied gate voltages. (b) Hole concentrations in p* —p — p* nanowire FET as a function
of distance from the surface at different applied gate voltages(indicated absolute value)
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Here Vi and Vj;, are the gate and threshold voltages, respectively; €., is the critical field
(for E,; = €. the cross-section, o, is changed by e times). For p* —p—p™ NW FETs, the
effective capture cross-section grows with the strong decrease in carrier number (electrons)
near the FOX-NW interface. To explain the enhanced behavior we introduce the the
amplification factor A(A > 1)

AVg — Vth)) (4.14)

/
Tn = Onoctp ( €erdrox

On the contrary to the n*—p—nTstructures, p™ —p—p"FETs work in the accumulation
mode. The surface region of the Si NW is depleted of the minor carriers — electrons (figure
4.39). The distance between the repulsive trap at the interface with oxide layer and the
mobile electrons of the Si conductive band increases. Therefore the potential barrier for
electrons to surmount in order to be captured by the trap increases simultaneously. In
this respect the impact of the critical electrical field €. becomes weaker. The physical
interpretation of the amplification parameter, A, is related to the amplification of the
electron cross section determined by two factors. Firstly, the removal of an electron from
the channel results in the weakener critical field influence. Secondly the potential barrier
for electron capture also changes.

In the case of n™ — p — n™ structures, the electrons in the conductive band of Si NWs
are located close to the interface. Therefore no considerable potential barrier changes are
observed, and €., does not change considerably, resulting in A = 1. It is clear that the
parameter A has to be dependent on the gate voltage. Extraction of such dependence
is another challenge which should be carefully considered. We found that in the p* —
p — pt FETs, the cross section capture increases hundreds times for the critical field,
€er X 1 x10°Vem™' to 1 x 10°V em™! when compared to the low-field value, 0,9, during
variation of applied gate voltages on the order of 1V.

Applying the electron capture time calculation method used in [149], and taking into
account the quantization and tunneling effects of the mobile carriers from equation 4.14,
we derived a new expression for 7 :

AVa—=Vin)
€crdrox

exrp [721‘, + Bzom —

Te = X Te0 (4.15)
)
where
t
Te0 = 2T00n0vthnst

For the case of n™ — p — n™ FETSs, we have to take A\ = 1 and for the case of the
pt —p—p" FETs A > 1. It should be noted that 8 = 0.1y and other denotations in
equation 4.17 are the same as they were introduced in[148, 149]. The terms of equation
4.15 considering quantum approach are the following:

e cxp(yz) — the trap location in the oxide [dependence 7. x exp(yz) . v is the at-
tenuation coefficient of the electron wave function in the oxide layer and z; is the trap
distance from oxide — channel interface.

e cxp(Bzoum) - tunneling of electrons. It depends on the depth of the maximal value of
the carrier density at the channel-oxide interface.

MVa—=Vin)

< o— — the field dependence of the crosssection in the oxide layer (equation 4.14).
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e [n [1 + % (%)] — the quantization and specific distribution of the mobile carriers

in the channel.

Assuming that the FETs are working in the linear regime at low changes of applied gate
voltage, (|Va—Vin|) o< (0.1+0.5)V, we calculated the slope of 7, versus drain current using
following parameters: 0,0 ~ 1 x 1072°ecm=2, Ty = 1, 2, = 2nm, vy = 2.3 X 107 cm s},
€ 4.5 x 10°Vem ™, drox & 9nm, 29y = 1.21 + 165 x exp(—0.88V;), and remaining
values from [149]. For the n* — p — n™ FET, the capture time slope equals (-1) at A =1
and for the p™ —p — p* FET, the slope equals (-2.8) at A = 12.

Thus, the enhanced values of the 7. slope can be described using equation (4.15), when
considering the A amplification factor, determined by accumulated carriers. Obviously,
we can obtain higher slope values of capture time dependence with values of A > 12 .

Figure 4.40(a) shows the electron capture time slope’s dependence on the amplification
factor A for dpox = 9nm. For A = 1, the slope equals (-1), while at A = 12 the slope
equals (-2.8). The capture time dependence on the oxide layer thickness is shown in figure

4.40(b).
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Figure 4.40: (a) The electron capture time slope as a function of the amplification factor,
A. (b) The electron capture time dependencies on the thickness of the gate oxide, using
quantum-mechanical approach.

7. is almost constant for the n™ — p — n™ FETs. Moreover, 7. = const at the dpox >
(5 = 8)nm. For the p™ —p — p* FETs, the exponential decrease is obtained with higher
values of capture time slope beginning from drox = (20 — 40)nm and reaches 7, = const
for drpox > 50nm. The decrease of 7, strongly depends on the gate voltage determining
the working point. Such behavior of 7. can be explained by the rapid growth of the
electron concentration in the inversion regime at the FOX-NW interface. In case when
the n™ — p — n™ FET, the layer with high electron concentration blocks the influence of
increasing F,, on the capture time, which changes very slowly. On the contrary, for the
pt —p—ptFET in the accumulation regime at very low electron concentrations increased
E,, influence results in a rapid decrease of 7.. Figure 4.41 shows the electron capture time
slope dependence on the front oxide thickness for the p* —p — p* FET. The characteristic
slope value is calculated using equation (4.15) according to the following expression:

o log(TC) |VG,min - ZO-g(TC) ’VG,maz
Slope =
log<VG,min) - log(VG,max)

(4.16)
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Figure 4.41: Electron capture time slope dependencies on the gate oxide thickness

The decrease of electron capture time slope strongly depends on the gate voltage
determining working point and amplification factor. Thus, the key role of the quantization
effect on the capture kinetics of the random telegraph signal is demonstrated. Considering
the theoretical argumentation for the experimental results, this explanation represents a
new way to analyze the increasing 7, slope versus drain current for the case of a repulsive
single trap for tunneling of the mobile carriers in the silicon oxide layer in the accumulation
mode of a NW channel in a p* —p—p* FET. For a better explanation of the strong capture
time slope dependence on drain current in nanowire FETSs, in addition to already known
factors, the following elements have to be taken into account:

e quantization of the mobile carriers in the channel;

e specific distribution of free carriers in the channel and tunneling of the electrons into
the oxide single trap;

e sharp growth of the electron cross-section with the decrease of electron concentration
at the oxide-NW interface.

It should be noted that the first two factors are determined by the electron concentration
distribution in the plane perpendicular to the NW-FOX interface, which is in agreement
with the data of Schulz and Mueller[151]. The last factor plays significant role in the for-
mation of the capture time slope versus drain current in the strong accumulation regime.
The value of the capture time slope as a function of drain current strongly increases with
a decrease of the oxide thickness. Moreover, it plays a dominant role for the formation
of the slope magnitude for drpoxy < 5nm (n™ — p — n™ FETs) and for dppox < 50nm
in p* — p — pt FETs. It is shown that increased values of the slope can be explained
by the strong increase of the effective capture cross-section, o, with a decrease of the
concentration of minor carriers in the channel. From our calculations, it follows that the
high surface electric field plays an insignificant role in the accumulation regime.
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4.7.2 Understanding the Coulomb Blockade Energy

As it was mentioned above the deviation of the single trap dynamics from generally
accepted SRH model can be explained in frame of Coulomb blockade energy model. It was
demonstrated for devices working in the inversion regime [145, 151]. The accumulation
regime, however, was not considered previously. Coulomb blockade energy has a strong
impact on the single trap capture and emission dynamics for both neutral and repulsive
trap states. When the charge carrier gets captured by the single trap the screening region
is formed by the change of trap charge state. The fact has a significant effect on the
entire capture dynamics. The modulation of the current through the channel becomes
even more pronounced when the single trap is located in the high-field region of the
channel [8, 152]. Obviously single trap dynamics as well as current modulation amplitude
is strongly influenced by the parameters of the trap including the geometrical location as
well as energy level [152, 153]. Therefore to make use of single trap phenomena as well as
to reduce its impact in the ultimate CMOS circuits it is important to study and further
control the parameters of single trap.

In current studies we used n™ — p — n™ silicon nanowire structures with the length
of 500 nm based on SOI wafer with buried oxide thickness of 150 nm. FET device was
passivated with 100 nm thick PECVD layer of SiOy . Aluminum contacts were formed
by evaporation of Aluminum with a lift-off patterning. Devices were first characterized
using I-V characterization. Typical transfer curve is shown in the figure 4.42(a). Noise
measurements were performed in the voltage range where FETSs operated in the ohmic
mode. Measured spectra confirm the 1/f flicker behavior of low-frequency noise which is
also typical for MOSFETSs. Single trap phenomena was registered as two-level fluctuations
of drain current indicating the modulation of electron flow by the single trap (figure
4.42(b)). The histogram in figure 4.42(c) shows two distinct peaks due RTS fluctuations.

It is known that trapping is a temperature-activated process. Therefore experiment
was performed in the temperature range from 200 K to 300 K. Extracted capture,r,, and
emission,7, , time constants were analyzed as a dependencies on the drain-source and gate
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voltages as well as temperature. The capture time appears to be strongly dependent on the
drain current while the emission time is almost constant. The temperature dependence
is observed to be the opposite - the capture time is slightly influenced, while emission
time has a strong dependence. When it comes to the analysis, capture and emission time
dependencies are used to estimate the parameters of a single trap. Usually parameter
extractions is performed using assumptions in frame of SRH model [154, 155]. According
to this capture and emission times can be calculated as follows:

(4.17)

( Et)

1 1 kT

Te = = € (4.18)
OnUtpT oV Ne

,where o, is the capture cross section, vy, is the average thermal velocity, n is the con-
centration of free electrons (in the case of electron capture) at the Si/SiO, interface, ng
is the statistical c-band factor for the trap (the electron concentration when the Fermi
level equals the trap level), F; is the energy level of the center relative to the bottom of
the conduction band, N¢ is the density of electron states at the bottom of the conduction
band.

As it derives from equation 4.17 capture time depends on reciprocal electron concentra-
tion which determines the current through the channel. To judge about the applicability
of SRH model capture time dependence on the drain current should be verified. Ex-
tracted from measured data characteristic capture (figure 4.43) time corresponding to the
trapping-detrapping process demonstrated 7o =~ 155 behavior which is not typical for
SRH model where the power is expected to be (-1).

The main reasons causing such deviation are still discussed in literature [98, 156, 157].
Concept of Coulomb blockade energy is considered as a most appropriate for explanation
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Figure 4.43: (a) Capture time constant, 7., and (b) emission time constant , 7., as a
function of drain current, measured at different temperatures.
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Figure 4.44: Energy level diagram of single electron in space-charge region. (a) The
energy of an electron in the conduction band near the trap is shown on the left side, the
energy of a neutral, Er,, or repulsive, Ep, charged trap is shown on the right side. Ej
shows the binding energy of a trapped electron. (b) Charge state of the trap is attractive,
Erp, or neutral, E;, when the trap is unoccupied or occupied by an electron, respectively.
Figure is adapted from [143]

of the capture kinetics. Capture and emission rates can be expressed as follows [143]:

1

S C«nNce—(EC—EF)/kT—AE/kT (4.19)
Te
1 —Ey/kT
— = OnNce b (420)
7_6

where C,, = g,vy, is the coefficient of electron capture, N¢ is the density of states at the
bottom of the conduction band, E¢ is the energy level of the conduction band, Er is the
Fermi level, T is the temperature of the electron gas, £, = Ec — Epg is the binding energy
of the center, Ery is the energy position of the neutral (not occupied) center, AFE is the
Coulomb blockade energy (figure 4.44).

Anomalous enhanced capture dynamics of the single trap in accumulation mode has
not been reported in literature. In this case equations 4.19 and 4.20 can be employed
considering the additional energy, AF,.., required for the charge carrier to be captured
onto the trap.

The value of this energy component can be extracted from equations 4.19 and 4.20 by
eliminating C,, and N¢. Dividing the capture rate by the emission we obtain the following
expression:

7—8

— e*(Ec*EF*Eb+AEaCC)/kT (421)

TC
The value of additional energy can be extracted from dependence 4.21. The unknown
parameter, Fj, can be determined from the temperature dependence of emission time,
7. and calculation of (E¢ — Ep).
For calculations and estimation of additional energy we took into account the depen-
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dence of electron mobility on the temperature:

300\ %/
1= Ho (T) (4.22)

where p = o at T = 300K and also the temperature dependence of the C,, N¢ ~ T?

Therefore, the data in figure 4.43 can be represented for convenience in temperature-
normalized coordinates , as a function of the argument 1,72 and values of 7,72 and 7,72
instead of time constants. Using data from figure 4.43, we can now obtain the Arrhenius
plot, figure 4.45, with the parameter Ip7%/? ~ n .

Here we assume that the concentration of free electrons at the interface n, is propor-
tional to the average concentration, n. It should be noted that the energy FEj remains
almost unchanged with the change of the IpT%/? value. When Ip,T%/? = 6mAK?/?, the
temperature dependence of 7,72 is fitted to the data of the Arrhenius plot. Using this
plot, the value of the trap energy was estimated to be E, = 0.41eV. With the obtained
energy of the trap, we can calculate the other parameters of the trap including the ad-
ditional energy and the capture cross section at different temperatures, considering that
C, = o,v, and taking into account the following equations:

3kT
3/2
2rm; kT
On = ;eEb/kT (4.25)
TV Ne

The results are summarized in Table 4.1.
It should be emphasized that the capture cross section is independent of temperature
within the statistical error. The values of the capture cross sections reflect the fact that
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Figure 4.45: Arrhenius plot of 7,72 as a function of 1/T
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Nlem3]  tls]  o,lem?] vplemsl  Nelem?]  tlsl  o,lem?]

200 | § | 530x10° | 1.53x10% ] 1.10x 10" | 24x 10" | ¢

220 g 5.56 x 105 | 1.98 x 101° | 7.15x 103 | 3.1x 1075 | & | 5.56 x 106 | 1.98 x 10%° | 3.60 x 101 | 3.9 x 1012
240 | £ | 581x10° |2.16x10¥ | 1.10x 103 | 2.9 x 1015 -'E 5.81x10° | 2.16 x 10%° | 1.60 x 102 | 4.9 x 1012
260 :‘!5_’ 6.05x 10° | 2.26 x 101° | 1.81x 10* | 3.5 x 10'% é 6.05x 10° | 2.26 x 10%° | 1.50 x 103 | 4.9 x 1012
280 | @ | 6.27x10° | 2.53 x 10° | 430 x 105 | 3.5x 105 [ L | 6.27x 105 | 2.53 x 10% | 1.58 x 10 | 5.6 x 1012

Table 4.1: Table of single trap parameters in Si NW FET for comparison before and after
gamma irradiation.

the center is in a neutral state while it is empty (i.e., no charge carrier captured by trap);
and repels the carriers in the case of an occupied center[158]. Further, in accordance
with equation 4.19, we calculated the value of AFE,,. for all points, where values of 7, and
7. were measured. For this purpose the concentration of electrons in the channel has to
be estimated.

Considering the distribution of electrons across the channel and taking into account
equation 4.22, we determined the concentration of electrons in the following way:

e (e (30) ) (420

where L, W, d are the length, width, and thickness of the sample, respectively; R is the
resistance of the channel. Figure 4.46 shows the additional energy, AFE,.., as a function
of carrier density.

It can be described using the following equation

AFE,. n
— a 4.2
T axln (no) (4.27)

where o = 3.45 x 107* and ng = 1.6 x 10'® cm™ were obtained from the fitting of the
curves to the equation 4.27. The value of the additional energy reduces to almost zero

0.35

0.30

Coulomb Blockade
Energy, AE (eV)
o
N
[6)]
T

Concentration, n ( 106 ¢m 3 )

Figure 4.46: The additional energy, AF,.., as a function of the average electron concen-
tration at different temperatures.
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Figure 4.47: (a) Normalized additional energy AF,.. as a function of the average electron
concentration in the channel at different temperatures. (b) Dependence of the additional
energy AFE,.. as a function of the temperature. Plotted lines follow the equation 4.27.

with increasing of free electron concentration in the channel. This can be explained by
considering the electrostatic screening by free electrons [143, 151, 155, 159]. The calcu-
lated value of the additional energy as a function of the average electron concentration in
the channel obtained at different temperatures follows the behavior described by equation
(4.27), which can be shown by plotting in normalized coordinates (see figure 4.47).

4.7.3 Impact of Gamma Radiation on Single Trap Parameters

To implement our idea of control over dynamic processes related to a single trap, we
analyzed the effect of y-irradiation on the properties of a single trap center. We investi-
gated the transport properties and RTS noise behavior in Si NW FETs after a low dose
of 1 x 10* Gy irradiation. Transfer characteristics of the Si NW FET before and after
irradiation are compared in the figure 4.48. It should be noted that the resistances of
the sample measured at different temperatures demonstrated strong scattering before the
gamma radiation treatment. At the same time the scattering was considerably reduced
after irradiation. This indicates the positive effect of gamma irradiation leading to the
stabilization of the sample characteristics. Transfer characteristics of Si NW FETs were
measured before and after irradiation at different temperatures (Figure 4.48).

It should be emphasized, that before gamma treatment the threshold voltage, Vi, ,
values were relatively high: from —0.65V to —1.27V. In contrast, after irradiation
Vin changes to the value of 0.3 V. This indicates an improvement of the sample operation
parameters. [-V characteristics after treatment show decreasing channel conductance and
superlinear behavior at T=280 K. The consequences of the irradiation are the decrease
of the Fermi level energy and the expansion of the space distribution of the inversion
layer resulting in a change of the I-V characteristic slope and strengthening of the gate
coupling effect impact, as it will be shown below. The decrease of electron concentration
in the Si layer can be explained by the formation of compensating acceptor centers after
irradiation[160]. In our case of a rather low initial donor concentration (1 x 10 cm™2),
the appearance of even a small concentration of compensating levels can lead to a decrease
of the electron concentration in silicon. It should be noted that the slope decreases from
1pA V=1 to 0.671A V1. This fact can also be explained by the difference in width of the
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Figure 4.48: Transfer curves measured for Si NW FET before and after gamma irradiation.

conduction channel before (narrower) and after (broader) gamma radiation treatment.
Increased gate coupling effect may influence on the balance between the trap centers in
the front and back gate dielectrics on the transport and noise properties of the structure.
The information about these processes can be extracted from the analysis of noise spectra
behavior as a function of the back gate voltage. The spectra demonstrate 1/f behavior
with a well-resolved bump corresponding to the RTS fluctuations (figure 4.49).

A convenient approach to analyze the flicker noise in the FET devices is to consider
the dependence of the equivalent input noise (Sy = Sr/g?). Here S; is current noise
power spectral density; g, is the transconductance. Such dependencies obtained before
and after gamma radiation treatment for temperature T = 280K are shown in figure
4.50. The data demonstrate that in the accumulation regime the noise level is about the
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Figure 4.49: Noise voltage spectral density at different voltages in the range from —2V
to 2V before(a) and after(b) gamma irradiation
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same (figure 4.50(a)). With increasing positive overdrive gate voltage inversion layer of
electrons forms in the channel and the noise behavior is different before and after gamma
radiation. Our NW channel is only 50 nm thick, therefore the gate-coupling has to be
considered.

The noise increase after gamma treatment can be explained by the spacial spread of
the inversion layer and the enhanced coupling effect, causing the improved control of the
channel conductivity by applied back gate voltage. We can show this by analyzing the
flicker noise using the approach described in [130]. The contribution of the flicker noise
of two interfaces Si / SiO2 (An fluctuations): front, f, and back, b, to the overall noise
considering the values (g2 /%) as can be described by equation 4.28.

2 2
9m Gmy
so (%) s (%)

where Ip is the drain current; g, ; and g,,,, is the transconductance of the FET for the
front and back gate FET operation, respectively. Sy and Sy, are the equivalent input
noise values, where channel is located near front and back SiO2/Si interfaces, respectively.
Since the NW FET is operated in current studies by the back gate, the value of (gm i D)2
does not change. The normalized noise densities of the drain current (S7,/I3) as a

Sty

15

(4.28)

function of (gm i D)Q before and after gamma radiation treatment are shown in figure
4.50(b). The two lines in the figure correspond to the linear relationship of equation 4.28
for two different dielectric interfaces. Note that the larger values (fS;,/I%) correspond
to noise normalized to a lower drain current value.

