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Summary

In recent years the possibility to combine nanoelectronics and biosensing has opened a
very wide and promising field of research, which holds the potential to revolutionize ana-
lytical biology and to enable pervasive diagnostics and personalized medicine. Integrated
nanoelectronic biosensor platforms based on established CMOS technology can provide
compensation and calibration hardware, programmable firmware, improved sensitivity
due to the very small dimensions, high parallelism, remarkable cost and size reduction
and, ultimately, the vast markets needed by the semiconductor industry. As is the case for
all integrated nanoelectronic sensors, reliable and affordable design is possible only if ac-
curate models are available to elucidate and quantitatively predict the signal transduction
process. However, with the exception of a few efforts, calibrated analytical and numeri-
cal models to accurately describe the response are often still lacking for most biosensor
concepts.

Animated by the will to bridge this gap, in this work we develop compact analytical
models and complex numerical simulation tools for the study of the transduction chain in
impedimetric nanoelectronic biosensors. In particular, the 3D simulator ENBIOS, entirely
developed and validated during this thesis, is a general-purpose tool that can be easily
expanded to include new physical effects or more sophisticated descriptions of electrolytes
and analytes coupled to semiconductor devices. The models point out the existence of two
relevant cut-off frequencies governing the biosensor impedimetric response, they reveal the
dependencies of biosensor response to the analyte and environmental conditions and they
disclose the existence of well-defined signatures in the impedance signal.

The analytical and numerical tools are carefully verified and then used to examine
several case studies. The first one we consider is an impedimetric nanoelectrode array
biosensor. In collaboration with Twente University, we study its response to conductive
and dielectric micro-particles under well controlled experimental conditions. We show that
the simulation results are in very good agreement with the measurements and we provide
insight on optimum detection conditions. By studying the biosensor response to small
particles, like proteins, viruses or DNA, we then confirm by simulation the advantages of
high frequency impedance spectroscopy, in particular the ability of AC signals at frequency
above electrolyte’s dielectric relaxation cut-off frequency to overcome the Debye screening
and to probe the electrolyte volume with sensitivity almost independent of the particle
position and charge and of salt concentration.

As a second notable example we consider the case of a Silicon Nanowire (SiNW) biosen-
sor. We perform measurements and simulations on SiNWs in AC regime in collaboration
with the CEA/LETI and EPFL/CLSE laboratories. We demonstrate the operation of
SiNWs in AC in particular for pH sensing applications. We finally confirm potential ad-
vantage of a SINW biosensor working at high frequency, in order to increase the response
with respect to the DC operation.



Sommario

Negli ultimi anni la possibilita di combinare nanoelettronica e biosensoristica ha aperto
un campo di ricerca molto vasto e promettente, che ha il potenziale di rivoluzionare la
biologia analitica e di consentire diagnostica pervasiva e medicina personalizzata. Le
piattaforme di biosensori nanoelettronici integrati sono potenzialmente in grado di fornire
compensazioni e calibrazioni hardware, firmware programmabili, una maggiore sensibilita
a causa delle ridotte dimensioni, elevato parallelismo, riduzione notevole dei costi e delle
dimensioni e i vasti mercati necessari per il settore dei semiconduttori. Come nel caso
di tutti i sensori nanoelettronici integrati, un progetto affidabile e conveniente ¢ possibile
solo se sono disponibili modelli accurati per comprendere e prevedere quantitativamente il
processo di trasduzione del segnale. Tuttavia, con I’eccezione di alcuni pionieristici sforzi,
mancano ancora spesso modelli analitici e numerici calibrati per descrivere accuratamente
la risposta della maggior parte dei concept di biosensori.

Animati dalla volonta di colmare questa lacuna, in questo lavoro sviluppiamo modelli
analitici compatti e complessi strumenti di simulazione numerica per lo studio della catena
di trasduzione in biosensori nanoelettronici impedimetrici. In particolare, il simulatore
3D ENBIOS, interamente sviluppato e convalidato durante questa tesi, ¢ uno strumento
generale che puo essere facilmente ampliato per includere nuovi effetti fisici o descrizioni
piu sofisticate di elettroliti e analiti accoppiati ai dispositivi a semiconduttore. I modelli
rilevano l'esistenza di due frequenze di taglio rilevanti che regolano la risposta impedimet-
rica del biosensore, rivelano le dipendenze della risposta del biosensore all’analita e alle
condizioni ambientali e I'esistenza di firme ben definite nel segnale di impedenza.

Gli strumenti analitici e numerici sono attentamente verificati e poi utilizzati per esam-
inare diversi casi di studio. Il primo che consideriamo & un biosensore impedimetrico a
matrice di nanoelettrodi. In collaborazione con I’Universita di Twente, studiamo la sua
risposta a micro-particelle conduttive e dielettriche in condizioni sperimentali ben con-
trollate. I risultati della simulazione sono in ottimo accordo con le misure e ci forniscono
informazioni sulle condizioni di rilevamento ottimali. Studiando la risposta del biosensore
a piccole particelle, come proteine, virus o DNA, confermiamo quindi tramite simulazioni
i vantaggi della spettroscopia di impedenza ad alta frequenza, in particolare la capacita
dei segnali in AC a frequenza superiore alla frequenza di taglio di rilassamento dielettrico
dell’elettrolita di superare lo screening di Debye e di sondare il volume dell’elettrolita con
una sensibilita quasi indipendente da posizione e carica della particella e dalla concen-
trazione salina.

Come secondo esempio notevole consideriamo il caso di un biosensore a Nanofilo di
Silicio (SINW). Eseguiamo misure e simulazioni su SINWs in regime AC in collaborazione
con i laboratori CEA / LETI ed EPFL / CLSE. Dimostriamo il funzionamento dei SiNWs
in AC, in particolare per applicazioni di misura del pH. Infine, confermiamo i vantaggi
potenziali di un biosensore a SiNW operante in alta frequenza, al fine di aumentare
I'intensita della risposta rispetto al caso di funzionamento in DC.



Résumé

Au cours des derniéres années, la possibilité de combiner la nanoélectronique et les bio-
capteurs a ouvert un champ trés large et prometteur de la recherche, qui a le potentiel
de révolutionner la biologie analytique et pour permettre le diagnostic envahissants et la
médecine personnalisée. Plates-formes intégrées de biocapteurs nanoélectroniques peu-
vent fournir une compensation et ’étalonnage du matériel et des logiciels, une sensibilité
améliorée en raison des trés petites dimensions, parallélisme élevé, le cotit remarquable et
la réduction de la taille et les vastes marchés nécessaires a 'industrie des semi-conducteurs.
Comme dans le cas de tous les capteurs intégrés nanoélectroniques, la conception fiable
et abordable est possible que si des modeéles précis sont disponibles pour élucider et quan-
titativement prédisent le processus de transduction du signal. Cependant, malgré les
nombreux efforts, calibré modéles analytiques et numériques pour décrire avec précision
la réponse du biocapteur sont encore souvent défaut.

Animé par la volonté de combler cette lacune, dans ce travail, nous développons
des modeles analytiques compacts et des outils complexes de simulation numérique pour
I’étude de la chaine de transduction dans des biocapteurs nanoélectroniques impédimétriques.
En particulier, les ENBIOS simulateur 3D, entiérement développées et validées au cours
de cette thése, est un outil polyvalent qui peut étre facilement étendu pour inclure de
nouveaux effets physiques ou des descriptions plus sophistiqués d’électrolytes et analytes
couplés a des dispositifs semi-conducteurs. Les modéles soulignent l'existence de deux
fréquences de coupure pertinentes régissant le biocapteur réponse impédimétriques, ils
révélent les dépendances de la réponse du biocapteur a ’analyte et des conditions environ-
nementales et ils révelent la présence de signatures bien définis dans le signal d’'impédance.

Les outils analytiques et numériques sont soigneusement vérifiées et ensuite utilisés
pour examiner plusieurs études de cas. La premiére que nous considérons est un réseau de
impédimétriques nanoélectrode biocapteur. En collaboration avec I’Université de Twente,
nous étudions sa réponse aux micro-particules conductrices et diélectriques dans des con-
ditions expérimentales bien controlées. Nous montrons que les résultats de simulation sont
en trés bon accord avec les mesures et nous donnent un apercu des conditions optimales
de détection. En étudiant la réponse du biocapteur a de petites particules, comme des
protéines, des virus ou de ’ADN, nous confirmons ensuite par simulation les avantages
de la spectroscopie d’impédance & haute fréquence, en particulier la capacité des signaux
de courant alternatif a une fréquence au-dessus de relaxation diélectrique de la fréquence
de coupure de I'é¢lectrolyte pour surmonter la Debye criblage et de sonder le volume de
I’électrolyte avec une sensibilité presque indépendante de la position et de la charge des
particules et de concentration en sel.

Dans un deuxiéme exemple notable nous considérons le cas d’une Silicon Nanowire
(SINW) biocapteur. Nous effectuons les mesures et simulations sur SINWs dans le régime
AC en collaboration avec le CEA / LETI et laboratoires de 'EPFL / CLSE. Nous démon-
trons le fonctionnement de SINWs AC en particulier pour les applications de détection
pH. Nous confirmons enfin avantage potentiel d'un biocapteur SINW travailler & haute
fréquence, afin d’augmenter la réponse a ’égard de 'opération DC.
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Chapter 1

Introduction

This work is focused on the study, modelling, simulation and characterization of nano-
electronic impedimetric biosensors. To introduce the topic, we first present an overview
of the main properties of sensors, then we focus on biosensors and finally we discuss novel
biosensor concepts that take advantage of micro- and nano-electronic technologies.

In recent years, many new applications for sensors have emerged in addition to tradi-
tional ones, for instance in the drug and food industry, in the field of security and hazard
prevention and for personalized medicine. Given the broad and still widening spectrum
of possible applications, there is the tendency, if not the need, to develop general purpose
sensor platforms, that can be easily functionalized, reconfigured or adapted to specific
applications. As demonstrated in many diversified fields by the recent developments of
semiconductor industry, the demand of general purpose reconfigurable platforms can be
satisfied on a large scale only by means of microelectronics, which in turn enables increase
of the sensitivity, miniaturization, massively parallelization and cost reduction.

Miniaturized sensors are indeed attracting increasing interest also in the scope of the
“Internet of Things” paradigm [15|, as powerful enablers on the one hand of extended
sensor networks in the every-day environment, on the other hand of a plethora of new
applications and services to augment our life experience, monitor processes and make
them smarter. Example of applications for simple and cheap sensors could include the
measurement of temperature, humidity, gas toxicity or human parameters (such as blood
pressure, glucose level, temperature, etc.).

1.1 Biosensors

We now focus on biosensors, i.e. devices for the analysis of bio-material samples in order
to gain an understanding of their bio-composition, structure and function by converting a
biological response into an electrical or optical signal. Common biological sensors include
sensors for whole cells, viruses, bacteria and other micro-organisms, DNA, proteins, small
molecules and ions |16]. Examples of small molecules include glucose, lactate (a common
by-product of anaerobic metabolism), H ions (pH sensing), urea or neurotransmitters
such as dopamine. Although, during the past more than 50 years, numerous new sensor
designs with better and better specifications have been published and commercialized,
the need for decreasing size and cost, while still improving sensitivity, detection limit,
specificity and stability still challenges today’s scientists and engineers |[17]. As an example
of successful biosensors who made it to the market, we recall miniaturized, fast, cheap,
easy-to-use and reliable glucose biosensors that already make the life more comfortable
and safe for those, who are suffering from diabetes [18]. Another very successful example



6 1.1. BIOSENSORS

are the IonTorrent [19] or the DNA electronics Ltd. |20] technologies for massively parallel
DNA sequencing.

The bio-sensing is invariably accomplished in the following three steps, which are
summarized below:

1. The binding of one unit of a specific target species (the analyte) to one unit of
a complementary capture species (the receptor) changes the analog state of a me-
chanical, optical or electrical variable. Because of this binding, these biosensors are
usually called “affinity based”, in the sense that the detection principle relies on the
binding between two species that are affine to each other. The target species can be
labeled with a molecular tag or fluorescence marker to facilitate optical detection
when the binding event occurs; or it can be labeled with a magnetic bead to facil-
itate electrical detection when the binding event occurs. Certain forms of sensing
do not require the use of such labels and are therefore termed label free. Label-free
sensing is more convenient than labeled sensing but performance and cost are key
determinants in measuring the pros and cons of one sensing scheme versus another.

2. The change in the mechanical, optical or electrical state is passively transduced to
yet another domain, e.g., a mechanical state change is passively transduced to an
electrical state change, or a mechanical state change is passively transduced to an
optical state change. This is accomplished in the so-called transducer device.

3. The transduced signal is then actively amplified, usually in the electrical or optical
domain, digitalized and elaborated to eliminate parasitic effects and noise.

The detection of species with high specificity (meaning that only the target species trig-
gers detection) and high sensitivity (a few molecules or units of the target species are
detectable), in a short time (a second), at physiological salt concentration (=~ 100 mM),
over a wide dynamic range in analyte concentration (e.g., fM to 0.1M) and with low-cost
hardware is overwhelmingly challenging.

Miniaturization is beneficial also in this case since, if the biosensors dimension are
comparable to those of the analytes, the interaction possibilities are increased. The inter-
face with bio-materials is however interesting not only for sensing, but also for actuation
(e.g., bidirectional interaction with neurons [21]).

The marriage between micro- and nanoelectronics and biosensors offers new opportunities
that are already common in standard semiconductor industry such as: high parallelism
and throughput, smartness, error correction, calibration and noise suppression.

1.1.1 Transducers

As outlined above, we can divide the transducers into three major classes 22|, based on
the physical mechanism that is involved:

e optical detection methods;
e mass detection methods;

e clectrochemical and electrical detection methods.
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1.1.1.1 Optical techniques

In optical sensors the information is gathered by the measurement of photons, more
specifically based on the measurement of absorbance, reflectance, or fluorescence emissions
that occur in the ultraviolet (UV), visible, or near-infrared (NIR) [23]. They are immune
to electro-magnetic interference, capable of performing remote sensing, and can provide
multiplexed detection within a single device by attaching different fluorescent probes to
different types of target molecules.

Generally, there are two detection protocols that can be implemented in optical biosens-
ing: fluorescence-based detection and label-free detection |24] (see Fig.. In fluorescence-
based detection, either target molecules or biorecognition molecules are labeled with flu-
orescent tags, such as dyes; the intensity of the fluorescence indicates the presence of the
target molecules and the interaction strength between target and biorecognition molecules
24]. Fluorescence-based detection is extremely sensitive, with a detection limit at the sin-
gle molecule level. Besides this remarkable advantage, unfortunately, fluorescence based
detection suffers from numerous drawbacks compared to label-free techniques . Firstly,
the chemical procedure of labeling is rather expensive, time and labor intensive. The
number of fluorophores on the molecules cannot be controlled precisely, which leads to a
fluorescence signal spread. Furthermore, the presence of these anchored tags could have
a not-negligible effect on the molecules, affecting their dynamics or the way they react to
the environment;hence, ultimately on the experimental results, as well.

In contrast, in label-free detection, target molecules are not labeled or altered, and are
detected in their natural forms . This type of detection is relatively easy and cheap
to perform, and allows for quantitative and kinetic measurement of molecular interac-

input
& ® 9

.<>.<>0

recognition elements

optical transducer

losuasolq [eando

output

Fig 1.1: Schematic working principle of label-free optical biosensors taken from . Surface
immobilized recognition elements specifically bind the sample of interest; commonly one or several
target molecules within a complex sample. The resulting mass adsorption and displacement of
the surrounding medium results in a change of the local refractive index at the sensor surface.
This variation has a direct effect on the physical properties of the interrogating electromagnetic
wave, which can be amplified by the optical transducer.
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tion. Additionally, some label-free detection mechanisms measure refractive index (RI)
change induced by molecular interactions, which is related to the sample concentration or
surface density, instead of total sample mass. As a result, the detection signal does not
scale down with the sample volume. This characteristic is particularly attractive when
ultrasmall (femtoliter to nanoliter) detection volume is involved and is advantageous over
fluorescence-based detection whose signal usually depends on the total number of ana-
lytes in the detection volume or on the detection surface. Despite all these differences
between fluorescence-based and label-free detection, both protocols are being widely used
in optical sensors and provide vital and complementary information regarding interac-
tions among biomolecules, which makes optical sensors more versatile than other types of
sensing technologies where only label-free detection can be implemented. By immobilizing
recognition elements and by mounting a flow-cell onto a label-free sensor chip, quantita-
tive, in situ and real time detection of the target molecules or kinetic measurements of
molecular interactions is possible with optical methods [17].

Under the cathegory of label-free optical detection, there exist a number of detection
methods, including RI detection, optical absorption detection, and Raman spectroscopic
detection. RI and absorption are the real and imaginary part of the more general com-
plex RI constant and are related to each other via the Kronig-Kramers relations [24].
Raman detection is unique in that, on one hand, like RI and absorption detection, target
molecules are not labeled; on the other hand, emitted Raman light is used for sensing,
similar to fluorescence-based detection.

Regarding the competition of label-free signal transducers such as mass-sensitive,
temperature-sensitive, electrochemical and optical biosensors, the optical methods are
dominating both the research literature and the market. The reason is mainly that opti-
cal methods are merging the advantages of other label-free techniques in a cost-effective
way |17]. The binding of the target analytes is detected in their natural form using low-
power electric field in or close to the visible range with neither destructive nor considerable
manipulative effect on the experiment. The sampling rate and the detection limit of sur-
face mass density changes are outstandingly good, which allows a very efficient real-time
monitoring. In most cases, performing parallel measurements is straightforward due to
their ability of multiplexing for multi-parameter analysis. The technological demands for
the fabrication of these transducers are relatively low and by batch manufacturing the
optical elements in a more cost-effective and more compact way, their ongoing minia-
turization leads to novel possibilities towards even lower reagent consumption, shorter
analysis time and consequently towards point-of-care applications.

1.1.1.2 Mass-sensitive techniques

Another form of transduction that has been used for biosensors is the measurement of
small changes in mass, for instance with MEMS [25]. This has been shown to capable of
very sensitive measurements [25]. The principle means of mass analysis relies on the use
of piezoelectric crystals. These crystals can be made to resonate with an electrical signal
of specific frequency. The frequency of oscillation is therefore dependent on the electrical
signal applied to the crystal as well as the crystal’s mass. Therefore, when the mass
increases due to binding of chemicals, the oscillation frequency changes and the resulting
change can be accurately measured by electrical means (e.g., with a PLL) and be used to
determine the additional mass of the crystal [25].
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1.1.1.3 Electrochemical and electrical techniques

Electrochemical and electrical techniques rely on the measurement of electrical properties,
such as a current, a voltage drop or a capacitance between electrodes placed in contact
with a solution. This family of biosensors is very vast and the biosensor concepts that we
study in this thesis fall in it. In this section we will outline the electrochemical techniques
and the ones based on FET devices, leaving to Sec. a more detailed discussion on the
capacitive biosensors, which will be one of the major topics of this thesis.

Electrochemical detection is one possible mean of transduction that has been used
in biosensors [26]. This technique is very complementary to optical detection methods
such as fluorescence, the most sensitive of the optical techniques. Since many analytes
of interest are not strongly fluorescent and tagging a molecule with a fluorescent label is
often labor intensive, electrochemical transduction can be very useful. By combining the
sensitivity of electrochemical measurements with the selectivity provided by bioreception,
detection limits comparable to fluorescence biosensors are often achievable.
Electrochemical biosensors are normally based on enzymatic catalysis of a reaction that
produces or consumes electrons (such enzymes are rightly called redox enzymes) [26].
Other biosensors rely on potentiometric measurements without any redox reaction implied.

A different concept relies on FET devices, as for instance the Ion Sensitive FET
(ISFET) |27] or BioFETs |28|. The transduction mechanism relies on the variation of the
FET DC conductance due to the presence of the analyte: it is therefore a charge sensing
principle. However, Debye screening (which will be thoroughly discussed throughout this
thesis) is well known to severely hamper the sensitivity [28]. So far, it has been overcome
only by lowering the salt content of the solution [29,|30]. This is however neither desirable
nor even possible in some applications, like DNA detection, since a high salt concentration
is necessary for the biomolecules to bind correctly and maintain their shape.

1.1.2 Applications

There are many potential applications of biosensors of various types [16]. The main
requirements for a biosensor approach to be valuable in terms of research and commercial
applications are the identification of a target molecule, availability of a suitable biological
recognition element, and the potential for disposable portable detection systems to be
preferred to sensitive laboratory-based techniques in some situations. Some examples are
given below:

1. Glucose monitoring in diabetes patients has been one of the historical market driver
and is now an established technology [1§]

2. DNA detection and sequencing, with possible applications in DNA computing |19]
3. Environmental applications e.g. the detection of pesticides and water contaminants
4. Detection of pathogens, phage and their competitive interaction

5. Drug discovery and evaluation of biological activity of new compounds

6. Protein engineering and fabrication

Another important emerging application for biosensors is the possibility to use them to
create so called neuro-electronic interfaces, i.e. a direct communication between neural
networks and electronic circuits, for instance, for deep brain stimulation. The development
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of such a technology gave rise to the field of neuroprosthetics and is capable of revolutionize
human-computer interfaces in the next decades, not to mention the very promising results
in alleviating the most detrimental consequences of a few age diseases (e.g., Parkinson).

1.2 Sensors

A few performance metrics are of general interest to any kind of sensor [31]. These could
be further subdivided into fundamental vs. practical metrics. In particular the most
relevant fundamental figures of merit are:

e settling time, t,: it is the average time that is required for the sensor to detect a
defined value of the quantity of interest with known accuracy;

e sensitivity, S: it is the magnitude of the sensor response due to a defined value
of the analyte; it also defines the minimum variation of the analyte that can be
measured;

e dynamic range: it is the ratio between the maximum and minimum analyte quantity
that can be measured;

e selectivity: it is the capacity of the sensor to respond selectively to the analyte
and not to other parameters variation; it determines the expectation value of false
positive and false negative events.

Additionally, the most relevant practical metrics are:

e dimension: the physical dimension of the sensor can be important when designing
sensor networks or devices for operation in constricted environment (e.g. sensors
implanted in the human body);

e robustness: it is the capacity to operate for a long time, possibly in aggressive
environments (e.g. automotive applications, human body);

e power consumption: it is particularly important if the sensor is deployed in remote
environments with not-easily accessible power sources (e.g.. geological surveys, hu-
man body) or if it is powered by harvesters;

e cost: it is especially important for dense sensor networks or for disposable sensors.

For a successful sensor design all these characteristics need to be properly modelled,
studied and predicted. This makes nanoelectronic sensor design a very challenging and
multidisciplinary task.

In this thesis we focus on the study of biosensors sensitivity. This is justified by the
fact that, at present, this is on one hand the major driving force towards miniaturized
biosensors and on the other hand the area which needs the most intensive studies to be
able to fully understand the transduction mechanism, predict biosensors response to given
analytes and ultimately support the quantitative extraction of the analyte characteristics
from measurements.
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1.3 Capacitive biosensors

A new kind of biosensor has received increasing attention in recent years: it’s the so called
capacitive biosensor [32]. Unlike the electrochemical biosensors described above, this sen-
sor usually operates with an AC voltage between two electrodes at frequency sufficiently
above the electrolyte’s dielectric relaxation cut-off frequency. The absence of electrochem-
ical reactions on the electrodes surface enables the possibility for a longer operating life
and to use standard CMOS techniques and materials for manufacturing. To allow for
particle detection with adequate selectivity, a recognition layer has to be employed: in
this way a capacitive affinity biosensor can be constructed. This layer is usually referred
to as Self Assembled Monolayer (SAM).

Capacitive biosensors have a significant advantage with respect to the conventional biosen-
sors: they are label-free, i.e. no or very little sample preparation is needed prior to the
measurement. A problem, though, associated with non-labeled biosensors is non-specific
binding, as there is no descrimination between the measured signal from specific and non-
specific interactions. It is therefore important to design the SAM surface in such a way
that it ensures higher specific than non-specific binding.

Capacitive biosensors can be constructed by immobilizing recognition elements ar-

ranged in thin layers on an electrode or between two electrodes and measuring changes in
the dielectric properties when the analyte binds to the surface. Changes in capacitance
may also be induced when a large receptor molecule is displaced by a smaller analyte. If
a protein on a surface changes its conformation after binding of an analyte it might also
be detected by capacitance measurements.
Two approaches have been proposed for capacitance measurements. Either by measuring
the change in the capacitance between two metal conductors in close proximity to each
other with the recognition element immobilized between them (interdigitated electrodes),
or by measuring the capacitance at an electrode/solution interface with the recognition
elements on the surface of the working electrode.

These types of biosensors are generally built in two different ways:

e with large-area electrodes, for example using interdigitated electrodes (see for in-
stance [32, 130]), to detect collective signals of large ensembles of biomolecules: this
is the traditional approach;

e with arrays of nanoelectrodes: this innovative approach has been first presented in
[33]. In principle it enables both single or few particle detection and spatial profiling
of large objects on the same platform.

One important reason for using arrays of nanoelectrodes is that large-area sensing ele-
ments suffer from defects and imperfections in the sensing elements, including but not
limited to leakage paths in the functionalization layers. Segmenting the electrodes into
many nanoelectrodes enables identification and pruning of damaged nanoelectrodes by
statistical data analysis. Another important advantage of nanoelectrode arrays realized
with standard CMOS techniques is that the technology scaling (due to Moore’s law) natu-
rally pushes the array to a more-than-optical resolution. In optical biosensors, in contrast,
it is not straightforward to increase the resolution by decreasing the wavelength, since if
this becomes too small, for instance in the UV range, the photons might become too
energetic and damage the biological material under study. We will discuss in more detail
the nanoelectrode implementation [33] in Chap. [j]

Another distinction between different types of capacitive biosensors can be made con-
sidering the frequency range of measurements:
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e low frequency, lower than the cut-off frequency of the electrolyte f. (see Sec.[3.1.1.3]),
this is the traditional approach;

e high frequency, preferentially much greater than the cut-off frequency f.: this is the
approach that will be thoroughly investigated in this thesis.

A strong motivation in favour of using high modulation frequencies is that at low fre-
quencies the signal due to particle induced admittance change is usually overwhelmed by
variations in spurious signals arising from electrochemically active species like redox-active
biomolecules, imperfect self-assembled monolayers (SAMs), etc. Therefore the usage of
high frequencies where admittance changes become purely capacitive and independent of
the electrolyte conductivity seems a promising way to overcome these undesidered effects.

1.4 Summary of the work and author’s publications

Quantitatively accurate interpretation of the signal transduction mechanisms of nanoelec-
tronic biosensors could disclose a wealth of useful information for many fields of biology
and medicine. This endeavour is not inconceivable at the state of the art, but demands
accurate and reliable models of the whole sensor signal acquisition chain, including in
particular the less known sections where distributed alterations of potentials and fields
are converted into well defined voltage (current) changes at circuit nodes (branches) re-
spectively. At present, predictive models have started to appear in the literature (for
instance |31} 34]), but modeling activities have to face a widespread scepticisms in fields
historically relying almost exclusively on experiments and empiricism. Early works fo-
cused on DC operation. Impedimetric (capacitive) biosensors gain increasing attention
on a daily basis, but general and non-empirical models for impedance spectroscopy are
still rare and not generally accepted.

It is the purpose of this thesis work to advance the state of the art in the field by

developing numerical and analytical DC and AC models and simulators of the response
of nanoelectronic biosensors to analytes. The models and simulations are instrumental
to investigate the electrostatics and the small signal response of biosensor systems to a
variety of stimuli and physical conditions. This is a very complex puzzle and my work
attempted to reveal at least some elements of the overall landscape.
We point out that in this work we do not address the problem of the diffusion of the
particles or biomolecules towards the sensor. This important aspect of biosensor response
has been thoroughly investigated in [31] and shown to be the bottleneck to achieve short
settling time. Instead we investigate in detail the effect on the response of the sensor to
the biomolecules, which we assume to have already come close to the sensor.

In particular, during my PhD thesis, I focused on the following aspects of the problem
(the corresponding references and chapters in this document are linked):

1. development of simple analytical models for the AC response of nanoelectronic
biosensors to guide intuition, set out simple design of experiment guidelines and
provide exact reference solutions for verification purposes (Ref. |1], Chap. [3|) and
the extensive verification of a specific analytical model for the response of nanoelec-
trode biosensors to spherical particles (Ref. [2], Chap. [f);

2. development, validation and use of a simplified 2D numerical solver for nanoelec-
trode capacitive biosensors in DC and AC conditions to be used as an exploratory
tool to understand the physics of nanoelectrode/electrolyte system and issue with
the numerical solution of the model equations (Refs. [3} [1], Chap. [));
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3. development of a full 3D, general purpose solver of the Poisson-Boltzmann and
Poisson-Nernst-Planck equations (ENBIOS) suited to calculate precisely the tiny
admittance changes resulting from single biomolecule/sensor interactions for nano-
electronic biosensors (Ref. [4], Chap. [);

4. tailoring of a commercial TCAD tool (Sentaurus Device [35]) for the simulation of
nanoelectronic biosensors, and identification of the inherent limitations of such a
simplified approach to describe BioFETs (Ref. [5] (6, [7], Chap. [4));

5. development of a general purpose procedure for the efficient simulation of impedi-
metric nanoelectrode array biosensors by replacing the double layer admittance with
lumped elements (Ref. [§], Chap. [5));

6. theoretical investigation of some aspects of DNA detection (Refs. |9, 10|, Chap.
and of single biomolecules detection (proteins, viruses, Refs. |3, |1}, 11, |4} 2|, Chap.
by means of impedimetric measurements with nanoelectrode biosensors;

7. theoretical and experimental investigation of micro-particle detection mechanisms
and experimental proof that high frequency impedance spectroscopy with nanoelec-
trode biosensors makes possible to overcome static Debye screening limits (Ref. [12],

Chap. ;

8. theoretical and experimental investigation of the use of Silicon Nanowire pH sensors
and biosensors operated in AC conditions (partly in [13, [14], Chap. [6).

As made apparent by the above list, the thesis work spanned from theoretical to
modeling and numerical implementation issues and from simulation to calibration and
experimental verification aspects. This wide range of activities would have not been
possible outside a network of collaborations, which included:

e CEA/LETI (Dr. Thomas Ernst), who acted as cotutor of this PhD thesis and pro-
vided nanowire samples. At CEA/LETI I got in contact with my first nanowire
sensor platform;

e NXP Semiconductors (in particular Dr. Frans Widdershoven), who has been a con-
stant reference for stimulating suggestions, and triggered our interest for biosensor
platforms and impedimetric nanoelectrode arrays;

e University of Twente (Prof. Serge Lemay, Cecilia Laborde), who developed the
micro-particle experimental techniques and provided the corresponding measure-
ments;

e EPFL/CLSE (Prof. Carlotta Guiducci, Enrico Accastelli), where I could develop
the experimental setup for AC nanowire characterization and perform the measure-
ments.



Chapter 2

Physical models

In this chapter we present DC and AC physical models, essentially based on existing
literature, to describe three types of materials routinely used in the fabrication of nano-
electronic biosensors: electrolytes, semiconductors and non-ideal dielectrics (with charges
and losses). Most of these models have been implemented in the numerical solver EN-
BIOS, which constitutes an important part of this thesis work and will be described in
Chapter [4]

Sections [2.1 report the model equations describing the basic physics. Section
describes a few second order physical effects that might occur in real systems, that were
quantitatively evaluated in order to assess the validity limits of our models.

2.1 DC models

We begin describing the models for DC conditions. In this section all the quantities with
subscript “0” will indicate DC variables. The domain of interest is denoted €2 and on its
boundary I' we set the boundary conditions.

The boundary surfaces where we use Dirichlet boundary condition for the electric potential
are called electrodes. These can be directly related to the electrodes present in the real
system. We assume that there exists two types of electrodes:

e ideally polarizable (or floating) electrodes, where there is no DC charge transfer
(which should be provided by electrochemical reactions in the case of electrodes in
contact with the electrolyte), so that they can not sustain any DC current flow;

e Faradaic (or Ohmic) electrodes, where both charge transfer and a DC current flow
are possible.

Gold electrodes are in most instances good approximations of ideally polarizable elec-
trodes, while typical Ag/AgCl electrodes behave essentially as Faradaic electrodes [36].
We will always assume that the electrolyte is in contact only with ideally polarizable
electrodes and with one Faradaic electrode, which is called reference electrode.

2.1.1 Poisson equation

Poisson equation is the fundamental relation between electric potential and charges. For
isotropic media it takes the usual form:

V- (eVVo) = —po = — (ps + pu1) (2.1)

14
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where Vj is the DC electrostatic potential, py the DC volume charge density and ¢ the
scalar material dielectric permittivity. Denoting I'p and I'y respectively the surfaces
on which Dirichlet and Neumann boundary conditions are imposed, we can express the
boundary conditions as:

. (2.2)
eVVop-n=0 only

{VO —Vp=0 onlp
where n is the outward pointing unit normal on the boundary surface I'. The charge
density is expressed as py = py + pni, Where py is a fixed volume charge density and p,y,
denotes the mobile charge, that in general is a non linear function of the potential V5. An
example of fixed charge in the semiconductor is given by the doping, i.e. py = ¢(Np—Na)
where Np and N4 are the volume densities of donor and acceptor atoms respectively. For
both electrolyte and semiconductor we can write:

Nsp

Pnl = Z qun0m (23)

m=1

where N, is the number of charged species (ions in the electrolyte, electrons and holes in
the semiconductor), ¢ the absolute value of the electron charge, Z,, and ny,, the valence
and DC concentration of species m respectively. Under quasi-equilibrium conditions and
neglecting steric effects (see Sec. , the concentrations can be expressed as:

o = 1 exp (% (6 — v>) (2.4)

where n.° is the bulk concentration in equilibrium and ¢,, the quasi-potential of species m,
kp the Boltzmann’s constant and 7" the absolute temperature. For a suitable choice of the
reference potential we have n)? = n;, i.e., the intrinsic concentration in the semiconductor.
Note that Eq. is always valid, not only in DC conditions, because it is a definition of
the quasi-potential. Therefore we have dropped the subscript “0”.

Since in the electrolyte only one Faradaic electrode is present (the reference electrode),
there is no DC current flow, so that we set a constant ¢q,,, = V;.¢ for all ion species. Here
Vres 1s the potential at the reference electrode. This choice leads to recover the well known
Poisson-Boltzmann (PB) equation [36] in DC, which explicitly reads:

Nsp

V- (eVlW) =— (pf + Z Zmqn,? €Xp (% (Pom — Vo))) (2.5)

m=1

The PB equation is indeed a widely accepted modeling framework for the simulation of
biosensors |31}, 37, 38| and of biological systems in DC conditions [39, 40].

A simple way to model conductors in DC is to describe them as media with infinite
(in practice very high) permittivity [41]. This approach will be followed in this thesis as
well.

2.1.1.1 Surface charges

Surface charges can play an important role in determining the impedimetric response of
biosensors. Therefore, they have been included in the model, as described in Sec. [4.2.1.1]
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An important source of surface charges are the protonation or depronotation reactions of
amphoteric surface sites at oxide surfaces immersed in water, which lead to the build-up
of a pH dependent surface charge density o [C/m?|. The charge density is described by
the site-binding model [42] which in the case of SiO; and similar oxides (featuring only
one type of surface sites) is based on the elementary reactions:

MOH == MO~ + H* (2.64)
K/
MOH; == MOH + H* (2.6b)

where M is the metal or semiconductor of the dielectric (e.g. Si, Ta, Al or Hf). The
equilibrium constants K/, and K} are defined as:
K — Vomo TwH K — VoMmoH TwH

(2.7)

)
WMOH YWMOH,

where we have ignored the fact that activities should be used in place of concentrations.
Note that the H" concentration ngg is a volume density [m™2|, while all the v, terms
correspond to surface densities [m™2|.

The surface sites concentrations in DC are:

! /
YWOMOH (VOMO = Ng Ralty
) —
VoMo = K, Ny, + noms K+ K. K}
NoHs 2
VoMOH TWH s - N Noms
WMOH, = — 4 Vomon, = IVs—5 / 7
K] nOHSnLnOHSf((?JrKaKb
_ n
Ns = vomon + vomo + Vomon, U N OHs b
| Vomon S o L K K
0Hs st4p a *b

(2.8)

where Ng is the total surface sites density and ngy, the DC HT concentration at the
surface.
The surface charge o4, = q(vopom, — Vonmo) then reads:

2 ! 17!

ngr. — KK

0Hs a b
Usb—_qNS 3

2.9
W+ Ko + KK, 2

where oy, is the site-binding surface charge |[C/m?|. In the case of SizN, two types of
surface sites are present; assuming they are independent, the site-binding model reads
[43]:

2 ! 17!
SigNy Nops — 1Kk NOHs
og " =qNs— 7 — T qNpit—————— -
nOHs+Kbn0H8+KaKb n0H5+Kn

(2.10)

The expressions derived here look different from the ones in |42 43| since we have chosen

all SI measurement units. To obtain the classical expressions we remind that the pH is
defined as:

n
pH = —logyyag = —logy (VH - )
Nyef

where ay is the hydrogen activity, vy the activity coefficient, ng the hydrogen ion con-
centration and n,.r a reference concentration. Since we always use m~3 as a unit of
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measurement for the ion concentrations and the reference concentration is usually taken
as 1 M, we have that n,.; = 103Na, where N4 is Avogadro’s number. We will always
assume vy = 1; so, we can write:

ng =107PBN,  — 10777 = 107328
Ny
Defining then K! = K,1073Ny, K; = K,1073N4 and K = K,1073N4 we obtain the
classical expressions:

1072PHs — K, K,
10—2rHs + Kbl()*PHs + KaKb
10721 — K, K, 10~PHs
_ _ + qNnit————— -
10=2pHs 4+ K, 10—PHs + K K, 10—rHs + K,

osy = qNg

SisN.
0g’ " =qNs

We also know that:

Vier — Vbs)

NoHs = Ny €Xp ( Vv
th

where Vjg is the DC surface potential and Vi, = kgT/q. We can thus transform Egs.
2.10|in the expressions:

V'r‘ef —Vos

2 2
(mip? e — KK
O-Sb - qNS 2 VTef_VOS Vref_VOS (211)
[ee) V, /! py OO V, / /
(ng)"e” Vi + Kinge Vo + KK}
g oYref—Vos o Vref—Vos
00 v, _ o0 Vi
SisNs _ N (nf) e t KK, 1L aN.. nge "
O = (qiVg ) Vees —Vos Vief—Vos 4N nit Viee—Vos
o0 V, ! 5, OO V, / / o0 V, !/
(ng) e Van  + Kinfe Vo 4+ K!K] nge Vin  + K
(2.12)

These transformations are needed in order to obtain parameters always expressed in SI
units, and to have a direct dependence of the surface charge on the electrostatic potential
suitable for solution with Poisson equation.

High salt concentration effects As pointed out in [44], the site-binding theory in the
form previously discussed becomes inaccurate at high salt concentration. This discrep-
ancy is clearly visible in Fig. that compares the surface potential predicted by the
conventional site-binding model to the experimental data from [44]. The discrepancy has
been attributed to surface complexation reactions with the electrolyte chlorine ions of the
form

MOH; + CI; == MOHCI™ + H}; (2.13)

where CI; denotes the chlorine ions at the surface and Hj, the hydrogen ions in the bulk.
Following [44], we should thus describe the dielectric/electrolyte interface of SiOg, HfO,,
Al,O3 and TayO5 with three coupled chemical reactions, whose dissociation constants are
given by Egs. 2.7 and by:

VMOHCI VT

K, = (2.14)

VM oH, ToCls
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Fig 2.1: Surface potential experimental data in |44] (squares) compared to the site-binding
model (dash-dotted lines), the model of [44] (open triangles) and our TCAD implementation
(solid lines) reported in [7]. Following ref. [44], we compute g = Vr pzc — Vr, where Vr pyc is
the Vp for the pH of zero charge (pHpzc = —0.51n K, - K3) at very low electrolyte concentration
(10uM). K,=K,=10"7, K.=3.3-1076,

where ngcs is the chlorine free-ions concentration at the surface and vyopci- is the
density of the negatively charged surface groups. The surface charge density is then given
by:

os = q (Vmom, — Vmo — VmoHct) - (2.15)

Substitution of Eqgs. into Eq. and the expression:

Ns = vyo + vmon + Vmon, + Vmorct (2.16)
allows us to derive:
n2, ne — K' K'n%® — K.ngcsn?
Oy = qNs 0Hs''H a' b''H c0CIs" 0 s (2 17>
s 2 P} .
oy + KLKing + Kenocisngys + Kynocisngy

The term ngcys is, as usual (see Eq.
refeq:boltzmann):

M) (2.18)

oo
Nocis = N €XP ( %
th

2.1.2 Current equations

As we assume no DC current flow in the electrolyte, the equations for the DC electrical
current must be written only in the semiconductor. This can be described, at first order,
by the well-known drift-diffusion equations (also known as Nernst-Planck equations in
electro-chemistry [36]):

on,, 1 -
—2 4+ U=——-V-J, 2.19
ot + quv ( &)
Jin = = Zm @ (Z @t V'V + Dy V1) (2.19b)

where U is the generation-recombination rate, J, is the current density, p,, the mobility
(in [m/Ns|) and D,, the diffusion coefficient of species m, respectively. We will always
assume that the Einstein relation holds, so that D,, = kgT .

The J,, expression we use looks different from the one normally employed in electro-
chemistry and semiconductor physics (see, for instance, |36]) because we have chosen to
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define the ion mobility as the ratio between the ion velocity and the applied force. This
approach is consistent with classical physics and is justified noting that many semiconduc-
tor physics and electrochemistry equations describe phenomena that do not necessarily
involve charge. An example is Einstein’s relation between diffusivity and mobility, which
can be derived imposing a thermodynamic equilibrium between mechanical force and dif-
fusion of neutral species. However, assuming the semiconductor physics’ definition of
mobility, neutral atoms would have zero mobility, while still reacting to other forces. This
dilemma is introduced in semiconductor physics, because it treats exclusively charged par-
ticles (electrons and holes) and the only source of force is the electric field. Therefore, the
notation we use gives a broader and more general view on the real physical phenomena.

Using Eq. , the expression of the current (Eq.[2.19b)) becomes:
Jon = =22 ¢t V i (2.20)

We choose nY = n; so that the ¢, are exactly the well-known quasi Fermi levels.
Therefore, the drift-diffusion equations can be written as:

U6, V) + (% - W) n2md exp (% (6 — V>)

ot ot kT
Zmq
= ZmqimV - (n exp (— (G — V)) V¢m) (2.21)
kgT

We will call Eq. as the first formulation of the current equations.
By expanding the second term as:

¢y, OV I, Zm
Vion )+ (52 = 55 ) rgr o (7 0 —V)
_ oxp (220 (6, —v)) (2295, (60 — 2
= Zuapomexp (28 (0 = V) (2090 ¥ (00~ V) + 0, )

a second formulation can be found, which reads:

A ¢y, OV € B @ . B )
Um((bma V) + <W - E) ukaT =& (kBTv¢m V (¢m V) + V ¢m> (2.22)

where we have divided the equation by:

L om0 Zmq
c eXp <]€BT (¢m - V))

in order to have the same measurements units as in Poisson equation, and:

_U(om,V) € 1

Uni(¢m, V) = .
; Z Zom
ni md <§1€ (6 — V>>

So far we have always used the general potentials V' and ¢,,, which may have both DC and
time dependent components. The DC formulation can be easily found by substituting V'
and ¢, with Vi and ¢q,,, respectively, and recognizing that all time derivatives are equal
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to zero. From now on, as a convention, we use m = 1 for the electrons and m = 2 for the
holes. According to the Shockley-Read-Hall model for the generation-recombination rate:

2

np — n;
U(om,V) = !
(O V) Tp (n+ i) + 70 (P + 1)
e@%(@—%)_l

= n’b q V q V
- <e_m(¢l_ )+ 1> + 7 <ekBiT(¢2— )+ 1>

Hence, we can write:

U (¢ V) c ,CZBQ;(@— ) e—%(m—‘/)
1\ Pm, -
Z1q TQ( Tt (91 >+1) o <€%(¢z—v)+1>
Zlq
(¢1=V) L(p2—V)
R c e*pT —e kBT
U2(¢ma V) =

Zaq 2 o, (e,f?m—m N 1) . (e@ffj’r(m—m n 1) '

As we expect modest recombination phenomena in our case studies, in the following we
neglect the generation-recombination term. This term has not been implemented in the
ENBIOS simulator described in Chap. [4]

2.1.3 Boundary conditions

We partition the surface I' of the domain of interest €2 in two different ways:

r=ThHurly

_1T¢ ¢

'=Tr3,ury.
Here I'}) is the part of the boundary where we impose Dirichlet conditions on the potential,
while on F% there are Dirichlet conditions for the quasi-potentials. Similarly for Neumann
conditions on T'}; and I’ﬁ,. This segmentation is necessary since, in general, there may
be parts of the boundary where we want to impose only the electric potential (ideally
polarizable electrodes), while on others (Faradaic electrodes) we want to set also the

quasi-potential.
The boundary conditions can be written as:

Vo=VP on Fg
Pom = PP on I'Y)
eVVp-n=0 on I’X,
Véom -7 =0 onT%

(2.23)

We can calculate explicitly ¢ for the electrodes that are in contact with the semicon-
ductor. In fact, if we assume these to be Ohmic electrodes that fulfill charge neutrality
and equilibrium conditions, then:

D D D, D 2

where we have used our convention that n; refers to electrons and n, to holes. In terms
of quasi-potentials, these conditions imply that :

¢1D:¢5:¢F
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where ¢ is the Fermi potential at the contact, which equals V' for non-resistive contacts.
The potential on the semiconductor side of the electrode is:

Np —NA>

QTLZ‘

kgT
‘/0[ = gf)F -+ BTaSiIlh <

where the suffix I stands for “internal”, denoting the first node inside the semiconductor
domain.

Note that the existence and (local) uniqueness of solutions of the drift-diffusion-Poisson
system (in the semiconductor) coupled with the Poisson-Boltzmann equation (in the elec-
trolyte) and with interface conditions between the different regions was shown in [38].

2.2 AC models

Most of the work in this thesis is devoted to modeling and simulation of impedimetric
nanobiosensors. It is thus important to develop model equations in the frequency domain
using the small-signal approximation. To this purpose, we write the quasi-potentials, ¢,,,
and the electric potential, V', as:

b = dom + R [&m exp(jwt)] (2.24a)
V=V, +R {f/ exp@m)} (2.24b)

where V' and gzgm are the complex amplitudes of the AC potential and quasi-potentials.
We remind that the small-signal approximation is valid if ||, |V| < kgT/q, i.e., the
amplitude of the electric and quasi-potentials is small enough with respect to the thermal
voltage (=~ 25 mV at room temperature). Essentially, we are assuming that all signals
are made of a DC component with in addition a small sinusoidal component. If the non-
linearities of the system are small (for instance, in our case, because the AC signal is
much lower than the thermal voltage kgT/q), every arbitrary signal can be represented as
a linear combination of sinusoids, as also shown in [45]. The amplitude of the AC signal
should also be low enough to prevent self-heating effects (see [46]), which could locally
increase the temperature. This is the case in all the biosensors implementation that we
study in this thesis (for instance the modulation voltage at the electrodes of [33] is only
a few times the thermal voltage), so that we will always neglect self-heating effects.