By increasing the gate voltage the FET transport in the channel is changed to the
regime of strong inversion with increased electron density (for both classical and quantum
considerations) shifted to the interface corresponding to the gate. It should be noted that
in the accumulation regime the electron density is distributed widely over the entire
thickness of the semiconductor layer and even shifts to the top interface. With respect
to the inversion, the dependence before gamma treatment demonstrates the transition
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Figure 4.50: (a) Input-referred noise spectral density and (b) normalized flicker noise

before and after gamma irradiation.
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from one state to another, reflected in the point transition from one line to the other
(black circles on the right). After irradiation such a transition is not observed. Before
irradiation, in the accumulation regime, the noise behavior is mainly determined by front
interface. This corresponds to a larger concentration of centers in the top dielectric layer
close to the interface. When the inverting voltage increase, the channel shifts to the back
interface. The electron density at the front interface is reduced, and the back interface
noise, which is smaller, determines the noise properties. This is also clearly seen in
figure 4.50. After irradiation, due to the increased role of the coupling effect, within the
entire measured voltage range the condition when the back interface noise dominate is
not reached. Considering the expression for the minimum length of the channel, in the
absence of short-channel effects:

Wl

1
Linin = 0.4 [r;d(Ws + Wp)*|® = 0.4(y) (4.29)
;where L,,;, — is the minimum channel length when the subthreshold part displays long-
channel behavior; r;d — junction depth; d — oxide thickness; Wg + Wp — the sum of
source and drain depletion regions depths, calculated as an approximation of a sharp
one-dimensional p-n junction

26,
Wp = \/ (Vb + Vi + Vas) (4.30)
qN4

, where V}; is the contact difference of junction, Vg — substrate bias. At zero substrate
bias Wg = Wp. The only parameter which can be changed in the equation 4.29 is the
concentration of acceptor impurity, N4. This parameter can be reduced by increasing
the concentration of compensating (donor) impurity. It corresponds to a significant con-
centration of inverse electrons at the front interface, thus making no transition, as it was
mentioned before (see figure 4.50(b)). We also investigated timetraces, corresponding to
the bumps recorded in the noise spectra. Figure 4.51 demonstrates the behavior of the
relative amplitude Alp/Ip of the RTS noise as a function of the gate voltage Vi measured
before and after irradiation at different temperatures. Monitoring the data of I serves
as a measure of the electron concentration at the interface between the channel and the
dielectric at a constant drain voltage, Vps. As can be seen, at low current (Ip < 1.31A),
the value of Alp/Ip is mostly independent of the current, and then decreases monotoni-
cally. In the subthreshold regime, the change in the charge state of the center causes the
following current modulation processes. The trapped electron partially blocks the channel
conductivity and simultaneously leads to the charge of the space-charge-region capacity.
Therefore, the channel conductivity is determined not only by removing the complete
charge of one electron, but also by the modulation of the space charge region. Decrease
of relative current change, Alp/Ip, with increased current in the inversion regime is the
result of the enhanced number of free electrons in the channel and, consequently, a de-
crease in the relative contribution of the charge of a single electron, captured on the trap,
to the channel conduction [152]. The behavior of the relative amplitude of RTS pulses
after irradiation is almost the same. A superlinear decrease of AIp/Ip in the inversion
regime is determined by increased screening of the charged center channel by free elec-
trons and, consequently, a decrease in the modulation of conductivity in the local area.
Strengthening of the charge screening is a phenomenon that is also responsible for the
decrease of the Coulomb blockade energy with increasing carrier concentration in the in-
verse channel[151]. The observed superlinear Alp/Ip decrease with current increase (see
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Figure 4.51: Normalized glsrts amplitude as a function of the drain current, measured at
different temperatures.

figure 4.51) can be explained by the presence of a potential barrier associated with the
charging of local capacities when moving the charge at a certain distance from the channel
to the trap in the dielectric[98]. Normalized current generated by the single trap before
and after irradiation almost coincides (see data shown in figure 4.51). Moreover, even
though the current values after gamma radiation treatment are lower than those before
irradiation, the dependence of Alp/Ip on drain current follows the same pattern. There-
fore, we can conclude that before and after irradiation we observe the same single trap.
RTS noise characteristic time constants also changed under the influence of irradiation.
Figure 4.52 shows the 7.and 7, dependences of the time constants on current in the linear
regime. It should be emphasized that the slope of the 7.equals (-5) and remains the same
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Figure 4.52: (a) Capture time constant, 7., and (b) emission time constant, 7. , as a
function of drain current, measured at different temperatures after gamma irradiation.



Single Trap Phenomena for Development of Nanowire Sensor 111

as before irradiation, but the value of the characteristic time constant decreases by one
order of magnitude for the same values of the electron concentration (compare data of
figure 4.43(a) and figure 4.52(a)). For example, at the drain current level of 1pA at a
temperature of 280 K the capture time reached a value of 5ms. In contrast, after treat-
ment the capture time was only 0.1 ms. Such decreased capture time reflects the change
of capture probability to the trap center with decreased characteristic time, which is a
manifestation of high-speed processes. Thus the effect may be utilized for the develop-
ment of biosensors with a high-speed response. The temperature dependence of emission
time is stronger after irradiation. The 7, dependencies on the effective gate voltage before
irradiation and after differ. The slope of the curves before gamma radiation treatment
was relatively small (7.2 V dec™). However, after irradiation the slope increases by 4.7
times up to a value of 1.5V dec™!. At the same time, for certain selected temperature,
the values of 7. are higher by (5-10) times compared to the values measured before gamma
treatment. The energy levels of the centers, calculated using Arrhenius plot, before irra-
diation - E; = 0.43¢eV, differ from the value after treatment - E; = 0.62eV (figure 4.53).
We calculated the trap parameters at different temperatures after irradiation in the same
way as prior to irradiation using the data of figure 4.52. There is the 7. dependence on
current, therefore the values of 7, are determined as IpT%/? = 3 x 1073K3/2. The results
are shown in table 4.1.

The value of the capture cross section increased by more than three orders of magnitude
after gamma radiation treatment compared with the values obtained before exposure and
corresponds to the characteristics of the attractive centers[158]. In this case, RTS noise
demonstrates slightly different behavior, which can be described by equations [143]:

1
% = CnNce_(EC_AEF)/kT (431)
1

= CNpe™ Bs=ABace) /KT (4.32)

The expression for 7.now also contains the additional energy AFE,... This concept explains
the growth of 7, with increasing concentration of the conduction electrons in the channel
(4.52(b)). The assumption that the observed center becomes an attractive center after
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Figure 4.53: Arrhenius plot of the trap before and after gamma irradiation.
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irradiation also explains the fact that the depth of the trap center increases significantly in
relation to the energy of the conduction band at the Si/SiO, interface. Thus, the same
trap determined the transport phenomena both before and after irradiation. The fact
is also confirmed by the coincidence of the relative current generated by the single trap
before and after gamma radiation treatment (figure 4.51). Irradiation of the sample results
in the change of its initial charge state, from neutral to attractive, and in the increase of
the center depth from 0.43eV to 0.62eV, before and after irradiation respectively. This
fact confirms that we can considerably tune the parameters of a single trap by using
low-dose gamma irradiation treatment. Capture time to the same single trap, measured
at 1pA current and T = 280K, decreases from 5.0ps to 0.1 ps after gamma radiation
treatment. These results can be implemented for the development of the elementary basis
components for a large number of applications in fundamental studies and applications
in nanoelectronics and biosensors. It should be noted that RTS noise can be used as
a signal for biosensors [1]. The signal-to-noise ratio in FET sensors is typically limited
by well-established low-frequency noise models that show a scaling with the root mean
square of the device area and the density of traps in the oxide [161]. As it was discussed
above the stronger slope can be explained in frame of additional energy due to Coulomb
interaction processes. Coulomb repulsion between charges located at nearby trapping sites
can be beneficial for SNR improving [134]. The use of single trap phenomena, as a sensing
technique in the case of strong Coulomb effects involving traps, can be considered as an
attractive approach to overcome this SNR limitation and to get even higher sensitivities
beyond the thermal limit.

4.7.4 Simulation of RTS Noise for Sensor Optimization

Simulations of random telegraph signal were performed for the silicon nanowire schemat-
ically shown in figure 4.54. In the model we considered that trap is located in SiO; gate
dielectric of thickness t,, at the distance of dyq, from the interface with silicon nanowire.

For simplicity the voltage was applied between gate and nanowire and is further called
gate voltage. To evaluate the probabilities of electrons to be captured or emitted from
the trap we utilized a method previously described in [162]. The problem is similar to the
electrochemical redox processes. The capture and emission rates may be evaluated in the

AN
1

Source 9%9\59 Drain

Nanowire

Figure 4.54: Schematic of the NW FET simulation system. The star represents the single
trap, located at the distance d,q, from the nanowire in the gate dielectric of the thickness

tos-
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way similar to Butler—Volmer kinetic expressions:

krea = k() prezp [—Og—f(E . EO)] (4.33)
kom = k(T>ET€xp {_O_R#(E - EO):| (434)

Here k(r)gr is the distance-dependent electron transfer function, « is the transfer coeffi-
cient, F is applied potential and E° is the standard reduction potential of the molecule.
Similarly we can express the capture and emission rates:

1

P = Repepf X 0 X €xp [—kiT'y(Etmp — on)} (4.35)
1 q

. Reoefs X 0 X exp [—k—T(l —¥)(Etrap — aV)] (4.36)

In this expression Re.s¢ is the adjustment coefficient which was introduced for the
tuning of the probability in frequency domain thus making the frequency of Lorentzian
shape component lover than sampling rate of data generation process. The sampling rate
in all presented simulations was 50kHz. For simulation purpose R..fr was set to the
constant value of 10. ¢§ is degeneracy factor, in all shown here simulations it was set to
1. g is the elementary charge, kT is thermal energy, 7 is the charge transfer coefficient,
Eiqp is the energy of trap, V is applied gate voltage, « is the ration of the capacitance Cq
between the gate and trap site and tunneling capacitance C'; between the channel and trap
site and often is close to the ratio between the trap depth d;,,, and the dielectric thickness
tox. For the RTS simulation we set diq, = 1nm, t,, = 8nm , thus o = 0.125. The energy
of trap was selected to be 0.1eV. The probability of the electron been transferred from
one state to the other after time t was calculated as

t
Po.E = €Tp {——] (4.37)
TC,E

R ————————-—— S L 11
[}

Figure 4.55: Simulated timetraces of RT'S fluctuations at different applied gate voltages.
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Figure 4.56: (a) Calculated voltage spectral density for corresponding timetraces. (b)
Calculated occupancy factor using equation 4.38. Inset shows the slope of the occupancy
factor, the width at half height equals to 97.76 mV

, where t is the time since the last transition. The randomness to the transition probabil-
ities is introduced in the following way. At each time step the probability is compared to
the uniformly generated random number. If it is smaller than the probability value the
transition occurs, otherwise it the trap remains in the same state. The set of generated
time series at various gate voltages is shown in figure 4.55.

For each timetrace we estimated the occupancy factor which indicates the probability
of the trap to be occupied and is calculated as

g = Zfup/(tup + tdown) (438)

The noise power spectral densities, calculated for the timetraces at different gate
voltages are plotted in figure 4.56(a). The Lorentzian-shape component corresponds to
the RTS noise fluctuations. Background noise was also artificially introduced into the
simulation system. It should be noted that the background noise is the same for every
timetrace and is not dependent on applied gate voltage. However this factor should also
be considered as the background noise level can influence of the trap dynamics. The flicker
noise component is simulated with the amplitude of Sy =5 x 107 V2Hz ! at 1 Hz, and
the slope of flicker component is set to 1. Thermal noise was simulated for the channel
resistance of 10 kOhm at temperature of 300 K.

Extracted occupancy factor behaves as a sigmoid function (see figure 4.56(b)) indi-
cating that the trap is unoccupied at lower voltages and is permanently occupied at high
voltages.

The slope of occupancy factor is a peak function with the width at half height of
~ 97.76 mV, when the 7 coefficient is set to 1 in equations 4.35, 4.36 (see figure 4.56(b)).
This value corresponds to expected value since it is defined by the power of exponent
taking into account equations 4.35, 4.36, and 4.38. Capture and emission times were
evaluated from simulated timetraces.

Extracted value of capture and emission times are plotted in figure 4.57(a) and reflect
typical exponential behavior of capture and emission times for FET device.

The distribution of time in up and down states for selected gate voltages where capture
time is less then, equal and greater than the emission time are plotted in 4.57(b). As you
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Figure 4.57: (a) Extracted capture and emission times as a function of gate voltage. (b)
Statistics of capture(up state) and emission (down state) times.

can see the distributions for both times are the same for Vi = 100 mV which corresponds
to the case when Fermi level and trap levels equalize. We selected this voltage for further
analysis as RTS fluctuations at this point are the most pronounced, occupancy probability
equals 0.5. When we are able to generate random telegraph signal noise as the next step
we will try to answer another important question regarding the noise introduced by the
calculation of occupancy factor. Now, when we are able to generate random telegraph
signal noise fluctuations, we consider them as a useful signal and introduce a new method
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Figure 4.58: Schematic for the explanation of a new approach of occupancy factor equiva-
lent input noise. (a) Typical transfer curve for liquid-gated nanowire FET. (b) Transcon-
ductance calculated from the transfer curve. (¢) Occupancy factor calculated from simu-
lated timetraces. (d) The slope of occupancy factor.
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for noise evaluation of the trap occupancy probability as potential sensitive parameter.

In field-effect transistors the transconductance is calculated as a derivative of the
drain current with respect to gate voltage (see figure 4.58(a) — (b)). The input-referred
fluctuations of the channel current can therefore be calculated as AV = Alp/gy,. In
terms of power spectral density of noise fluctuations it can be written as Sy = S;/g2,.
Similarly to the transfer curve the occupancy factor also depends on the gate voltage.
The occupancy factor slope is calculated as a derivative of the occupancy factor curve
with respect to gate voltage as it is shown in figure 4.58(¢) — (d)). Therefore we can
talk about equivalent input voltage fluctuations caused by the variation of occupancy
factor, AV = Ag/g,. The fluctuations can also be presented in terms of power spectral
density as S,y = S,/ gg. Such approach allows to compare the noise caused by the current
fluctuations in the channel and fluctuations of occupancy factor.

In this respect we transform the voltage fluctuations into fluctuations of occupancy
factor in time. For this purpose we select the window with predefined time duration
and calculate occupancy factor within the time frame. By sliding the window along
the timetrace we obtain the new timetrace with the occupancy factor fluctuations as
it is shown in figure 4.59. From the timetraces of occupancy factor we calculate the
power spectral density of occupancy factor in a similar manner as for voltage fluctuations.
Calculated spectra are shown in 4.60(a). Each curve correspond to the different window
duration starting from 10 ms ending up at 100 s. The longer window duration the lower
noise can be obtained. This makes sense since the larger set of data points gives more
precise estimation of the occupancy factor at each point and such approach is somehow
similar to averaging filer. For FET device the transconductance indicates how drain
current is controlled by the gate. Therefore current fluctuations can be recalculate as
equivalent input voltage fluctuation. Similarly the occupancy factor fluctuations can be
recalculated as equivalent input voltage fluctuations. If we replot caused by occupancy
factor fluctuation equivalent input noise value at 10 Hz as a function of window duration

Tg

0.05

1s

Figure 4.59: Illustration of the conversion from RTS voltage fluctuations into the fluctu-
ations of occupancy factor using sliding window(green rectangle) with predefined width.
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Figure 4.60: (a) Noise spectra of occupancy factor fluctuations calculated with different
window width, from 10 ms to 100 s. (b) The equivalent input noise of the occupancy
factor. The red line shows the window size when desired threshold noise level is reached.

we can see that the noise level decreases with the larger window size(see figure 4.60(b).
From the graph we can estimate the amount of measurement time required in order to
diminish the impact of occupancy factor noise on the precision of capture and emission
time estimation. The typical noise value for transistor is around 1 x 1071° V2, From the
graph we can estimate that the recording time should be greater than 10 seconds. The
parameter is of critical importance when the single trap is used for biosensing applications.

To illustrate we compare our estimations with the results obtained from the measure-
ments of RT'S noise in liquid-gated nanowire FETs. The length of the nanowire was 200 nm
and width 100 nm. The electrolyte solution was 10 mM PBS, pH = 7.4. Measured noise
demonstrate lorentzian-shape component corresponding to the random telegraph signal
noise fluctuations (see figure 4.61(a)). The frequency of the lorentzian component increase
which is typical for all recorded RTS noise components The capture and emission times
were extracted using method described in section 2.5.6. Calculated capture time demon-
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Figure 4.61: (a) Noise spectra measured for the liquid-gated Si NW FET. The Lorentzian-
shape component is the result of RTS noise fluctuations. Inset shows the behavior of
characteristic Lorentzian frequency. (b) Capture and emission times extracted from the
timetraces. The capture time demonstrates high slope of -5.75.
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Figure 4.62: Input referred noise of voltage fluctuations in comparison to input referred
occupancy factor fluctuations calculated for the window size of 10 ms and 10s. The results
demonstrate, that the window size of 10s is enough for the accurate measurement and
analysis of RTS signal.

strate non-SRH model behavior with the slope of -5.75 (figure 4.61(b)). We applied a new
method of calculating input referred noise caused by occupancy factor fluctuation of the
real measurement data. In the figure 4.62 we shown the input referred noise calculated
for voltage as well as occupancy factor noise at 10 Hz. As we can see the small win-
dow size causes the large input referred noise while the large window size of 10 seconds
demonstrate the lower level on input referred noise in comparison to the voltage noise.
It should be noted that this is valid in the voltage range where occupancy factor slope is
greater than one. It can be explained in terms of transition events - the more transitions
occur in the time frame, the more accurate the fluctuations can be described statistically.
The model suggests a new insight on the RTS fluctuations as useful signal, where capture
dynamics is used as a sensing parameter. Furthermore it allows to estimate detection
time parameters when single trap is employed as a biosensor.

4.8 Summary

In this chapter we have described the technological process steps required to fabricate
liquid-gated silicon nanowires on the basis of SOI wafers. The protocol was optimized
to reduce leakage currents and improve performance of devices. In addition, on-chip
reference electrode and microfluidic system were introduced for biosensing experiments.
High quality liquid-gated silicon nanowire FETs were fabricated in Helmholtz Nano Facil-
ity(HNF'). Transport and noise properties of fabricated structures demonstrate excellent
scaling abilities. Furthermore it was confirmed that mobility fluctuations are dominant
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in p™ — p— pT structures, while number fluctuations are typical for n* —p —n™ structures.

Liquid-back gate coupling effect was revealed for the n™ —p—nTinversion channel FET.
The results demonstrate that number fluctuations caused by the interaction of charge
carriers with the traps in the gate dielectric described by the McWhorter model is the
dominant mechanism for the 1/f flicker noise component. Furthermore the application
of back gate does not change the noise mechanism, but rather lower the noise level.
Performed simulation of the FET device supports the results and demonstrate the possible
cases when the conducting channel is located near the front-gate interface as well as back-
gate interfaces. The application of gate coupling effect was evaluated from the viewpoint
of the biosensor enhancement. The results demonstrate that noise lowering with applied
back-gate voltage allows the optimization of silicon nanowire biosensor. In particular,
enhanced signal-to-noise ratio of up to 100% was be achieved in the case of additionally
applied back-gate bias.

The results of noise properties investigation demonstrate a good scaling with the gat-
ing area and follow generally known law. The charge noise demonstrate that single silicon
nanowires are capable of single charge detection. During the studies a strong current
modulation was observed as RTS fluctuations, which are caused by the single trap in
the gate dielectric. A strong capture time dynamics with a power of up to (-14.37) was
registered, which is not typical for standard SRH model. To explain such behavior several
factors have to be considered, including quantization and specific distribution of charge
carriers as well as their tunneling to the trap in gate dielectric. Single trap dynamics
was studied in the temperature range from 200 K to 280 K. Coulomb blockade energy in
terms of additional energy for overcoming the effective barrier in the accumulation regime
was considered for understanding of the enhanced capture time dynamics. In addition
we reveal that low doses of gamma irradiation result in changes of single trap dynamic
processes by changing its charge state from neutral to attractive. The results demon-
strate that gamma irradiation is an effective tool for controlling single trap parameters.
Simulation model was developed to understand the parameters of the single trap and
determine the application ranges, including the minimal time of recording to benefit from
the single trap as a sensor. It should be emphasized that the gate area where nanowires
demonstrate single charge detection coincide with the area where the probability of single
trap appearance is very high.

In this respect, single trap phenomena is important for the broad range of fundamental
studies as well as for the development of high-speed atomic-size biosensors with advanced
functionality.






Chapter 5

Space-Charge Phenomena in GalN
Nanostructures for Biosensing

5.1 Space-Charge Phenomena in GalN Nanowires

Semiconductor nanowires (NWs) and nanoribbons (NRs) are attracting more and more
attention considering a variety of novel physical phenomena [163, 164] which are promising
for applications in nanoelectronics, nanophotonics, sensing, etc. Major factors assisting
appearance of novel effects include the utilization of different materials and fabrication
techniques. Remarkable transport features often appear because of device geometry and
high aspect ratio rather than material properties. The conductor of length, L, for in-
stance, can be considered as a wire when two dimensions, normal to current flow, namely
width, W, and thickness, D, are much smaller than the length. The effects involving
the electric charging of NRs are very different from those in conducting-film structures
(W > L > D) and bulk samples (W, D > L) due to weak screening of extra charges
in NRs, appearing from the nonconductive dielectric surroundings [165]. The operation
regime of such conductor typically transitions from linear or ohmic to nonlinear with
increasing applied voltage. A superlinear current can be observed when uncompensated
injected charge carriers limit the current, if not prevented by the contacts to the con-
ductor. The charge-injection effects are more likely to appear at much lower voltages for
nanoribbons (NRs) in comparison to conductive films and bulk samples.