For the following calculations, it is useful to remind that we can always write e/t =
x + jv/1 — x? with arbitrary |z| < 1, so that in general:

a%[(a+jb)(x+j\/1—x2)}:m[(cﬂd)(xﬂ\h—x?)} e a+jb=c+jd.
(2.25)

It is thus legitimate to solve the model equations in the domain of complex numbers V,
gbm only, because, thanks to the equivalence [2 - this then entails the validity of the
results for the quantities V' and ¢, as given by Eq. [2.24]
In order to find general expressions for the small signal AC carrier concentrations, we
kgT
start from Eq. |2.4] and we assume that ‘gbm — V‘ < —. This condition is not always

Zmq
satisfied in real systems and notably for the nanocapacitor array described in Chap. [5

In the specific case, simple techniques have been devised to account for the not-always
negligible harmonic content of the signals, as described in Sec. [3.6]
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If we approximate the exponential with its Taylor expansion to the first order:

oxp (228 (6= V) ) = exp (12 om = ) [14 222 [ (6 - 7) explicn)|

(2.26)
then we can write the ion and carrier concentrations as:
Nm = Nom + R [ exp(jwi)] (2.27)
where ng,, comes from Eq. and the small-signal concentrations n,, are:
Zm(
s = Tom = v) 2.28
i = mon 5 (8 (2.28)

Note that in the following we will always neglect the second and higher order terms in
the small-signal components.

2.2.1 Poisson equation
To find the AC model we then start from Poisson equation:

Nsp

Zm{
. Z — = 2.2
V- (eVV)+ |ps+ mzzl My €XP (k T (Dm, V)) 0 (2.29)
Using Egs. 2.26| we then have:
\% [EV (Vo + R <‘~/ exp(jwt)))} +
a Zom Zom
pr+ mz:; Zmqn,, €Xp <kB_T (Pom — Vo)) (1 + kB_T% ((% - V) eXp(Jwt)>>] =0

Noting that the DC variables V; and ¢y, satisfy the Poisson-Boltzmann equation (Eq.
, and using Eq. we obtain the AC Poisson equation:

Nsp

Ve (ev7) + Z

nOm ( . f/) —0 (2.30)

2.2.1.1 Surface charges

Fixed charges clearly do not contribute to the AC signals. The surface protonation/deprotonation
and complexation reactions described in Sec. [2.1.1.1] instead, could affect the low fre-
quency response in different ways. We therefore need a model to account for the site-
binding surface charge and include it into the Poisson coefficients as done in Sec.
for the DC case.

To this purpose and following the approach presented in |47, we consider the surface
reactions Eq. [2.6] assume them first order and write the reaction rates as:

dnsio dnsioy

di = — di = k’gnSiOH — anSionH (2.31&)
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dnsiom,
dt
where the “f” and “b” suffixes denote the left-to-right (forward, dissociation) and right-
to-left (backwards, aggregation) reactions, respectively.
Recalling that o4, = ¢Ns(nsion, — nsio), we then find:

= —k{nsion, + kynsionnu (2.31b)

do sb
T Knsiony — klnsion — k{: nsion, + kinsionnu
Note also that, by definition, the equilibrium constants are:
K/ _ k_g ! k_bf
a kb’ b — kg

If we now write all the concentrations with the small-signal approximation Eq. and
we remind that the DC concentrations are in equilibrium (in the sense that they satisfy
Eq. with null time derivatives), we derive the AC formulation of Eq. [2.31}
jwhsio = —kY (vomofiar + norrfisio) + klfision
JWnsion, = —/ﬁ{ fisiom, + ki (VomowrTin + norfision) -
As a consequence:
—kbvonronm + ki fsion

2.32
kbnog + jw ( 2)

nsio =
By kp 3 _
Nsiom, = ———— (VomonTy + Monnision) - (2.32b)
ky + jw
As ngion + Nisio + Nsion, = 0, we can calculate the AC concentrations of SiO~, SiOH
and SiOHjJ from Egs. 2.32

ﬁH(kgkgVOMoH -+ kZVOMO<k(]: + ké’ngH + jw))

nsio = — : . :
kg:(kl{ + jW) + (anOH + ]UJ)UC(]: + k‘gnOH —+ jw)
fsion, = i (—kpvorronjw + k(= kinonveron + voro (k] + jw)))
o KL + ) + (Kbnogs + jw)(k{ + Kbnor + jw)
od _ kgﬁH(anOH(VOMO + VOMOH) + VOMOH(]{/’({ + jw))
NsioH =

kL (K] + jw) + (Konom + jw) (k] + kbnow + jw)
By combining expressions for the DC and AC concentrations:

‘/()_M”ef>

NoH = Ny €Xp <— Vi
ou =V
Vin

ng = Nog

where ¢y = Ve + R {QZ)HeM}, being ¢y the quasi-potential of the hydrogen ions, we

can finally calculate the AC site-binding charge 64, = ¢ (Nsion, — Nsio):

K (kpnom (Kynon + jw) + Kok (Kikp + 4kpnom + jw)) i
(KK} + nom (K} + nom ) ) (KUK (KED + jw) + (Kbnow + jw) (kX (K} 4+ nom) + jw))

&sb = qNS

(2.33)

where we used the expressions K/ k! = kI, Kjk? = k’l{ to eliminate the forward reaction
rates.
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2.2.2 Current equations

The transport model is given by the drift-diffusion equations (Eq. 2.21)), for both the
electrolyte and the semiconductor. Using Eqs. [2.24 we obtain:

R (jw (qz?m - V) ea’wt) n; ]f;”j? exp <,f§; (bom — Vo)> [1 + fg;m ((g)m _ V) ejwt)]

= ZimqimV - <nz exp <i:;{ (om — Vo)) [1 + f;g{% ((éf;m - V) ejwt>] (qu()m +R (V&mej“’t») '

By eliminating the DC components and neglecting the second order terms we find the
small-signal drift-diffusion equation:
Tt (- ¢ . o Zeg (s -
ZntimV + (Mom ( % (G = V) Vo + Vo ) | = jwnom st (m = V) =0 (2.34
qu (no (kBT ¢ Pom + Vo )) Jwno kT ¢ (2.34)
We can simplify this equation in the electrolyte by noting that ¢, = Vief, so that
Véom = 0. Hence:

ZonQltmV - (nOngZm) - jwnOm% (ggm — ‘~/> =0 (2.35)

2.2.3 Boundary conditions

In order to define the boundary conditions we have first to calculate the AC current
density:

N,
— spP

T=Jp+S T (2.36)

m=1

where the displacement and conduction contributions are:

jD = —jweVV (2.37a)
= Z q ~ ~ ~
_ 72 2 m o

As for the boundary conditions, we use partitions of I' similar, but not necessarily equal,
to those defined in Sec. [2.1.2] The AC boundary conditions are:
V=vP on f‘,‘é
bm = OP on I'Y,
eVV-2=0 onT¥

Jm =0 onT%

(2.38)

where I' = T}, UTY, = ', UT'%.. Note also that I'}, includes ideally polarizable electrodes
in the electrolyte and floating electrodes in the semiconductor.

2.3 Electrolyte models

In this section we discuss a few physical effects and corrections to the basic electrolyte
model, aimed at improving the description of the analyte/sensor interaction.
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2.3.1 Electrolyte permittivity

At the high frequency of interest for this work (up to the GHz range) the dependency of
the water permittivity €, on the frequency becomes not negligible. An accurate model
of the dependency of ., on frequency and salt concentration useful for our purposes has
been derived in [48]. The resulting expression for . takes the form of the widely known
double time constant Debye model [48]:

(2.39)

£s — €1 51—5oo>

€l = €0 | €0 + - + -
! 0 ( 14 jwrea 1+ jwTes

where ¢y is the vacuum permittivity. The time constants 7.; and 7., reflect relaxation
processes of the water molecules. As discussed in [49|, the first relaxation 7.; comes
directly from a Debye relaxation, which is the dielectric relaxation response of an ideal,
noninteracting population of dipoles to an alternating external electric field. In contrast,
the existence of 7.5 has been so far justified only as an experimental fit [49).

Deviating from [48|, however, we have not included explicitly the term with the ionic
conductivity because it is already taken into account by the Nernst-Planck equations
(see also [50]). To account for the salt concentration in the electrolyte, the parameters
in Eq. are computed as a function of the so called practical salinity S and the
temperature 7. Thus, e, = £4(5,T,w). The practical salinity S is defined with respect
to a standard reference KCI solution. The concentration of KCI in the standard solution
can be calculated from its mass fraction w = 32.4356-1073 as nsyeng = wp/Mycr = 0.43508
M where My, = 0.001(39.0983 + 35.453) kg/mol is KCI molar mass and p = 1 kg/L
is water’s density. We can then calculate the DC conductivity of both the solution and
the reference KCl solution as o =) | Z2 ¢ mnom, and then calculate the ratio between
conductivity and standard conductivity at 15°C Kj5 = 0/0gang. The salinity is then
calculated using the expression S = f(K75) [51]:

1 3 5
S =0.008 — 0.1692K 2 + 25.3851 K35 + 14.0941 K& — 7.0261 K% + 2.7081 K 2

Fig. shows ¢, calculated with Eq. varying temperature, salt concentration and
frequency. We have used a KCl salt, where the mobilities have been taken from [52] (see
for instance Tab. [5.4).

2.3.2 Steric effects

The Poisson-Boltzmann equation (Eq. supposes the ions are point-like non-interacting
charges. When the ion concentrations become very large two so-called steric effects occur,
which are due to the finite ionic radius r;: 1) ; becomes comparable to the width of the
surface diffused layer and 2) the surface ion concentration is limited by r;. These steric
effects prevent the surface ion concentration to attain high values.

Two approaches are commonly used in the literature to describe these phenomena:
the first one introduces a thin dielectric layer at the interface (called Stern layer in the
classical model of the double layer) [36], while the second one modifies directly the Poisson-
Boltzmann equation [53|. In the following both approaches will be quantitatively eval-
uated and compared to each other. Since our calculations showed that surface carrier
concentrations are limited by steric effects only at the highest salt concentrations, just
the simplest of these approaches (i.e., the dielectric layer) will be used throughout the
remaining part of the thesis.
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Fig 2.2: Relative electrolyte permittivity calculated with Eq. either in DC (left) or at a
fixed temperature of 25°C (right) with a KCI salt.

2.3.2.1 Stern layer

We start considering the first approach to take into account steric effects, i.e. the intro-
duction of a thin dielectric compact layer of counterions next to charged interfaces with
electrolytes (Stern layer). Due to its nanoscale thickness and the high field therein, the
Stern layer has a difficult to define permittivity, which is not equal to the bulk electrolyte
permittivity. In fact, it is well known that the high electric field at the interface gives
rise to a preferential polarization of the water molecules, so that the local permittivity
is remarkably reduced [54]. There have been many attempts to describe this effect with
analyticals model, and Ref. [54] provides a comprehensive description of their physical
background. Among these, perhaps the most comprehensive is the original model, where
the relative permittivity is expressed as |54]:

e =’ nOwn5@2 +n? (coth(u) — 1/u)sinh(u)/u (2.40)

3 angBcosh (%) + no, 2L sinh(u)

where u = lf;—}E, v = %22“2, n is the refractive index of water, ng, = 55 mol/L at 300

K, ny = 2ng 4+ now, po the magnitude of the dipole moment of a single water molecule
in the electrolyte solution (eventually a fitting parameter) and E the magnitude of the
electric field. Eq. takes into account the orientation ordering of water molecules, the
excluded volume effect due to the finite size of the ions and the cavity field.

To investigate the importance of these preferential polarization effects, we have imple-
mented both a non self-consistent and a self-consistent solution of Eq. assuming
a piece-wise constant permittivity profile in the simulation domain. In particular, we
consider a simple case with only two regions (see the sketch in Fig. : the first one
is the thin dielectric compact layer on top of the electrode, the second one is the bulk
electrolyte. In this second region the dielectric constant is obviously equal to the bulk
electrolyte permittivity, while in the compact layer the permittivity is calculated using
the following procedure.

Firstly, since the compact layer is dielectric and the system is one dimensional with no fixed
charge accumulated, the potential in the layer is a linear function of position Vy = ax + (3,
where z is the direction perpendicular to the electrode: consequently the magnitude of the
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Fig 2.3: Sketch of the system (left) and effective relative permittivity of the surface compact
layer as a function of the electric field (right) for two different bulk ion concentrations calculated
solving self-consistently Eqs. [2:40H2.41] for the one-dimensional system sketched in the inset of
Fig. The electric field corresponds to applied voltages Vit from 1mV to 1V. The horizontal
lines show the salinity dependent bulk electrolyte permittivity calculated with the model of .
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Fig 2.4: Potential difference across the compact layer AV relative to the applied voltage
Viot, in the 1D structure sketched in the inset of Fig. 2.5] for different salt concentrations. The
permittivity in the compact layer can be constant and equal to the bulk electrolyte permittivity
or come either from a self-consistent or a non self-consistent solution of Eqs. @-@

electric field is constant £ = |a|. We then estimate the effective potential V. (referred
to coordinate z.s) which satisfies the condition:

1 1 [ 1
- =- dx (2.41)
cosh (quLfo) + g2 sinh(u) 70 cosh (%(;)) + g sinh(u)

where a is empirically set equal to the ionic radius. The average permittivity €, .¢s is then
calculated by using V.¢s and the constant field || from Eq. in Eq. instead of
Vo and E. With this approach we derive then an average permittivity inside the Stern
layer. Fig. [2.3] shows that the effect of the water molecule preferential ordering can lead
to a remarkable decrease of the permittivity in the compact layer with respect to the bulk
value, but only for very large field values.

To investigate the practical consequences of the decrease of the surface permittivity,
Fig. 2.4 shows the potential difference across the compact layer AVip, relative to the total
voltage drop applied between the electrode and the bulk V,, (see inset of Fig. com-
puted assuming either the constant bulk electrolyte permittivity or a piecewise constant
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permittivity. At high applied voltage most of the potential drops across the compact layer
(AVer/Vier tends to 1) regardless of the permittivity model. Direct comparison of the
solutions with constant permittivity (squares) to the ones calculated with Eqs. [2.40}{2.41]
(triangles) suggests that the value of €, s in the compact layer has a very limited effect
on AVep, especially at low salt concentration. Moreover, we observe that there is no
appreciable difference between the self-consistent solution and the non self-consistent one
where the corrected potential profile is a-priori given by a solution with a constant per-
mittivity equal to the bulk value. The reason resides in the fact that, as we have already
noted, at high applied voltage most of the potential drop occurs anyway in the compact
layer which has always a permittivity which is much smaller than the electrolyte. This
in turn means that the exact value of this permittivity does not change appreciably the
potential profile, and therefore the non-self consistent solution is adequate enough.

The adequacy of a non self-consistent solution in describing the potential profile near the
electrode suggests the possibility to first estimate the electric field profile from a first order
simulation with a compact layer of thickness equal to the ionic radius and with a constant
permittivity equal to that of the bulk electrolyte and then refine the results by calculating
a new solution where the compact layer permittivity is given by Eqs. [2.4042.41]

As a final remark, we note that the value of the permittivity calculated with this
method is in agreement with the standard value of capacitance per unit area of the com-
pact layer used in the literature of ~ 20 uF/cm? [55]. In particular, assuming a compact
layer thickness of 0.25 nm, the compact layer capacitance translates to a permittivity
Ereff = 5.660.

2.3.2.2 Modified Poisson-Boltzmann equation

We now move to the second approach to account for steric effects. Following [53|, we
have modified the equation for the DC equilibrium concentration (Eq. , resulting in a
Modified Poisson-Boltzmann (MPB) equation. Considering a symmetric Z:Z electrolyte
and assuming that the ions can be treated as hard spheres with radius a, the DC concen-
trations are given by [53]:

A _
ng” exp (qi—qa/li TVref)>
+ B
nE = . (2.42)
Z - Vre
1 — 2ni°a3 + 2ng°a3 cosh (M)
kT

As evident comparing the following results to those from previous section, the implemen-
tation of steric effects via a MPB for generic non-symmetric electrolytes causes significant
complications of the equation without appreciably increasing the accuracy of the calcula-
tions compared to the use of Stern layers.

A method to include steric effects in AC calculations is presented in [56|. However, since
the saturation of the carrier concentration at the interface implies the existence of a thin
surface layer where n,, = 0, which is easily mimicked in AC simulations by introducing
the Stern layer, steric effects have been neglected in AC calculations.

To investigate steric effects, we have used the full-custom PB and MPB simulator pre-
sented in [1] to determine reference solutions for the concentration and potential profiles
of a simple one-dimensional system where one ideally polarizable electrode is in contact
with the electrolyte and the opposite Faradaic electrode is located at a distance much
larger than the Debye length and acts as a fluid gate (see the sketch in Fig. . As dis-
cussed in the previous section, a thin dielectric layer on top of the electrode is introduced
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Fig 2.5: Ton concentration (top) and potential profiles (bottom) in a 1D structure consisting of
an electrolyte with an electrode on the bottom (y = 0) and a fluid gate on the top (see inset). The
solution of the Poisson-Boltzmann equation (using the TCAD) with and without an insulating
layer with the thickness of the typical Na®™ or C1~ ion radius (a = 0.25nm) is compared to the
numerical solution of Eq. Left plots: ng =5 mM, V,; = 100 mV; right plots ng = 500 mM,
Va=1V.

to mimic the Stern layer [57] when solving the PB equation. Since we have just shown
that the permittivity of the Stern layer does not have a strong impact on the solution, it
is initially taken equal to the bulk electrolyte permittivity.

Fig. compares the PB solution (triangles upward and rectangles) with Eq.
(triangles downward) in terms of ion concentration (top) and electrostatic potential (bot-
tom). Indeed it shows that the steric effects are very important at high ion concentrations
and high applied voltages (where %ﬂa?)nai > 1) and that the PB theory gives unphysical
results in this regime. However, we also see that the insertion of a dielectric “compact”
layer somewhat mimics the steric effects when the PB equation is used, avoiding exces-
sively large surface concentrations. The discrepancy between calculations with the PB
equation without compact layer and the other two models is especially large in close prox-
imity of the electrode. Since many impedance based biosensors operate by measuring the
capacitance between electrodes in a liquid, this aspect has to be taken in great consider-
ation in order to simulate correctly the current density at the electrodes, which gives the
capacitance. The adoption of corrective measures as the thin compact layer proposed in
this work improves appreciably the accuracy of the calculations. The plots on the left,
derived for a low concentration and a low voltage, demonstrate that in these conditions
the conventional PB theory is still appropriate without any dielectric layer and that the
insertion of the layer does not appreciably alter the solution.
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2.4 Summary

This chapter provides a general overview of the model equations to describe multi-ion
electrolyte, insulator and semiconductor materials in the DC and AC small regime. These
equations will be used extensively throughout this thesis as the starting point for the
derivation of a few analytical and numerical models.

In particular, in DC conditions (Sec. the models are:

e dielectrics: linear Poisson equation;
e clectrolyte: Poisson-Boltzmann equation;

e semiconductor: Poisson-Nernst-Planck (PNP, also known as Poisson-drift-diffusion)
equations.

In AC conditions (Sec. the models are:
e dielectrics: linear AC Poisson equation;

e clectrolyte and semiconductor: linearized Poisson-Nernst-Planck (also known as
Poisson-drift-diffusion) equations.

In both the DC and AC regimes we impose a combination of Neumann (zero outer flux)
and Dirichlet boundary conditions. The surfaces with Dirichlet boundary conditions are
called electrodes and can be of two types:

e ideally polarizable (or floating) electrodes, where there is no DC and/or AC current
flow;

e Faradaic (or Ohmic) electrodes, where a DC and/or AC current flow is possible.

For generality, we have let for instance ideally polarizable electrodes in DC to be Faradaic
in AC and viceversa.

We have also investigated a few physical mechanisms possibly responsible of local-
ized or global deviations of the electrolyte electrical properties from the relatively simple
behaviour described by the PNP model equations. Among these, the electrolyte permit-
tivity dependence on temperature, salt concentration and frequency (Sec. and the
so called steric effects (i.e., the compact layer of ions that forms at charged interfaces,
Sec. . Careful implementation of refined model equations allowed us to identify
the range of conditions where these effects become important and to conclude that, in
many instances relevant for biosensor simulation, a simple but effective way to correct
the simple PNP equations and to alleviate substantially the impact of model inaccuracy
is to introduce a thin dielectric layer on the interfaces with the electrolyte mimicking the
compact Stern layer. We have also shown that there is no need of employing a com-
plex electric-field dependent model for the Stern layer permittivity, which could be easily
estimated a priori.



Chapter 3

Analytical models for reference systems

In this chapter we derive a few analytical models which have been used to obtain reference
solutions for the validation of a preliminary 2D numerical simulator of nanoelectrode
sensors in cylindrical coordinates [1], and of the full 3D numerical solver ENBIOS [4].
Furthermore, these solutions provide useful physical insight on the phenomena involved
in the signal transduction chain of simple systems.

3.1 1D AC cartesian electrode-electrolyte system

We start considering the 1D system sketched in Fig. [3.1) where variations occur along the
cartesian direction x only. It is composed of one electrode at x = 0 and one at x = L,
where either both electrodes are ideally polarizable, (i.e., no DC current flows through
them) or just the rightmost electrode is Faradaic (i.e. it sustains a DC ionic current via
electrochemical surface reactions). An electrolyte, a dielectric layer (for example the Stern
layer as discussed in Sec. or a Self Assembled Monolayer, SAM) and a particle or
biomolecule can be optionally present between the electrodes. We typically assume that
the electrolyte is symmetric with two ion species (Ng, = 2) of unitary valence. Under
suitable approximations, realistic multi-ion electrolytes can be modelled with reasonable
accuracy as 1:1 electrolytes as discussed in Sec. .6.1] The SAM and the biomolecule are
modelled as ideal dielectric layers. Furthermore, we always assume that the electrodes
are both DC biased at the reference voltage V,.; = 0 V; therefore, no DC bias is applied
between them, which entails V) = 0 V and ng,, = n. everywhere in the domain. Depend-
ing upon the bias conditions and the AC signal, electrical double layers can form at the
interface. We will study this system in the AC small signal regime.

3.1.1 Electrolyte only

If the entire system is composed only of electrolyte, the Poisson-Nernst-Planck system of
equations (Egs. [2.3012.35)) can be written as:

;

Eel dQV ~ ~
—?W = Zlnl + Zgng
o 2V dny
Jwnyg = Z1C],u17101—dx2 + Dy 12 (3'1)
ey 2V N d27iy
Wy = Noy——
\J 2 2q 42Mp2 d22 2 072

31
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Electrolyte Electrolyte Electrolyte

layers

(a) (b)

Fig 3.1: Sketch of the cartesian 1D models with and without a dielectric region between the
electrodes. The red dielectric stands for a compact layer or a SAM. The green dielectric mimics
a biomolecule floating in the electrolyte.

where V, 72; and 71, represent the complex small signal AC potential and ion concentrations
respectively. Substituting the first equation into the others and isolating the term with
the second derivatives we get:

d*n Z3q* N\ . Z1Zy¢* .
D, dle = ( 81(1 H1M01 +]W> ni + 15 & H1M0172
. el el ) 3.2
D d2n2 B Z22q2 ‘ ~ 21Z2q2 _ ( )
2y T H2Mo2 + Jw | N2 + H2Mo27
x Eel el
We can define a 2 x 2 matrix B and cast the system of equations in the form:
d*n GRS ap as| |m
— =Bn = — | |= N 3.3
dx? " da? {TLJ |:b1 bz} {TLJ (3:3)
where:
( 1 Z12q2 N '
a1 = — T, w
1 D, \ =, Himor T
71 Z5q° 1
ag = —n
2 e, D H1To1 5.4)
Lz 1 |
1 e Dy H2To2
1 Z2 2 .
by = D, < 21 H2T002 +Jw)
\ 2 Eel

To solve Eq. we first need to decouple the two equations. To this end, we calculate
the eigenvalues A\; and Ay of B from the characteristic equation:

()\ — al)()\ — bg) — agbl = )\2 — (a1 + bg))\ + a1b2 — a2b1
A= (al + b2)2 — 4(11b2 + 4&2[)1 = (al — b2)2 + 4a2b1 (35)

a1+b2—|—\/z )\_al-i-bQ—\/Z (3.6)
B — 2= 0. .

M= 2 2
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The eigenvectors T; are obtained as:

1 1
BTZ = /\ZTZ - T, = {Alall ) Ty = |:)\2a1:| :

az az

The system is then diagonalized defining the matrices T, A, y:

1 1 A0 1~
T = | AMi—a1 do—ai | A == ! , Y = T 1l’l . (37)
a az O )\2
We get then:
d’n d*n d%y
— =Bn <«— —=TAT'a < —2=Ay. 3.8
dz? n da2 n A2 y (3.8)

The solution for y is now straigthforward:

4’y —\
dgz _. = acxp (—r1x) + dyexp (1)
d*ys Yo = o exp (—kox) + dg exp (kox)

W = )\2y2

where we have defined k? = \; and k3 = . The expressions for i are:

- 1 1 Y1+ Y2
n="T y = nffal /-cgfm |:y1:| = n%fal I{%*G&
o e | Y2 Y1+ Y2

az az az a2

which is expanded as:

Ny = c1exp (—k1x) + dy exp (k1) + ¢y exp (—kax) + dy exp (ko)

. Kl—a K2 —a
My = — a * (crexp (—k12) + dy exp (k1)) + a = (ca exp (—kax) + dy exp (ko))
2 2
(3.10)
Substitution of these expressions for 71; and 75 into Eq. yields:
Eel dQV
Y d = 71 |c1exp (—k1x) + dy exp (k12) + co exp (—kax) + do exp (Kox)]
kY —a
+ Z5 [ 1 - L (1 exp (k1) + dy exp (k1))
2
K3 —a
2 - L (caexp (—rox) 4 do exp (ko)) (3.11)
2
and eventually allows us to write the general form of the solution V(z) as:
el v 1 K’% — a4
—=V == Zi+ 2 (c1exp (—k1x) + dy exp (k1))
q k1 a2
1 K3 — ay
+ = 71+ Zy - (caexp (—kox) + dyexp (ko)) + iz + 1y (3.12)
2 2

We note that, in addition to exponentially decaying terms with two different decay lengths
1/ky and 1/ks, Eq. contains terms that are linear in . As we will see in Sec. [3.1.1.3]
these terms play an important role especially at high frequency.



34 3.1. 1D AC CARTESIAN ELECTRODE-ELECTROLYTE SYSTEM

Boundary conditions To calculate the integration constants ¢y, cs, di, do, I; and [y
we impose the boundary conditions .J;(0) = J5(0) = 0, Jy(L) = Jo(L) = 0 (where J,(z)
denotes the AC current of ion m at point z) corresponding to zero ionic current density
at the ideally polarizable electrodes and V(0) = Vg, V(L) = V. Remembering the small
signal ionic current expression (see Eq. written in terms of electric potential V and
concentrations n,,:

v
I = — 22 @ ttmNom— — ZmG Dy — 3.13
We can then write:
) .
dVv dn1
7 A IR ) Bdey
141101 dz lo 1 az lo
v divs
—Z el Y Mk
2q a2 dz o 2 az lo
dv diy
7 Al Y ) Ndey
1gpnor o e L (3.14)
dv dn
—Z2Q,u2no2d— - D2—2 =0
T L dz L
V(0) = Vg
\V(L) =Vr
where
dv 1 K2 —a
o= _6%1 L—l (Zl + Z, 1@2 1) (—crexp (—k1z) + dy exp (k1))
1 K3 —ay
+ — 7y + Zs - (—coexp (—kox) + do exp (kax)) + Iy (3.15)
2 2
Ji
% = K1 (—cpexp (—k1x) + dy exp (k1)) + Ko (—ca exp (—kox) + dyexp (kax))  (3.16)

d 2 —
P S

K2 — a

+ Ko (—co exp (—kox) + do exp (ko)) (3.17)

ag

Symmetrical electrolyte In order to reduce the complexity, we simplify the above
equations assuming that the electrolyte is 1:1 and symmetrical, that is, with equal ion
mobilities, and that, as usual, Einstein relation holds. This means Z; = —Z5 = 1,
D1 = Doy, 17 = g, ngy = no2. In this section we will always make use of these assumptions.
As a consequence the elements of the B matrix in Eq. are:

( 1 q2
a=—=|— +7
1 D (eelﬁmo JW)
21
ag = —E—elﬁlmo

blzag

b2:a1
\
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4

Denoting A = 4a3 = q—zﬁ;ﬂn%, we then obtain:
el
VA ki —ar |
/f%:a1+7:a1+|a2| a :(l_:_l 1 1
e 2 2 2 , T =
- \/Z_ mQ—a1:—|a2|:1 -1 1
Kg_al_T_al_Mﬂ az a2
The expressions for the solutions become:
~ q 2
V= e (c1exp (—r1x) + dy exp (k1x)) + 112 + I (3.18a)
el 1
Ny = ¢y exp (—k12) + dy exp (k12) + ca exp (—kax) + da exp (ko) (3.18Db)
ng = — (c1exp (—k1x) + dy exp (k1)) + (co exp (—kox) + dy exp (ko)) (3.18c)

Straightforward but lengthy calculations (see Sec. in the chapter appendix)
eventually lead to the conclusion that c; = dy = 0, so that the only eigenvalue left is
k = k1. The solutions are then expressed as:

) -
7 q 2 VT—VB —KT __ KT

V= - [/ﬁQﬁ—é—(ﬁ—l—d)a(e ae™) +hx+ 1y

N - Crr e (3.19)
T S R A

Ny = — Vo~ Vs (e7" — ael™) = —n

(7 B-0—(B+0)a -

with the parameters:

( 9 q q w
=9 - -
kBT€6an+jD
:e—nL
_ a4
_5611{2
L
0= (%}
amno . (3.20)
vdzqunoi——Dn‘
fel% a+1
Eel " =~
=4~y (V —V)
' gqunod e 5—15—(6+5)a
~ ~ o — Eel =~
b= (Ve = V) _Hy,
e\ P s —(B+0)a q "

\

The total current density can then be calculated knowing that:

Nions Nions

. dD = v .
J@) ===+ > = —jwea -+ > T (3.21)
m=1

m=1
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where:

- dv dnm

J?I = —an?Qumviom% = Zn D= (3.22)
% T B- IS/T _(5Vi d)a 521/2@ (7 +ae™) - <5%l% B ql/j7:0> (o 1)} (8.2
0= (sVT_?ﬁVi 5o (7 Fae”) 2
6212 = (‘S/T__(ﬂvi 5 (€7 + ae™®) . (3.25)

Note that, with this definition, the current is taken positive when flowing in the = direction,
that is from the left to the right electrode in Fig. 3.1 As expected since Egs. are
conservation equations, the currents at the electrodes are equal (jl = jg), so that at any
position = Eq. becomes:

- dv dV Vi — Vg

J(z) = —jweq—— — 2¢°uno—— + 2qDk

(7) Jweel q png Dk G e
AV

dx dx
_ 2 . iz - i% _ Dk
= T e {(2(1 [ing + jwee ) (6el - (7" + ae™) — (561 - q,tmo) (a+ 1))

—2qDk (e‘”’” + oze'””) ]

( —Hx+aenz)

_ Av —RKT KT 2 q 4 - 2

— (2¢°pno + jwee) (iz _ D ) (a + 1)}

Sl K U

where AV = Vi — V. We can easily see that:

4 2 1
(qz/moi— + jwseli— — 2qD/<;) = — (élcfunoi + 2jwq — 2qD/<92)
€el K Eel K K Ee

1 q
= — [ 44> — + 29wqg — 4 D—— —2qD 0
- ( q /mo6 + 2jwq q il e, ng q jD)

This means that:

~ AV . q 2 Dk
J(z) = — 2¢° g + jwea) | —= — +1
(=) B—0—(B+0)a (2" pma + e (€ez K qmm) @+ 1)
= ey D Ay (3.26)

A
B—06—(B+0)aqung v

This equation provides an explicit expression of the AC admittance per unit area 1., =
J / AV of a slab of electrolyte. We use the symbol y and not the usual Y for the admittance
in order to point out that, in this section, we are always referring to admittances per unit
area. Since the parameters’ definition (Eq. are rather obscure, we now first derive
an equivalent formulation of this model and then show some results obtained with it.
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3.1.1.1 Equivalent formulation

We derive an equivalent formulation of the former model, which is useful to get a physical
understanding of the phenomena. As a first step we make the substitution:

2¢°ung  2¢*Dny
=21 f. = = . 3.27
i Eel eekpT ( )
Since the electrolyte conductivity is o, = 2¢*ung, we immediately note that £ is the

electrolyte dielectric’s relaxation angular cut-off frequency o /e.;. Note that £, hence the
corresponding cut-off frequency f. = £/2m, is directly proportional to the salt concentra-
tion ng. It follows:

2 _SHJw_ EEVEHG e (3.28)
V2D\[€+ /2 +u?

As expected, the decay length 1/k at w = 0 is exactly the well-known Debye length [36]

)\D:
1 D EelkBT
P =0 €T 2 (3:29)

We can then write an alternative expression for x by calling 7 = ¢.;/0 the electrolyte’s
relaxation time:

2 I+ jwt
AD
Once again, lengthy but straightforward calculations (see Sec. [3.A.2) lead us to the

solution:

(3.30)

- (e —ae™) +jwk(l+a)z+E(l—a)  ~

V=Vs— AV 3.31

b 26 (1 — o) + jwkL (1 + «) (3:31a)
AV

ny = — 2 TRE _ qeh® 3.31b

M TN e T a) + jwkL (11 @) (e o) ( )

77L2 = —T~L1 (3310)

- Dg3 1 -

J = jwey Rlat]) AV . (3.31d)

26 (1 —a) + jwsL (1+ «)

Eqgs. [3.31] represent an exact analytical model of the response of the electrolyte to AC
small signal stimuli. In particular, Eq. is an exact alternative formulation of Eq.
.20l

We now rewrite the term o = pe’? using the cartesian representation:

—kL P :
a=e =t+——— (14 jtan(f
g (1 Jtan(®)
exp(_L f_ﬁ) 5
— 4 |1+ jtan | L J
o V2D\/€ + /&% + w?
1—tan | L

V2D\/E + /& + WP
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Fig 3.2: Frequency spectra of |a| at different salt concentrations for L = 100 nm, ion mobility
p = 3.24 x 10! m/Ns, temperature 7' = 298 K and electrolyte permittivity calculated via Eq.

3%

From this expression and its representation in Fig. |3.2] we immediately note that the
modulus of o = exp (—kL), that is |p|, is much smaller than 1 at all frequencies and in
practice very close to zero, both at high and low frequency, since the distance L is in

practical cases always much larger than the Debye length A\p = /D/¢ (see Fig. .
Assuming then a large domain compared to the Debye length Ap, i.e. L/Ap > 1, Eq.

simplifies to:

~ 9 _— ] .32
T ez (€ 4+ ) A (332

which provides a compact approximate expression of the bulk electrolyte admittance per
unit area y = J/AV. The expression assumes two non-Faradaic contacts and accounts
for two AC electrical double layers. Current density spectra calculated with Eq. [3.31d are
shown in Sec. [£.5.1] when discussing the validation of the numerical solver ENBIOS (in

particular Fig. [4.7)).

Results We now show some results obtained with the model of Eqgs. [3.31] The param-
eters are given in Tab. 3.1} if not differently specified. The relevant parameter to describe
the build-up of space charge regions at the electrodes and the screening is the real part
of k, which gives the attenuation of the AC concentrations in the electrolyte. We define
the real part of x as the inverse AC screening length and denote it with 1/Lg. Recalling

Eq. |3.30], its expression is:

1 1 1+ V1+w?r?

L= R (k) = " 5 (3.33)

Let us now go back to the more general case of a non-symmetric but still 1:1 electrolyte,
therefore letting p; # po. Since the mobility is the only parameter that changed from the
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Parameter Symbol | Value Units
System length L 200 [nm)]
Mobility of Na* | 4 3.242-10'! | [m/Ng|
Mobility of C1= | ps 4.937-10! | [m/Ns]
Temperature T 307.66 K]

Table 3.1: Parameters used in the calculations with the 1D analytical model.

10 g
1.5 mM |1
——150 mM | ]
102 v LS,npp
A Lg;
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Screening distance [nm]
=
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Fig 3.3: Characteristic screening length for a NaCl-water electrolyte, calculated using either Eq.
[3:33] or the exact expression Eq. for different salt concentrations. The electrolyte parameters
are reported in Tab. and the diffusion coefficients are calculated via the Einstein relation.

previous case, the Debye length remains unaffected. As seen at the beginning of Sec. [3.1]
there are now two characteristic parameters x; and ko:

l+jw(mn+m)E4/1—w?(n —72)2
Ky =Ap 2\/ (3.34)

where the + sign is used for k;, the — for ko, 71 = 1/A%5D; and 75 = 1/A4D,. Thus,
it is not possible to derive simple analytical expressions for the screening lengths as in
the simplified case. We note, however, that x; has a similar expression as « in Eq.

30, : : : - 1
but with an effective diffusivity 2/D.s; = 1/D; + 1/Dy and a small correction

factor 1 — \/ 1 —w?(n — 72)2. We can also observe that ko is almost purely imaginary

if the diffusion coefficients are similar. A simple, approximated, expression for the first
screening length (R (1/k1)) can be found introducing in Eq. the effective diffusivity
D.s¢ defined above. We denote this approximated screening length Lg,,, and the exact
ones Lgy = 1/R (K1), Lgo = 1/R (k2). Fig. shows Lg; and Lg» for an electrolyte made
of NaCl in water as a function of the frequency and for different salt molar concentrations
(as usual in electrochemistry).
It is interesting to note that Eq. approximates very accurately Lg;, and that Lg; is
always shorter than Lgo. This means that the limiting screening effect for detection is
governed by Lg;. If we now remember the definition of the electrolyte cut-off frequency
fe = €/2m = 1/2n7, then we note that Lg; decreases for f > f., meaning that the AC
double-layer thickness becomes infinitesimal.

Having understood that the electrolyte asymmetry is not so relevant, we then go back
to the case of a symmetric electrolyte. Fig. shows the AC concentration profile near
one of the electrodes of a system as in Fig. for a 10 mM electrolyte at two different



40 3.1. 1D AC CARTESIAN ELECTRODE-ELECTROLYTE SYSTEM

= 150 | 15 _
= ¥ A real part 21
N v imaginary part| |,
§ —1.6 MHz 10 an

=
QD. o
— 5 0
= =
5 5
or) 0 &
— —
o o
& " Lgs(50MHz) =

-100 | | | | -1
0 2 4 6 8 10 0

z [nm]

Fig 3.4: Real and imaginary part of the AC concentration of positive ions n; at 1.6 MHz (left
axis) and 50 MHz (right axis). The ion concentration is 10 mM and the mobility is 3.242 - 10!
m/Ns. R(n1) < 0 because the electrode AC potential is positive.

frequencies together with the corresponding values of Lg. The low frequency (1.6 MHz)
is in the range where Lg ~ Ap while the high frequency (50 MHz) is chosen to make wr
sufficiently greater than 1. We can then equivalently say that the low frequency is chosen
to be sufficiently lower than f. = 23 MHz and the high frequency to be sufficiently higher
than f,..

The screening parameter Lg plays for AC signals the same role as the static Debye length
in DC conditions. In fact, as the frequency increases, Lg becomes shorter and the small-
signal concentrations become smaller. Consequently, the AC electric double layer becomes
thinner and the AC field penetrates into the electrolyte. This means that for increasing
frequency the concentration variations become smaller and occupy a progressively thin-
ner surface layer, until they become negligible, while the AC potential exhibits a linear
dependence on the space due to the linear and constant terms in Eq. (see Fig. [3.5)).
This in turn means that the electrolyte screening effect becomes negligible, therefore not
limiting the detection sensitivity anymore.

3.1.1.2 Double layer admittance

In this section we derive lumped element circuit models for the admittance per unit area
between the electrodes ¥y, = J / AV, where J is calculated with Eq. , that assumes
L > Ap. Consistently with the 1D nature of the model, we will always use admittances,
1y, capacitances, ¢, and conductances, g, per unit area and denote them with lower case
letters.

Parallel model The total admittance between the two ideally polarizable electrodes
can be modelled by the parallel of the bulk electrolyte capacitance (cg = &./L) and the
series of the bulk electrolyte conductance (gg = &c¢/L) with the double layer admittances
at the two electrodes (yh,, Fig. [3.6] left) as:

9EYhL

——7== + jwc 3.3

Ytot =
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Fig 3.6: Sketch of the equivalent circuit models for the double layer admittance: parallel and
integral models (left), series model (right).

By assuming again L > \p, we derive from Eq.

kL —2 &

L f+jw £+ jw
Note that, as expected, the limit of y5, for w = 0 yields the well-know linearized double
layer capacitance |36] cpr = €/ Ap.

Ybr, = JWe ~ JWEek (3.36)

Series model Denoting now the high frequency admittance yg = gg + jwcg, an alter-
native model is composed by the series of yg and of the double layer admittance at the
two electrodes (y3,), Fig. [3.6}

1 2 1
=—+— (3.37)
Yot Ypr, Y

We then derive:
. + jw
yf)L = ngelﬁg 5‘7 (3.38)

Note that again, as expected, the limit of y3, for w = 0 is the double layer capacitance
CpL = Eel/AD-
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Fig 3.7: Double layer admittance spectra and corresponding generalized double layer capac-
itance cpr, = ypr/jw calculated according to the three models in Fig. and for a few salt
concentrations.

Integral model We also derive a third model of the double layer admittance (y5;)
calculated by direct integration of the AC charge. Since the system contains two sym-
metrical double layers, we compute the AC EDL charge per unit area at one electrode
dpr, integrating the mobile charge in the bottom half domain, using Eq. [3.31}

L/2 L/2
opL = / q(ny — ng)dx = 2q/ nydx
0 0

= _9 2 n K/Z A‘N/ /L/2 (efnx . Ozem) dr
B 26 (1 — )+ jwsl (1+a) Jy

~ g h—— AV 3.39
c m2§ + jwkL ( )
where we have assumed again L > Ap. The calculated admittance is then:
_dopr .
= —jw — = JWEgR————— 3.40
yr = —jw R T AWk (3.40)

Note that if we assume that the bulk electrolyte capacitance is in parallel with y;, as we
did for the parallel model, we get:

ERL + 26 + Jwk L ~ ek E+jw
(26 + jwsL)L Jece 26 + jwkL

Yr + jweg = jwee = Ytot

i.e., we find the admittance y;,;, as expected.

To find the double layer admittance we assume that y; is composed by the series of two
yh, and the bulk electrolyte conductance ggz. We obtain:

9Jeyr

—— = jweqk (3.41)

y/IDL =2

Once again the limit of y5,; for w = 0 is the double layer capacitance cpr,.

Fig. 3.7 compares the three different models for the double layer admittance and
capacitance cpy, with the equivalent circuits of Fig. [3.6] The models are all equivalent
to each other at low frequency, as expected, where cpy, increases considerably with salt
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Fig 3.8: Admittance spectra between the electrodes y:o: as a function of salt concentration with
L =100 nm.

concentration. In contrast, the models tend to diverge for f > f., where they provide a
negligible contribution to ;.

As a final remark, we note that the expressions [3.36] [3.38], [3.41] for yp;, are different from
each other, pointing out fact that the choice of equivalent circuits for the electrolyte region
is not unique. The existence of different models is consistent with the approximation
L > A\p, which entails that the exact behaviour of Yp; for w > £ is not so important
and leaves freedom for different choices. All the proposed models comprise at least one
element with anomalous (not rational) frequency dependence. For instance in the model
of Eq. |3.36| at high frequency the dependence of yp;, is on w%, while for Eq. it is on
w? and for Eq. on w3. This means that they cannot be represented by equivalent
circuits made of conventional linear resistors or capacitors.

3.1.1.3 Cut off frequencies

Having discussed the double layer admittance models, we can now come back to under-
stand the total admittance y; between the electrodes calculated using Eq. [3.31] The
ion mobility in this section is g = 3.24 x 10" m/Ns, which is representative of common
monovalent ions like Na®t, Kt and ClI~ . The results presented here are therefore
representative also of a real 1:1 electrolyte, as for instance KCI.

Fig. [3.8 shows the spectra of y,,; varying the salt concentration with L = 100 nm. We
immediately see that, despite the complicated dependencies on w in Eq. the curves
in Fig. seem fairly simple, all exhibiting two zeros (one in the origin) and one pole.

The identification of these critical frequencies is fairly simple. In fact, as evident from
Eq. the second zero frequency is just the dielectric relaxation’s cut-off frequency
fe=¢&/2m. The pole frequency f is, instead:

126 &Ap
= >~ 2= 42
fs 2rkl 7w L (3-42)

where we have used the fact that, since f; < f., kK =~ Ap. Note that we would have
arrived to the same result if we had used for instance the series model for the double layer
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Fig 3.9: Cut off frequencies calculated with Egs. (fc) and (fs) and ion mobility
p=3.24 x 10" m/Ns.

admittance in Fig. , approximating y7,; ~ cpr, = €¢/Ap and calculating:

LCDL/2+CE =

1 Cg
27 9gE 7 2 9

fs = (3.43)

This fact proves the usefulness and validity of the circuit models for the double layer
admittance developed above.

Fig. 3.9 shows the cut off frequencies f; and f. calculated with Eqs. [.273.42 We
immediately note the different dependence on salt concentration between f, and f.. Indeed
while f. o< ng, fs o /1o, but as we will see in the following (for instance in Sec. this
is a general property for f. but not for f,. In addition, we recognize that f, is geometry
dependent and it decreases if L increases.

Looking again at Fig. [3.8 we then easily see that for f < f; the double layer screening
is dominant and ;. is essentially given by the double layer capacitance cpy. This means
that anything that happens in the bulk electrolyte is not visible in this regime. The
admittance only reflects perturbations at the surface of the electrode. Increasing the
frequency in the range f; < f < f. we overcome the screening and begin to probe the
bulk electrolyte properties. However, we are still sensitive to the double layers and to
the electrolyte conductivity. As we will see in Chap. [5, we are also very sensitive to free
charges and in general to everything that can change the electrical properties of the space
between the electrodes. Finally, for f > f. the screening is completely overcome, the
electrical double layers disappear and we sense only the dielectric properties of the bulk
electrolyte.

3.1.1.4 Electric field

As predicted in Sec. [3.3.6] and demonstrated in Sec. [5.4] under suitable approximations
_ N2
the response of a nanoelectrode biosensor is proportional to <E0(x) / AV0> , Where x is

the position of the analyte, Eo(x) the unperturbed electric field in the absence of the
analyte and AV the applied potential at the electrodes. In fact, introduction of analytes
in the domain perturbs the electric field and the corresponding electrostatic energy spatial
density. We are thus interested in deriving an explicit expression of the electric field. From
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Eq. we get:
~ oV E(e™+ae™)+jw(l+a), -
By=—-2- = AV
0 or 26 (1 — ) + jwsL (14 «)

Therefore:

B\ _ ((emram rinl +a>)2ﬁ2
AV 26 (1 —a) + jwsL (1+ «)

Assuming again L/Ap > 1, so that o ~ 0, we can then safely make the approximation:

. 2 2
Eo(z) (e + e D) +jw )™,
- ~ , K
AV 26 4+ jwkL
where we have also substituted the expression for . Similar considerations as above lead
us to say that provided the point x we are looking at is far enough from the electrodes,

N N2
we can approximate (Eo(:c) / AVO) as:

&)

- Jw ? W2 w? ;o2
T\ 2 + jwkL O 4€2 — W2RK2L2 4 jAEwKL

T=0Q
w? &+ jw

E+ jw . N+ jw D
462 — 22 =" [2 | j4fw L
£ ) J4 2Di

W (€ + jw) (4—’ <4D§ —w?L? — 4w2\/ﬁL> — jwlL (—w2L + 4577\/ﬁ>>
2n 2n
£2 <4D§ — w22 — 4w2\/ﬁL> + w22 <—w2L + 4577\/ﬁ>
2n 2n

= —uw? !52 <4D§ - w’L? - 4w2\/3L> +w’L (—oﬂL + 4€n\/3>

2n 2n
4 D Dr(w?
— At | =Dg+ oL (w4 &)

9 2

/ !&2 <4D§ —w?L? - 4w2\FL> +w’L? (—wQL + 4£n\/3> ]

2n 2n

where the notation x = co reminds that this expression is valid far from the electrodes
and, for a compact expression, we have made the substitution:

=€+ VE +w? (3.44)

As we will demonstrate in Sec. the capacitive component of the biosensor response
to particles far enough from the electrodes is proportional to the factor:

~ 2 ~ 2
B Ey £ Ey
X(W)|pee == R (A_f/> +o8 <_Af/>

=00 =00

SDE? — WA L2 (€ 4 ) — 4»5\/% (2602 + 1 (€2 — w?))