For trap-free samples, space-charge limited current (SCLC) for bulk(B), film(F) and
NR samples at large applied voltage follow the equations[166-169]:

5 9 epV?WD epV:w INR:quVQ

32 L L2’ ArL L’ AL

where € is the dielectric constant of a material, p is the mobility; (5 and (; are numerical

coefficients of the order of unity, depending on contact geometry. Equations for I® and
I* are valid for (W x D)/L? > 1 and W/L > 1, respectively.

Obviously, the current for all systems is proportional to V2 and is independent on the
system dimensionality (the Mott—Gurney law) [165]. The dependencies on the intercontact
distance, L, considerably differ.

A simple comparison of the ohmic currents with those given by equation 5.1 allows
the estimation of the voltage when the system transitions to the SCLC regime:

I = ¢, (5.1)
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where for convenience of comparison, we introduce an electron volumetric concen-
tration, n®. The above-mentioned inequalities imply that V.2 > VI > VNE  Similar
relations are also valid for samples with trapping centers, although to provide trap filling
for such samples the currents increase as V2 with s > 0 ([167, 170]). Meanwhile, the
presence of surface states lime deep defect states influences on the space-charge redis-
tribution across the NRs as a result of Fermi level pinning at the surface and electron
band bending next to the surface. It is known that for n-type GaN NRs and nanowires
(NWs) the electronic bands are bent upwards next to the surface and an electron deple-
tion region forms near the surface [171-173]. Such mechanism was previously considered
omitting possible depletion in the NR. Indeed depletion and SCLC effects represent the
major mechanisms for charge-redistribution effects in the NR samples. For NRs and NWs;,
SCLC is a quite common phenomenon, which has been observed for samples fabricated
by different techniques using variety of materials such as GaN [169, 174], InAs [175], CdS
[176], Si [177] and GaAs [178]. The analysis of electrical properties inherent for such NRs,
including space-charge distribution phenomena, has to be performed considering the NR
characteristics, including dimensions, contact properties, carrier mobility and concentra-
tion. In current studies, we analyzed electronic edge-state and space-charge phenomena
in planar AlGaN/GaN NRs with well defined basic characteristics. It has been found
that the depletion effect is effectively observed not only at the edges of NR as influenced
by deep charged edge states but also in the middle part of narrow NR samples. Fur-
thermore, the effective depletion increases with NR width decrease which is in a good
agreement with theoretical predictions. We reveal an important feature of spatial charge
separation across the NR which produces an electrostatic potential patterns outside the
NR with a large magnitude of the electric field. The effect is particularly important for
two-dimentional materials, including graphene. In addition, we study electric noise in the
NRs for the linear and nonlinear transport regime, which has not been reported previ-
ously. Noise results allow to analyze transport properties in NR structures and reflect
diffusion processes, intensified as a result of space-charge-limited transport effect.

5.2 Patterning of AlGaN/GaN Nanoribbons

NR samples under study were fabricated on the basis of planar undoped AlGaN/GaN
heterostructure wafers and patterned with different widths. Substrates were grown by
metal-organic vapor-phase epitaxy on a (0001) Al,Oz substrate. The heterostructure
consist of 3pm-thick GaN layer followed by a 40nm thick Alg1GaggN top layer. The
AlGaN/GaN NR structures were fabricated using electron-beam lithography and Ar* ion
beam etching. The etching depth of 95 nm was well below the depth of the AlGaN/GaN
interface. A schematic crosssection of the fabricated multi-NR samples is shown in the
inset of figure 5.1.

Using ion beam etching six sets of devices with fixed length of 620 pm and different
widths of 280, 360, 470, 720, 930 and 1110 nm as well as 100 pm-wide Hall-bar struc-
tures were patterned. Each device contained N=160 identical NRs connected in parallel.
Ohmic contacts to NRs and Hall-bar structures were formed by a deposition of metal
Ti/Al/Ni/Au stack followed by rapid thermal annealing at 900 °C for 30 s.

The current—voltage (I-V ) characteristics showed linear behavior at voltages of less
than 0.1 V. The contact resistivity measured on the test structure was estimated to be
2 x 1074 Qcm?. The contact resistance was proven to be much smaller than the resis-
tance of NRs. Even for a small Al content, the electrons are well confined near the
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Figure 5.1: (a)A schematic cross-section of the heterostructure with parallel nanoribbons.
(b)Mobility, u, and two-dimensional electron concentration, nsp, dependencies on the
temperature for AlIGaN/GaN heterostructure.

interface, although their two-dimensional electron gas (2DEG) concentration, nsp, is not
large. Temperature dependencies of nsp, and the mobility, u, were obtained from Hall
measurements (figure 5.1). In particular, we found n-type conductivity of the 2DEG
with g = 1500cm?/V /s and nyp = 2.1 x 1012 em™2 at room temperature. The energy
difference between the first excited and ground subbands in the quantum well were esti-
mated to be 78 meV for studied heterostructure. It should be mentioned that the unique
properties of AlGaN/GaN heterojunction of spontaneous and piezoelectric polarization
fields provide the high density of the 2DEG at the interface between two materials with-
out any modulation doping [179]. Fields assist the formation of a quantum well at the
AlGaN/GaN interface. To analyze the electron dynamics within the two-dimensional
system formed at the interface, electron energies and wave functions for the 2DEG were
computed numerically from the self-consistent solution of the Schrédinger and Poisson
equations (WinGreen simulation, Forschungszentrum Juelich, Germany). The results are
presented in figure 5.2 where a potential profile and local density of states are shown. The
concentration of 2DEG was calculated to be 2.5 x 102 cm~? by integration of the charge.
It is clear that only electrons from the lowest sub-band of triangular well determine
the transport in linear regime. Temperature dependencies of noise characteristics pro-
vide additional information on the structure transport properties. Noise properties were
measured using noise measurement setup with dynamic signal analyzer (HP 35670A),
similar to the one discussed in section 3.2. Measured spectra demonstrate both 1/f and
generation-recombination noise behavior, where respective components are well resolved
at temperatures lower than T=230K (figure 5.3)

The characteristic frequency of the GR noise component (maximum position in figure
5.3(a)) obtained at T=130 K was about 1800 Hz and 630, 45, 2.5 [in Hz] for 110K, 90 K,
and 70 K, respectively. The shift of the GR maximum to lower frequencies with decreasing
temperature (see figure 5.3(a)) is consistent with the model of temperature-activated pro-
cesses in the AlGaN/GaN heterostructure. The analysis of temperature dependent GR
noise components allows to estimate characteristic energy levels of the traps inside the
bandgap responsible for the process in frame of theory, describing charge carrier recom-
bination. In this case the GR noise spectrum can be described by two components with
characteristic times 71 and 75 ,where 71 > 795 [180]. The first characteristic time constant
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Figure 5.2: (a) The self-consistently calculated band diagram of the heterostructure. (b)
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-20 64, 120, 162, 204, 232. F, is a shallow defect-state level.

71, also called ”Shockley-Read time constant” (7¢g) [181], depends on temperature as
Tsr ~ exp(—E;/kT), where E; is the trap energy level, k is the Boltzmann constant,
and T is the temperature. The second characteristic time constant 75 corresponds to
a considerably shorter time range and is, therefore, determined from measurements of
noise spectra in the high-frequency range[182]. It should be noted that direct transitions
between two quantum levels are very fast (with characteristic times of about ps), which
corresponds to the THz frequency range. GR processes registered in low-frequency noise
spectra are well described by the participation of trap levels. At small concentrations of Al
content in AlGaN/GaN heterostructures the screening effect is small and the participation
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Figure 5.3: (a) Typical voltage noise power spectra, multiplied by frequency, f, mea-
sured at different temperatures. Spectra demonstrate the movement of generation-
recombination (GR) component for NR with width W = 1100nm at applied voltage,
V' =100mV. (b) Arrhenius plot obtained from temperature-dependent measurements of
noise spectra.
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of traps has to be considered.

GR processes include excitation of electrons from the first to the second quantum level
in the quantum well followed by a recombination process, which consists of two stages
with an intermediate state on the trap level (figure 5.2). From the measured noise spectra
(figure 5.3(a)) we determine the characteristic frequency, f, of the GR component and the
characteristic time 7; for each temperature as 7, = (27 f)~'. The characteristic energy,
E:, determined from an Arrhenius plot (figure 5.3(b)) equals F; = 70meV, which is in
good agreement with the self-consistently calculated band diagram (figure 5.2(b)) and
reflects the energy difference between the second level of the triangular quantum well and
the trap energy level.

5.3 Depletion Effects in Low-Voltage Regime

5.3.1 Current—Voltage Characteristics of GalN NR Structures

We measured the current-voltage (I-V) characteristics for all NR sets. The results are
shown in figure 5.4(a). As it is demonstrated in figure 5.4(b) the conductance of NRs
depends linearly on the width. The extrapolation to zero conductance allows to determine
the critical width of the NR where no current flow is expected. The extracted critical width
was W, =~ 200 nm. Indeed, for 185 nm wide structures the registered current was negligibly
small. The critical width was also found to be slightly dependent on the temperature:
W, increases by 20% when the temperature decreases to 90 K. The slopes of fitting
lines agree with temperature dependence of the mobility p(7) within such accuracy. The
existence of critical width for the NR conductivity(figure 5.4(b)) imply on the formation
of depletion regions next to the edge of the NR. Indeed, surface-depletion effect for GaN
NRs has been observed in experiments on conductivity [171], stationary and transient
photoresponse [172, 173], and it has also been directly measured using Kelvin probe
force microscopy [179]. The effect was observed for NRs fabricated by different methods.
In general effect can be explained as pinning of Fermi level next to the surface due to
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Figure 5.4: (a) The current-voltage(I-V) characteristics measured for sets of nanoribbons
with different widths (W (nm): 280, 360, 470, 720, 930, 1100). (b) The low-voltage con-
ductance versus the nanoribbon width measured at different temperatures, demonstrating
critical width, We where 2DEG is formed in NR.
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relatively deep surface defects. The surface of planar NR structures becomes negatively
charged, forming an electron-depletion region in the NR via ionized positive donors. The
space-distribution phenomena might be related to the existence of charged edge states
likely originating from Ga vacancies [183-185]. It should be noted that in contrast to a
bulk sample with an extended surface, the simple Schottky depletion space-charge model
with an essentially constant space charge in the space-charge zone cannot be applied. By
using a general approach with varying space-charge density across the NR we calculated
the depletion effect in the planar NRs under consideration. It should be emphasized that
simulation results demonstrate that electron concentration profiles considerably differ
from previously suggested rectangular ones with depleted regions only at the edges of the
NR structure, as will be shown below.

5.3.2 Electronic Edge-State Phenomena

To study the depletion effects in NRs and formation of the field patterns outside the NRs,
a comprehensive model for the calculation of the electrostatic potential and the electron
concentration distributions in the NR samples with edge traps had been developed. The
theory was applied for the planar AlGaN/GaN NRs of different widths. Calculations were
performed for samples with NR widths of 280 nm, 360 nm and 470 nm. In the theoretical
model, the NR can be considered as infinitely long in the y-direction (see the sketch in
figure 5.5(a)). The electron gas is strongly confined in the z-direction. The widths of the
samples are much larger than the de Broglie wavelength of electrons and, therefore, the
effects of electron quantization along the lateral x dimension can be neglected. Electron
concentration, nop, and compensatory positive charge, Np , were considered uniform and
nap = Np for original heterosrtuctures. In NRs electrons are partially trapped by the very
narrow regions near the edges of the ribbon, which are charged negatively. These regions
are modeled as filaments with a linear electron concentration, N¢¥¢. For the concrete

(a) W )
—ep(x)

—

X X

Figure 5.5: (a) Schematic geometry of NR sample considered for the calculation of elec-
trostatic potential and electron concentration distribution. (b) Schematic potential dis-
tribution across the nanoribbon.



Depletion Effects in Low-Voltage Regime 127

samples the value of N¢%¢ is taken from experiment. The formation of such charged
regions induces a redistribution of electron concentration, n(z), inside the NR and the
resulting electrostatic potential, ¢, is also modified regarding the value of N¢%¢. The
electrostatic potential caused by the charge redistribution in the NR induces electrical
field in the space around the NR and, therefore is a function of two coordinates: x, z. To
simplify the calculations the NR was assumed to be surrounded by air. In this case the
electrostatic problem is reduced to the solution of equations system which includes 2D
Poisson equation

T+ 5 ™ =T 5p(2) [Np = () = N0 x [bp( — W/2) + Sl + W/2)]] - (5:3)

,the definition of the equilibrium concentration of two dimensional free electrons obey-
ing the Fermi statistics

n(x) = m;];Lngog [1 + exp (%W)} (5.4)

and the charge-conservation law

W2
NpW = 2Nedse +/ n(z)dx (5.5)
—W/2

In equations 5.3,5.4, 5.5, e is the elementary charge, kg and h are Boltzmann and
Planck constants; kg is the dielectric permittivity of the effective surroundings of the NR,
m* is the electron effective mass, T' is temperature; Er is the Fermi level relative to the
bottom of the lowest sub-band and dp stands for the Dirac delta-function. In addition,
we consider an NR with symmetric edges (Negge is the same for the left and right edges).
Using the Green’s function

GX-X,Z-7)= —%log (X - X'+ (Z2-2)] (5.6)

corresponding to filament sources, the formal solution of the Poisson equation can be
written as follows:

¢(X, Z) =

edge
sz V‘; <I]/‘V/NDlog (X =172+ 2%) x (X +1/2)*+ Z2)}) —
— /1/2 dX'(1 = n(X')/Np)log (X — X")* + Z%] (5.7)

1/2

where we introduced the dimensionless coordinates, X = z/W, Z = z/W. The param-
eter N°%9¢ /W Np, reflects the percentage of trapped electrons on one of the interfaces. The
dimensionless parameter Wy, = 2¢2W Np /(kokpT) determines screening effects. Equation
5.7 allows to obtain the distribution of the electrostatic potential in the whole space sur-
rounding the NR if n(z) will be determined. Finally, with the use of equations 5.3,5.4,
5.5, the whole problem is reduced to the solution of the single nonlinear integral equation,
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Cr = log(exp(n(X)N.)/ — 1) — Wy X
1/2

< log (V1N 171]) /_1/2dX’(1—n(X’)/ND)><

1/2
X / dX'log(|X — X'|)(1 — n(X")/Np) (5.8)

1/2

where (p = Er/kgT. The parameter N, = m*kBT/7rh2 is introduced as the effective
density of states. The distribution of electron concentration n(z) depends on three dimen-
sionless parameters: N,., W,., and (r. Each of them is a function of the several physical
parameters of the NR including initial doping Np, temperature T, width of NR. For the
given parameters of the NR we specify (r, then solving equation (5.8) we find n(x) and
from equation (5.5) restore N¥9¢. Electrostatic potential profile, ¢(x,0), can then be cal-
culated inside the NR and afterwards around it, ¢(z, z), using equation 5.7. Approximate
solution to this reduced electrostatic problem can be found using variation method. The
accuracy provided by the method depends on the successful selection of a trial function
g(x,a,b..), and a number of fitting parameters a, b, ... The latter are searched to mini-
mize the squared residual A(a,b..) = [(L{g(x,a,b..)} — R{g(x,a,b..)})*dz, where L and
R are the operators of the left and right parts of the equation. Another approach to solve
the electrostatic proble is the iteration method which allows to obtain an exact solution
with a given accuracy. Method works very well when the input parameter Wy, < 1 |
which corresponds to the compressive properties of the integral equation’s core. However
the more interesting case is when W,. > 1, where the iteration procedure does not con-
verge. In this respect to solve the integral equation 5.8 in both cases a more powerful
"discretization” method had been developed. The main idea behind the method is the
reduction of the integral equation to a system of algebraic nonlinear equations which can
be solved numerically using known methods. Method is briefly described in [168, 186].
Using aforementioned approach electrostatic potential profiles , ¢, can be calculated by
solving a two-dimensional Poisson equation, self-consistently with the electron redistri-
bution across the NRs. The only "free” parameter formulated in the problem was the
one-dimensional density of the negative charge, eN¢%¢, accumulated on an edge of the
NR. It was extracted from the conductance measurements(figure 5.4(a)). The fraction of
the electrons trapped at the edges, § = (1 — G/Gy) and Ngge = 6Wnop/2 were obtained
by defining the conductance of the multi-NR structure as Gy = eNpunopW/L, and using
the measured conductance, G. The density of edge traps per unit NRNR length was
estimated as N, ~ 2.2 x 10" cm~!. For samples with W=280, 360, 470 nm it was found
0 =~ 0.7,0.56,0.42, respectively.

Using these parameters, the distributions of the electron concentration and the di-
mensionless electrostatic energy (i.e. the electron band bending) across the NRs were
calculated and are presented in figure 5.6. In central parts of the NRs the electrostatic
potential is flat and the electron concentration is a smooth function of the coordinate
x. A fast increase of the potential energy (an upward band bending: figure 5.6(b)) cre-
ates completely depleted zones near the edges (figure 5.6(a)) is observed in the direction
toward the edges. The thicknesses of these depleted zones, with concentrations of less
than 0.1n,p, can be estimated as W; ~ 50..70nm. It should be noted, that the total
size of depleted zones at both edges, 2W,, is less than the critical width, W,, equal to
200 nm corresponding to almost zero conductance. This is explained by partially depleted
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middle part of the NRs. The depletion effect is inherently large in narrow NRs. Indeed,
for the examples presented in figure 5.6 the carrier concentrations reach maximal val-
ues Ny, /nop =~ 0.65,0.76,0.85 at W=280, 360, 470 nm, respectively (the corresponding
Fermi energies are small and change sign: Er/kpT = —0.1,0.16,0.3 (see figure 5.6(b)).
It should be mentioned, that such approach can also be applied to graphene layers, which
have charged edge states. In all cases wide depletion regions result in a decrease of the
effective widths, Wy, of the NR samples to the regions, which are essentially smaller
than the geometrical sizes of the samples. The positive space charge is observed from
experiment since carriers do not extend to the very borders of the NRs. The effect results
in bond breaking and empties bulk donors with positive ionic charge in depletion regions,
which is in good agreement with the depletion effect reported in cylindrical-geometry
NWs [187, 188].

Self-consistently calculated distributions of the electrostatic energy around the planar
nanostructures are shown in figure 5.7. The positive charge of edges is compensated
by the negative charge of edge states. Remarkable feature of charge redistribution is the
penetration of resulting electrostatic potential distribution outside of the NR at a distance
of 1pm from the NR into the surrounding environment. Such results have not been
reported in literature previously. Mentioned above patterns are characteristic features for
the planar NWs and NRs and does not appear in cylindrical geometry.

It should be emphasized, that the spatial distribution of positive charges in the NR
and negatively charged wire edges induce the electrostatic potential and the field outside
the wire, as illustrated in figure 5.8 for two NRs with W=280, 360 nm (corresponding
potential and electron concentration distributions in the interior of these NRs are given
in figure 5.6). Potential and field spread away from the NRs and form complex patterns.
Electric fields of large magnitudes(tens of kVem™!) arise at distances of same orders as
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Figure 5.6: (a)The distribution of electron concentration across NRs. Vertical dashed lines

indicate on the geometrical sizes of nanoribbons. Values in the top right include the ratio

between depletion and conductive areas, correspondingly 200/80, 200/160, 200/270.(b)

The distribution of the electrostatic energy of electrons at T = 290 K. The dashed lines

show Fermi levels for curves, corresponding to different widths(1-280 nm, 2-360 nm, 3-470
nm).
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Sample 1 Sample 2 Sample 3

X, um

Figure 5.7: Distribution of electrostatic potential energy around NRs at z=0 in units of
kgT, calculated at T' = 300K for samples with widths W=280 nm (sample 1), 360 nm
(sample 2), 470 nm (sample 3). x = 0 corresponds to the middle of nanoribbon.

the NR width. It should be emphasized that phenomenon of field spreading outside the
NR appears only for planar NR structures. The findings are interesting and important
for applications in such fields as NR-based chemo- and bio-detectors where chemo- or bio-
targets are typically delivered by diffusion processes. Existence of discussed above fields
may assist the transport of target species towards the surface of sensor by enhancing
or slowing the process dynamics. For example, it is easy to estimate that the flux of
ions under the electric field and their diffusion flux both become comparable at the field
kgT/eZW (kg and eZ are the Boltzmann constant and the ion charge, respectively: the
diffusion flux is estimated for the characteristic spatial scale of the order of the wire width,
W). Setting W=200nm, T=300K, Z=1, the field is estimated to be about 2.5kV cm™1,
which is much smaller than the electric fields induced by the depletion effect (see figure
5.8). In this respect we can expect that such electrostatic fields outside the NRs can be
used for acceleration or slowing down ionic and molecular transport toward the NRs for
enhancement of NR-based chemo- and bio-detector sensitivity as well as for decreasing
the response time of these devices. It should be emphasized that air was considered as the

kVem!
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— 57
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Figure 5.8: Electrostatic potential (contour plot) and electric-field strength (vector field)
outside of the planar NRs, formed at the interface between AlGaN and GaN material at z
= 0 calculated at T' = 300 K for two nanoribbons with W = 280 nm (a) and W = 360 nm
(b), corresponding to the ratio between depletion and conductive channels 200/80 and
200/160, respectively. The origin or each vector corresponds to a space point where the
electrical field vector was calculated.
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outside environment for presented calculations. The dielectric constant of GaN layer has
not been taken into account. Taking this into account will certainly modify the electric
field below the NR. However the distribution on top, on the upper side of the NR with
only a very thin AlGaN film (40nm), might be assumed to be only weakly disturbed.
This is a spatial region, where the external fields are of major interest because of their
probable impact on adsorption processes.