2 2
& (4D§ — w22 — 4w? QL) + w22 (—wZL + 4én 2)
V 2 V 21

2

~

(3.45)
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where we have used the fact that the DC conductivity of the electrolyte is o, = e, We
note also that the Debye length is Ap = /D/¢, which means that \/D/n < Ap for every

w. In particular we then see that \/D/2n < L, so we can neglect terms in /D /27 in Eq.
[3.45 and obtain:

, 8DE — W2 (£ + w?)
£2 (D€ — w?L?)? + WS4

X(W)|pmoo = W

We attempt to identify optimum frequencies for maximum or minimum response from the
condition:

dx

- sappgt,, SDE =2 LAR — 3L
dw B

rmoo (€2 (4D€ — w2L2)? + WS L4)’

=0 (3.46)

which gives as solutions: w; = 0, wy = 00, and the non-trivial expression:

Wy = é (—52 +Ey/€ +24D%) —¢ % (—1 + 1+24AL—2§) . (3.47)

w3 is the solution that corresponds to the peak of the response. The corresponding value
of the peak is:

LY+ 2403 L\/(2403 & L2) + L2 (28>\2D 4 L/24N § L2)>

X(w3)]—oo = 8A2 L2 (272, + L2)

Recall that the existence of a peak in the factor y is derived assuming to be at a point x
distant from the electrodes.
We now note that, in the 1D system under study, at very high frequency:

~ 2
E, 1
AV L

independent of z, so that we attempt to generalize the expression for the frequency of
maximum response in a generic system with non uniform field distribution Ej:

~ 2
1 E

w=00

where Ej is the unperturbed AC field at the particle position. Eq. provides a com-
pact expression for the frequency of peak capacitive response (which corresponds to the
optimum signal), as will be illustrated in more detail in Sec. [5.4

3.1.2 Dielectric layer and electrolyte

Let us now consider the presence of an ideal charge-free dielectric layer of thickness a
(for instance a SAM or a compact layer) on the bottom electrode as shown in Fig. |3.1
Laplace’s equation holds in the dielectric:

d*V

da?

= (3.49)
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The solution therein takes the form:
V=Ffix+ fo (3.50)

The solution in the electrolyte is exactly the same obtained in Sec. 3.1.1] except that Vg
is replaced by V7, namely, the potential at the interface between dielectric and electrolyte.
We also suppose that the electrolyte lies in the region between a and L. We immediately
see that:

Vi— Vs

a

|2 Vr-V

€ |K2B—0—(B+0)
where the parameters are given by Eq. upon substitution of L with L — a.

To calculate V; we impose the continuity of the normal component of the electric induction
through the interface:

V= x4+ Vg x € [0, a]

(3.51)

<t

(e~ =0 — aer@=a)) 11y (z —a) + 2| x € [a, ]

av av
€s —| =€ea
dx “dy
a~ at
7T o | 2 ey 1
S 1 RV S = R
a Eel B—=06—(B+d)a | r g quno
where ¢, is the dielectric layer permittivity. Rearranging this equation we get:
- - 1 a D
VB + VT ot 2CL n
7 — p-0—(B+d)aes quno (3.52)
I a+1 € Dk '

B (B roae, “aume
The current is constant in each section, and we can easily calculate it in the dielectric
region:
Vi-Ve AV
_jwﬁ—é—(ﬁ—l—&ai o a
a+1 ca kgTk &4

(3.53)

where again AV = f/B — f/T. We immediately note that, as expected, the admittance ;.
is the series connection of the dielectric layer admittance (jwes/a) with the electrolyte
admittance y,; given by Eq. [3.32]
Fig. [3.10] shows the admittance y;,; with two different dielectric layers, either resemblant
of a Stern layer (a) or of a SAM (b). We see that qualitatively the curves are very similar
to the case with no dielectric layer (Fig. , but the first cut-off frequency f, does not
show a simple dependence on salt concentration as in Sec. [3.1.1.3] We will analyze this
aspect in more detail in the following.
The electric field in the electrolyte is given by:
E _ _ﬂ _ VT - ‘/I iz (e—n(m—a) + aen(m—a)) . a+1
dz B—0—(B+0)a |eak qum
Appendices[3.A.3)- report similar derivations for cases where the dielectric region
lies inside the electrolyte, which can represent the situation where a dielectric biomolecule
floats in the liquid, with or without the SAM or compact layer on top of the electrode.
These models, although simply 1D, constitute useful reference solutions to test the accu-
racy of numerical simulations and understand nanocapacitor response to biomolecules.

Va (354)
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Fig 3.10: Admittance spectra between the electrodes y;; as a function of salt concentration

with L —a = 100 nm and a dielectric layer on the left electrode either resemblent of a Stern layer
(a) or of a SAM (b).

Long system We now assume again that L —a > Ap, so that a ~ 0 and we can write
explicitly the system admittance per unit area y,,; from Eq. |[3.53}

£+ jw

ot X2 JWEEK -
Yoot =J : € (eqra + 2e5) + jwk (eqa + e5(L — a))

(3.55)

We immediately see that the second cut-off frequency is again f.. From the denominator
of this expression, instead, we calculate the first cut-off frequency f, in this case as:

£ = £ eqa+2e5/K
" 2meqa+ e (L —a)

(3.56)

From Fig. |3.10| we immediately see that in all cases f, < f., so that we can again write
k ~ 1/Ap and simplify the above expression as:

5 Eel@ + 253)\D
fs =

~ S 3.57
2w eqa + e5(L — a) ( )

As noted also in Fig. [3.10] it is now evident that, when the dielectric layer is very thin
and with high permittivity (for instance if it resembles a Stern layer) y,; in this case is
very similar to the one derived from Eq. and f, oc \/ng as in Sec. 3.1.1.3] On the
other hand, if the dielectric layer is thicker and with lower permittivity (for instance if
it resembles a SAM), the double layer admittance contribution almost vanishes, since it
is in series with the dielectric layer admittance, and f; o< ng. These observations are
confirmed in Fig. [3.11] which also shows that at low frequency and especially at high salt
concentration most of the potential drop occurs in the dielectric layer.

3.1.3 Small-signal / differential capacitance

A technique that is well established in the characterization of MOSFETs involves the
measurement of the differential capacitance at the gate as a function of the applied bias.
In this section, we will then investigate the differential capacitance in DC for the elec-
trode/electrolyte system and compare it to the small signal AC capacitance.
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Fig 3.11: Real and imaginary parts of the normalized potential profile 1%4 / AV near the electrode
with L = 100 nm, ¢ = 2.5 nm and &5 = 2.5¢g at three different frequencies, that is, below f, at
fs and above f.. Note the penetration of the field at high frequency and that at low frequency
most of the potential drop occurs in the dielectric layer.

We consider again the case made in Sec. m (Fig. [3.1)), where a dielectric layer lies on
top of the left electrode. The Gouy-Chapman theory for a Z:Z electrolyte predicts that
the DC potential between the dielectric surface and the bulk of the electrolyte can be
expressed as |36]:

2kpT o 41\ 4kpT Z e
Volz) = =2~ 1n aezi Tl atanh | tanh avi e b (3.58)
Zq ae*d —1 Zq 4]€BT

e —1 cakpT
where tanhu = pTaEE Ap = W;q? is the Debye length, V; is the potential at the

dielectric/electrolyte interface and:

ZqVr
e2kT + 1
o = —Za, - (359)

e2kpT — ]

Note that, differently from our previous calculations and Fig. [3.1] in the Gouy-Chapman
model the right most electrode is Faradaic and biased at the constant reference voltage
Vi = V,es; therefore, it does not have any double layer. An alternative expression for

2u 1
Vo(x) can be derived noting that tanhu = iﬁ' The potential profile across the
e u
dielectric is:
Vi =V,
Vo(z) = Vi + %x (3.60)
Therefore:
8kpTne . ZqV; .
AV _, 2B sinh (2 k:q ;) in the electrolyte
i el B i
dx Vi — Vg

in the dielectric
a
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The continuity of the dielectric displacement at the dielectric/electrolyte interface:

8kpTne . (ZqV]) Vi—Vs
—— —sinh

e %sT )~ 5 4 (3.61)

—Eel

provides us an expression that, if solved numerically, allows us to calculate V;. The ion

Z
concentrations are then easily found reminding that ngy = n* exp (;ﬁvo), which
B

yields:

z—a 2
o — 1
Moy = oo <&) (3.62a)

ozez*;Da +1
z—a 2
DYy 1 002
No— = Neo _Oéez,fa il = () (3.62b)
ae*p —1 No+

We can then calculate the static differential capacitance (per unit area) of the dielec-
tric/electrolyte system according to the Gouy-Chapman theory as [36]:

)

do a AD
= = | = ) 3.63
e Vo & " € cosh ZqVi 0

« 2%kpT
For the simple case V; = 0 we have:

Ao\ L

oo = <3 n —D> . (3.64)
Es Eel

Differential capacitance at low frequency In order to compare Eq. [3.63] with the
AC small-signal capacitance in the limit w — 0 we have to do some calculations first. We
calculate the capacitance per unit area (cac = Yot/ jw) at zero frequency from Eq.

kgT
and remininding that kK = 1/Ap, § =2 B~ and § = 0 we obtain:
qno
A\ _L-ay —1
1 a pl—e *p
cacl=0= G50 1w _ a (aﬁ €el1+e_LA;a> (3.65)
R + J—
a+1 Eel kBT/i Es

Since Eq. [3.63]is derived assuming that the reference electrode is at infinite distance, we
have to take the limit of c4¢ in Eq. for L — o0, i.e. ¢§,. We obtain:

C%OC<O) - LE+OO

m cac(0) = (3 + 2A—D) B (3.66)

To compare this expression with Eq. we remind that, since the potential difference
between the reference electrode and the counter electrode is zero in DC, only one double-
layer if formed on the SAM /electrolyte interface. On the contrary, in the AC case a double
layer on the top electrode is also present. Therefore, we define ¢, the AC admittance in
the case with no double layer on the top electrode, which is calculated as:

PP (I S B KA (3.67)
Ac H(0) s \e, ey )
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Eq. proves that ¢ = cpc(Vp = 0), that is, the small signal model for w — 0 is
perfectly equivalent to the DC differential theory at Vg = 0, as expected.

Fig. shows the simulated AC small signal capacitance at low frequency, the sim-

ulated DC differential capacitance and the DC differential capacitance according to the
Gouy-Chapman theory (Eq. as a function of the applied DC voltage and of the
ion concentration. A thin dielectric Stern layer, with thickness 0.25 nm and permittivity
equal to the bulk electrolyte permittivity (e, ~ 80g¢) is attached to the left electrode.
The Gouy-Chapman theory (dashed lines) is very well reproduced by the DC numerical
simulations (triangles up). The capacitance increases for increasing bias because the ex-
cess charge piles up in a progressively thinner layer at the interface as demonstrated in
Fig. 3.12] As expected the small signal and the DC differential capacitances match very
closely in all regimes, except for the case at low salt concentration and large DC bias,
likely due to small residual numerical errors or meshing problems. It has to be emphasized
in fact that, however simple it may appear, the result in Fig. [3.12]is definitely non trivial,
given the huge variation of concentrations over such a wide bias range.
As a matter of fact, it was by meas of curves and comparisons such as those in Fig. [3.12
that we became aware of subtle issues (and sometimes implementation errors) in the ac-
curate calculation of small signal currents in finite difference and finite element models.
More details at this regard are given in Sec. [£.2.1.3] This proves once more, if at all
necessary, the importance of exact analytical reference models.
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Fig 3.12: Comparison between simulations (solid lines) of the DC differential capacitance (tri-
angles up) and the AC small-signal capacitance at very low frequency (triangles down, calculated
using the transformation and the Gouy-Chapman model of the DC differential capacitance
(dashed lines) for a system as the one in Fig. 3.1

Two compact layers Let us consider also the case where a SAM and two compact
layers (one per electrode, both having dielectric constant ¢y ) are present (Fig. [3.13).
This is obviously the case when the top electrode is not Faradaic. The electrostatic
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potential in the dielectrics is then given by:

(V. -V,
P4V ze(0,z
P
Vig — Vs
Vo= 224V, z€xeTas]
LelB — T
Ve =V
uz—l—VIT 2 € [ar, L]
kL_zcE

The electric field in the electrolyte is:

8kpTn. . Zq\Vo — Ve .
vy —/ BS—ezn sinh <%) bottom region of the electrolyte

de S8kTno sinh (Zq(Vo — Vier)

ST ) top region of the electrolyte

Eel

since in the bottom region Vy — V,.y > 0, while in the top region Vj — V.. < 0. The
continuity of the dielectric displacement yields:

(V.- Vg Vip — Vs
Es EalTe) A—
T TelB — Ts

- Vie — Vs - 8kpTne . L Zq(Vig = Viey)

———————— = —€gy/ ——sIn
cr TelB — Ts : Eel 2k‘BT'

R 8kpTnoo sinh ZQ(VIT - Vref) R Vr —Vir

e — | == -

Y e 2% T L= tar

Using the first of these three equations and enforcing the symmetry of the electrolyte
double layers (that is, V,..; = (Vig + Vir) /2) we obtain:

Vs — Vg 8kpTns . (ZQ(VIB — VIT))
< = —g 4| —=sinh | ————=
T el 4kgT (3.68)
. 8kpT Moo <inh Zq(Vig — Vir) - Vi —Vir '
! Eul AkpT Sl
Vs
Vs
Vi
‘/T‘Gf
. 2
Vr R
0 Ts TelB el L

Fig 3.13: Sketch of the electric potential across a dielectric/electrolyte system with compact
layers at the bottom and top interfaces and SAM at the bottom interface.
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The SAM surface potential is given by:

From the system of equations we also get:

Ts \ €5 L —xyr TelB — Ts

= (Vr—Vgp)= _ ((L —xar) (Vi — VB) — €€CL rs (Vr — VIT))

LelB — Ts s

TaB — Ts) €s + TsECL
(L - xcﬂ’) Es

= Vip=Ve+(Vr— Vi) ( (3.69)

Substituting this expression for Vjz into the second equation in Eq. we solve for Vi
to obtain:

8kpTns . ZqVie—=Vmr)\ _ Vor—=Vpr
—Eel E—Z sinh T = €CLL——{L'LT

Alternatively, we can derive a second formulation by writing:

(L — :Ecg“) Es
(chB - xs) €s T TsECL

Vir = Veer + (Ver — Vi)

and solve for Vg the equation:

c Vip — Vi R [8kBT N sinh Zq(Vie — Vir)
— = —&, ——— SIn - 7
ot TelB — Ts : Eel 4]{:BYNI
This second formulation is useful when there is no compact layer at the top (e.g., because

the contact to the fluid gate is assumed perfectly Faradaic), so that Vir = V. Eq.
then becomes:

- Vip—Vs . 8kpTnoo sinh ZqVis — Vr)
CLJ:clB — T B “ Eel 4kBT
Vo s (T — 25) VB + 012 Vi

£s (Tap — xs) + ecn®s

3.1.3.1 System energy

In this section we will calculate the energy in the system. Such a calculation can be useful
to estimate at which distance from the electrode the biomolecule would preferentially be.
A more sophisticated analysis for the case of nanowire FET biosensors is reported in [58].
In the following we assume again that a particle is placed inside the system. An important
information in this case will then be if it exists a preferential position for the particle,
stemming from energetic considerations. It is thus useful at this stage to calculate the
total energy U in the system. The general expression for the energy given V' and n,, is

[59):
-

Q

dQ (3.70)

N; N;
mons nm 1 ons
kT n; N log e +3 <P0f + mz:l qunm> Vv
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where €2 is the domain. The Poisson-Boltzmann equation (Eq. holds in DC regime,
so that for V,.; = 0 the energy is given by:

N’LOTLS Nlons
. Nom 1
Uy = / kgT mE:1 Nom 10g = + 3 (POf + mE:1 qun()m) Vo

Nions 1
— / > nom [kBTlog— 2quvg} dz
m=1

dzr

om

Nions

:_/Z

m=1

Zm
—qV0> Yo 4z (3.71)

Zmqngn, €XP (— T 5

In the small-signal AC case with no DC bias applied and V,.y = 0 the V' and n,, to use

in Eq. are:

V=R <‘~/ exp(jwt)) , My = 14 mq?R ((qu — > exp(ywt))
kgT
Because of the small signal approximation we can write that:
log n% ~ mq% ((qgm — V) exp(jwt)) i

Substitution in Eq. [3.70] yields:

/ Z om l’fBT 10g— + 2quv} 7
/ Z Znom [1 T ksT kBT (((bm - V) em)} { <<¢m - ) J“t) +1x <V wt)} 47

We now use the fact that we have a symmetric 1:1 electrolyte, so ¢; = ¢ = ¢ and:

ions

3 2w 1 (G- 7)) + 1 ()]

= gnoR K&

/Z kz; noR (- V) )% K¢ - %V> ejwt] di
i fel- e[ )ee om

Egs. are in principle useful to estimate which is the position that a biomolecule
would preferentially occupy under given DC and AC excitation. Since we always work
in the AC small signal regime, in the following we concentrate on the DC energy Uy,
assuming that it gives the dominant effect. Fig. shows the energy in a 1D cartesian
system without SAM, varying the distance between the particle and the electrode for
two salt concentrations. We immediately note that there is a minimum of the energy,
indicating that, in absence of other forces (for instance, chemical adhesion forces) and
of Brownian motion, the particle would preferentially lie at a certain distance from the
electrode, which is a fraction of the Debye length (10 nm at 1 mM, 3 nm at 10 mM).

l\DI»—t

V)] 2k 2 =0

This means that:
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Fig 3.14: Plots of the DC energy (Eq. in a 1D cartesian system without SAM, varying
the distance between the particle and the electrode. The dashed horizontal lines represent the
value of the energy when the particle is very far from the electrodes. The particle has thickness
4.5 pm, can be either dielectric with relative permittivity 2.3 or conductive and does not have a
surface charge. The DC potential at the electrode is 100 mV.

3.2 1D AC cartesian electrode-electrolyte with DC bias

Until now we have assumed zero DC bias between the top and bottom electrodes. In the
following we attempt to derive an analytical model which extends previous calculations
by considering the possible presence of a DC bias. All the other assumptions remain the
same.

As will be apparent in the following, this effort has unfortunately remained incomplete
due to insurmountable technical difficulties, which prevented us to obtain a reference
analytical solution for this important case. Fortunately, we will see in Chaps. [f - [0]
that the simple model derived in Sec. is adequate to interpret the results of our case
studies, despite the fact that in some conditions a small DC bias is applied to the system

electrodes.
To develop the calculation, we now use the Poisson-Nernst-Planck formulation with

quasi-potentials. The equations are:

d*V 7% ~ . ~ -
7+ (o (90 = 7) e (6--V)) =0
d do. , Zq (- -~
2L (200} g, 22 (5, 7) =0
qp dr <n0+ do ) JWo+ kT o
d do_ , Zq [~ -
Zap— | no- 222 ) — jwne. 2L ( - V) ~0
qu dr (no dr ) JWno lenT 0
where the suffix + and — refer to the two symmetric ionic species. We can rewrite these

equations as:
B2V 72 ¢ - - nc2>o ~ ~
%ﬁ*g?@%@f”)a;@fyﬁ—

d dos \ . Zq [~ o\
ZQM% <n0+%> - ]wnOJrkB_T <¢+ - V> =0
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n? d(b n: Zq /- ~
" d:r; <n0+ dx ) jwn0+ kT ¢ v 0

Tr—a M 2
where ngy = neo [(oc e p — 1) / (a e’p + 1>} . We rewrite the system in compact form
as:

o+ D (o) (5~ 7) 5 (5 - 7)) = (3.730)
2 (5(@%) —r28(x) (64 = V) =0 (3.73b)
% (ﬁ%) - ,{gﬁ (6--V) =0 (3.73¢)

1 2 0022 2 z—a z—a 2
where k% = /\2 = Zk—B;], K2 —]% —]B and 0(x) = [(aekD - 1) / (oze*D +1>} :
A possible way of solving this system of equations is reported in Sec.[3.A.5 A different

solution method, which could give results easier to analyze, is to expand the unknown
functions into spatial harmonics of the form @ = [ @, exp (k) dx where @ € [‘7, <5+, gg,}

and we used the notation , for the unknown function @ in the x-space (which is then a
function of xk and not z). We can then rewrite Eqgs. [3.73| as:

27, + 2 (5@) (dus—T) + ﬁ (6 VH)) _ (3.74a)
’QQQZ;H,—F + /’”7( )¢n+ (éri + ~n> =0 (3'74b)
%G — rn(2) b = K (G — V) =0 (3.74c)

where we have now defined:

n(x) = _1 dé(z) _ 4o €rp
o(z) dx Ap <a e’ +1 (ae% — 1>

- 2 1 K2 K2
Vv 2 hFp - D D
az s A 2 (5<“’) 5@ y @) 25 (2)
N q5+ ’ K2 k*+ kn(x) — K2 0
- K2 0 kK? — kn(r) — K2

Non-zero solutions of this system exist for det(A) = 0, so that we get the characteristic
equation:

2 2
2 ) A0+ 5D (1462) (2 + 02 "2 (52—1)p
K |k —<2/<; +<5+5>+n2)/§3+ 2 ; K+ —2 5 =0

This equation has in general 6 solutions which we denote «;, [ € [1,..,6]. The only one
that can be easily calculated is k1 = 0. In general, all the other solutions are functions of
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x, i.e. K = Ki(x). Because the admissible values for k are only 6 at each z, the spatial
harmonics have to be defined as:

U= Z w exp (ky(x)x)

where we have simplified the notation defining i, £ ty,. To find the constants u; we can

first make use of Eqgs. - and write:

K2 -

¢l,+ = _/{12 + Ky — Hi‘/l (375)
~ /412 ~
- =———"5V (3.76)

2
Kj — Kin — K§,

The boundary conditions:

1% 1%
do| [V w.| [V
dr =10 and dx =10
do_ 0 o 0
dx o dr g

provide us the equations to close the system and to find the constants u;. More explicitly,
if we assume the constants V; to be independent of z, we have:

dgz;'i’ _ d : 7 ri(z)z | _ : dqglr‘r KT 7 d"il KT
dr  dz <;¢l’+e B ; dx R dxx ¢

i /ﬁ%Vl 1 (k1 + 1) dr; n dn N dr; .
- K — 4Rk | —|(mi+——2) e
— K+ K — K2\ K? + Kin — K2 LT Vi L

dgz;_ 6 Iii‘/l 1 dry dn dr; -
%_;/ﬁ%—mm—fﬁ K} — K — K2 (m_n)E—Hl@ B HH_EQE ‘

3.3 AC spherical electrode-electrolyte system

1D cartesian models are extremely useful to understand the fundamentals of high fre-
quency sensor response. In particular, they allowed us to clarify the behaviour of AC
double layers and to identify the existence of two cut-off frequencies relevant to sensor
operation.

However, analytes have complex three dimensional shapes that are difficult to grasp in
cartesian coordinates. In this section we develop equations in spherical coordinates which



28 3.3. AC SPHERICAL ELECTRODE-ELECTROLYTE SYSTEM

describe the model systems depicted in Fig. [3.15] Such systems provide rough approxima-
tions to the capacitive nanoelectrode biosensor for the detection of spherical biomolecules,
which is the main objective of this dissertation. As we will see and discuss in more detail
in Chap. [ spherical particles are a good approximation of a wide range of biologically-
relevant entities, such as cells, viruses and globular proteins. We will also show that the
inclusion of surface charges on the particle provides only quantitative but not qualitative
deviations to the predictions of simple analytical models (see for instance Sec. .

In particular, the first system we consider (Fig. [3.15a) is meant to mimic detection in a
constant electric field, therefore the approximation is more suited to the case when the
biomolecules are much smaller than the electrodes. This is the most relevant case in a
biosensor and, as we will see, this model represents a situation which is closer to the
nanoelectrode array. For all these reasons we will consider this model first and denote it
as 1st order model.

On the other hand, the second system (Fig. ) mimics more accurately the detection
of very large particles. Due to the approximations of the model, however, the results ob-
tained in this case are of less general applicability. We will denote it as Oth order model.
At the end of this section we show and compare results obtained with the different models
developed hereby.

We start again with a symmetrical 1:1 electrolyte, no DC bias and ideally polarizable
electrodes (as in Sec. , and solve the equations in spherical coordinates, with different
assumptions on the excitation in order to derive both a 1D in the radial coordinate and a
2D in radial and angular coordinates model. The model equations are (see also Egs. |3.1)):

Eel

V2V = Ziii + Zohis
q ~
jwﬁl = Zlqle?’LoleV + D1v2fb1 (377>
Jwity = Zoquanea V2V + DyV2y
Following the same procedure of Sec. we can substitute the first equation in the other
ones to obtain:

’V2‘7 - —i (Zlfbl ‘I‘ ZQTNLQ)

el

- q - - .o~
D1V2n1 = Zlq,ulnmg— (Zlnl + ZQTLQ) + Jwny

el

- q - - .o~
D2V2Tl2 = quugnogg— (Zml -+ Z2n2) -+ Jwna

\ el

We decouple the equations, as previously in Sec. [3.1.1}
9 a, + bQ + \/((11 — b2)2 + 4a2b1

V3, = K3vy Ky = 5
VQUQ —_ R%UQ ’ 2 ay + by — \/(al — b2)2 + 4aqsbq
2 2
where:
( 2 2 -
a; = = (Zlq H1no1 —|—jw) R
D, Eel D,
ag = Z1Z2q2 iM17”L01 = @
€a D1 D,
by = Z1Z2q2 i,u2n02 = gﬂ
Eel QDg DQ
by = =~ (ZQQ H2Mo2 —|—jw) SR
D2 el D2
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(a) 1lst order (b) Oth order
Fig 3.15: Sketches of the 1st and Oth order spherical models. In the 1st order model the
approximation of two plane parallel electrodes at R >> ), is highlighted.

If we assume a symmetric electrolyte with 7y, = —Zs =1, D1 = Dy = D, 3y = po = p,
Nop1r = Nog2 =— Ng We find:

(0r — &1+ Jw
1= .
D ) £+ jw
a:—é K =ay + |ag| = D
2 D e ) ]w
b1 = as /{2:a1_|a2|:5
\b2 = ag
with the usual definition where & = 2¢*ung/cq = 0e/cq is the electrolyte’s dielectric

relaxation cut-off frequency.
Alternatively, and consistently with Eqs. [2.30H2.35] we can start from Eqgs. [3.77]in the
potential and quasi-potentials and, using the same parameters as before, we obtain:

(277 = - (f)_ (6-7) +§—22 (qsg_v))
V3 = % (<Z>1 —~ f/) (3.78)
\V2€52 = %Z <¢~>2 - V)

We can then write the system as:

SRS Y
i i 1% D, .wD2 .81 Dyl v
VO=BU «— WV|a|l=| -Z 2 o ||a& (3.79)
- '.Dl ‘l)1 ) .
¢2 _]w 0 Jw ¢2
D, Dy |

As in Sec. 3.1} in order to diagonalize this equation we have to find the transformation T,
which is the matrix of the eigenvectors, such that U = Tv, where v are the diagonalized
unknown functions. The eigenvalues x? are the solution of the characteristic equation:

51 52 Jw Jw
(5 5) (=5 (= 5)
&1\ Jw Jw & Jw\ Jw
) 5) - (5) (= 5)m=0 6w
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For the symmetric electrolyte this yields:

2:§+jw

Jw
K1 o 2 _J7

Ry = K3 =0 (3.81)

or, being 7 = 1/ the electrolyte relaxation time and A\p the Debye length:

1+ jwt JjwTt
K] = SO Ky = VR K3 =0 (3.82)
D D
with the eigenvectors T;:
-L 0 I
BT, =T, — T, = {“’ CTo=|—-1|,Ty= |1
1 1 1

The system is then diagonalized by defining the matrices:

T K20 0
T=|{ | | A=|0 & 0]. (3.83)
1 11 0 0 k2

We finally have to solve the decoupled equations:
V20, = ki) (3.84)

where the v; are the components of vector v.
This second formulation is more convenient for the solution of the system of equations,
so we will use it throughout this section.

3.3.1 1st order model - electrolyte only

Assuming no variation along the angular component ¢ (the planar one, see Fig. [3.15p),
we have:

VQ—ig TQQ +;g Sineg —a_2+22+i6_2+#2
Cr20r or r2sin 6 00 00)  or2  ror 12002 r2tanf0f’

Eq. takes the form:

19 rz% + B siHG% = KV

r20r \ or) " r2sinf 00 o0)
where the x; (I = 1..3) come from Eq. [3.81] Using the separation of variables v;(r,0) =
Ry(r)©;(0), dividing by R;©; and multiplying by 7? we obtain:

LR, OR,

" or? + or
0%0, 1 006, )

902 ' tand 00
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where a; is an integration parameter. The solution is given in terms of spherical Bessel
functions (j,,, v,,) and Legendre polynomials (P,, @) of order n:

Re=ay ) p(CImm) H A ) p(—am)
O, = 61P<_1+\/m)/2(cos 0) + sz(_H\/m)/Z(cos 0)

where ¢, dj, e, and f; are integration constants. We assume in the following that the
angular part is given by ©; = cos #, which means that o} = 2 and f; = 0. This is the lowest
order choice which gives a non-trivial solution. In particular, the potential distribution
around r = 0 resembles the one due to two infinite parallel conducting plates. Thus, we
have:

u = (qy_y(—jrr) + dj_y(—jrir)) cosd

11 .
<cl exp (Kr) (Kﬂ“ ’*127"2) +diexp (—rir) (fﬂiﬂ“ * /1127“2)) o

where ¢, = (j¢, — d})/2, d; = (jc, + d})/2 and we substituted the explicit expression of
v_o(—jryr) and j_,(—jryr). Since r = 0 is part of the domain of interest, we have to set
d; = 0 or equivalently ¢; = d; for a non-diverging solution. In the end:

1 1 1 1
Y= ¢y _o(—jrr) cosf = ¢ (exp (kyr) (— — > + exp (—K;r) (— + )) cos 0

K K2 KT KT

Note that for k3 = 0:
ifi il d
Y3 = (c;),r?(j_m) + d3r5(7+m)> cosf = (037“ + —;’) cos @
r

Since r = 0 is part of the domain of interest, we deduce ds = 0. As in the 1D cartesian
model (Sec. , the eigenvalue k3 corresponds to the solution of the linear Laplace
equation, as would be the case if the system was made of a dielectric instead of the
electrolyte. This represents a long-range solution in the absence of electrical double layers
or, equivalently, the solution in the high frequency limit.

Using Eq. [3.83] we can then write the solution as:

V(r,0) = (_j%dl V_o(—jrir) + 037“) cos (3.85a)
b1 (r,0) = (c’l V_o(—jr1r) — cyy_o(—Jjrar) + 037“) cos 6 (3.85Dh)
G2(1,0) = (¢ y_o(—jrir) + cyy_o(—jkar) + car) cos O (3.85¢)

Boundary conditions We assume Neumann boundary conditions on the current on
the entire border, because of the ideally polarizable electrodes, and to have a Dirichlet
boundary condition on the voltage V (R, ) = V; cos @ where R is the radius of the domain.
Considering Fig. [3.15|again, it is clear that such boundary condition mimics for r < R the
presence of two equipotential plates above and below the spherical domain. Remembering
the ionic current expression [2.37b}

jm = —anqzumnOngZ;m (3.86)
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we can then write:

—qu2u1n01V<51
—quz,uznozv@

R R R0
V(R,0) = Vycosb

0
R0
=0 - (3.87)

The calculations of the integration constants are reported in Sec. in the chapter
appendix. Since the constant ¢}, vanishes, we define K = k;. So in the end we obtain:

Vi(r,6) = <i—§c’1 y_o(—Jjrr) + 037’) cos 6 (3.88a)
b1 (r,0) = <§c’1 y_o(—jkr) + c3r> cos @ (3.88b)
ba(r,0) = (;C; V_o(—JgkKr) + c3r> cosf = ¢y (3.88c)

which can be alternatively put in the form:

V(r,0) = (—jw <exp (k) </€1r - ,;ﬂ> + exp (—kr) (:T + ;~;217~2>> + C3r> cosf| (3.89a)
G1(r,0) = <c1 <exp (kr) (1 - ) + exp (—rr) (1 - )) +C3r> cosd | (3.89b)

Kr K22 Kr  Kk2r2

Ga(r,0) = d1 (3.89¢)

The potential profiles computed according to Eq. are reported in Fig. [3.16], We
immediately see that the potential profiles are very similar to the ones reported in Fig.
for the cartesian system and that a linear term in r independent of s exists also in
this case.

The electric field is:

= =~ 2 0 — 2 0o -
E(r,0) = —VV = - (_fc yp(=jnr) ) cos 07 + ( 2, i ) sinf
w

w or r
26 —2krcosh(kr) + (2 + k?r?) sinh(kr)
- (jw K273
26 krcosh(kr) — sinh(kr)
(e

— 03> cos 07

— 03> sind o

whereas current density is given by:

Nions

j = ngelE - Z ZrznqzlumnOmvém . (390)
m=1



CHAPTER 3. ANALYTICAL MODELS FOR REFERENCE SYSTEMS 63
1 I I T T % — 05 T T T T
— 09 —n,=1mM, T<<f - -‘23045 ——ng=1mM, f<<f, Lo
E 091 no=tmM =1, . 89PN n=1mm i1 0N
% O.8—____n0=1 mM,f>fc //’ % 0.4 H ____n0=1 mM,f>fC /// "'
g 0_7__n0=100 mM,f<<fS //' , :-E_ 0_35__n0=100 mM, f<<f N n
£ 06 ~ - n,=100mM, f=f_ L I S 03 - ny=100 mM, f=f_ Lz N A
S "°M--n,=100mm, f>f | - N g U[]--np=100mM,f>1 | .7 AN
S 05 e ‘ % 2025 . v
3 % 5 + \
o 04} /,/ I S 02F //,,/ LA
8 o3} o .2t £ o1t L7 .
b ’ -z 2
g 0.2+ e _z?%" ﬁ 0.1 .7 ‘\—c
5 el ’¢¢ - © ’ \
2 01 7 .= € 005 .7 -
V. [} 4 [
olez” 1 1 | z okZ | 1 1 1
0 20 40 60 80 100 20 40 60 80 100
r [nm] r [nm]

(a) real part (b) imaginary part

Fig 3.16: Real and imaginary parts of the normalized potential profile ‘7/ Vo computed by
means of Eq. along r with § = 0 and R = 100 nm at three different frequencies, that is,
below fs, at fs and above f.. Note the penetration of the field at high frequency. The potential
profiles are very similar to the ones in Fig. @

Because of the boundary conditions, we know that the ionic current density on the border
is zero; therefore, the contact current is given only by displacement current:

- = = 2m /2 =
[:—/J(R,G)- der:—jweel/E-der:—jweel/ d¢/ dOE(R,0) -7 R*sinf
0 0

26 -2 h 2 + k2R?) sinh /2
= 21 R*jwey ,—gcl rltcosh(rft) + (2 + £°F7) sinh(k ) —C3 / cos 6 sin 6 do
Jjw K2R3 0
2§  —2rRcosh(kR) + (2 + k*R?)sinh(kR)

—TR*jwey <j_wcl EYE - 03)
—2kRcosh(kR) + (2 + k*R?) sinh(kR -
' (kR) + ( )22(. ) (€ + jw) Vi

kR(§ — 2jw) cosh(kR) + (=& + (2 + k2R?) jw) sinh(kR)

= TRjwey

where dS,. denotes the surface element in direction 7 and we have integrated on the half
bottom sphere to have the current on one contact. Note also that we added a — sign,
which is necessary to have an inner orientation for the current on the electrode. This
expression can be rewritten in terms of exponential functions by multiplying numerator
and denominator by exp(—pg) where py = KR:

- —2po (1 +exp(—2p0)) + (2 + p§) (1 — exp(—2p0))

I'=mhjwea po(§ — 2jw) (1 4 exp(—2pp)) + (—5 + (2 + pg) jw) (1 —exp(—2pp)) (€+jw) Vo

(3.91)

The current [ will be shown in Sec. m Eq. 3.91| provides an explicit expression for the
admittance Y = I /Vj of the system.

Case |kR| > 1 Since, as usual, the screening length 1/x is typically much thinner than
the typical dimension of the system, we can approximate Eq. for |kR| = |po| > 1,
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and then write:
Po ~

)~ —2w exp(—po)—f T pojwvo

Jw £o -

C 2——‘/
T RE+pjw

In this way:

~ . . Jw Po =
Ve~ | —52 — _o(— +=r| ——WV 0
(s expl-poly a(do) + ) 2o

1 1 1 1
= (5 <exp (p— po) (E - 52?"2) +exp (—p — po) (E + /<;2r2)) + 037“> cos 6

~ ~ ) jw 0o ~
= ~ [ =2 — — —r | ———V; 0
O1 = @2 ( w exp( PO)Yfz( JP) R 7") £ + pojw 0 COS

1 1 1 1
= | ¢ [ exp (kr) P + exp (—~r) E+m2r2 + c3r | cosd

The current is then:

—2po + 2+ pj -
. — (& + jw) V
po(£—2jw)—£+(2+p%).7w( Vo

Po N
(e + i) i (3.92)

I~ TRjwey

~ TRjwey

3.3.2 1st order model with particle

We now assume that the region 0 < r < r, is dielectric with complex permittivity €, =
€y — jop/w: this region represents a particle or biomolecule. Now we cannot disregard the
solution with j_, in the electrolyte, since the point r = 0 is not part of the domain and
therefore the solution cannot diverge. Since we use the complex permittivity, it can be
either dielectric or conductive or of intermediate physical properties. As a result:

yi = (qy_o(—jrir) + djj_y(—jrir)) cos 0

11 LI
(Cl exp (K1) (Klr /4;127’2) + dyexp (—ryr) (le + /{?7“2)) cos

This means that the solution in the electrolyte is:

- 13 1 1 1 1 ds
V= (_jw c1 exp (Kir) o W + dy exp (—K17) o + 7&%7“2 + car + 2 cos
(3.93a)

€f~71 = <Cl exp (%17“)

d
+esr+ r;’) cosf (3.93b)

952 = <01 €xp (Fél?“)

+ ¢ exp (kar)

(

~ epexp (ar) (1 -
(
(

d
+esr+ 7§> cosf (3.93c)
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whereas inside the particle the solution is:
5 fi _
V = |eir+ 5 )cost =eyrcosd (3.94)
T

because the point r = 0 is part of the domain, and thus f; = 0. The gradients of the quasi

potentials are:

~ 24 Kk1r(—2+ w1 —2 —Kk1r (2 + K17
V-7 = (cl exp (k17) (2 3 ) + dy exp(—k1T) 2(3 )
RiT KiT
2+ kor (—2 + Kor —2 — Kar (2 4 Kar d
— ¢y exp (kar) 2 (2 3 2r) _ dg exp(—rar) 22(3 2r) +c3— 22) cos @
R5T K31 r
~ 24 Kkir(—2+ w1 —2 —Kk1r (2 + K11
Vg - i = (01 exp (k1T) (2 3 ) + dy exp(—k1T) 2(3 )
RiT KiT
2+ Kor (—2 + Kor —2 — Kar (2 4 Kar d
+ co exp (kar) 2 (2 3 2r) + dg exp(—kar) 22(3 2r) +c3— 22) cos 6
R5T K31 r

and the boundary conditions are:

_Z%qg,ulnmvél "
_ ngmnmv@‘m.f: (3.95)

)

V(R,0) = Vjcos

Subtracting the first two equations immediately tells us that co = dy = 0. The system of
equations is closed by adding the continuity conditions:

(V(rt,0)=V(r,,0)
i __dv
Sl dr — dr |
—Z12q2#1n01v<1~51 -7 =0

\

where we used the fact that ¢y = ¢o, so that the additional equation for ¢, would be
redundant. By solving these equations we derive the constants, as reported in Sec. 3.A.7]
The electric field in the electrolyte is:

= ~ & 1 1 1 1 ds
E=-VV=-V <_jw <clexp(m“) < - > + dy exp (—kr) <m+ W)) +C37"+2> cos ¢

kr K212

2—|—I€17‘(—2+I€1’I”)+d gexp( HT)—Q—H1T(2—|—KZ1T

= cl,i exp (k17) 5 5
Jw ki3 kir3

¢ 1 1 1 1
+ <]w c1exp (Kir) v K%ﬂ + dy exp (—K1T) o + W —c3r — — | sinf

The current on the half bottom sphere is equal to:

~ 2 = 2 /2 =
I = —/J(R,G)- 7dS, = —jwsel/E-de = —jwael/ d(b/ d9E(R,9)-fR2sin0
0 0

B 9. 13 24+ kR(—2+ KR) 13 —2—kR(2+ kR) ds
= —mR%jwey <cljw exp (kR) R + dlj—w exp(—kR) oy —c3+ 2?

—c3+2— )cosGr
6.
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By setting p = kr, so that p, = xr, and py = KR and assuming that the system dimensions
are large on the scale of 1/k (so that |py| > 1) we obtain:

~ 2+ -2+ -2 — 2+ ) o d
I = —mRey | c1€exp (po) po 5 7) + di& exp(—po) /)02( 70) — c3jwR + 2]w—32
Po Po R
‘ . ds
~ —Reg | c1€exp (po) — di€ exp(—po) — c3jwR + 2]w§ (3.96)

Large particle We assume now that also the particle or biomolecule is very large on
the scale of 1/k, so that |p,| > 1. The constants take the form reported in Sec. [3.A.7]

If we further assume that py = p,, which implies ¢; exp (po) — 0 and that the particle
is at large distance from the electrodes, we can then simplify the expression of the current
(see Sec. . Morevoer, if we also assume that the domain is much larger than the
particle’s volume then R® >> 73 and:

00 2(ep + ) &+ (6p + 260 jw 7

- - 3.97
¥ pojo" (o) + 220) pojis + 206y + cupp) ° (3.97)

I ~ tRw*e,

We can now consider two limiting cases. In the first one, representative of dielectric
particles, |e,| < g, so that:

Po §+ jw ~
—p - Vi 3.98
et pojw’ " ppiw + (ep/ea + pp)E " (3.98)

The second one, representative of conductive particles, |e,| >~ 0,/w > &, so that:

l Po p 26 + jw v
N A 0
&+ pojw' ’ ppjw + 2€

I ~ 1Rwe,

I ~ 1Rw’e, (3.99)

The admittance Y = I/Vj calculated according to the above equations is shown in Sec.
3.3.5l By subtracting Eq. to Eq. we can then derive the admittance (hence, the
capacitance) change due to the introduction of a biomolecule in the system. $[AY/w]
represents the useful signal of nanoelectrode biosensors as those described in Chap. [5

3.3.3 0Oth order model - electrolyte only

The system considered so far has the advantage of describing in a simple but realistic way
the response of a capacitive biosensor to particles that are much smaller than the device
dimensions. However, if the particle dimensions are larger than the electrodes, this model
may be inadequate, since by construction it assumes that the entire surface of the particle
interacts with the electrodes.

For this reason, in this section we derive an alternative model with spherical symmetry
but for a slightly different geometry, as shown in Fig. [3.15b. It consists of an electrode of
(large) radius R, and a smaller electrode of radius R;, both ideally polarizable and with
the centers at » = 0, and an electrolyte in between. This configuration resembles the
physical system studied in cartesian coordinates in Sec. [3.1]

The solution is given by Eqgs. [3.84] above, namely:

Ry =q y(—1—¢1+4a2)/2(_j“ir) + dgj(—1—\/1+4a2)/2(_j’fi7“)
@l = GZP(_H_W)/Q(COS 0) + le(_l+m)/2(COS 6)
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Differently from the previous section, here we assume invariance with respect to 6, so that
a = 0. The solutions represent a 0-th order model, preserve perfectly the radial symmetry
and read:

crexp (kir) + dpexp (—kyr)

v =y (=imr) +dija(=jmr) = - 70
d

V3 = C3 + —3, k3 =10
T

where ¢, = (jd; + ¢)/2, d; = (jd; — ¢;)/2. The potential and ion quasi-potentials are:

~ crexp (kir) + dyexp (—rqr d
V:—,ivl—i—vg:—,il p (k17) + di exp ( 1)—|—03+—3
Jw Jw KT r
~ crexp (kr) + dyexp (—kqr co exp (Kor) + do exp (—kar d
¢1:’01—U2+U3:1 p (kir) 1 exp ( 1)_2 p (kar) 2 exp ( 2)—1-03—1-—3
R1T RoT T
~ crexp (ki) + dyexp (—kqr Co exp (ko) + dy exp (—kor d
¢2:v1—|—v2—|—v3:1 p(l)ﬁrl P( 1)+2 p(2)ﬁr2 P( 2)+c3—|—?3
1 2

Note that the solution includes terms exponentially decaying with r and terms with lower
spatial decay as 1/r.
The gradients are then:

- -1 1 d
VV = [—i (61 exp (k1r) mr — dy exp (—K17) Far + ) — —3} 7
Jjw r K

Foyr2 72 r2
~ kir — 1 kir +1 Kot — 1
Vo1 = |crexp (kyr) ;17"2 — dyexp (—K17) ZITQ — ¢y exp (Kor) ZQTQ
Kor +1  ds| .
d _ _ 3
+ dg exp (—Kar) o 7’2]
~ kir —1 kir+1 Kor — 1
Voo = |cyexp (kir) P dy exp (—k1r) e + o exp (Kar) s
KoT + 1 d3
—d _ _ 3
2 €XP ( RQT) ,{27‘2 T2]
The boundary conditions are:
( 2.2 x A
—Z1q" no Vor =0
R0
—Z§q2u2nogv¢2 =0
R0
72,2 7 P =
Zlq /’Lln(]lvd)l R0 r 0 (3100)
—Z3¢° pano2V o 7 =0
~ R Ro,0
V(R) =Vo
\V(RO) =0

Solving this system of equations yields the coefficients, which are reported in Sec. 3.A.§
Because of the boundary conditions, we know that the ionic current density on the border
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Fig 3.17: Real and imaginary parts of the normalized potential profile V/% along r with
R; = 75 nm and R, = R; + 100 nm at three different frequencies, that is, below fs, at f;
and above f.. Note the penetration of the field at high frequency. The potential profiles are
qualitatively similar to the ones in Figs. [3.5- [3.16]

is zero; therefore, the contact current is given only by displacement current:

N - 2 s -
I= / J(R;,0) - #dS, = jwey / E - #dS, = juweg / do / dOE(R;,0) -+ R?sin
0 0
kR; — kR; +1 d3
R?

—2m R} jwe g [_j% <01 exp (kR;) ——=— — dy exp (—kR;) —)
(27 RiRoVoca (=(1+ p)(=1+ po) + 02(=1+ pi)(1 + po)) jw(€ + jw) ) /

HR~ Kk R?

(Riﬁ (14 a®(=1+4 pi) + pi — dap,) + Ry (=14 po + &2(1 + po)) (€ + jw)
+R41+pf—@+4wm+wﬁ+a%—b+m—pJU+pJ%w)

where we have defined p; = kR;, p, = kR, and o = exp(p; — po).

The potential profiles in the system are reported in Fig. with R; = 75 nm and
R, = R; + 100 nm. We note similar behaviours as in Figs. [3.5]- - 3.16], but in this case the
high frequency profile is dependent on 1/r and not on 7.

Large radius inner electrode If the inner electrode has a large radius (p; = kR; > 1),
but still much smaller than the outer electrode (p; < p,, & — 0), then we can further
simplify the solution as shown in Sec.