5.4 Space-Charge Phenomena in Long GalN Nanorib-
bons

In this part nonlinear current regime(figure 5.9(a)), which was registered at high voltages
(V > 8V) of IV characteristics, will be described. Interesting features in transport and
noise properties were discovered after increasing the applied voltage. It should mentioned
that for investigated voltage interval (V' = 0...25V') electric fields in long NRs under study
are small enough to neglect hot-electron effects and related current nonlinearities [189].
As it is shown in figure 5.9(a) the onset of nonlinear regime depends on the wire width.
Such regime was most likely to observe for the three narrowest NRs. At high voltage, two
NRs exhibit super-Mott-Gurney dependency, which is characteristic of a mature regime of
SCLC: INE® ~ V24 at W = 280 nm (shown in the inset of figure 5.9(a)), and INF ~ V22
at W = 360 nm. For the NR with W=470 nm, I"? ~ V16, To understand such behavior,
we note that in equation 5.2 for the critical voltage V.NE, the product n® DW corresponds
to the number of electrons per wire unit length. For the planar NRs, this number can
be estimated as (1 — §)nopW. Using the parameters, d(defined above), critical voltages
were calculated for three NRs: V. =~ 3.7,5.5,and12.5V at W=280, 360, and 470 nm,
respectively. Such voltages are in good agreement with nonlinear phenomena registered
in -V characteristics (figure 5.9(a)). It should be noted that effective conductive width of
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Figure 5.9: (a) Current-Voltage (I-V) characteristics measured for four sets of NWs with
different widths, W(nm): 280, 360, 470, 1100. Inset shows the I-V characteristic for
NR with W = 280nm at 7" = 290 K. (b) Critical voltage dependence on the effective
NR width(bottom axis) and ratio between depletion and conductive channel (top axis).
Dashed line reflects the behavior according to equation [eq:gan2].
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the samples differs for linear and nonlinear regions of I-V characteristics. In linear region,
conductivity of the NR is determined by W = W — Wyep,. However, in nonlinear
regions injected current flows through the entire cross-section of the sample. Figure
5.9(b) shows the results of critical voltage for different samples taking into account the
above-mentioned peculiarity. The critical voltage strongly depends on the ratio between
depletion and conductive channel regions. The smaller the ratio (the larger the effective
width) the larger the critical voltage. For the NR with a 1100 nm width, it was calculated
V.~ 40V, i.e. the SCLC regime was not reached. Whereas, for the first two NRs, SCLC
was observer in our experiment, while for the third NR only the transient regime for the
SCLC transport was reached. This explains the behavior of [-V characteristics shown in
figure 5.9(a). The most prominent features of the current corresponding to the nonlinear
regime were revealed in fully depleted sample with the narrowest width of 185nm at
different temperatures down to T' = 77 K.

For this NR sample, I-V characteristics measured at different temperatures are pre-
sented in figure 5.10. The temperature-dependent data confirm the formation of the
space-charge-limited current transport [170, 176] in the NR structures at high voltages.
Characteristics exhibit the following typical behavior with three stages: an initial slow
rise followed by a sharp rise by a few orders of magnitude at a critical voltage of about
1V, when the Mott—Gurney limit (I V%) is attained. Interestignly, the three stages of
this scenario are similar to those found in an early paper [170] and discussed in a recent
paper [190] devoted to the analysis of diodes with deep traps. The behavior of the I-V
characteristics of NR structures can be understood in the framework of depletion and
SCLC phenomena at several stages. Firstly, I-V characteristics measured at T' = 77K
should be considered. For the 185 nm-wide NR, the total number of electrons supplied by
donors per wire unit length is less than the density of the edge defects, nopW < N'", mak-
ing NR practically depleted. Small residual concentration of electrons is determined by
thermal ionization of the deep-edge defects and substantially depends on the temperature.
Then, at low voltages (j1 V), very small currents are observed(less than 'nominal” currents
w(T)nepWV/L' by a factor in the range of 10? to 10%), as it can be seen from figure 5.8.

Current (A)

Voltage (V)

Figure 5.10: Current-voltage characteristics of the narrow NR structure with W = 185 nm.
Dashed lines are nominal I-V characteristics for 77 and 295 K.
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With increasing voltage, electrons injected from the contact fill the empty edge traps and
the current slowly rises, until the edge traps become totally filled at a voltage V,n, equal
to b5V at T = 77 K. Further increase of applied voltage provides more injected electrons
and a sharp magnification of the current. At low temperatures, this sharp magnification
of current has the character of a switching effect — at a small variation in the voltage, the
high-resistance state of the NR is reset to the well-conducting state. At higher voltages,
the current behavior reflects the SCLC transport with I V2** dependence. The voltage,
V,n, decreases with temperature increase and is estimated to be for other temperatures in
the voltage range from 5V to 2V. The [-V characteristics corresponding to high-voltage
range (above 8 V) reflect weak temperature dependence.

5.5 Noise Spectroscopy of GalN Nanoribbons

The study of electric currents in NRs was validated by measurements of the current
noise spectral density, S;(f), in the frequency range from 1 Hz to 100 kHz. A de-
tailed description of noise measurement procedure can be found in the section 3.2. In
planar AlGaN/GaN heterostructures, the current noise demonstrate two main compo-
nents: the flicker noise (with the Hooge parameter ag =~ 5 x 107%) and GR (genera-
tion-recombination) components [191-194]. Indeed, noise measurements for the planar
AlGaN/GaN structure revealed flicker noise with a modest value of ay ~ 2.9 x 10~* and
a GR component.

Figure 5.11 shows isolines obtained at constant frequencies from normalized current
noise spectra, measured at different voltages for NR structure with W = 280nm. GR
noise component reflects recombination processes related to excess electrons injected into
the NR structure at voltages exceeding 1 V. We found that, compared to the planar
heterostructures, the NRs are more noisy. For the linear current regime, at 7' = 300 K,
the flicker component ( f~!) is dominant and the characteristic parameter oy increases
when the NR width decreases: ag ~ 8.7 x 1073, 0.02, and 6.2 for W=470, 360, and 280
nm, respectively. The high level of noise can be explained as follows. The low-frequency
electric fluctuations are related to capture/decapture processes related to defect states.
The presence of defects in extended AlGaN/GaN heterostructures determines a moderate
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Figure 5.11: Typical normalized current noise spectra measured at different voltages for
the NR structure with W = 280 nm.
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flicker noise and the respective value of the Hooge parameter. Additionally, there are deep-
edge defects in the NRs, which participate in both stationary phenomena, determining
depletion effects and stochastic capturing/decapturing processes generating additional
noise. The smaller the NR width, the larger the contribution of the edge defects to the
noise, such that in the narrow NRs, the processes involving the edge defects are dominant.
Analysis of the measured noise spectra revealed two features of the noise generally found
for all NRs: an increase of the noise intensity and a modification of the spectral density,
S1(f), with increasing voltage/current. The noise increase with the voltage was stronger
for NRs with lower 1/f noise at small voltages. To illustrate this effect we analyzed the
normalized spectral density, S;(f)/I?, as a function of the voltage for a given frequency,
f.

The results are presented in figure 5.12 for the NRs with W=360 nm and 1100 nm. The
normalized noise spectral density increases by three to four orders of magnitude. For the
NR with W=360 nm, a steady noise increase appears in the voltage interval V = 1...10V.
For the wider NR (with W=1100 nm), the noise intensity increases considerably at the
larger voltages, V' > 10V. As the voltage increases, the spectral dependencies, S;(f), of
the NRs are modified.

Particularly, at V' > V. the dependencies S;(f) show a faster decay with f, as il-
lustrated by the inset of figure 5.12(a), for the narrow NR at the voltage V = 8 V. At
the same voltage, the wider NR shows only the 1/f dependence (see the inset of figure
5.12(b)). The noise features of the NRs discussed above reflect the SCLC effects. The
low-frequency noise is mainly determined by fluctuations of the free-electron concentra-
tion. Under the conditions of the experiments presented here, the hot-electron effects are
negligible and distributions of free electrons over the momenta and energies are almost
at equilibrium. However, both free-electron concentration and that of electrons captured
by the defects are far from equilibrium in the SCLC regime. Indeed, the main attributes
of this regime are the electron injection, nonuniform electrostatic potential, development
of a potential barrier near the cathode [165-167] and redistribution of the electrons along
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Figure 5.12: Normalized noise spectral density, S;/I?, as a function of applied voltage for
1,10,10%,10%,10*, 10° Hz for nanoribbon widths (a) W = 360nm and (b) W = 1100 nm.
Crosses indicate estimated level of thermal noise. The inset shows frequency dependencies
of S;(f)/I?* for NRs with corresponding widths at V' = 8V.
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the conductor. Near the injecting electrode, particularly, a zone with excess electron
concentration is formed, while a zone near the anode is depleted due to exclusion pro-
cesses. Both factors, excess and deficit of free electrons, obviously give rise to intensified
capture/decapture processes and to an increase of the noise intensity. The additional
mechanism of the fluctuations is provided by stochastic capture/decapture processes in
the vicinity of the potential barrier: they randomly modulate the injection current and
contribute to the noise. Highly nonuniform electron distribution along the NRs in the
SCLC regime explains the above-mentioned modification of the noise spectral density,
Sr(f) at V> V.. In fact, the 1/f noise dependence develops as a result of stochastic GR
processes with distributed characteristic times of capture/decapture events. This interpre-
tation is valid for macroscopically uniform bulk samples [193] and for surface/edge noise
in uniform conductive channels [195, 196]. However, for a nonuniform distribution of the
electrons and, consequently, nonuniform noise sources, temporal evolution of a fluctuation
involves diffusion processes. The latter results in so-called diffusion noise [180], for which
Si(f) f7%% [197]. Spectra with slope 3/2 reflect fluctuation processes determined by a
characteristic time of electron diffusion with recombination at the surface or in the region
of high concentration of recombination centers. Thus, the observed noise in the nonlinear
regime corresponds to diffusion of nonequlibrium electrons from the injection region of
space charge toward borders of the NRs with an increased concentration of defect states.
The decreasing time constant (time decrease of diffusion) as well as the plateau of the GR
noise component in low-frequency regions with increasing voltage can be explained by the
spread of the space-charge region toward the NR borders, which results in a decrease of
the distance of electron diffusion. For NRs of length L, the characteristic diffusion time
in the SCLC regime is estimated to be 7p = L?/D, with D = kgT'u/e being the diffusion
coefficient. The corresponding characteristic frequency is fp = 1/(277p). For the exper-
iments at 7' = 300K, it was found that D ~ 37cm™2s7',7p ~ 1 x 107*s, fp ~ 1.5kHz.
This indicates that at f > fp, the spectral density, S;(f), shows faster decay with f, as is
shown in the inset of figure 5.12(a) for the narrow NR at the voltage V' = 8 V. Data shown
in figure 5.11 demonstrate the diffusion time decrease with voltage increase from 3V to
8V due to carrier distribution spread in the direction of depleted regions at the edges. As
a result of increased recombination processes on defects of depletion regions decreases the
effective diffusion length. Consequently, the characteristic time constant as well as plateau
level of the GR noise component decreases. At higher voltages for V' > 15 V(figures 5.11,
5.12) decreasing noise can be explained by scattering of electrons on optical phonons
[198]. The noise spectra with 1/f 3/2 dependence reflect SCLC phenomena accompanied
by diffusion processes due to gradients in electron concentrations.

5.6 Summary

Electron-charge phenomena are analyzed with respect to both static edge-trap-induced
charge redistribution and transport phenomena in the range of space-charge-limited cur-
rents. The results obtained for planar GaN NRs of different widths at low voltages allowed
an estimation of the depletion effects in the NRs. We have shown that, for the planar
NWs and NRs, the spatial separation of the positive and negative charges due to the
depletion effects induces an electrostatic potential and a field outside the samples. The
electric fields of large amplitude (tens of kVem™!) spread out over distances of the order
of the width of the planar NWs and NRs Low-frequency noise spectra studied at different
applied voltages allowed us to analyze the mechanisms of current formation in the NRs
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structures in linear and nonlinear regimes. The GR noise components in the noise spectra
observed at different temperatures allow an estimation of the energy of exchange processes
between trap states and quantum-confinement levels. The activation energy is in good
agreement with the self-consistently calculated band diagram. For low voltages, we found
a relatively large noise intensity for the narrow NRs, which is explained by the substantial
contribution of the deep-edge defects to stochastic capturing/decapturing processes gen-
erating additional noise. For higher voltages, the current nonlinearities allow us to study
peculiarities of the SCLC effect in planar NW and NR structures. The onset of this effect
clearly correlates with the NR width. For the narrow NRs (W=280, 360 nm), the mature
SCLC regime was reached. An extreme behavior of the current of the switching type was
observed for the narrower 185 nm NR with decreasing temperature. In this case, both
space-charge-related phenomena studied are important. We found a change in the shape
of the noise spectra with increasing voltage. In particular, the spectra show faster decay
with frequency for the narrow NR with a tendency toward a slope of (3/2), as is typical for
the diffusion noise, and which is characteristic of highly nonuniform conductive channels.
It has been shown that, with increasing applied voltage, the noise spectra reflect evidence
of the SCLC phenomena. Finally, we suggest that the features of the electric current and
noise in the NRs and NWs studied are of a general character. This knowledge might be
important for the development of different NR-based devices, including bio-sensors with
enhanced sensitivity.



Chapter 6

Silicon Nanostructures Toward the
Development of Biosensors

6.1 pH Sensitivity

Over the past decade, nanosized silicon structures have been under intensive study [163]
due to their promising electrical, optical, chemical, thermal, and mechanical properties.
Compared to larger structures, nanoscale field-effect transistors (FETs) allow measuring
electrical, optical, and other often very small signals due to increased surface-to-volume
ratio of the sample. The nanostructures became ideal for sensing of small sample volumes
with low analyte concentrations. Silicon nanoribbon (NR) and nanowire (NW) FET struc-
tures open prospects for label-free, real-time, and high-sensitive detection of biomolecules
using affinity-based binding principles [199] New features and functions are continuously
added to the electronic devices, such as health monitoring mobile systems and wearable
devices. Despite the success of such personal health monitoring systems [200], the next
generation of wearable devices is expected to include also a portable “lab-on-a chip”—set
of medical biosensors, which can be used for the detection and diagnosis of various medical
substances [201, 202]. In order to be able to monitor and detect the early stages of disease
in ideal case at the level of single molecule, the size of the sensor transducer has to be
comparable with the biological markers under test. Therefore, biosensors based on NWs
and NRs have to be developed for the monitoring of biological events that occur at very
small dimensions. With size decrease, the limitations regarding current and voltage have
to be also considered. For devices operating at weak signal levels, internal noise plays cru-
cial role [132, 203, 204]. It determines one of the most important parameters of sensor’s
signal-to-noise ratio (SNR). As it is shown for double-gated Si NW sensors, pH sensitiv-
ity increases with the liquid gate voltage and SNR has higher value (~ 10°) [205, 206].
State-of-the-art research on nanoscale materials has revealed that electronic, magnetic,
thermal, and optical properties may differ dramatically when their one-dimensional forms
are synthesized. In this section we study FETs based on silicon nanostructures, including
nanowires and nanoribbons from the viewpoint of pH sensitivity. Effects of channel length
influence on the source-drain currents as well as pH sensitivity. We demonstrate that sil-
icon nanowires, fabricated from the thin silicon layer, on the basis of silicon-on-insulator
(SOI) wafets, can have high pH sensitivity fairly close to the Nernst limit.

The sensitivity of the Si NR FET sensor to changes in pH can be quantified by measur-
ing the shift of the threshold voltage of the device and is defined by the Nernst equation
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[207]):

Wo _ _y3kT, < 59mVpH™! (6.1)
opH q
where, 019, is the potential at the surface. The dimensionless parameter, a, depends
on the intrinsic buffer capacity of the oxide surface and the differential double layer
capacitance can vary from 0 to 1. Changes in the pH of the solution induce variations in
the surface charge density and surface potential. It leads to a change in the NR channel
conductance. In general, sensitivity is defined as the largest possible output response to a
certain biological event. The pH sensitivity of biologically sensitive field-effect transistors
(BioFETSs) arises from the acid/base reactions at the oxide/electrolyte interface and the
maximum pH response achievable by a conventional ion sensitive field-effect transistor
(ISFET) is the Nernst limit of 59 mV pH™!.

A response of pt — p — p™ NR FET to surface potential changes were studied with
respect to solution pH varying in the range from 2 to 12. Microfluidic system described
in section 4.3.2 has been employed to provide a continuous flow of the liquid and enable
an easy way to change the pH. For 10 pm long and 5 pm wide nanoribbon changes of pH
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Figure 6.1: The timetrace demonstrating the stepwise conductance change with pH of
the solution. Inset shows recalculated sensor response of the sensor together with the
surface charge density, which explains lower and higher sensitivity at lower and higher
pH, correspondingly.

appeared as a step-like conductance response of the NR sensor as it is shown in figure 6.1.
It should be emphasized that the conductance changes are reversible - it returns back to
its initial level in the same stepwise manner. Averaged values of the conductance for each
step corresponding a unique value of pH are plotted as a dependence on the pH value in
the inset to figure 6.1. The region from pH 4.5 to 9.5 can be highlighted as the dependence
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exhibits linear behavior with the slope of 725nS pH~!. Obtained sensitivity is considerably
higher the ones reported for Si NWs [208]. It should be noted that conductance change is
lower for low pH value(2) and slightly higher for high pH value(12). The results correlate
with measurements of surface charge density dependencies on the pH for silica [209]. The
surface charge density has been reconstructed from [209] for the ion concentration of 10
mM and plotted in the inset to figure 6.1 along with conductance response.

Over the years, there have been numerous reports on devices with near Nernstian re-
sponse [210-218]. The most popular platform for chemical modification of SiO2 surface is
chemisorption of a few nanometer thick self-assembled monolayers [219], not only to en-
hance the pH sensitivity of Si/SiO2 gated nanosensors [220], but also because biomolecules
such as proteins [221] or deoxyribonucleic acid (DNA) [222], which can be coupled to the
other functional end of certain monolayers. Authors of [223] discussed the results con-
cerning the functionalization and modification of Si NW FET sensors. A high sensitivity
was achieved either by optimization of the intrinsic device transfer characteristics (such
as lowering of the subthreshold swing or by tuning the gate potential) or by chemical
surface modifications. Decreasing silicon thickness leads to higher surface charge sensi-
tivity [217]. In [199], it was shown that at an optimum thickness of 30 nm the sensitivity
reaches maximum value, and for a thicker device layer the pH response decreases and the
largest response is obtained from the widest NR FET with the highest surface area. In
this respect we performed the investigation of size-dependent pH sensitivity to determine
the optimal parameters of the sensor.

6.1.1 Effect of the Channel Length on pH Sensitivity

In this section, we present the results of channel length influence on the pH sensitivity of
the Si NR-based sensors. As the response of NR FET sensor to pH change is linear in the
range from pH 5 to 9 we performed studies of surface potential changes in solution with
pH = 6.2, 7, and 8.3. Typical transfer curves for aforementioned pH values are shown in
figure 6.2. Measurements were performed four times for each pH value. The repeatability
was within 7%.
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Figure 6.2: Transfer curves measured at different pH values
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For pt — p — p™ type structure we can see that increasing pH value results in the
increase of the channel current, Ip. This is in a good agreement with model of the
solution contact with the oxide layer surface, then on the oxide/solution interface caused
hydroxyl groups SiOH. Concentration and behavior of those hydroxyl groups depend on
value of the pH. The case when the surface is not charged is called zero charge point.
For the Si0, dielectric layer, the point is reached at pH = 2.2. At the pH values lower
than 2.2, the oxide surface is charged positively; at higher values of the pH, oxide surface
is charged negatively. In the case of buffer solution with pH = 7, silicon oxide surface
charge will be charged negatively. Therefore, at the applied negative gate potential, the
absolute value of the negative charge on the surface oxide increases. As a result, the
majority carrier concentration increases in the current channel (holes in p-Si) and thus
channel current increases. pH sensitivity of the biochemical sensors is given as:

Al
Ry = % (6.2)
Here, AIp and ApH are the elementary changes in I and pH. A typical response values
of the sensor were in the range from 35mV pH™! to 59.5mV pH™!. To check the idea of
the sensor size impact on the pH sensitivity we performed measurement using relatively
large silicon nanoribbons with lengths 2 pm to 10 pm, width 10 pm and thickness of 50 nm.
The dielectric covering silicon nanoribbon was thermally grown silicon dioxide of 8 nm.

The magnitude of the current is inversely proportional to the length of the current
channel, which justifies the application of the drift approximation for transport mecha-
nism, as well as the assumption of a uniform distribution of the electric field strength
along the length of the current channel). The pH sensitivity increases with the current
channel length and tends to the Nernst limit of 59.5mV pH™! (figure 6.3), which is in
good agreement with values obtained for micro-size sensors [214]. Our results support
also observations of the pH sensitivity behavior obtained for NW samples with different
geometries [199] The length effect studied systematically in our work can be explained in
terms of the surface charge density. Since the length of the channel decreases, the area of
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Figure 6.3: pH sensitivity as a function of channel length.
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the pH-sensitive surface decreases, and consequently the number of measurable H+ ions
in the aqueous solution decreases. According to equation 2.1, the current I, increases
with decreasing length, which leads to a decrease in the resistance of the current channel
at constant voltage, Vpg . As the resistance of the channel R, decreases, its modulation
is hampered under the influence of the H* ions, hence, the pH sensitivity decreases.

6.1.2 Simulation of pH Biosensor

pH sensitivity of ideal nanowire FET biosensor has also been confirmed by the simulation
in Sentaurus TCAD software. The model has been adapted from [224] and implemented in
3D (figure 6.4(a)). It should be mentioned that solution has been implemented as a custom
material derived from semiconductor. The permittivity was set to reproduce the behavior
of water. To make the semiconductor function as a solution mobility of charge carriers
was tuned to reproduce the behavior of ions in the solution. In simulated liquid, electrons
and holes describe the mobile ions in the solution. The major parameters which bring the
similarity between the solution and intrinsic semiconductor are the semiconductor state
densities, No and Ny, in conduction and valence bands, correspondingly. The values
can be described as molar concentrations of ionic content of the solution. It is known
that water can be represented as an equilibrium of ions as 2H,O — H;Ot + OH™.
The concentrations of [H3O%] and [OH ] determine the pH of the solution and can be
represented as concentrations of holes and electrons in the simulated liquids. Taking into
account that concentrations of electrons and holes can be approximated by the Boltzmann
distribution:
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Figure 6.4: (a) Simulated silicon nanowire device. The liquid gate is shown as a frame
on top of the nanowire. (b) Transfer curves simulated for different pH values. The inset
shown the threshold voltage shift due to different pH of the simulated solutions. The
sensor demonstrate the ultimate sensitivity at the Nernst limit of 59.5mV pH~!
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Considering the relations between concentrations of electrons and holes,
Eq
np = NcNye kT (6.5)

different pH solutions can be simulated by calculating the densities of states, considering
the Avogadro constant N4 = 6.022 x 10* mol~!. Simulated transfer curves corresponding
to the different pH of the solutions are plotted in figure 6.4(b). The results were obtained
for p* —p—p*t FET structure with 500 nm long and 100 nm wide nanowire. The increase of
pH resulted in the shift of threshold voltage towards lower values, which was also confirmed
by the experiment. The sensitivity was estimated as 59.49 mV pH~! which is at Nernst
limit. The model describes well the behavior of liquid-gate FETs. However, it should be
mentioned that the model does not take into account surface effects and concentrations
of charge states at the liquid-solid interface, and therefore demonstrate high sensitivity
despite the relatively small area of the nanowire. The model can be further optimized for
investigation of the impact of different molecules on the nanowire channel.

6.2 Single Trap Phenomena for Enhanced Biosensing

While the traditional biosensing approach of FET threshold voltage shift suffers from the
Nernst limit novel approaches can be employed to struggle for better sensitivities and
dynamic ranges. Here we consider two-level random telegraph signal noise fluctuations
originating from the single trap at the interface with the nanowire channel as a process
highly sensitive the the changes of surface potential. Indeed the impact of the gate voltage
change on the dynamics of the trap can be extremely strong as it was shown in section
4.6. We investigated silicon nanowire FET with length of 100nm and width of 100 nm
where two-level random telegraph signal (RTS) fluctations was recorded and performed
experiment with different pH solutions starting from pH = 3 to 7. The corresponding
timetraces are shown in figure 6.5(a). Histograms recalculated for each timetrace are
plotted in figure 6.5(b). On the histograms for each pH value it is possible to distinguish
two gaussian peaks corresponding to the stable states of the single trap. Noise spec-
tra demonstrate pronounced generation-recombination (GR) component corresponding
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Figure 6.5: (a) Two-level RTS timetraces recorded for different pH values. (b) Histograms
recalculated form corresponding timetraces.
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to RTS fluctuations of the drain current (figure 6.6(a)). The behavior of the noise ampli-
tude and characteristic Lorentzian frequencies follow typical for RT'S noise behavior as it
was previously discussed in the section 2.5.6. Characteristic capture and emission times
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Figure 6.6: (a) Multiplied by frequency measured noise spectra. Pronounced Lorentzian-
shape components, represented as peaks, correspond to the RTS fluctuations. (b) De-
pendencies of characteristic GR time, 7, capture time, 7., and emission time,7., on the
drain current. The capture time demonstrate a strong dependence with the slope of -9.74,
indicating the enhanced sensitivity.

for the single trap were extracted using method described in section 2.5.6 using noise
spectra and histograms of timetraces. The dependence of capture and emission times
are plotted versus drain current in figure 6.6(b). It should be mentioned that in frame
of the standard Shockley-Read-Hall (SRH) model the trap capture time dependence on
current behaves as 7, < I;'. In our case the capture time demonstrate extremely high
slope indicating that 7, oc 1 59'74, which is far beyond the standard SRH model. The fact
shows that single trap phenomena is extremely sensitive to the surface potential changes.
Capture and emission times are plotted depending on the pH of the solution in figure
6.7(a).

Using data presented in figures 6.6 and 6.7, we can recalculate the relative current shift
as Ip/I* and capture time change as 7./77"". Values of the relative sensor response of
channel current and capture time are plotted versus pH in figure 6.7(b). The response
curves compare the sensitivity of two approaches, including current and capture time
changes. It should be noted that for pH = 3 the relative change of drain current is around
1.6, while for capture time the gain is 78 which is 48.5 times larger. The capture time
curve demonstrate much stronger dependence on the pH of the solution in comparison
to the current change. The enhanced behavior can be explained by the high slope of the
capture time dependence on the surface potential. In this respect the trapping/detrapping
dynamics of a single trap appears as a useful signal which is promising for enhanced
biosensing. Furthermore a single trap phenomena has a huge potential to become a
smallest ever sensor.
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Figure 6.7: (a) Dependencies of characteristic GR time, 7, capture time, 7., and emission
time, 7., on pH of the solution. (b)Sensitivity extracted from the pH dependence of the
drain current and RTS capture time constant.

6.3 Cardiac Troponin Detection

Cardiac Troponin I(c¢Tnl) has become a gold standard for detection of myocardial necro-
sis because of high cardio-specificity, fast release time and high elevation level[225, 226].
In present studies we used liquid-gated silicon nanowire FETs as a label-free biosen-
sors. Drain and source contacts were highly implanted with arsenic dopants resulting in
n™ —p —nt structure. We demonstrate that not only the channel current can be used as
an indication of target molecule binding event but also noise spectroscopy, being an ex-
cellent tool for biosensor performance characterization, is a promising analytical method
for electrical sensing of target biomolecules. We demonstrate that Si NW FETs can be
considered as reusable transducers, allowing multiple ¢Tnl detection cycles, resulting in
a possibly more cost-efficient point of care solution enabling the most effective medical
treatment of cardiac injury. The proposed method involving excess noise analysis allows
to calculate the density of ¢Tnl molecules, causing fluctuation while binding to the NW
FET surface. An analysis of the noise spectra and input-referred noise behavior indicates
that additional noise reflecting changes in dynamic process is related to the binding of
target molecules with increased effective gate voltage. To perform the troponin detec-
tion experiment silicon nanowires were functionalized with monoclonal ¢Tnl antibodies
using the protocol described in section 3.4, providing specific antibody-antigen detection
principle.

Si NW FETs with modified surface were used for the sensing experiment to detect
various concentrations of troponin I (Tnl) antigens in 1 mM phosphate-buffered saline
(PBS) solution with pH = 7.4 (Ap & 7.6nm). Transfer curves for Si nanowires with
modified surface in buffer solution as well as curves corresponding to the addition of
certain Tnl antigen concentration are plotted in the figure 6.8.

The transfer curve measured before the injection of ¢Tnl antigen molecules was used
as a baseline (black curve in figure 6.8)(a).

After introducing a buffer of ~ 20pM c¢Tnl (about 0.5ngml™!), the change in the
Ip—Vi characteristic was observed (red curve in 6.8)(a) — a threshold voltage shift in
the positive voltage direction.
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Figure 6.8: (a) Transfer characteristics of the functionalized Si NW FET biosensor for
various c¢Tnl concentrations in 1 mM PBS solution. (b) Average sensitivity versus loga-
rithm of ¢Tnl for the values of Ip, = 100nA. The dash-dot line reflects the calibration
curve to show the linear-log behavior of device sensitivity.

The device response, i.e. the transistor transfer curve, was measured after a time
period of about two minutes to achieve stable sensor output and an equilibrium state
after introducing analyte molecules into the buffer solution. The isoelectric point(pl) of
¢Tnl molecules is around 5.2, which means that they carry negative charge in physiological
solutions with pH=7.4.

Therefore the binding of negatively charged troponin molecules onto the surface of n-
type Si NW FET results in the depletion of the conducting channel due to the gate effect,
leading to an increase of threshold voltage. It should be noted that the result obtained is
consistent with the results reported in the literature [227].

With further increasing of troponin concentration, pronounced shifts of transfer curves
were observed upon sequential protein injections reflecting the concentration-dependent
binding behavior. As it follows from figure 6.8)(a) transfer curves remained at the same
position after the injection of a certain troponin concentration (~ 10ngml™'). The fact
indicates on the sensor surface saturation where no more molecules can be attached to the
sensor. The sensitivity of the Si NW device is defined as the normalized current change
after the binding event of the target molecules:

B | Ip — Ipo |

Ipo

S (6.6)
,where Ipg and Ip are the drain current of the functionalized transistor before and after
binding of the biomolecules. It is plotted in figure 6.8(b) as a function of the log ¢Tnl
antigen concentration.

The surface potential of Si NW FET biosensors depends on the charge of biomolecules
next to the surface. Because of field effect molecules influence on the threshold voltage
of the device accordingly to the number of attached molecules. When all antibodies are
occupied by antigen molecules the number of charges on the surface is not increasing
anymore, thus resulting in no further transfer curve shift corresponding to the saturation
in figure 6.8)(b). Vertical error bars in the figure represent statistical error obtained using
least square root method while analyzing obtained experimental points for the entire
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concentration range.

The sensor demonstrates logarithmic response upon injection of a small concentration
of target molecules and saturates at higher concentrations, when no free binding sites left
on the nanowire surface. The calibration curve can be extracted by a linear fit on the
semilogarithmic scale as S = 0.36log [Cernr] 4+ 0.17. It should be noted that a logarithmic
response of a Si NW FET-based sensor for the detection of ¢Tnl antigen molecules is
observed for a wide concentration range and covers the elevated concentration range of
troponin release during the development of acute myocardial infarction (AMI).

Thus, during the biosensing experiment, the ¢Tnl antigens binding with appropriate
monoclonal antibodies on the silicon nanowire surface resulted in an Ip—V7,¢ characteristic
shift to a higher voltage with AVy = 100 mV in total.

6.3.1 Sensor Reusability

A variety of methods for target molecule detection has been established over decades of
extensive research in biosensor industry. One of the major challenges remaining is the
development of cost-efficient system with high enough sensitivity and time resolution,
which is affordable for everyday usage. An effective way to overcome the problem is
to use biosensor multiple times. It has been demonstrated in the literature [228, 229
that reusability of Si NW FET-based biosensors can be achieved by reversible associa-
tion— dissociation between glutathione (GSH) and glutathione S-transferase (GST). The
dissociation of the GSH-GST complex on the surface of Si NW FETs makes the sensor
reusable. However, the increased (~ 6nm) GSH-GST molecule chain considerably de-
creases the sensitivity of the device due to the screening effect[227, 230]. In the work of
Chiang [231] it was demonstrated that reversible functionalization can be performed using
a cleavable disulfide bond between the receptor and Si NW FET surface. The approach
had been demonstrated for Hs Ny avian influenza virus proving the possibility for reusable
sensors. A drawback is obviously the requirement for re-immobilization of antibodies onto
the surface of biosensor. This does not guarantee the initial state of the sensor and thus
requires additional calibration of the device before the measurement.

To develop a reusable biosensor several issues should be addressed. Firstly, the so-
lution for the surface regeneration should be non-destructive and favor to the biosensor
surface, gate dielectric, in the case of Si NW FET-based device, as well as the recognition
layer, immobilized antibodies. Secondly, in the case of antigen-antibody approach, the
complex has to be completely dissociated during regeneration process. Based on these
considerations, glycine-HCIl buffer was chosen in the studies of cardiac troponin as the
optimal regeneration reagent for renewal of the functionalized surface of the sensors. We
demonstrate for the first time for ¢Tnl antigen that applying glycine amino acid solution
after detection of ¢Tnl target molecules allows the receptor-analyte complex to dissociate
and restore the initial sensor state.

The mild regeneration solution contained 10mM glycine diluted in 1 mM PBS solution.
The pH was adjusted to pH = 4.0 with 1%-HC]I. In such an environment, glycine molecules
at the isoelectric point (pI) of 5.97 carry a positive charge. The isoelectric point(pl) of
c¢Tnl is around 5.2 which means that antigen molecules are positively charged at pH
=4.0. The addition of glycine buffer with low pH results in a change of attractive van
der Waals and electrostatic (Coulombic) forces into repulsive which make the antigen-
antibody complex to separate. In this case, the proteins unfold leading to a dissociating
effect between antigen and antibody molecules. The glycine-HCI buffer with pH = 4.0 also
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satisfies the requirement for the reversible biosensors since the solution is not harmful for
the biosensor surface and does not cause any irreversible changes, but assists the decrease
of bonding strength thus supporting the natural activity of the immobilized antibodies. It
should be mentioned that glycine-HCI buffer has not yet been reported as a regeneration
solution for ¢Tnl biosensor based on Si NW FETs. After the sensing experiment, the
analyte solution was replaced by regeneration buffer and incubated for 10 min at room
temperature allowing the ¢Tnl antigen-antibody complex to dissociate (figure 6.9).
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Figure 6.9: (a) Transfer curves before binding of troponin molecules and after application
of glycine regeneration solution. (b) Conductance decreases as a function of ¢Tnl concen-
tration for the values of Ip, = 100nA. The conductance returns to the same level after
applying glycine-HCI buffer.

Device was rinsed with deionized water after the regeneration procedure with low pH
glycine buffer. Afterwards transfer curve was measured again under the same conditions
to compare with the initial curve. As it is shown in the figure 6.9(a) the curve returned
to the initial state indicating on the successful device regereration process and biosensor
stability.

It is noteworthy that the leakage current through the front-gate dielectric layer when
measured in a liquid environment remained negligibly small (below 10 pA). It should also
be emphasized that the conductance of the Si NW FET returned to the original level
after removing the antigen (see figure 6.9(b))

6.3.2 Noise Spectroscopy for Biomolecular Detection

Usually, a noise of nanoscale FETSs originates from the interactions occurring inside the
conducting channel and provides useful information about internal processes and allows to
study the device performance in a non-destructive manner [132, 232]. There are, however,
other noise sources when considering transistor operation in a liquid environment, as a
part of the biosensing system. In such a configuration, additional excess noise is a result
of charge exchange reactions at the interface between electrolyte solution and insulator.
This is particularly relevant when target biomolecules attach to immobilized on the surface
receptor molecules. Fluctuations caused by such a process might significantly contribute
to the overall device noise.
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Typical normalized noise power spectra of liquid-gate Si NW FET measured in 1
mM phosphate buffered saline (pH = 7.4) before and after binding of cardiac troponin
molecules are presented in figure 6.10(a). Noise spectra were measured under the same
conditions for both cases in order to compare the noise-generating mechanisms. Applied
drain-source voltage of 100 mV insured the operation of the device in a linear regime. The
back gate contact was grounded.
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Figure 6.10: (a) Typical noise spectra measured for the liquid-gated Si NW FET at a
drain bias of 0.1V and overdrive gate voltage of 0.47V before and after ¢Tnl binding. (b)
Dimensionless Hooge parameter ay obtained from 1/f noise spectra for solutions with and
without troponin molecules as a function of the overdrive liquid gate voltage (Vg -Vip )
for the same Si NW FET biased at Vpg = 100mV. The lines are guides for the eye.

Noise spectra demonstrate a dominant flicker noise behavior at low frequencies in cases
both with troponin molecules and without. The noise amplitude is, however, almost one
order of magnitude larger after cardiac troponin molecule binding (figure 6.10(a)), which
is in a good agreement with literature [233]. The origin of such noise increase still has to
be discussed.

Hooge parameter, ay , the dimensionless parameter is known as an indicator of sam-
ple "noisiness” for systems exhibiting 1/f noise behavior[234, 235]. We demonstrate that
ay reaches the values of 107 indicating on a good quality of fabricated structures [236].
Meanwhile we demonstrate Hooge’s parameter increase almost one order of magnitude
at overdrive liquid gate voltage greater than 0.3V when troponin molecules are present
in the solution (figure 6.10(b)). To understand the impact of molecular binding on the
noise level the molecular interaction in antibody-antigen complex should be considered as
well as the surface coverage with target molecules. Debye screening length plays a crucial
role determining the distance from the surface where the charge of target molecule will
influence on the surface without screening by counter ions. In turn the charge brought by
the target molecule redistributes over the receptor-biomolecule complex and influences on
the surface potential. The impact of single molecule on the surface potential can be esti-
mated by considering it as a point charge. Taking into account that molecule is bound to
the Si0s dielectric surface in low-molar PBS solution with permittivity about 80 surface
dipole potential of the liquid and thus threshold voltage shift can be calculated by solving
Maxwell’s equation: divD = 47p, where p is the charge introduced by the target molecule,
D is the electric flux density defined as D=¢cE , E is the electric field E = —V¢. By solv-
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ing linear partial differential equations numerically using Chebyshev method the maximal
shift of FET biosensor threshold voltage was estimated to be 0.6 mV C~!. Considering
the fact that threshold voltage shift is caused by the layer of uniformly distributed over
the nanowire surface charged biomolecules with the spacing around 7.6 nm, corresponding
to Debye length, where molecules do not interact with each other and are considered as
point charges, the density of bound molecules can be estimated as n,, = 4.3 x 10° pm~2.
On the other hand taking into account threshold voltage shift caused by the saturated
layer of troponin molecules(AVy = 100mV) the density of antigen-bounded molecules
equals to n,, = 7.2 x 10" pm 2.

Now noise level can be analyzed with the knowledge about the troponin molecule con-
centration and compare the case with molecules and without. Normalized drain current
noise, S, /1%, at 30 Hz against (gm/Ip)” is shown in figure 6.11(a), where g,, is the
transconductance.
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Figure 6.11: (a) The normalized drain current noise of the same transistor extracted at f
= 30 Hz as a function of (g,,/Ip)?. (b) On the left axis, the drain current noise amplitude
extracted at f = 30 Hz as a function of overdrive liquid-gate volatage. On the right axis,
the transconductance of the Si NW FETFET extracted from the transfer curves before
and after binding of ¢Tnl molecules.