The current is then expressed as:

T R;—1 R, +1 d
I =21 R? jwey {—]i <01 exp (kR;) r 2 —dyexp (—kR;) "l};;) _ R?%}
. o _ Rojw (=pipo + € pipo) | Vi
~ QWR?jwé“el [_jil (pojw (e Pop; — e 2p0p ) PoJw (e Pop; — Po)) + ( = ) ?0

~ —QWjowael [ﬁpg +

Ropipo .
R;

Vo ) pi
w| — = —27TR WEe] —
/ ]n S L pijuw

i

(€ + jw) Vo

(3.101)
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3.3.4 O0th order model with particle

We now assume that the region r, < r < rp is dielectric with complex permittivity
€p = &p — jop/w, as depicted in Fig. This approximation mimics a physical system
where the dimension of the particle are larger than the electrodes dimensions. To some
extent this is the case we will examine experimentally in Sec. where we show the
response of a 75 nm radius electrode to a particle with diameter > 5 pm. Following this
approximation, we can say that in the electrolyte regions it still holds that:

7o _Lauexp(sr) tdiexp(nr) | da (3.102)
jw KT r
o el duop () | d (3,109

where the subscript ¢ indicates that the constants refer to the inner electrolyte region.
The potential inside the region occupied by the particle is:

V:e—i—;. (3.104)
The boundary and continuity conditions are:
( ~
\Y -7 =0 (1 o
" V) =V0;)
Vo o F=0 V(ry) =V(rp)
3l v dv
V -7 =0 B
Qf Tp s €p dr ) = Eel dr - (3105)
V¢ =0 T TP
L avy| — dv
V(R =T “ | T
7(R) = 0 . G

The above equations allow us to compute the constants, which are reported in Sec.
of the chapter appendix.
The current is then:

N > 2 s -
f:/j(R,-,Q)~ der:jwe/E~der:jwa/ d¢/ dOE(R;,0) -+ R?sin 0
0 0
= 2mryrp Rogpeajw (€ + jw)? (=14 pp) (14 pi) — (14 pp) (=1 + p;)af)
(L4 pp) (=14 po) = (=1 + pp) (1 + po)ai) Vo/n (3.106)
where 7 is defined in Sec. [3.A.9

3.3.5 Admittance and sensor response

Based on the potential profile versus distance as a function of frequency and salt con-
centration, we now elucidate the operating principle behind high-frequency impedance
spectroscopy. To this purpose, Fig. (left plot) reports the magnitude of the small
signal potential as a function of distance from the electrode for two cases:

1. No particle (blue curves).

2. One dielectric particle (red curves) located beyond the Debye screening length (50
nm distance from the electrode, which corresponds to 17 Debye lengths at 10 mM).
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Fig 3.18: Magnitude of the AC potential (left) and electric field (right) in absence (blue) and
presence (red) of the dielectric particle normalized to their value at the electrode in absence of
the particle as a function of the radial distance from the electrode d and at different frequency.
The particle has r, = 100 nm; the salt concentration is 10 mM.

The plot shows the potential along the vertical line (symmetry axis) of the particle, taking
the electrode as origin. Three frequencies are considered: below f (solid lines), between
fs and f. (dashed lines), and above f. (dash-dotted lines).

We see the following:

1. At low frequency, the AC potential decays rapidly with distance from the electrode,
the decay length being essentially the same Debye length that rules the space de-
pendence of the total DC potential. The particle lies in a quasi-neutral region of
essentially zero AC electric field and its presence has no influence on the AC field at
the electrode, which is proportional to the slope of the AC potential versus distance
curve at zero distance. In particular, the AC electric field is independent of whether
or not a particle is present (solid blue and red lines are indistinguishable).

2. At 100 kHz the AC potential is perturbed but the AC electric field at the surface,
hence the AC charge on the electrode, stays essentially the same. Therefore the
presence of the particle will still be not measurable at the electrode.

3. At high frequency the AC potential varies more slowly with distance, and the per-
turbation introduced by the particle propagates back to the electrode surface. The
surface AC electric field and the charge on the electrode are therefore affected. Since
the sensor measures this charge, the particle becomes visible at this frequency.

These graphs elucidate the basic operating principle of AC detection. Experimental
evidence of this interpretation is provided in Sec. 5.3 To complete the physical picture and
relate it to the expected signal amplitude, the right plot of Fig. [3.18 shows the magnitude
of the AC electric field normalized to the surface value in the unperturbed case E(0) for
all cases above. Each curve for the perturbed case is normalized to the corresponding
unperturbed surface field value. So the difference between perturbed and unperturbed
cases is representative of the relative amplitude of the measured signal. The legend reports
the normalization values E(0). We see that the surface AC field is much larger at low
or intermediate frequency but the relative change due to the particle is larger at high
frequency than at low frequency (almost 0% at 1 kHz, 4% at 100 kHz, 40% at 50 MHz).
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Those results point out that a large relative signal is obtained in the neighbourhood of a
smaller AC field (hence surface charge) value.

In this section we compare the admittance Y = I/Vj and the admittance variations
due to the introduction of a particle AY for the AC spherical models presented in Secs.
B.31-B.34
Assuming large electrodes, the expression of Y in the absence of particle is, in the two

models (see Egs. [3.9213.101)):

. Pi .
Yo =21R;jweeq— (£ + Oth order model 3.107
= 2wl (6 + o) rder m (3.107)
™ . Po :
Y| = “Rjwee—— (£ + 1st ord del . 3.108
1= G Rjwe e (€ + jw) st order mode ( )

The two expressions are very similar, except for the pre-factor and the substitution of
R; with R. Viewing the admittance as a transfer function between voltage and current,
we usually observe the behaviour shown in Fig. [3.19] Consistently with Sec. we
then conclude that the admittance transfer function has 2 zeros and 1 pole. The zeros
are easily found and they are, as in Sec. [3.1.1.3

Wz = Oa Wy2 = 5
As in Sec. [3.1.1.3) we assume that the pole frequency f; < £/2m and we can write that:

1 Ap 1 Ap

stZ%Ea fslzgf'

These expressions are conceptually similar but underline the geometry dependence of f.
If we use a parallel model for the admittance we can write that Y = G + jwC', so that
the effective capacitance is C' = S{Y}/w:

Co = 27 Rieu R {éerW (€ + jou)} (3.109)
_ T Po .
C) = 2Rael R {—5 v~ (€ +jw)} (3.110)

In nanoelectrode biosensors, as we discuss in more detail in Sec. and Chap. [ the
capacitance is typically measured via a charge pump cycle, i.e. repeatedly charging and
discharging the nanoelectrode. In these conditions the imaginary part of the admittance
can be rather inaccurate in representing the measured capacitance. Since in the real
detector the capacitance is extracted from the integral of the total charge, it appears
legitimate to calculate an effective capacitance Cepy = |Y|/w from the modulus of the
charge at the electrode, thus accounting for both the real and imaginary part of the
current. We thus obtain:

ce = 21 R;e, _pi +J 3.111
c = "R e _Fo + Jw 3.112
1 2 Eel f p()] (5 J ) ( )

Fig. [3.20] shows the capacitance calculated for the two models starting from the same
data of Fig. [3.19 and with the parameters given in Tab. [3.2] Note that the capacitance is
not constant in frequency, and therefore cannot be modelled by a unique linear capacitor.
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Moreover, the frequency of the zero is equal to £ in the case of Ceys, while it is always
lower than £ in the case of C' and it has a weaker dependence on salt concentration. These
markable differences represent clear signatures of the two models that should be easier to

identify experimentally than a quantitative difference in the absolute

capacitance value.

Parameter Symbol | Value Units
Inner electrode radius (Oth order) | R; 75 [nm]
Outer electrode radius (Oth order) | R, rp 4 500 [nm]
Particle radius (1st order) Tp 4.5 [pem]
Ton mobility 7 3.242- 10 | [m/Ns]
Temperature T 298 [K]
Electrolyte permittivity Eel Eq. [F/m]
Particle permittivity (dielectric) Ep 2.6¢9 [F/m]
Particle permittivity (conductive) | g, 6.9 [F/m]
Particle conductivity (conductive) | o) 6.3 x 107 [S/m)]

Table 3.2: Parameters used in the calculation of the admittance in the AC spherical models

(unless otherwise stated).

Y1 [S]
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(b) 1st order model, R = 4510 nm

Fig 3.19: Magnitude of the electrode admittance according to the two spherical models.
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Fig 3.20: Small signal and effective capacitance in the two spherical models in absence of
particles. Note the differenct concentration of the C' and C,fy upper zero frequency.
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Fig 3.21: Change in capacitance due to a particle at 50 MHz. In the Oth order model the
distance is r, — R;, while in the 1st order model it is Ar = R —r,,.

We always calculate the change in capacitance as the difference between the case
without particles and the case with it: AC' = Cy — C,,. For the sake of comparison, we
have chosen a spherical particle of 4.5 um radius for the 1st order model, and a spherical
shell particle with this same volume for the Oth order model. Figs. [3.21] and [3.22] show
that the AC predicted by the two models are fairly different and feature quite different
dependencies on the particle distance from the electrode defined as 7, — R; in the Oth order
model and R—r, in the 1st order one. It is interesting to note that the AC and AC,; for
conductive particles exhibit sharp dips that reflect a sign change. The frequency where
the dip occurs is different for AC' and AC.yy.

In order to understand the physical origin of the sign changes in Fig. [3.22) we make use
of the 1st order model. Fig. shows the real part of the electric field lines in absence
(a-c) or presence either of a dielectric (d-f) or conductive (g-i) particle. The perturbed
path of the field lines around the particle surface denotes the formation of an electrical
double layer with limited thickness at 10 mM (plots b, e, h). The borders of the EDLs
are easily recognizable by looking at the points where the electric field lines are sharply
deviated. If the concentration is reduced at constant low frequency, the EDL of the par-
ticle interacts with that of the outer electrode (plots a, d, g) whereas if the frequency is
increased at constant concentration (plots ¢, f, i) all EDLs disappear and we retain the
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Fig 3.22: Change in capacitance due to the introduction of a particle at different distances from
the electrode. In the Oth order model 7, — R; = 10 nm, while in the 1st order one Ar = 10 nm.

electrostatic limit, as expected. We immediately see that, since the dielectric particle has
a lower permittivity with respect to the electrolyte, it always repels the field lines, both
at low and high frequency.

On the contrary, the conductive particle shows a more complicated behaviour. In par-
ticular, when the double layer on the electrode and on the particle do not overlap (Fig.
, the Debye length ~ 3 nm is much smaller than R — r,), the electric field lines
are repelled similarly to the case of the dielectric particle. On the other hand, at high
frequency the field lines are attracted by the particle. This explains why there is no sign
change in AC for dielectric particles in Fig. and why instead sign changes appear in
AC for conductive particles. It can be shown that the sign change unavoidably shows up
in multi-domain media where materials with variable or different complex conductivity,
EDLs or SAM are present.

3.3.6 General model for the admittance change due to particles

We now present the derivation and verification of an improved version of the analytical
model presented in [33] for the admittance change (AY') induced by spherical dielectric
(colloidal) particles at ideally polarizable electrodes that explicitly takes into account ionic
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(c) 5 GHz, 10 mM

(a) 500 Hz, 1 mM

(d) 500 Hz, 1 mM (e) 500 Hz, 10 mM (f) 5 GHz, 10 mM
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(g) 500 Hz, 1 mM (h) 500 Hz, 10 mM (i) 5 GHz, 10 mM

Fig 3.23: Real part of the electric field lines calculated with the 1st order spherical model in
absence (a-c) or presence either of a dielectric (d-f) or conductive (g-i) particle. R = 200 nm,
rp = 100 nm. &, denotes the permittivity in the particle volume.

diffusion currents.

In order to derive the model we start considering again the system of Sec.|3.3.1| (Fig. [3.15)),
i.e. an empty electrolyte region and a spherical coordinate system with no variation along
the planar angular component ¢ and a dependence on the vertical angular component of
the type cos@. However, differently from Sec. we now assume that the outer shell
is made of a Faradaic electrode which is kept at a potential equal to V,cos@ and where
$1(R) = ¢3(R) = V(R), and the region is filled with a symmetric electrolyte. As shown
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in Sec. [3.A.10} the derived solution is given again by Eqgs. but with the constants:

C3 = E, C1 = 0, d1 =0 (3113)
R

We then consider a case similar to the one of Sec. where a dielectric particle with
permittivity €, (i.e., an ion-free spherical inner region of radius r,) is introduced in the
electrolyte and therefore is surrounded by a concentric outer region of radius R > r,,
while the outer shell is again a Faradaic electrode. In general the dielectric constants can
be complex, where the imaginary parts account for possible electronic conduction and/or
relaxation losses in the materials, as necessary to describe conducting particles like gold
nanoparticles. The solutions are given by Egs. In these conditions and in
absence of the particle, the radial component of the complex electric field Ej is constant
over the region which will be occupied by the particle (Ey = —V;/R). Since the field
is uniform, we can express the change in the conjugate complex power induced by the

introduction of the particle in the system as:
AS* = i = St = )00 + jwza) | Eof? (3.114)

w/out —
where o, = 2¢*ung is the electrolyte conductivity, 2, = 47?7“2 /3 the particle volume and

1+kK7p

el el
3 3rnr, g T Tl —1)
FW) = =5 e o (3.115)
2-F2k1p+R2T2 + €p +]W7—el( €p + 2)

is a complex function of frequency that depends slightly on the particle radius r, and
the electrolyte and particle conductivities and permittivities. In the expression above
k= (14 jwry)?/Ap, T = 1/€ = €a/0e. The complete derivation of this expression is
shown in Sec. [3.A.10] We can then interpret the change in conjugate complex power as
due to a change in the nanoelectrode admittance. By defining Vj the total voltage drop
between the electrodes (Vo=2V} in this case) we have: AS* = V" AT = AY|Vp|%, so that
AY would be proportional to |Eo|2/|Vo|%.

For generalization to non-uniform fields generated, for instance, by multi-domain re-
gions (e.g. a working electrode covered with the electrical double layer, Stern layer or a
self-assembled monolayer) the | Ey|? factor in Eq. is replaced by the square of the (in
general complex) unperturbed electric field at the particle position E~02. In this general

case, the admittance variation due to the insertion of a nanoparticle in the electrolyte can
thus be expressed as:

NE
AY = AG + jwAC = f(w) (0e + jwee)S2y (%) (3.116)
0

which represents the analytical model we were looking for. Eq. [3.116] generalizes a sim-
ilar expression presented in [33] but extends it considerably by accounting for the ionic
diffusion currents, which were instead neglected in [33]. Eq. predicts that for small
particles (r, < R) the nanoelectrode response should be proportional to the electrolyte
complex conductivity, to the particle volume, and to the squared unperturbed electric
field at the particle location. In Sec. [5.4 we will validate Eq. [3.116] by means of extensive
two-dimensional numerical simulations.
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3.4 1D semiconductor resistor

The 3D simulator ENBIOS (see Chap. |4 has been designed as a general purpose platform
for the analysis of electrolyte /insulator /semiconductor (EIS) systems. It is therefore useful
to examine simple solutions also for the semiconductor regions. In particular, here we
assume a 1D semiconductor resistor where both the DC electrostatic potential and the
DC electron and hole quasi-potentials are linear, so that the carrier concentrations are
constant throughout the system. The equations for the small signal AC regime are:

Z k:BT ”Om (qzm - V) =0

— (n (ot (3= ) 20 ) i (8- 7) =

where m now denotes the free carriers (electrons and holes). Using the fact that deo,,/dz =
Vo/L (where V; is the DC bias and L the resistor length) and that the concentrations are
constant (we call ng, the electron and ng, the DC hole concentration), we can then write:

G o (1o (B 7)o (5, 7)) =0

d qa (1 ¢ doy, qa ([ &\ _
— WHnTon g (‘ kT <¢" N V) L > oWt T <¢” N V) =0
d Vo  dd,\ g [+ S\
Q/Lpnm)% ( <¢p > I + ar | ]WROpkBT (pr - V) =0
So finally:

i (o (5a=7) o (7)) =

Pén Vo q (désn df/)_ juw (3

dx? L ]{IBT

dx dx

dx dx

a2 T L haT T ksl (6=7) =0

In practice, however, it will always be true that either ng, > ng, or ng, < ng,, so that we
can neglect the contribution of the minority carrier. We then denote ny the DC majority
carrier concentration, Z its valence and g its mobility.
We also define the symbols «% = Z2¢’ng/cksT, k2 = jw/uksT, Vi, = kgT/Zq and
vy = Vo / Vin.

We choose here to deal with this system of equations by expanding the unknowns into
spatial harmonics @ = [ @, exp (kx) dk, as in Sec. . In this way we get the system of
equations:

Loy Vo a4 (dip ﬂ) jw

0

Wetwh (0n— Vi) =
K + Kp ( - ‘)7[{) - KZ (én - f/ﬁ) 0 (3.117)

’%2&& + 2'%L"<u (én
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where K, = vy/2L. We can write Egs. [3.117]in a matrix form as Au = 0, where:
VH fiz — I€2D ,K;QD
o |:€ZBH:| ’ A= {—2/%/1 + K2 K2+ 2Kk — K2

In order to find non-zero solutions we have to set det(A) = 0, a condition that gives us
the characteristic equation:
K2 (/<a2 + 261K — K — Iii) =0

The 4 solutions, which we denote k;, are:

k12 =0, k3 = —K[ + Ks, Ky = —K[ — Kg

where r, = \/Kk% + k% + k2. The general solution is then:
4
U = Uy + Usx + Z U exp (ki)
1=3

where once again we use the simplified the notation where @; £ Uy,. To find the V, and
¢, we have to substitute the eigenvalues in Eq. |3.117a, so that:

R2D <§Z~51,2 - ‘71,2) =0 — QZ;LQ = ‘7172

% 7 - ~ K2+ 26; (KL — Kg) ~
RVatrh (s —Ta) =0 = gy=-" 22(L )7,
D
2
|/ y v - + 2 + Kg) ~
ﬂivﬁﬂ%(@—w):o = fy= “ZQ(KL r) g,
D

We now calculate the integration constants applying two different systems of boundary
conditions. In the first case we assume that the contacts are ohmic both in DC and AC,
so that we retrieve the simple 1D semiconductor resistor. In the second case we assume
that the contacts are ideally polarizable in AC, so that AC double layers on the electrodes
are formed. This latter case does not describe a physical situation in real semiconductors,
but it provides a useful reference calculation for the validation of the numerical solver.
Remembering that the carrier current density J, is given by Eq. , we can write
(neglecting the minority carrier contribution):

5 Zq Vo [~ - N
_ 72 2 =41 'Y o
J. = —Z2¢%ung (kBT - (¢ V) n Vqs) (3.118)

3.4.1 Resistor in AC small signal regime

The boundary conditions for the resistor case are:

V(0)=6(0)=0, V(L)=¢(L)="V
The calculation of the integration constants is reported in Sec. in the chapter
appendix. The potential and quasi-potentials are then, as expected:

V=¢= %x (3.119)

We can also calculate the current density in the resistor:

P\ T [ .
J = —jwe—— J. = -7 (¢°pno + jwe) (3.120)
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3.4.2 Capacitor in AC small signal regime

The boundary conditions are:

V)y=0, V(L)=V, J(0)=0, J(L)=0

where the last two equations correspond to the hypothesis of ideally polarizable electrodes.
The integration constants for this case are reported in Sec.
The current density is easily calculated as:

. av - -
J = —jwsg +J.=— (Z2q2;m0 +jw5) %}

62213;/% 2242 (4kBTn0L2+V025);_L+4kBTL25jw ( 'w)2
—1+e J

(quz/mo + jwe)2 Vo

kZBTQEH

n k3 T3eu?

(3.121)

3.5 1D AC Electrolyte/Insulator /Semiconductor sys-
tem

We will now study the system sketched in Fig. which is often referred to as the EIS
system. We assume a flat-band condition in DC, i.e. Vj = 0 everywhere, so that the
ion and carrier concentrations ng,, are constant. We apply an AC small-signal potential
Vi at the semiconductor electrode while the contact to the electrolyte is grounded and,
furthermore, it acts as an AC reference electrode (i.e., it is a Faradaic contact). We
consider the symmetric 1:1 electrolyte, with the parameters & = 2¢*1noer/€e; and k2%, =

(€ + jw)/Dg (compare with Egs. in Sec. [3.1.1)). The equations are then:

A R
electrolyte: Ci;;il — g:l < b — ‘7)
2] L
i = 5 (27)
AT

[
[
: Semicond
[
[

—————— _LS

Fig 3.24: Sketch of the domain.
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d*V

oxide:W:O
f%JFESZ%(n%(&n—f/)Jrnop(gZp—f/))=0

d2 én d(bOn q d(;n d / .7 W 7 v
; : — _V L —V) =0
semiconductor: I dr kpT \ dz  dz <¢ >

dzﬁgp + doop g (dqu _ ﬁ) _ (qu - V) =0

\ dx? dr kgT \ dx dx

We immediately note that, as in all previous case studies, ¢; = ¢» = ¢ in the electrolyte.
We also assume that the semiconductor is n-type with doping Np, so that we can write
(because of the zero DC bias condition) ng, = Np, ng, = n?/Np ~ 0 and neglect the

minority carrier contribution in Poisson equation. The zero DC bias condition also implies

doon,  d ) -
that %0 = & = 0 and we do not need to calculate the equations for ¢,, so we can

x x
simplify the notation by dropping the suffix “n” and obtain the simplified equations as
follows:

27/ ~ ~
=5, ()

electrolyte: - . (3.122a)
3 (6
dx? Del
d?V
oxide: d_x‘; =0 (3.122Dh)
PV & -
=2 ($-V
2
semiconductor: j% . Dn ( ) (3.122¢)
_ Y (i v
@ =D, (07)

where the semiconductor cut-off frequency is &, = ¢*u1,, Np/es. We immediately see that
the equations in the electrolyte and in the semiconductor are formally equivalent, so that
the general solution of this former case applies to the latter as well.