Typically the slope of such curve equals to 1 and indicates on the linear operation
regime of FET device according to the number fluctuation noise model[98, 114]. According
to the model current fluctuations are caused by the interaction of charge carriers in the
conductive channel with the traps in gate dielectric through the trapping/detrapping
process. In the case with negatively charged ¢Tnl molecules the slope considerably differs
from 1 and equals 1.5. The fact indicates on different origins of noise in liquid environment
with troponin molecules. The current noise power spectra with and without troponin
molecules are shown in figure 6.11(b) as a function of overdrive gate voltage. Obviously the
noise behavior differs considerably for the case with and without troponin molecules while
the transconductance remains almost the same. This suggests that noise characteristics
are highly sensitive to troponin molecules and dynamic binding processes happening next
to the surface of the biosensor.

The input referred noise (figure 6.12) recalculated from noise spectra is independent
on the overdrive gate voltage at Vo —Vr > 0.3V for the case without troponin molecules.
This confirms the applicability of carrier number fluctuation model. On the contrary the
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Figure 6.12: The equivalent input noise SU of the Si NW FET at different liquid gate
voltages Vi¢ in 1 mM PBS solution before and after binding of troponin molecules. The
lines are guides for the eye.

presence of troponin molecules causes substantial increase of the input-referred noise. The
deviation from expected by the McWhorter model [98] is not caused by the changes in
gate dielectric but is related to the dynamic processes from the liquid side where ions
are moving through the membrane formed by ¢Tnl molecules attached to the antibodies
on the surface of biosensor. According to Donnan’s theory [237, 238] the detection in
antibody-antigen system is possible by considering that antibodies form a membrane on
the dielectric layer. The opacity of such membranes varies considerably with the target
molecule concentration. Increased input-referred noise in the case with troponin molecules
can be explained in terms of aforementioned membrane formed by the antibodies. The
membrane prevents a part of ions present in the solution from penetrating throught the
membrane to the surface of biosensor. Attached troponin antigens influence on the flow
of small ions resulting in measurable current fluctuations in the channel of the transis-
tor. Increased amplitude and behavior of input referred noise for solutions with troponin
molecules of our biosensor provide evidence for the ion kinetic change as a result of tro-
ponin molecules attachment responsible for perturbation of a membrane. Furthermore we
demonstrate that the noise level slightly depends on the ion concentration in the solution
[238], which also proves that excess noise originates from attached troponin molecules.
It should be emphasized that input-referred noise in case with troponin molecules de-
creases when increasing effective gate voltage. The fact indicates that the flow of the ions
through the membrane can be effectively controlled by applied liquid gate voltage. This
means that troponin binding to the antibody causes not only a surface potential change
but also influences on ion kinetics at the interface between membrane and solution. And
this process can be tuned by liquid-gate voltage. Withal we demonstrate that noise spec-
troscopy characteristics allow analyzing of dynamic processes in biomolecular solutions.
The results open prospects for studies of the molecular dynamic and interaction processes
taking place in the liquid gate in terms of sensor response to antibody-antigen binding
events. Our results demonstrate high sensitivity of noise characteristics to bio-chemical
reactions taking place in biosensors.
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6.4 Nanostructures for the Detection of Ascorbate
and Gluthathione Solutions

Reactive oxygen species (ROS), reactive molecules containing oxygen, are found essential
for the aerobic organisms. The molecules are produced as a result of numerous reduction-
oxidation reactions as well as cellular signaling in both developmental and stress responses.
The imbalance of the ROS level, caused by the oxidative stress, makes system to detoxify
and repair injured cells[239, 240]. The processes causing the instability of the internal
cellular conditions with consequent release of ROS species are known to play the cru-
cial role in aging processes. Furthermore the increased levels of ROS contribute to the
development of a various diseases including cancer, diabetes, cardiovascular and neurode-
generative diseases, including Alzheimer’s and Parkinson’s [241-243]. In this respect any
cellular dysfunctions can be recognized by the elevated ROS levels. On the other hand the
regulatory pathways activate when stress conditions appear. In this case antioxidants arise
to reduce and compensate the oxidative stress and bring the system to balanced state.
Therefore activation of regulatory system and increase of antioxidant concentrations indi-
cate on increased ROS generation and thus on the existence of the oxidative stress. The
understanding of the ROS dynamics and oxidative stress conditions plays a crutial role in
cellular signaling and exchange processes. Among a variety of components, sodium ascor-
bate and gluthathione are known as a central items in ROS regulation system in cells [244,
245]. Sodium ascorbate is an antioxidant appearing as a result of aerobic metabolism.
It neutralizes the toxic effect of superoxide, singlet oxygen, ozone and hydrogen peroxide
by reacting with them through sodium ascorbate peroxidase. Gluthathione is a redoxac-
tive molecule which plays important role in detoxification, antioxidant biochemistry and
biosynthetic pathways. Both molecules participate in oxidation-reduction balance and
play important role in regulation of cellular reactions on various diseases. Therefore it is
important to develop a highly sensitive real-time detection method of such species play-
ing role in ROS reactions. In our studies we used pt — p — p* silicon nanowire FETSs to
detect L(+)-ascorbic acid sodium salt with molecular weight of 198.11 and gluthathione
with molecular weight of 307.32 from aqueous solutions. Different concentrations were
prepared by the dilution of ascorbate and gluthathione in deionized water. Microfluidic
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Figure 6.13: Silicon nanowire FET conductance changes in time caused by flushing dif-
ferent concentrations of (a)ascorbate (b) gluthathione.
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system was employed to apply different concentrations to the nanowires. Typical response
from nanowires are shown in the figure 6.13 as conductance change in time.

It should be mentioned that no specific functionalization has been performed prior
to the detection of molecules. However we can assume that the changes of nanowire
conductivity is the result of molecule concentration influence as no other components were
present in the solution mixture. After each concentration nanowires were washed with
deionized water thus bringing the conductivity to the initial level. It should be emphasized
that conductivity decreased in experiments for both ascorbate and gluthathione molecules.
This indicates that molecules bring positive charge to the surface, resulting in threshold
voltage increase.
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Figure 6.14: Sensitivity extracted from transfer curves for ascorbate(black squares) and
gluthathione(orange circles).

The relative changes of conductance under the influence of ascorbate and gluthathione
are shown in figure 6.14. Sensors demonstrate higher sensitivity to ascorbate molecules
in comparison to gluthathion. The results correlate with the difference in molecular
weight. Therefore such difference can be employed for classification of different species
in the liquid after calibrations with sufficient amount of liquids. To summarize, the low-
molecular-weight antioxidants, sodium ascorbate and gluthathione dissolved in deionized
water, were investigated. The nanowire sensors are highly sensitive to such molecules
and can be utilized for studying the processes of biochemical processes involving reactive
oxygen species. The sensitivity and selectivity can be optimized by applying chemical
treatment to the nanowire surface.

6.5 Silicon NW FET Structures for Analysis of Cel-
lular Activity

Signal recordings from individual electrically active living cells (e.g. cardiomyocytes or
neurons) represent the general approach for understanding biological processes in living
systems on different levels, from the cell network to the single-cell level. The heart is a
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particularly important system to study since it is the engine of the human body, ensuring a
continuous flow of blood and providing the organism with oxygen and nutrients. Heartbeat
fluctuations may be caused by a variety of factors, among which cardiac dysfunction
and cardiac diseases occupy the highest priority for medical treatment and healthcare
applications. Despite the current progress in developing recording electrodes for cell
activity monitoring [246-248], there is still a huge requirement for devices to allow stable
and reproducible in vitro evaluation of the effect of pharmacologically active agents on
the tissue. multielectrode array (MEA) chips have attracted much attention in this field
and have replaced large-scale electrodes as they are capable of gaining more detailed
information [249] than conventional electrodes. Even though high-resolution MEAs have
been developed, the SNR is still limited while electrodes are becoming smaller [74, 75].
This creates a number of challenges in terms of achieving cellular and subcellular resolution
for recording functional signals.

Silicon (Si)-based devices, on the contrary, fabricated using technology compatible
with modern complementary metal-oxide-semiconductor (CMOS) process, possess a lot
of advantages due to their unique properties, which have been demonstrated by extensive
research over the past few decades. Furthermore, a transition from conventional pla-
nar devices to nano-scaled structures such as NWs may improve the sensitivity down to
the single molecule level. An enhanced sensitivity of biosensors based on Si NWs was
confirmed for a variety of biological test objects, including proteins, nucleic acids, and
viruses [65, 76]. The characteristic sizes of such structures allow much denser packaging,
resulting in higher spatial resolution. It should be emphasized that recent research on
interfacing between living cells and nanoscale objects demonstrates improved interface
properties, with a smaller cleft between a cell and nanoscale structure in comparison to
large-scale planar devices [4]. Furthermore, the investigation of gate coupling effect in
nanowire transistors demonstrate the possibility of enhanced SNR for cellular recordings
[77]. Modern drug design and delivery is not possible without fully understanding the
drug-related metabolism and reactions as well as its ability to penetrate cells, its interac-
tion with the target, and its pharmacological effect [250, 251]. In particular, heart failure
treatment requires a comprehensive and complex investigation of the functional activity
of heart tissue. Dysfunction is typically caused by biochemical changes in metabolic pro-
cesses on the cellular and subcellular level. Such processes are supported by and highly
interconnected with the calcium content in cells and the cellular C'a®" stores in mito-
chondria [252, 253|. The investigation of different aspects of drug delivery and calcium
transport monitoring on the cellular and subcellular levels is possible using fluorescence
microscopy [250, 251]. A method for simultaneously measuring mitochondria C'a*" uptake
and mitochondria membrane potential in living cells using fluorescent dyes is described
in [254]. However, studies of noradrenaline (NorA) influence on cell activity using this
method in combination with Si NW FET sensors have not yet been reported. In this
work, we combine in vitro monitoring of cardiomyocyte cell culture action potential (AP)
activity using Si NW FETs with fluorescence microscopy to develop a bio-platform that
enables us to reveal the effect of pharmacologically active agents on the living cell commu-
nity by tracking the cell calcium content, mitochondrial membrane potential, and cellular
electrical spiking activity. We demonstrate the high-quality material and electrical prop-
erties of fabricated Si NW FET structures. We show that transistors operate without
leakage current in culture media due to multi-stage fabrication process optimization. We
applied the novel approach of using Si NW structures as a bio-platform in combination
with fluorescence microscopy techniques to monitor the effects of pharmacologically ac-
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Figure 6.15: (a) Schematic cell-nanowire interface with the measurement configuration
for cardiomyocyte electrical activity monitoring using NW FET biosensor. (b) Nanowire
chip with a grid layout containing 32 measurement channels. (c¢) Chip encapsulated
within a glass ring and polydimethylsiloxane (PDMS) as a reservoir for the medium and
cell culture.

tive agents such as NorA on the functional activity of cells. The results of studies on the
pharmacological treatment and electrical activity of HL-1 cells demonstrate that Si NW
FETSs can be used to investigate and select biologically active solutions to tune and control
cardiac activity from the viewpoint of different physiological and pathological conditions
of cardiac activity.

6.5.1 Chip Characterization for Cellular Measurements

For the in vitro studies of cellular activity we used silicon nanowire array FETs fabricated
using a CMOS-compatible top-down approach described in section 4.2. Schematic repre-
sentation of electrical activity recording from cardiac cells is shown in figure 6.15. The
structures were 20 pm long, and each NW in the array was 150 nm wide with a spacing
of 250 nm (see figure 6.16). Source and drain contacts were highly implanted with boron
ions, resulting in p* — p — p* type structure. After the fabrication process, wafers were
cut into chips, wire-bonded to chip carriers, and subsequently encapsulated with PDMS
and glass rings to form a reservoir for cells and culture medium. Liquid-gate voltage was
applied to the sample using an Ag/AgCl reference electrode. To measure the confluent
cell layer formed on the chip, we used a multichannel measurement setup. The system
enables [-V characterization to be performed as well as time-series recordings in parallel
from all 32 transistors on the chip [111]. The setup consist of an amplification cascade
which includes a pre-amplifier and a main amplifier. For AC-coupled measurements, fil-
ters were used to prevent aliasing effects. The amplified signal was then passed to the
data acquisition system for readout and further data processing on the computer. The
pre-amplifier consists of a corresponding operational amplifier and a Si NW FET on the
chip (the “channel”). The resulting amplification depends on the feedback resistance
(Rpp ) connected to the operational amplifier and the actual transconductance of the
FET defined by the selected working point: V,,; = Vi X ¢ X Rprp. It should be noted



Silicon NW FET Structures for Analysis of Cellular Activity 155

Figure 6.16: (a)SEM image of a Si NW FET biosensor. The entire surface including
metal feedlines is covered with polyimide passivation layer while only the active area with
nanowires is exposed to cell culture medium. (b) SEM image, enlarged part of active
sensing area with nanowire array.

that for optimal signal amplification, Rrp corresponds approximately to the FET channel
resistance.

In order to select the working point with the highest transconductance for the FETSs,
[-V characteristics were measured prior to the time trace studies. The measured transfer
characteristics, as shown in figure 6.17, demonstrate typical behavior for p-type transis-
tors. Transfer curves were measured in the linear (Vpg=-0.1 V) and saturation (Vps=-1.1
V) regimes. The average transconductance curves for both linear and saturation regimes
with an average deviation of 12% for different FETs is shown in the inset of figure 6.17(a).
In the linear regime with Vps=-0.1 V and V5= -1.58 V the maximum transconductance
obtained was about (1.88+0.23)uS for our FETSs. In the other working point near the sat-
uration regime FETs demonstrated higher transconductance values (figure 6.17(b)), with
the maximum equal to (10.57+1.91)uS at Vpg=-1.1 V and Vo= -1.9 V. Optimized val-
ues for drain-source, liquid-gate, and back-gate voltages were selected based on re-plotted
derivative (dIps/dV5q) curves. Further reported time series had already been recalcu-
lated into the input voltage fluctuations using the equation: dVg = dVu/(gm X Rrp). A
cardiomyocyte HL-1 cell community was cultured on NW FET chips. The confluent layer
formed on the Si NW FET was characterized using fluorescence microscopy visualization.
The high viability of cells was assessed using calcium-sensitive fluorescent dye Calcein AM
and DNA-binding fluorescent dye DAPI. Performed electrical measurements demonstrate
stable recordings with high SNR of recorded AP signals. An analysis of the recordings
showed the propagation of APs across the cell community with a speed of 13 mm/sec,
which is in good agreement with the speeds reported in the literature on MEAs for car-
diac cells [255, 256]. Analyzing signal propagation allowed us to estimate the position
of pacemaker cells, which provides important information on the functional activity and
communications of the entire cell community, as will be shown below.
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Figure 6.17: (a) Transfer characteristics measured for different FETs at Vps = —0.1V
and Vps = —1.1V. Inset demonstrates the transconductance averaged for all FETs.
(b) The distribution of transconductance values for different FETs. Values demonstrate
improved transconductance in saturation mode in comparison to linear mode, which is
more favorable for cell activity monitoring.

6.5.2 In Vitro HL-1 Cell Measurement

The recording of extracellular APs from cardiac cells is important for fundamental studies
of AP propagation features reflecting cardiomyocyte activity as well as the influence of
pharmacological substances on the signal. We applied the fabricated Si NW FETSs as
a bio-platform to monitor the APs and to evaluate the effects of pharmacological and
electrical stimulations on cardiac cell activity. The cardiomyocyte cell community was
cultured on the chip for 3-4 days (figure 6.18). This time frame was sufficiently long
for the cells to create a dense confluent layer that already demonstrated beating activity.
This was supported by the spontaneous generation of APs by the pacemaker cell. Usually,
pacemaker cells are the strongest and they set the beating rate for the entire monolayer,
providing a stable beating rhythm for the cell community as well as the synchronization
between cells [257]. Since the HL-1 cells form a syncytium, the electrical signals propagate
geometrically along the tissue. It is therefore important to record not only the electrical
activity of cells but also the propagation of the signal across the community. We demon-
strate that our NW sensors satisfy these requirements and contain multiple Si NW FETs
on the chip. This enabled us to record electrical fluctuation from all 32 FETs simulta-
neously. Prior to time-dependent measurements, we performed -V characterization of
transistors on the chip (see data of figure 6.17). We recorded time traces at a sampling
rate of 1 kHz with the working point set in the linear regime with Vps=-0.1 V and V=
-1.58 V. The maximum transconductance obtained was about (1.88 £ 0.23)uS for our
FETs. We then performed time-series measurements at another working point near the
saturation regime. The FETs demonstrated higher transconductance values (figure 6.17),
with the maximum equal to (10.57 & 1.91)uS at Vpg = -1.1 V and V¢ =-1.9 V. In this
working regime, clear APs were recorded with an improved 3-5 times peak-to-peak values
of SNR, compared to the low-voltage regime. Typical recorded time trace and APs ex-
tracted for the different channels are shown in figure 6.19, where colored lines correspond
to the mean value of multiple APs and black background shows the standard deviation
of the APs recorded over the entire measurement time. The shape of the signal was in



Silicon NW FET Structures for Analysis of Cellular Activity 157

o TG IR NATPE -,

e LE ¢ 'LVQ EA

\

P . .
RNy PRI
e . ‘. “* ~ - .
h_Zii S R

Figure 6.18: Live-dead staining of HL-1 cardiac cells on Si NW chips using green fluores-
cent Calcein AM dye and blue fluorescent DAPI dye

good agreement with the processes taking place in the cell membrane and corresponded
to current flows through ion channels [258]. The beating frequency was about 2-3 Hz.

imetrace

100 pV]_'
1s

Figure 6.19: Typical recorded timetrace with action potential activity, and extracted
action potential shapes for FETs 17,18, 19, 23, 31. Colored line shows averaged values for
action potentials found in the time trace, while the black background shows the standard
deviation.
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High peak-to-peak SNR values ranging from 3 to 5 were obtained. In general, noise may
be caused by several factors [132], including the quality of cell-chip coupling, sealing re-
sistance, and junction resistance, which may also influence the transconductance of the
FET itself. AP propagation across the tissue was also registered using spatially separated
FETs. For the studies of signal propagation in 1D along the single line of transistors
and 2D over the surface of the chip we employed linear and grid chip layouts correspond-
ingly. Timetraces measured for the linear chip layout are shown in the figure 6.20, sorted
correspondingly to the peak appearance delay. From measured data we recalculated the
time delay of pulses for the FET channels and plotted it as a function of the transistor
position in the Y direction (figure 6.21). Time delays for seven of the transistors fitted
with linear dependence, demonstrating signal propagation without distortion. Extracted
AP propagation speed in the Y direction was calculated to be 13mm/ sec, which is in
good agreement with the values obtained for MEA sensors [255, 256]. As shown in figure
6.21(b), one of the transistors reflected signal propagation in the opposite direction to
that previously discussed. Indeed, a single pacemaker cell in the cell network caused exci-
tation of the whole network. We estimated the position of this pacemaker cell by plotting
another line with a slope corresponding to the same propagation speed. As it is shown in
6.21(b), the relevant pacemaker cell was located close to FET #23.

For the propagation over the chip surface measurements were performed on the chip
with grid layout (figure 6.22). In this case, transistors were distributed over the surface
of the chip in 2D and we recorded spiking activity on the majority of transistors. Figure
6.22(b) shows, that the signal also propagated over the surface of the chip with a speed of
10 mm/ sec, which is also in good agreement with previous measurements. This demon-
strates that we obtained high-quality signal propagation within the cellular layer, where
the confluent layer was established over the entire chip sensing area. To determine the
influence of pharmacological solutions on AP and to test the biological response to the
pharmacological effect on the cultured cells, we utilized NorA, which is a drug used for

Propagation Direction FET 31

FET 17

FET 18
FET 19
FET 20
FET 21
FET 22

FET 23
1mV| !

100 ms

Figure 6.20: The time traces recorded on different transistors where the action potential
activity was detected. Time series are sorted corresponding to the time delay.
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Figure 6.21: (a)Silicon nanowire chip with linear layout. (b)) (left) Zoomed in nanowire
chip and schematically demonstrated action potential propagation along the line of tran-
sistors. (right) The plot of action potential delay in time versus the position of transistor
which recorded the action potential. Color is used for visual representation of the time
delay. The blue line shows the approximate position of the pacemaker cell and green
arrows show the directions of action potential propagation.
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Figure 6.22: (a) Silicon nanowire chip with grid layout. (b) Zoomed in nanowire chip
and schematical demonstration of action potential propagation across the surface of the
chip. Action potential symbol indicates that the transistor at this position was recording
action potential activity. Color indicates the time delay of the action potentials at different
positions on the chip. Arrow shows the radial direction of action potential propagation.

heart stimulation and a substance that is released as a reaction to stress or danger. Cell
beating depends on a direct stimulation effect caused by NorA on pumping Na™ and K+
cell channels. As shown in figure 6.23(a), the addition of NorA to the medium resulted
in almost doubling the beating frequency, which is in good agreement with the literature
[259]. Additionally sodium dodecyl sulfate (SDS) was selected as the surfactant, as it
dissolves the cell membrane and may be used to model critical stage of AMI. Supplying
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Figure 6.23: (a) The influence of NorA on AP activity makes the beating rate almost
twice as fast. (b) The addition of SDS results in the complete AP activity ceasing.

SDS to the medium perforates the cellular layer. These processes cause the AP activity to
vanish, as it is demonstrated in figure 6.23(b). Performed experiments show that Si NW
FETs are the perfect candidates for studying cell network behavior at different conditions.

6.5.3 Combination of Electrical Monitoring with Fluorescent
Microscopy

The monitoring of AP spiking activity is not only required to evaluate cellular functional
activity but also to estimate the intracellular calcium content as well as membrane poten-
tial of mitochondria, which are the main calcium storage inside the cell. In a wide range
of cardiac diseases, alterations in C'a®* handling, energetic deficit, and oxidative stress in
cardiac myocytes are important pathophysiological hallmarks [260]. Cellular functional
activity studies were accomplished by applying the fluorescent markers technique. Intra-
cellular calcium level and mitochondria membrane potential of HL-1 cardiomyocyte cells
were evaluated using a combination of Fluo-4 AM and tetramethylrhodamine, methyl
ester, perchlorate (TMRM) fluorescent dyes. These fluorescent dyes were used for simul-
taneous fluorescence imaging of the calcium level and mitochondrial membrane potential
of the HL-1 cells. Green fluorescent Fluo-4 AM dye (10 pM) was loaded into cells at 37 °C
for a 30-min incubation period and red fluorescent TMRM dye (200 nM) was loaded into
cells at room temperature for a 5-min incubation period. Before loading, the cell samples
were washed 3 times with PBS and then incubated under appropriate conditions and con-
centration of the probes. After loading with Fluo-4 AM and TMRM, the stain solutions
were removed and the cell samples were washed with PBS 3 times for 3 minutes. We used
a combination of calcium-sensitive Fluo-4 AM and membrane potential-sensitive TMRM
fluorescent dyes to evaluate the effect of NorA on the functional activity of HL-1 cardiac
cells on Si NW chips. The results obtained are shown in figure 6.24. Cardiac cell func-
tional activity depends on metabolic biochemical changes on the cellular and subcellular
level and is closely connected with both calcium content of cells and calcium stores in
cells, particularly in mitochondria. Calcium is an important second messenger in cardiac
function [261]. In heart failure and in a wide range of cardiac diseases, alterations in
Ca?* handling, energetic deficit, and oxidative stress in cardiac myocytes are important
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Figure 6.24: (a) Evaluation of the functional activity of HL-1 cardiac cells on Si NW
chips using green fluorescent Fluo4 AM dye and red fluorescent TMRM dye before NorA
treatment. (b) The effects of NorA on the polarization of mitochondria and on the calcium
level in HL-1 cells on Si NW FETs after NorA treatment.

pathophysiological hallmarks [262]. Mitochondria, among the most important calcium
stores in cardiac cells, play the central role within these processes since they are the main
source of adenosine triphosphate (ATP) and ROS. Their function is critically controlled
by Ca*" and the polarization of mitochondrial membrane potential [252]. The resting
concentration of C'a®" in the cytoplasm is in the range of 10-100 nM. To maintain this
low concentration, C'a®is pumped from the cytosol to the extracellular space and into the
subcellular calcium stores of mitochondria. Signaling occurs when the cell is stimulated to
release Ca®* from intracellular stores, and/or when C'a®" penetrates the cell through ion
channels of plasma membrane. Specific signals and stimulations can trigger an increase
in the cytoplasmic Ca2+ level, leading to change of mitochondrial membrane potential
Specific signals and stimulations can trigger an increase in the cytoplasmic Ca®" level,
leading to change of mitochondrial membrane potential. In view of the abovementioned,
the monitoring of cardiac cell activity has to be coupled with the study of the functional
activity of cells and the evaluation of the Ca®" content as well as membrane potential of
cardiomyocytes and cardiac mitochondria [263]. The functional activity of HL-1 cardiac
cells on Si NW chips and the effect of NorA on this activity were studied using a combi-
nation of Fluo-4 AM and TMRM fluorescent dyes. Fluo-4 AM is a membrane-permeant
AM ester form of Fluo-4 that can penetrate inside cells via incubation. It does not bind
extracellular calcium, but it is readily hydrolyzed to Fluo-4 by endogenous esterases once
the dye is inside the cells. Fluo-4 AM ester is very useful for measuring and visual-
izing the intracellular calcium level in high-throughput drug screening. It is optimally
excited at the 494 nm wavelength of light and emits effectively at 506 nm. TMRM is a
membrane potential-sensitive cell-permeant dye which accumulates in active mitochondria
with intact membrane potentials. It can be used to measure the membrane potential of
mitochondria in living cells. TMRM does not form aggregates in cell membranes and in-
teracts minimally with membrane proteins. Thus, the transmembrane distribution of the
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dye is directly related to the membrane potential in accordance with the Nernst equation
[264, 265]. We applied the combination of calcium-sensitive Fluo-4 AM and membrane
potential-sensitive TMRM fluorescent dyes to evaluate the functional activity of HL-1
cardiac cells on Si NW chips. The green fluorescence of Fluo-4 AM represents the level
of calcium in living cells, while the red fluorescence of TMRM represents the membrane
potential of mitochondria in living cells (figure 6.24(a)). It was shown that the HL-1 cells,
cultured on the sensing surface of the Si NW FETSs, were functionally active. This was
confirmed by the polarization of the mitochondrial membrane (TMRM red fluorescence)
as well as by the calcium content (Fluo-4 AM green fluorescence) in cells. The results
are in good agreement with those reported in the literature [254]. Moreover, in further
experiments, we used this combination of calcium-sensitive Fluo-4 AM and membrane
potential-sensitive TMRM fluorescent dyes to evaluate the effect of NorA on the func-
tional activity of HL-1 cardiac cells on Si NW chips. These experiments showed that the
addition of NorA led to changes in both the mitochondrial membrane potential and the
calcium level in cells (figure 6.24(b)). Therefore the effects of NorA on the polarization of
mitochondria were clearly registered as increased fluorescence response, and visualized by
the green fluorescent Fluo-4 AM dye and red fluorescent TMRM dye. Our results confirm
the crucial role of calcium content in the functionality of cardiomyocytes with regard to
the biochemical influence of NorA as an effector of heart stimulation and as a substance
biomarker of stress reactions in cells. As proof that spiking activity corresponds to cel-
lular activity we used SDS, which dissolves the cell membrane and can be used to model
critical stages of AMI. Adding SDS to the medium resulted in the cellular layer being
perforated and thus suppressed cellular activity, causing AP activity to cease completely.
Performed studies showed that Si NW FETs are perfect candidates for the investigation
of cell network behavior under different conditions. Furthermore, in combination with
calcium-sensitive fluorescent markers, they represent a novel approach for studies of cel-
lular response to a variety of pharmacological treatments. Such experimental tools are

particularly relevant for monitoring the states and stages of cardiac diseases, including
AMI.

6.6 Neuronal Interfacing

Along with cardiomyocyte cells we studied the compatibility of our Si NW FETs with
neuronal cell networks for electrical activity recording, targeting the applications for in
vivo signal monitoring. Rat cortical neurons were cultured on chip in the reservoir under
proper conditions in the incubator, following developed in the institute protocols. The
experiments were performed after 12 to 18 days in vitro(DIV). A typical microscope image
of the neurons on silicon nanoribbon structures is shown in figure 6.25(a). The live-dead
staining of the neurons cultured on chip was performed using fluorescent dyes allowing
to distinguish between live and dead cells. The green fluorescent dye, calcein-AM, and
the red fluorescent dye, ethidium homodimer, stain live and dead cells, correspondingly.
Typical fluorescent image made using different light sources and filters is shown in figure
6.25(b). The location of transistors is highlighted with yellow rectangles. It should be
emphasized that live cells (colored in greed) grow also on the sensing area of transistors.
The bio-compatibility of silicon nanoribbons was approved by the scanning electron mi-
croscopy. Developed in the institute cell fixation protocol, employing the critical point
drying technique, has been performed to preserve the shape of cells under the electron
beam. Typical SEM pictures of neuronal network on the chip are shown in figure 6.25(c-
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Figure 6.25: (a) Optical image of neuronal cells after 12 DIV. White circle shows neurons
directly grown on the transistor channel. (b) Live-dead staining of neurons on Si NR after
18 DIV. Live cells appear colored in green, dead - in red. Transistors are highlighted with
yellow squares. (c) The overview scanning electron microscopy (SEM) picture, showing
neuronal networks covering the chip. Transistors are highlighted with red rectangles. (d)
Neuron, grown on the nanoribbon. (e) Neuron, grown close to the transistor, and the net
of axons and dendrites covering the transistor.

e). In current studies neurons were grown on the chip surface homogeneously with a high
cell density. SEM investigation confirms that neurons and neurites grow on the majority
of transistors covered with silicon dioxide dielectric layer. Obtained results demonstrate
a good bio-compatibility of silicon nanostructures with neuronal and cardiac cells and
prove the ability of recording the electrical signals from cellular layers.
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6.7 Summary

In this chapter we discussed the application of silicon nanostructures for the biosensing
applications. For fabricated silicon nanostructures we demonstrated a good pH sensitivity,
approaching the Nernst limit of 59.5mV pH~! with increase of channel length. The fact
indicates that larger sensing area devices are more suitable for pH sensing. In addition,
single trap phenomena with enhanced capture time behavior was employed for the detec-
tion of solution pH. We show that capture time is much more sensitive than the current
change. The results demonstrate that single trap phenomena is a powerful method for
the ultra-high sensitive and real-time biosensing.

Silicon nanowire FETs were applied for the selective detection of cardiac troponin
I molecules as a biomarkers, used for the diagnosis of AMI. We demonstrate a high
sensitivity to the target molecules. Furthermore, noise properties were shown to reflect the
molecular binding to the surface of the sensor. We reveal that the additional excess noise
originates originates from ion dynamic processes related to the antibody-antigen binding
events. In addition we show that the initial state of the biosensor can be recovered after
sensing experiment using glycine-HCI buffer at low pH. In this respect silicon nanowire
FETs are applicable as a label-free reusable biosensor for the development of healthcare
diagnostic platform.

ROS are important substances, playing an important role in various processes includ-
ing cellular signaling. Excess concentrations might indicate on the development of such
diseases as Alzheimer’s and Parkinson’s. Therefore we employed silicon nanowires for the
detection of antioxidant solutions which appear to balance the increased ROS concentra-
tions. Silicon nanowires demonstrate high sensitivity to such molecules. Furthermore it
is different for the molecules with different molecular weight, which can be utilized to
distinquish the species.

We designed and developed a bio-platform based on Si NW FETs, which enables the
monitoring of AP spiking activity of HL-1 cells. Fabricated devices demonstrate demon-
strate a good stability in liquid environment. Cardiomyocyte cells were cultured on the
nanowires in the reservoir. A novel approach of fluorescent imaging was applied along
with electrical measurements. High quality AP recordings as well as signal propagation
across the HL-1 cell community were demonstrated. We studied the functional activ-
ity of the HL-1 cells and demonstrated the pharmacological and biochemical effects of
NorA by tracking changes in AP frequency and using Fluo-4 AM and TMRM fluorescent
dyes. This novel approach opens up prospects with regard to evaluating the effect of
pharmacologically active agents on cardiac tissue. In addition silicon nanowires were ap-
proved as biocompatible sensors for studying neuronal networks as well. Obtained results
demonstrate the prospects of NW FETs utilization as a bio-platform for studying cellular
activity and the impact of various pharmacological agents.
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Conclusions and Outlook

In this thesis nanostructures including single nanowires, nanowire arrays and nanorib-
bons were designed, fabricated and studied to determine appropriate operation modes
and highlight the transport features for advanced biosensing. The transport properties
were investigated using I-V characterization as well as noise spectroscopy to determine
the device geometry, where novel sensitive parameters are more beneficial, and optimal
working regimes with improved noise properties for advanced biosensing of soluiton pH ,
various biomarkers as well as action potentials from electrogenic cells.

High-quality liquid-gated silicon nanostructures with several geometries for studying
biological objects were fabricated using the combination of conventional optical and e-
beam lithographies on the basis of silicon-on-insulator (SOI) wafers. Wet chemical etch-
ing was utilized for patterning of the nanostructures as it results in the improved noise
properties of fabricated devices. Silicon nanowires demonstrate excellent scaling abili-
ties. Extracted values of charge carrier mobility were in the range from 40 cm?/V sec to
116 cm?/V sec for p™ — p — p* structures and from 230 cm?/V sec to 500 cm?/V sec, indi-
cating the high quality of fabricated devices. The equivalent input noise was estimated
to be in the range from the level corresponding to the thermal limit determined by the
dielectric-polarization noise of silicon dioxide and the noise level characteristic for trap
density of N, =1 x 10*° cm~2.

A liquid-back gate coupling effect was revealed in the case of n™ — p — n™ inversion
field-effect transistor (FET), considering the optimization impacts on the sensitivity of
the biosensor. Equivalent input noise was shown to be independent of both liquid- and
back-gate voltages. The results demonstrate that the dominant mechanism of 1/f noise
can be described in the McWhorter model of number fluctuations and is caused by the
charge carrier trapping/detrapping in the liquid gate dielectric. Simulation data support
the results and show the possibility of conduction channel localization near the front-
and back-gate as well as charge carrier redistribution between both interfaces. Because of
conductive channel position tuning the signal-to-noise ratio (SNR) increased up to 100%,
which represents almost twofold improvement in comparison to the SNR enhancement in
p+-p-p+ structures.

Noise properties were studied for nanowires of several geometries. We demonstrate
that input-referred noise scales with the sensor area as it is estimated from theory. Fur-
thermore p* — p— p* devices fit well to mobility fluctuation model, while n™ —p—n*fit to
the number fluctuations, which is explained by the dynamic processes dependent on the
location of conducting channel withing the nanowire. The fact has been also confirmed
by the simulation using technology computer-aided design (TCAD) software.
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When scaling nanowires down a strong modulation effects were recorded as two-level
fluctuations due to charge carrier capturing to the single traps at the interface with gate
dielectric. The recorded slopes reached extremely high values of (-14.37), indicating on
the enhanced sensitivity to the surface potential change. For a more accurate explanation
of the strong capture time slope dependence on the drain current in nanowire FETS,
several components have to be taken into account: quantization of the mobile carriers
in the channel; specific distribution of free carriers in the channel and tunneling of the
electrons into the oxide single trap; sharp growth of the electron cross-section with the
decrease of electron concentration at the oxide-nanowire (NW) interface.

It should be noted that first two factors are determined by the electron concentration
distribution in the plane perpendicular to the NW-front oxide (FOX) interface. The last
factor plays a significant role in the formation of the capture time slope versus drain
current in the strong accumulation regime. The value of the capture time slope as a
function of drain current strongly increases with a decrease of the oxide thickness. It was
shown that increased values of the slope can be explained by the strong increase of the
effective capture cross-section with a decrease of the concentration of minor carriers in the
channel. Our calculations shown that the high surface electric field plays an insignificant
role in capture dynamics in the accumulation regime.

Single trap dynamics was studied in the temperature range from 200 K to 280K as
well as under gamma radiation treatment. Characteristics of the trap were extracted
form temperature measurements. The deviation of the single trap dynamics in Si NW
FETs from the classical Shockley-Read-Hall (SRH) law was observed not only before, but
also after gamma radiation treatment. The difference was explained in the framework
of Coulomb blockade energy. Our results demonstrate, that low-dose gamma irradiation
results in changes of dynamical processes determined by the single trap in the gate di-
electric of the Si NW FET. It was shown, that the charge state changes from the neutral
state before gamma radiation to the attractive state after treatment, although the ad-
ditional energy remains the same. The results demonstrate that gamma radiation is an
effective tool for controlling single trap parameters. The observed effects are important
for a broad range of Si NW FET fundamental studies and applications utilizing single
trap phenomena as well as for development of a single-trap-based devices and high-speed
biosensors with advanced functionality.

In addition, AlGaN/GaN nanoribbons as a promising wide bandgap structures were
investigated aiming the application in biosensing. Electron-charge phenomena were anal-
ysed for GaN nanoribbons with respect to static edge-trap-induced charge redistribution
and transport phenomena in the range of space-charge-limited currents. The results ob-
tained for planar GaN nanoribbons (NRs) of different widths at low voltages allowed an
estimation of the depletion effects in the NRs. For planar NWs and NRs, the spatial
separation of positive and negative charges due to the depletion effects induces an elec-
trostatic potential and a field outside the samples. The electric fields of large amplitude
spreads into the surrounding space for the distances comparable with the width of pla-
nar nanoribbons and nanowires. Low-frequency noise spectra studied at different applied
voltages allowed us to analyze the mechanisms of current formation in the NR structures
in linear and nonlinear regimes. The generation-recombination (GR) noise components in
the noise spectra observed at different temperatures allow an estimation of the energy of
exchange processes between trap states and quantum-confinement levels. The activation
energy is in good agreement with the one, obtained from the self-consistently calculated
band diagram. For higher voltages, the current nonlinearities allow to study peculiar-
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ities of the space-charge limited current effect in planar NW and NR structures. The
onset of this effect clearly correlates with the NR width. For the narrow NRs (W = 280,
360 nm), the mature space-charge limited current (SCLC) regime was reached. It has
been shown that, with increasing applied voltage, the noise spectra reflect evidence of the
SCLC phenomena. The features of the electric current and noise in the NRs and NWs
studied might be important for the development of different NR-based devices, including
bio-sensors with enhanced sensitivity.

Liquid-gated silicon nanostructures were utilized as biosensing platform. We reveal
high pH sensitivity of Silicon nanoribbons. It should be emphasized that increasing the
sensing area resulted in the sensor response approaching the Nernst limit. Single trap
phenomena with high degree of modulation has been employed for the detection of pH
using nanowires with pronounced random telegraph signal (RTS) fluctuations. As the
capture time is a large power function (in experiment the slope = -9.74) of channel current
the changes of single trap dynamics are around 10 times more sensitive to changes of
surface potential in comparison to conductance change.

Liquid-gated Si NW array FETs were applied for the selective detection of cardiac
troponin I (Tnl) molecules as cardiac biomarkers, which can be used for the early-stage
diagnosis of acute myocardial infarction (AMI). After detailed analysis of measured noise
spectra of liquid-gated Si NW FETs before and after the binding of cardiac Tnl molecules
we observed that surface potential fluctuations related to the charge fluctuations of tro-
ponin molecules result in additional excess noise component. The noise component has
characteristics which strongly differ from conventional transistor noise behavior. We found
that the excess noise originates from ion dynamic processes associated with the biomolec-
ular antibody-antigen binding events. We have also shown that utilization of low pH
glycine-HCI buffer leads to antigen-antibody dissociation allowing the recovery of the
sensors’ initial state indicating that the devices can be reused. Thus, we have demon-
strated that the fabricated Si NW FETs with appropriate surface functionalization are
applicable as label-free reusable biological sensors and have considerable potential to be
a powerful tool in point of care diagnostics.

Such molecular objects as reactive oxygen species (ROS) play important role in nu-
merous reduction-oxidation reactions as well as cellular signaling in both developmental
and stress responses. The increased ROS concentrations impact into the development of a
various diseases, including Alzheimer’s and Parkinson’s. As the response to elevated ROS
levels, the concentration of antioxidants increases to bring the system back to the bal-
anced state. We performed experiments for the detection of such important components
as sodium ascorbate and gluthathione. Silicon nanowires demonstrate high sensitivity to
the species while it is higher to the ascorbate molecules.

On the basis of Si NW array FETs we designed and developed a bio-platform for
monitoring the cellular AP spiking activity of cardiomyocyte (HL-1) cells. In order to
evaluate the functional activity of cardiomyocyte cells the fluorescent imaging and elec-
trical measurements were performed before as well as after pharmacological treatment.
This novel approach opens up prospects with regard to evaluating the effect of pharmaco-
logically active agents on cardiac tissue. Fabricated structures demonstrated stable and
high-quality FET behavior with a sufficiently high transconductance to record action po-
tentials (APs) of HL-1 cells in a culture medium. Sensing devices were used for in vitro
electrical activity monitoring of the cardiomyocyte cell community, which was cultured
directly in a reservoir on the chip. High SNR values of 3-5 were demonstrated for the
fabricated FETs. AP propagation across the cell layer was reliably recorded and propa-
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gation speed of 13mms~! was extracted. Spatially separated FETs allow to extract the

position of pacemaker cells, which is important for studies of HL-1 cell communication and
their responses to external treatments. High-quality confluent layers of cardiomyocytes
were grown on Si NW chips with high cell viability and vitality, which was confirmed by
fluorescence imaging with Calcein AM and DAPI fluorescent markers, which color living
cells in green and dead cells in red, correspondingly We studied the functional activity
of the HL-1 cells on the Si NW FET platforms and demonstrated the pharmacological
and biochemical effects of noradrenaline (NorA) by tracking changes in AP frequency and
using calcium-sensitive Fluo-4 AM and membrane potential-sensitive TMRM fluorescent
dyes. The increased fluorescence response as well as doubling of the beating frequency
was revealed after adding NorA, which is a biochemical stimulator of cell activity. The
spiking activity of the cardiomyocytes ceased after the addition of sodium dodecyl sulfate
(SDS) solution. Performed experiments show that Si NW FETSs are promising candidates
as a tool for the studies of cellular responses to a variety of pharmacological influences.
The results demonstrate the prospects of using the fabricated Si NW FETs as a bio-
platform for studying HL-1 cells as well as to monitor cellar functional activity based
on the analysis of the biochemical and electrophysiological properties of the cells. Fur-
thermore the prospects of living systems interfacing and monitoring the activity of cells,
including neurons, has been revealed using Si NW FETs. The results obtained represent a
new approach for the investigation of various diseases, including myocardial dysfunctions.

As a future directions of the investigations we suggest to focus on the studies of
Si NW FET biosensor stability in liquid environment. For the improvement of such
properties the gate dielectric layers have to be improved. There are several ways to
achieve this. Firstly the gate dielectric can be grown thicker, which is known to possess
higher stability in liquids. Secondly, the atomic layer deposition (ALD) can be additionally
applied. Such approach allows to improve stability drastically while keeping the dielectric
layers thin enough to achieve high biosensor performance. Another way employs novel
passivation materials which form almost monolayer on the surface of the sensor while being
chemically stable in the liquid environment. In the current work we demonstrated the
geometries of nanowires where single trap phenomena is observed relatively often. There
is, however, a large chance where active single trap is not achieved. Therefore a research
has to be performed in order to define the single traps in nanowire FETs with predefined
parameters. This can be achieved by tuning the cross-section of the nanowire, including
the triangular cross-section. Due to the enhanced fields in the top edge of such nanowires
the probabilities of single trap might increase. As a modification of previous statement the
novel nanowire configurations with enhanced fields and ”weak” places can be developed.
Another possibility is the single impurity implantation which is expected to produce the
predefined and reproducible trap parameters. When this is accomplished the dynamic
range of single trap has to be investigated for the biosensing applications. Speaking about
nanostructures for cellular activity monitoring, the geometry of the nanowires has to be
optimized to achieve better transconductance values, that would enable the detection of
even smaller signals, such as neuronal action potentials. This can be achieved by tuning
the access resistance of the nanowires, adjusting the ion implantation profiles as well as
geometry optimization.
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Appendix A

Silicon Nanowire Fabrication

Protocol

The up to date version of fabrication procedure used for the fabrication of silicon nanowires
(SOI#17L,SOI#17R,SOI#19L,SOI#19R). The process is similar to the one used for sil-

icon nanowire arrays and nanoribbons fabrication.

1. RCA clean

e Piranha

— HyO5 : H3SO,4 =2 : 1 for 10 min

— DI water rinse(10min or
conductivity)

— HF 1% for 10s

— DI water rinse(10 min or
conductivity)

e SC-1

— NH,OH : H,Oy : DI =1 :

for 10 min

— DI water rinse(10min or
conductivity)

— HF 1% for 10s

— DI water rinse(10min or
conductivity)

e SC-2

—NH4OHZH2022D]:12

for 10 min

— DI water rinse(10min or
conductivity)

— Drying with nitrogen gun

14 MQ2

14 MQ2

14 MQ

14 M2

2. 570, hard mask forma-

tion
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e PECVD or thermal oxyda-
tion(900 °C for 56 min in dry oxygen
atmosphere) for 20nm SiOy . Check
the results using ellipsometer.

3. Definition of e-beam

markers

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Spin-coating: Cover wafer with AZ
nLOF-2020 (approx. 4mL), spin at
4000 rpm with pre-acceleration.

e Soft bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 40 mJ

e Post-exposure bake: 1min at

110°C on the hotplate.
e Development: 45s in AZ 326 MIF.

¢ Rinsing: cascade DI water rinse,
drying with nitrogen gun.

. Reactive ion etching of

markers

e 02: 30 scem for 3s, RF power.
e CHF;/Ar: 50/50 scem for 40s RF

power.



. Patterning

® SF6/02:

power.

e CHF;/Ar: 50/50 sccm for 7min RF

power.

100/8 scem for 15s RF

e SFz/O9: 30/10 scem for 20s RF
power.
e 0O2: 30 sccm for 90s, RF +ICP

power.
Resulting thickness is around 595 nm
Patterning of nanowires

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Spin-coating: Cover wafer with
PMMA 649.04 200K (approx.
3mL), spin at 4000 rpm with pre-
acceleration.

e Soft-bake: 5min at 180°C on the
hotplate.

e E-beam lithography: nanowire
pattern with the dose of 270 nC with
the step of 5 nm and current of

500 pA.

e Development: 1min AR 600-55,
1min IPA, cascade DI water rinse,
drying with nitrogen gun.

e RIE etching of nanowires:

— 02: 30 scem for 3s, RF power.
— CHF3/Ar: 50/50 scem for 40s RF

power.

— 02: 30 scem for 40 s, RF with ICP
power.

of meza
structure in S:i0O, hard
mask.

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Apply adhesion promoter:
HMDS evaporation at 130 °C.
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e Spin-coating: Cover wafer with AZ
5214 E (approx. 4 mL), spin at 4000
rpm with pre-acceleration.

e Soft-bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 75 mJ

e Development: 55s AZ 326 MIF, DI
water cascade, drying with nitrogen
gun.

e RIE etching of meza in SiO;hard
mask
— 02 30 sccm for 3s, RF power.
— CHF;/Ar 50/50 sccm for 40s RF

power.

— 02 30 scem for 30s, RF +ICP
power.

Wet etching of nanowires
and meza

e Strip native oxide: HF 1% for 30s

Rinsing: DI water for 30s
Etching: TMAH 5% for 15s at
80°C

Rinsing: DI water rinse(10 min or
14 MQ conductivity)

RCA clean

e Piranha

— HyOy : HySO4 = 2 : 1 for 10min
DI water rinse(10min or 14 M2
conductivity)
— HF 1% for 10s
— DI water rinse(10min or 14 M)
conductivity)
e SC-1
— NH,OH : HyOy : DI =1 :4:20
for 10 min

— DI water rinse(10min or 14 MQ
conductivity)

— HF 1% for 10s

— DI water rinse(10min or 14 M2
conductivity)
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11.

e SC-2
— NH,OH : Hy Oy : DI =1:1:20
for 10 min
— DI water rinse(10min or 14 MQ
conductivity)

— Drying with nitrogen gun

. Protective oxidation

e Thermal oxidation for 5nm of

Si0s .
Ion Implantation

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Apply adhesion = promoter: 12.
HMDS evaporation at 130 °C.

e Spin-coating: Cover wafer with AZ
5214 E (approx. 4mL), spin at 4000
rpm with pre-acceleration.

e Soft-bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 40 mJ

e Development: 555 AZ 326 MIF, DI
water cascade, drying with nitrogen
gun.

e Ion implantation:

— for p* — p — pT structures:
Boron, energy = 6keV, dose =13.
1 x 10 cm™2

— for nt — p — nT structures: Ar-

senic, energy 8keV, dose
5 x 10 cm~2

e Acetone overnight
RCA clean

e Piranha
— H>0, : H,SO, =1 : 3 for 10 min
— DI water rinse(10min or 14 MQ
conductivity)
— HF 1% for 10s

— DI water rinse(10min or 14 MS)
conductivity)
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e SC-1
— NH,OH : HyOy : DI =1 :4:20
for 10 min

— DI water rinse(10min or 14 MQ
conductivity)

— HF 1% for 10s
— DI water rinse(10min or 14 M2
conductivity)
e SC-2
— NH,OH : HyOy : DI =1:1:20
for 10 min

— DI water rinse(10min or 14 MQ
conductivity)

— Drying with nitrogen gun

Post-implantation rapid
thermal annealing

e Purge nitrogen: 5 In/min for 2 min

e Conditioning nitrogen: 0.5

In/min for 30sec
e Rapid thermal annealing:

— for Arsenic 30s at 950°C
— for Boron 5s at 1000°C

e Fast cooling down: fast cool down
to 700°C

e Complete cooling down:
down to 200°C

cool

Gate Oxide formation

Strip oxide: HF 1% for 40s

e Rinsing: DI water rinse(10 min or
14 MQ conductivity)

e Thermal oxidation: at 850°C for
44 min in dry oxygen atmosphere

Ellipsometer check
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15.

Back Gate opening

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Applying adhesion promoter:
HMDS evaporation at 130 °C.

e Spin-coating: Cover wafer with AZ
5214 E (approx. 4mL), spin at 4000
rpm with pre-acceleration.

e Soft-bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 75mJ

e Development: 45s AZ 326 MIF, DI
water cascade, drying with nitrogen
gun.

e Bake: 2min at 120°C on the hot-10.

plate.
e Wet chemical etching:
— BOE (HF:NH,F = 125:87.5)
etching for 70s

— DI water rinse(10min or 14 MSQ
conductivity)

— drying with nitrogen gun
e Strip resist: Acetone for 20min

(if possible in ultrasonic bath), Iso-
propanol for 1 min

Open meza pads for
metallization

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Applying adhesion promoter:
HMDS evaporation at 130 °C.

e Spin-coating: Cover wafer with AZ
5214 E (approx. 4mL), spin at 4000
rpm with pre-acceleration.

e Soft-bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 75mJ

e Development: 45s AZ 326 MIF, DI
water cascade, drying with nitrogen
gun.
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e Bake: 2min at 120°C on the hot-
plate.

e Wet chemical etching:
— BOE (HF:NH,F = 12.5:87.5)
etching for 70s

— DI water rinse(10min or 14 MQ
conductivity)
— drying with nitrogen gun
e Strip resist: Acetone for 20 min
(if possible in ultrasonic bath), Iso-
propanol for 1min. If required ad-

ditional Piranha cleaning can be ap-
plied.

e Optical microscope and/or SEM
check

Metallization

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Spin-coating: Cover wafer with AZ
nLOF-2020 (approx. 4mL), spin at
4000 rpm with pre-acceleration.

e Soft bake: 1min at 110°C on the
hotplate.

e Exposure: i-line 40 mJ

e Post-exposure bake: 1min at
110°C on the hotplate.

e Development: 45s in AZ 326 MIF.

e Rinsing: cascade DI water rinse,
drying with nitrogen gun.

e Strip native oxide:

— HF 1% for 155
— DI water rinse(10min or 14 MQ
conductivity)

e Sputtering of 5nm TiN / 200nm
Aluminum.

OR

e E-beam assisted metal evapora-
tion of 200 nm Aluminum.

e Lift-off: in acetone overnight. Note:
If the problem with complete resist
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removal exists oxygen plasma clean-
ing can be used in Barrel Reactor
TePla Gigabatch 310M (300W, 200

sccm, 3 min)

e Optical microscope and/or SEM
check

e Rapid thermal annealing: 10 min
at 450 deg in formin gas atmosphere.

e Resistance check
Passivation
e Warm up resist:Take PI out of the

fridge overnight

e Dehydration: 20min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Apply adhesion promoter:

— Spin-coat wafer with VM-652 (al- 1 8

ways use fresh) at 3000 rpm with
closed lid

— Bake at 110°C for 60s on the hot-
plate

e Apply PI-2545: spin at 5000 rpm
with closed lid.

e Soft bake: at 140°C for 6 min on
the hotplate

e Spin-coating: Apply AZ nLOF-
2020 at 4000 rpm with closed lid

e Soft bake: at 110°C for 60s on the
hotplate

e Exposure: Dose - 40 mJ

e Post-exposure bake: at 110°C for
60s on the hotplate

e Development: in AZ 326 MIF for
18 s to 35s(should be tested prior on
dummy wafer).
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e Rinsing: cascade DI water rinse,
drying with nitrogen gun.

e Removing resist: Acetone for
60s properly stirring(ensure that AZ
nLOF-2020 is removed)

e Rinsing: cascade DI water rinse,
drying with nitrogen gun.
e Hard bake in a convension fur-

nace:

— Ramp up to 200 °C with the speed
of 4°C/ min

— Hold for 30 min at 200 °C

— Ramp up to 350 °C with the speed
of 2.5°C/ min

— Hold for 30 min at 350°C

— Cool down to room temperature
overnight(slowly).

. Protective coating and

wafer cutting

e Dehydration: 5min at 180°C on
the hotplate. Cool down with nitro-
gen gun.

e Spin-coating: Cover wafer with
PMMA 649.04 200K (approx.
3mL), spin at 4000 rpm with pre-
acceleration. Note: It is advisable to
used e-beam resist, for easier removal
after storing under normal light con-
ditions.

e Soft-bake: 1min at 180°C on the
hotplate.

e Cutting wafer with dicing saw
e Packaging chips into boxes

e Note:When required chips should
be washed with Acetone and Iso-
propanol.
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Silicon Nanowire Description

In this appendix the we describe the chip layouts, including the nanowire dimensions,
and their location on the wafer. Presented tables and layouts are valid for the recent
fabrication process (SOI#17L,SOI#17R,SOI#19L,SOI#19R), described in appendix A.

Figure B.1: Visual representation of chip location over the wafer. There are 52 chips on the
wafer, marked with corresponding number. The color indicates on the chip configuration.
The circle around shown the bounds of the 4-inch wafer.
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Chip Type Layout Chip Numbers
Linear 13 16 37 40
Chip2 -
Grid 14 15 38 39
. Linear 17 20 25 28 33 36
Chip3 -
Grid 22 23 30 31
T Linear 6 7 8 9 12 41 44 45 46 47
i
= Grid 11 18 21 24 29 32 35 42
Chip5 Linear 19 26 27 34
Linear 2 3 4 49 50 51
Chip6 -
Grid 5 10 43 48

Table B.1: Table matches the chip number on the wafer(see figure B.1 to predefined layout
of the chip and type. There are two layouts(linear and grid) and 6 types of chips(Chip2-6,
TLM). Each chip type contains different sets of nanowire transistors.

. Chip 2 Chip 3 Chip 4 Chip 5 Chip &
Transistror #
Width Length | Width Length Width Length | Width Length Width Length

1 70 100 100 100 100 200 70 100 70 1
2 80 100 100 200 100 200 70 200 20 1
3 90 100 100 400 100 200 70 400 90 1
4 100 100 100 600 100 200 70 600 100 1
5 100 200 100 800 100 200 70 800 150 1
5 90 200 100 1 100 200 70 1 200 1
7 80 200 100 2 100 200 70 2 250 1
2 70 200 100 4 100 200 70 4 500 1
9 70 400 100 4 100 400 80 4 500 1
10 80 400 100 2 100 400 80 2 250 1
11 90 400 100 1 100 400 80 1 200 1
12 100 400 100 B00 100 400 80 800 150 1
13 100 1 100 600 100 400 80 800 100 1
14 90 1 100 400 100 400 80 400 90 1
15 80 1 100 200 100 400 80 200 20 1
16 70 1 100 100 100 400 80 100 70 1
17 70 1 200 100 100 600 90 100 70 2
13 80 1 200 200 100 600 90 200 B0 2
15 90 1 200 400 100 600 90 400 90 2
20 100 1 200 600 100 600 90 800 100 2
21 100 400 200 B00 100 1 90 800 150 2
22 90 400 200 1 100 1 90 1 200 2
23 80 400 200 2 100 1 20 2 250 2
24 70 400 200 4 100 1 90 4 500 2
25 70 200 200 4 100 2 100 4 500 2
26 80 200 200 2 100 2 100 2 250 2
27 90 200 200 1 100 2 100 1 200 2
28 100 200 200 B00 100 2 100 800 150 2
29 100 100 200 600 100 4 100 600 100 2
30 90 100 200 400 100 4 100 400 90 2
31 80 100 200 200 100 4 100 200 20 2
32 70 100 200 100 100 4 100 100 70 2

Table B.2: Summary of the chip types, showing the width and length of a corresponding
transistor on the chip. Corresponding chip numbers can be found in the table B.1
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Linear Layout

/ 24 25 26 27 28 29 30 31 32132 31 30 29 28 27 26 25 \
24

9
8 765432 1l123456789

Grid Layout
ﬁ@@@@@@@
oJ[ A% _|

12
S|DJIS|ID
d
ol

5

<)) hfe]lsi)
)65 &S B &)

)

S |D|S| D SID SI _i||D S||D|S||D|S| D|S| D
QL!ZS 29 3020 311261 32 o

Figure B.2: Description of linear and grid layouts, used for characterization of silicon
nanostructures. S stands for source contact, D - drain contact, BG - back gate contact,
El - electrode. On the real chip instead of # symbol there is a chip number, and in the
black rectangle there is an information about the process.
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Appendix C

Software Development

During the PhD thesis we developed a variety of software for automation of measurement
process as well as for simplification of data analysis. The software is stored in the Institute
of Complex Systems(ICS-8), Forschungszentrum Juelich. The major developed programs
are:

e PyFANS(including PyFANS Analyzer) - Python Fully Automated Noise measure-
ment System, allows to acquire and analyze noise data from the device under test
(DUT).

e PylIV - program for measurement of current-voltage characteristics of DUT.

e BioMAS Analyzer - developed program, specific for FET analysis in our research
group (Do NOT confuse with other software packages in the institute).

For the development we used Python(version 3.4.3) programming language and pack-
ages, listed below:

Package | Version Package | Version
Cython | 0.25.2 playsound | 1.2.2
decorator | 4.0.10 py-expression-eval | 0.3.4
future | 0.16.0 PyCmdMessenger | 0.2.4
Gnosis | 0.1.1 pyparsing | 2.2.0
imageio | 2.2.0 PyQt4 | 4.11.4
imagesize | 0.7.1 pyqt2waybinding | 0.3
lazy-object-proxy | 1.2.2 pyqtgraph | 0.9.10
lazyxml | 1.2.1 pyserial | 3.3
Imfit | 0.9.5 PyVISA | 1.8
Ixml | 4.1.1 QDarkStyle | 2.5.4
matplotlib | 2.2.2 qrcode | 5.3
neo | 0.5.2 QtAwesome | 0.3.3
numpy | 1.11.24+mkl QtPy | 1.1.2
pandas | 0.20.3 Qt | 5.5.0
pandocfilters | 1.4.1 scikit-learn | 0.20.0
PeakUtils | 1.1.0 scipy | 0.18.1
Pillow | 4.3.0 SIP | 4.16.8
Pint | 0.8.1 tqdm | 4.11.1
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List of Abbreviations

ALD
AMI
AP
ATP
BIOFET
BOE
BOX
CMOS
DAQ
DNA
DUT
EDL
ELISA
FET
FOX
GR
HMDS
HNF
ISFET
JFET
MEA
MOS
MOSFET
NORA
NR
NW
PBS
PDMS
PECVD
PGA
PSD
RIE
RNA
ROS
RTA
RTS
SCLC
SDS
SEM

Atomic Layer Deposition.

Acute Myocardial Infarction.

Action Potential.

Adenosine Triphosphate.

Biologically Sensitive Field-Effect Transistor.
Buffered Oxide Etch.

Buried Oxide.

Complementary Metal-Oxide-Semiconductor.
Data Acquisition.

Deoxyribonucleic Acid.

Device Under Test.

Electrical Double Layer.

Enzyme-Linked Immunosorbent Assay.
Field-Effect Transistor.

Front Oxide.

Generation-Recombination.
Hexamethyldisilazane.

Helmholtz Nanoelectronic Facility.

Ion Sensitive Field-Effect Transistor.
Junction Field-Effect Transistor.
Multielectrode Array.

Metal-Oxide Semiconductor.

Metal-Oxide Semiconductor Field-Effect Transistor.
Noradrenaline.

Nanoribbon.

Nanowire.

Phosphate-Buffered Saline.
Polydimethylsiloxane.

Plasma-Enhanced Chemical Vapor Deposition.
Programmable-Gain Amplifier.

Power Spectral Density.

Reactive-Ion Etching.

Ribonucleic Acid.

Reactive Oxygen Species.

Rapid Thermal Annealing.

Random Telegraph Signal.

Space-Charge Limited Current.

Sodium Dodecyl Sulfate.

Scanning Electron Microscopy.
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180 List of Abbreviations
SMU Source-Meter Unit.

SNR Signal-To-Noise Ratio.

SOI Silicon-On-Insulator.

SRH Shockley-Read-Hall.

TCAD Technology Computer-Aided Design.
TLM Transmission Line Measurement.
TMAH Tetramethylammonium Hydroxide.
TNC Troponin C.

TNI Troponin I.

TNT Troponin T.

UTB Ultra Thin Body.
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