The general solution (Egs. 3.18b)) is not expressed in terms of quasi-potentials, but

we can easily derive it in the form of the unknown vector [‘7 é]T Based on Eq. |3.122¢]|
the system matrix and the eigenvalues are:

£ 3
' D D 2 _ s & s Jw jwf_
D D

which provides the usual solutions, s = 0 and x? = (£ + jw)/D. We will simply denote
the latter as x? in the following. The transformation matrix T is:

1 1
T = Jw
1 -2~
3
and the general solution is:
V =z + 1y + ¢y exp (—kx) + dy exp (k) (3.123a)

O=lhx+1y— ‘% (c1 exp (—kx) + dy exp (kx)) (3.123b)
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where [q, lo, ¢9, dy are constants. In the end, we can then write the general solutions in
the three regions as:

V =l + loe + ¢1e €Xp (—Re) + die exp (Kex)

electrolyte: ~ 3.124a
R ¢ = liex + lge — ]é_w (C1e €xXp (—Ke) + die exp (Kex)) ( )

el

oxide: V = lj,x + Iy, (3.124D)

V = lisx + los + c15exp (—RpT) + dis exp (knx)
semiconductor: < - jw 3.124c¢
¢ = lisx + los — ‘75— (c15exp (—kpT) + dis exp (knx)) ( )
We now need to set the boundary conditions. To this purpose, we denote V.5 the
potential at = 0 (the oxide/semiconductor interface) and V,, the potential at z = t,,

(the electrolyte/oxide interface). The boundary conditions are:

V(Let +tog) =0 V(0) = Vs
(b(Lel + tox) =0 . jnJ; =0
electrolyte: Vit =T , semiconductor: < _"lo B (3.125)
( oa:) — Veo V(_Ls) — VB
N v K
o tow 0 ¢(—Ls) =Vp
We remind that the ionic and electronic currents are proportional to Vgg to say that:
- do
JE=0 — @ _y
dx

In the electrolyte then, the following system of equations holds:
(lle(Lel + toa:) + l26 + Cile €XP (_"{el(Lel + tox)) + dle €exp (/{el(Lel + toz)) =0
W
lle(Lel + to:c) + l26 - j_ (Cle €Xp (_I{el(Lel + tox)) + dle €Xp (K'el(Lel + tow))) =0

551 ~
lleto:v + l2e + Cie exp (_’Kdeltmﬁ) + dle exp (ffelto:r) - ‘/60
W
lle B ‘é_liel (_Cle exXp (_ﬁeltox) + dle exp (/ieltox» =0
\ el

The solution of this system with boundary conditions (3.125) is:

Kt (14 qey) jw (Lep + tog — ) + &g (efetltor™0) — gha(z=(2Lattor)))

(L1 0a) jo (L ) & _ )7, (3.126a)
(1 - Oéel) gel + 'LielLel (1 + ael)jw

7 Re 1 + Qe .CL) Le + tox —x) — .w e’iel(tox_x) — eﬁel(x_(QLel"Fto:c)) ~

5 a1+ 0n) jo (Lo ) =i _ )i g1

(1 - ael) fel + /QelLel (1 + ael) Jw

where a; = exp (—2K¢ Lep).
The solution in the oxide is straightforward:

-‘7:

) ‘/eo - Vvos )
V=190V, (3.127)

whereas in the semiconductor we have:

(ZQS +c1s + dls = ‘N/;)s
lls - jé._w//in (_Cls + dls) =0

—lisLs + los + c15exp (knLs) + dis exp (—knLs) = Vg

—l1Ls + lys — jg—w (c15 €xp (knLs) + disexp (—knLs)) = Vg
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which yields (o, = exp (—2k, Ls)):

VB(l — Oén)fn + Hn(—VBl‘ + ‘N/os(Ls + x))(l + Oén>jw - én (emna: — 6_5”(2Ls+x)) (VB - ‘N/os)

vV
(1 — ap)én + knLs(1 4+ ay)jw

(3.128a)
VB(l - an)fn + H’n(_f/Bx + ‘Z)S(Ls + Qj‘))(l + an)jw + jw (enn:p - e_nn(ZLS—HD)) (VB - ‘2}3)

¢ (1 —an)én + knLs(1 4+ ay)jw
(3.128h)

To complete the model, we need to find the values of ‘760 and f/os. This is achieved
by imposing the continuity of the dielectric displacement on the electrolyte/oxide and
oxide/semiconductor interfaces:

gdv dv
el 7 or —7
dl: tds dfn tow
av av
Eox — <s 7
dx dx
0+ 0-
Solving explicitly this system of equations yields:
V.o — CoxCs VB

_ng - (Com + cel) (Co:r + Cs)

Cs (Coa: + Cel) -~

‘703 - -
0(2755 - (Coac + Cel) (Cox + Cs) B
where:
. 501’
Yoz = ]wt_ (3129&)
: Ket(1 + aer) (et + jw)
el = JWEe - 3.129b
Yel = J l(l — ) &et + KerLey (1 + o) jw ( )
. Kn (14 ) (€ + jw)
s — s ; 3.129
Y Jwe (1 - O‘n)&n + Han(l + an)]w ( C)

As we will shortly see, ys and y,.; are the admittances per unit area of the semiconductor
and the electrolyte respectively. The total admittance is then, as expected:

. Eox dv e ‘Zao - ‘Z)s YsYel
Ytot = JW=— —— = JWeog— = = Yoz
e VB dx o tox‘/el ygx - (yocc + yd) (yox + ys)
1 1 117!
:P—+—+—} (3.130)
Youx Ys Yel

Alternatively we can write:

~ of -~ ~ 1 1 ~
Vo= 2V5, Vo = 1ot (— + —) Vs
Yel Yel Youx

This expression emphasizes once more the fact that, as expected, the admittance of the
EIS system is calculated as the series connection of the admittances of the three regions.
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Fig 3.25: Admittance per unit area y,; in the EIS model varying doping and salt concentration
with ¢,; = 5 nm.

The similarity with the simple electrolyte system suggests that both the semiconductor
and electrolyte regions should be described by equivalent anomalous circuits as those in
Fig. [3.6

Fig. shows the admittance v, spectra varying the doping concentration and with
the parameters in Tab. [3.3] We immediately note that, even in the case with the lower
doping concentration, y;,; exhibits a very similar behaviour to the case in Sec. 3.1.2]
Neglecting the cut-off frequencies due to relaxation processes in the semiconductor, we
can then find again two cut-off frequencies f, and f,., which both depend linearly on the
salt concentration (as evident looking at the phase plots in Fig. . In the following
we will find an approximate way to calculate these frequencies.

Long system If the dimensions of the system satisfy the conditions L¢ > 1/R (k)

and Ly > 1/R(k,), we can assume that ag ~ «, ~ 0, as in Sec. [3.1.1.1, We can then
simplify the expressions (|3.12613.128b|) as:

Keljw (Lel + tox — -’E) +&a (eﬁel(toz_x) — €H€l(x_(2Lel+toz))) ~

electrolyte: Y et + KelLerjw Veo
- kejw (Lep + tog — @) — jw (enez(tox—x) — enez(z—(%ez—l—tox))) .
¢ = : Veo
gel + "ielLeljw
Parameter Symbol | Value Units
Semiconductor length Ly 600 [nm]
Insulator thickness tox 5 [nm]
Electrolyte length L. toz — 100 | [nm]
Electron mobility fn, 8.73-10'7 | [m/Ns]
Ion mobility Hel 4.75-1011 | [m/Ns]
Temperature T 298 K]
Semiconductor permittivity | e 12.4eq [F/m]
Insulator permittivity €p 3.9¢9 [F/m]
Electrolyte permittivity Eel Eq. m [F'/m]

Table 3.3: Parameters used in the calculations of the EIS model (unless otherwise stated).
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oxide: V = r + V;)s

VB§n + ki (—VBa + Vos (Ls + 1)) jw — &, (efn® — e~rn(2Lsta)) <VB - ‘703)

<

: §n + knLsjw
semiconductor: ~ ~ ~ ~
Vbt (Vi 4 VoL + @) + jio (¢ — e=22040)) (- T, )
&n + KnLsjw
The parameters are:
Yer = Jwe Failbat + jw) Ys = Jjwe Sl 4 J)
“ “ éel + KdelLeljw, ’ sfn + 'Lianjw ‘

We can therefore find an explicit expression for y;,¢, using Eq. [3.130

jwaoxgelgsﬁelﬁn(gel + ]w)(gn + jw)

Y = - - - - .
ot Esﬂn(én + Jw) (5el’€eltom(§el + ]w) + Eox (gel + HelLel]w)) + ongelﬁel(gel + ]w)(fn + /ian]w>

(3.131)

From this expression we can immediately see that the second cut-off frequency is again
fe = &a/2m, as in all the models presented in this chapter. We can then conclude that f. in
capacitive biosensors is indeed a physical property of the electrolyte and does not depend
on the geometry or on other materials. On the other hand, f is heavily dependent on
geometry, and in this case it comes from the denominator of Eq. As evident from
Fig. [3.25] it depends linearly on the salt concentration. This is an important difference
with the results from Sec. , where f; was found to depend on /nq.
Fig. shows the potential profiles in the system near the insulator interfaces. We
immediately note that at low frequency there is little potential drop in the electrolyte,
especially at high salt concentration. When the frequency increases, also the potential
drop in the electrolyte increases.

We can also calculate the ion and carrier concentrations, noting that:

Zq ~ o~
= (0= 7)
"= \?
Therefore, the electron concentration in the semiconductor is:
A= Ny, (e5n® — g=rn(2Lsta) Yot 7 3.132
" kBT (e e ) e, ® (3132

3.6 Switching capacitance

In all the calculations we have made so far, and also in the ones we will do using the
numerical solver ENBIOS, the AC problem is solved in the small signal approximation.
Accurate capacitance measurements most often rely on CBCM digital techniques, where
the capacitance is extracted by the average charge/discharge current per cycle and square
waveforms are used [60]. This is indeed the case for the biosensor in [33]. Therefore, if
we want to apply our results to the system presented in [33], some further considerations
need to be made. Since in [33| the capacitance is measured via a charge-pump circuit,
the capacitance calculated in the harmonic domain with a small signal approximation
may not be adequate. To address this problem, we then need to estimate a switching
capacitance Cy,, as the one measured by the actual device. The material in this section
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Fig 3.26: Potential profiles in the EIS model with ¢,, = 5 nm and doping concentration n = 10%*
-3
m~®°.

is derived from a personal communication of Frans Widdershoven.

To this purpose, we assume that the reading circuit is made of two ideal switches Sy and
Sp (see Fig. [3.27)) and that the nanoelectrode is modelled by a parasitic capacitance in
parallel with a circuit model for the electrolyte that resembles the series model for the
double layer admittance developed in Sec. 3.1.1.2] 'We however assume that the series
capacitance C, which comprises the double layer capacitance and the optional contribu-
tion due to surface dielectric layers (such as a SAM), is a regular constant capacitance.
The resulting charge pumped from the charge node at potential Vpp to the discharge
node at potential 0 is then a measure for the capacitance Cy, free of anomalous frequency
dependencies as those highlighted in Sec. or of non-linear effects. If the nanoelec-
trode was a pure capacitor with capacitance C, it could be determined by measuring the
average charge pumping current I flowing into the charge node:

I=f,(Cs+C,) Vop (3.133)

where f, = 1/T is the switching frequency, 1" the switching period and Vpp the supply
voltage. To avoid a short circuit path between the charge and discharge nodes the switches

[ Fe
CpT
L

Vbp
i ‘\
% SU: ! SD €7
] |
1 t
T/2 T

Fig 3.27: Circuit model for the calculation of the switching capacitance Cs,,.
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should never be on simultaneously. We then define as duty-cycle the ratio d between the
time when Sy is on (which is assumed equal to the time when Sp is on) divided by the
period T'. In the case of Fig. [3.27, where the switches are open for T'/4 each, d = 25%.

Assuming for the nanoelectrode the model in Fig. [3.27], we can then calculate the charge
(), transferred from the charge node to the discharge node during one period T (see Sec.

3.A.12)). We then define the charge pump efficiency factor ~ as:

V= o
(Cs+C,) Vbp

er (1 —e3(es+ (1 —eq)pppa)) +e3 (1 — ey (ea + (1 — e2) ppa))

— 1 — pypa 3.134
o 1 —e3(es+ (1 — ea) popa) €1 (2 + (1 — €2) popa) (3.134)
The switching capacitance is then calculated as:
Assuming a 50% duty cycle we obtain:
Cow = (1= ppa25 (Cs +C) (3.136)
sw — DPovPa 1+ el s p .
B 1 G
AT\ oy ) T av o
With a 25% duty cycle instead:
Cow = (1— 261 )(C +C,) (3.137)
v PP e, (e2 + (1 — e2) pypa) N .
bo=cvcy P70 10,
CC
.« = Rp (Cs+C =R e C
T e (Cs + Cg) Th E<Cs+cp+ E)

1 1
6126328Xp(—47_f) 6226426Xp<—47_f)
aJp bJp

A thorough comparison of C.sy and Cj, in the case study of the nanoelectrode array
of 33| is presented in Sec. . We anticipate here that, in all cases considered, the
difference between the predictions obtained considering Ce¢s or Cy, are very small. This
means that, although C.s is easily determined from simple AC small signal calculations,
it is an accurate metric for the purpose of comparison with the experiments as will be
done in Sec. 5.3

Note that both Ce¢s and Cj,, stem from a linear model of the system, which neglects
non linearities, possible existing because of excessively large signals. It also neglects
dielectric heating in water, which may be a relevant effect and was studied in [46]. We
believe that in our system the non-linearities and heating effects would be not so relevant
since the modulation voltage of the nanoelectrode platform [33] that will be discussed
in this thesis is on the order of 100 mV, which is just a few times the thermal voltage
kpT/q. In addition, the nanoelectrodes size is much smaller than the size of the heaters
in [46], so that only a very small current (and therefore power consumption) flows into
the electrolyte. Such a small localized heating can be easily and quickly compensated by
the big thermal bath made of the electrolyte solution.
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Parameter Symbol | Expression
kT
Debye screening length AD = \/ Sel 23
2q°nyg
2¢° 1
Angular cut-off frequency 19 _ 24BN Td _ 2 _ 27 f
el el T
. . §AD
First cut-off frequency (1D cartesian) | fs ~ =
7
. : £+ jw 1 :
AC inverse screening length K = D= )\—\/1 + jwT
D
Double layer admittance YDL X JWEK

Table 3.4: Summary of the most relevant electrolyte parameters derived in the AC models of

Secs. 3.3

3.7 Summary

The first part of this chapter reports the derivation of original analytical models for the
AC small signal regime in electrode/dielectric/electrolyte systems either in 1D cartesian
(3.1) or 1D and 2D spherical coordinates. The electrodes are always assumed ideally
polarizable, which is a desirable property for impedimetric sensors sometimes difficult to
achieve in real systems. In all cases we have shown the formation of the Electrical Double
Layer (EDL) at the electrodes at low frequency. The EDL prevents the electric field to
penetrate into the bulk of the system, thus hampering the ability of the electrode to probe
analytes at large distance. We have also shown that a first cut-off frequency f exists,
above which the electric field begins to penetrate into the electrolyte, and that above a
second cut-off frequency f. the EDLs disappear and the response of the system is purely
dielectric. We have noted that f is geometry dependent, while f. is not since it solely
depends on the electrolyte conductive and dielectric properties.

As we will show in the following chapters, despite the simplifications made in the deriva-
tion of these models, some relevant parameters (summarized in Tab. have a general
applicability regardless of the system geometry (cartesian or 1D or 2D spherical). Among
these, the most important ones are the AC screening length «, the first cut off frequency
fs, the angular dielectric’s relaxation cut-off frequency ¢ = 27 f. and the double layer
admittance ypy,.

Having in mind our general objective to develop a complete simulation platform for
miniaturized integrated biosensors, we have also derived models for both DC and AC
regimes in a 1D semiconductor uniform resistor (Sec. [3.4)). These will be useful for the
validation of the full 3D numerical biosensor simulator ENBIOS, whose realization con-
stitutes an important part of this thesis work (see Chap. .

We also derived an AC model for an Electrolyte/Oxide/Semiconductor (EOS) capaci-
tor, see Sec. and verified that, as expected, the model for the semiconductor admittance
is very similar to the electrolyte admittance.

Comparing the predictions from all the models above, we have concluded that the elec-
trolyte dielectric relaxation cut-off frequency f. is a general property of all the considered
systems, regardless of geometry and properties of the electrodes surface. In contrast, we
have seen that the first cut-off frequency f, is heavily dependent not only on the geome-
try but also on the physical details of the electrodes surface compared to the electrolyte
properties. In real biosensor systems this could be an issue, since on the electrodes surface
electrochemical phenomena and deviations from simple theory may occur, leading to a
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not well-controlled behaviour in the frequency range between f; and f..

Finally, in Sec. [3.6] we have examined the relation between the admittance calculated
in the AC small signal regime and the capacitance measured with a switching capacitor
circuit. As we will see in Sec. [5.3] this is relevant for the comparison with experiments
performed on the nanoelectrode array system described in Sec. [5.2]
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3.A Appendices

3.A.1 1D cartesian model with electrolyte only - integration con-
stants

Starting from Eqs. [3.18] we can rewrite the system of boundary conditions:

( 2

[ 2
—png | — (—c1 +di) + l1} — Dky (—c1 +dy) — Dky(—ca +da) =0

2
—q—/m |:KJ_ Cl+d1 +1 :| —D/'il (Cl_dl)_DKIQ (—Cg+d2):O

q_,uno - — (—cpexp (—K1L) + dyexp (k1 L)) + ll} — Dky (—cqexp (—k1L)
| K1

+dyexp (kL)) — Dko (—coexp (—koL) + dyexp (koL)) =0
2

2
_Z_luno [m_ (—ciexp (—k1L) + dyexp (kL)) + ll] — Dk (crexp (—k1 L)
e 1

—dyexp (k1L)) — Dkg (—caexp (—koL) + dyexp (kL)) =0

q |2 -
—— |5 a+d)+1l| =V
L e | =V
_eil ) (crexp (—r1L) +dyexp (kL)) + L+ l2:| = Vr
\ € 1

Summing the first and the second equation we get:
—2Dky (=2 +do) =0 = ¢ =ds (3.138)
Then, summing the third and the fourth equation and using the above equation:
—2Dko (—exp (—koL) +exp (kal))co =0 = ca=dy=0 (3.139)

We see that ko does not show up in the equations, so that we can denote k; = k. The
system then simplifies to:

¢ 2 2
g—ﬂNQ E(—Cl+d1)+l11 +D/€(Cl —dl) =0
q%l 2
—Hno | — (—crexp (—kL) + dyexp (kL)) +1 }
el
+Dk (crexp (—kL) —dyexp (kL)) =0

2 -
! E(clerl)HQ] —Vp

2 ~
q p (crexp (—rL) 4+ dyexp (kL)) + L L + 12} —

(3.140)

Subtracting the first from the second expression yields to:

¢ 2
(1 —exp(—kL)) (—/mo— - D/{) 1
Eel

K
2

+ (exp (kL) — 1) (g—d

d; 1 —exp(—kL)
— = —_—— —=
“ a T Texp (kL) —1

2
png— — D/@) d =0 (3.141)
K

= exp (—kL) (3.142)
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Then from the first equation of system |3.140}

1 2 2 2
(— + 1) (q—,uno— — DF&) di + q—/”loll =0
o Eel K Eel

1 1 2 2
= L =-— Vg (— + 1) di, vg= q—uno— — Dk. (3.143)
(0% Eel K
— Mo
Eel
Subtracting the third from the fourth equation of system [3.140}
2 1 L 1 - -
- L%lﬁ <_E (exp (—kL) — 1) + (exp (kL) — 1)) - q,lmovd (a + 1>] dy =Vp—Vp
VT —Vp q 4 L
! aﬁ—é—(5+5)a’ Eol K2 q,tmovd ( )
Finally from the third equation of we get:
q 2 ‘N/T — ‘N/B ~
—— | = 1-— Ll =V, 3.145
561[526_5_(5"_6)04( Of)‘l’Z B ( )
2 Vr — Vg Eel (-
I = “ (-1 _ta
— H2(a >ﬁ—5—(5+6)a q

3.A.2 1D cartesian model with electrolyte only - derivation of the
equivalent formulation

Starting from Eqs. [3.20] - [3.27], we see that:

Ud:q;mgig—D/ﬁ: é—D/{
Eel K
q 4 §

qunof = quno—— = 2=
Eel K K

L ’l}d:L(g—D/’i> s
HUNo K
£

qung(ﬂ—d—(ﬂ—l—é)a)=2E—L(%—D/@> _ (Qé—l—L(%—D/ﬁ))a
:2£(1—a)—L(§—D/@> (1+a).

qunod = arno

which implies that:

K2 K

We can then rewrite the expression for the potential as:

~ q 2 AV _ Vg .~ 1+«
V=1 KT KT AV
Epe: w1 o S el e v e
q 2 .~ 1 —« ~
_ LAy %
a2 B—o—(B+oa '

AV (
26 (1—a)— L&k — Dr3) (1 + «)

e T _ aenm)
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+ (5/@ — D/<;3) AV

1+«
x

1

26(1—a)—L(&x— Dr3) (14 «)

— ~
+ Vs

—5AV2
AV

E(1—a)—L(xk—Dr?) (14 )

=&

26 (1 —a)+ jwsL (1+ «)

(e—/-m: - aenz)

~ 1+«
kA
Jn V2§(1—oz)—|—jw/£L(1—|—a)x
. 1— .
N a TR,

26 (1 —a)+ jwsL (1+ «)

3.A.3 1D cartesian model with a dielectric region inside the elec-

trolyte

Let us now focus on the case where a dielectric region of permittivity €4 (which can

represent for instance a biomolecule) is introduced inside the electrolyte region.

We

solution in the system where the dielectric region lies inside the interval |x4, zp|, which

is a subdomain of the region 0, ~L],

that is 0 < z4 < xp < L.

We denote V; = V(zy), Vp = V(zp) and see from Eq. |3.51] that the potential has the

expression:
a2 Va-V
el |K2B—0p—(B+dB)an
- Vo —V -
V= D d (x —xq)+ Vg
D — X4
a2 Vr-Vp
€el | K2 B —0r — (B +dr)ar
where:

(e7"* — ape™™) 4+ lipx + lap

(e=r@=2) — qper@=0)) + [y (x — p) + lor

ap = €
ap = e—H(L—ID)
0 = d Vd
quno
I —
5T = xDUd
qung
€ 1 ~ ~ ag+1
[ <V—V)
Ty /movd TP B =65 — (B +dp)agp
Ea 1 ~ ~ ar +1
[—— (V—V
. q q,unovd g D> B —or — (B+dr)ar
2 ~ ~ ap — 1 Eel
lbg=— (V4 -V, - —V
2B H2<d B>5—5B—(5+5B)043 J B
2 ~ ~ ar — 1 Eel +
lop = — (Vr = V] — —V
- "52(T D>5—5T—(5+5T)04T g "

x € [0, z4]
x € [xq,2D]

x € [zp, L]

(3.146)
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The continuity of the normal component of the electric induction through the interface
provides the following boundary conditions:

dv dv 1 dv dv
El —| =¢€q— and g5 —| =¢€gq —
ldxﬁ ddx+ dd:cf ld:cJr
Id Id Z‘D Z‘D
From the first equation we get:
2 Vi — Vg Vb — Vi
—ql-Z 1) +1 =
q[ Kﬁ—éB—(ﬁ+5B)aB(aB+ )+ lLs deD_xd
OéB+1 <~ ~ Eel VD — ‘N/d
— v, —V> Dr=¢ , 3.147
f—0g—(B+dp)ag d B qung Cp — 4 ( )
and from the second:
Vp -V, 2 Vo —Vp
=—q|—— 1 l
€de_xd QI liﬁ—5T—(5+5T)OéT( +ar) + hr
VD _‘7d aT+1 (” s Eel
— ¢ - % —V) Dk 3.148
de — Tq f—or — (5 + 5T)04T g P qung ( )
Substituting Eq. [3.147] into Eq. [3.148] we obtain:
ap+1 S o\ Ee ar +1 7o) S
V-V, Dk = Ve —V, D
B—0p—(B+dp)ap ( I B> quno " B—or— (B + or)ar ( g D> qung
~ ~ OéT—i-lB—(SB—(ﬁ—i-(SB)aB ~ ~
Va=1V, Vi — Vi
— B+aB+1B—5T—(5+5T)aT<T D)’
and using again the second continuity condition:
- -~ ar+1p—-6p—(B+B)ap [+
Vp -V — V=V,
_ b= "B a3+15—5T—(5+5T)aT<T D>: ar +1 ( 7‘7) Eol
d Tp — T4 B —dr — (B +dr)ar D) quno
€d <‘~/ LT aT—i—IB—ég—(B—i—(SB)aB) ~ ar +1 Eel
- Xp— g P ag+18—6r — (B+or)ar "8 —or — (B+ dr)ar qung
€d <1+04T+1,8—5B—(B+5B)a3> ar +1 €l
Tp — g ap+13—6r—(8+dr)ar B — o7 — (B + dr)ar qung

Then denoting:

ZOéT—i‘lﬁ—(sB—(ﬁ—i—éB)aB

3.149
ap+1p—0r—(B+dr)ar ( )
we finally get:
( ~ ~ ar+1 Eel DKJ)
Ve +V; + —(zp—7x
Vi = ’ T(’y ﬁ—5T—(ﬁ+5T)OéT€d< i d>quno
v 14+~v+ ar +1 2(;15 —xq) Dr
K B—0r—(B+0or)ares  ° " qung (3.150)
Viey + V (1+ ar +1 @(x —xq) Dr . .
v, — ot o f—or—(B+dr)ar eq P ! qung
=
1+~+ ar +1 Sl Tp — Tq) Dk
L 7 B —0r — (B +dr)ar eq b d qung
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Because the current is the same in each section, we compute it as displacement current
in the dielectric:

. <‘~/ ‘7 ) ar +1 e Dk
J— i Vo —=Va Jwed T b B —0r — (B4 dr)ar €4 qung
= —jwey = —
— (Tp — 24
B —0r — (B+dr)ar eq qHno
AV
= jw . 3.151
/ (1+ )5_5T_(6+5T)QTL qno_ | Tp = T ( )
Y ar+1 ca kTk &d
3.A.3.1 Equivalent formulation
According to the equivalent formulation developed in Sec. B.I.1.1, we have:
qunor? (8 — 8 — (B + 8) a) = 26 (1 — a) + jwrL (1 +a)
This means that:
_ar+126(1 —ap) + jwkArp (1 + ap)
ag+12¢(1 —ar) + jwrAzr (1 + ar)
where Axg = x4 and Axr = L — xp. We obtain then:
. AV
J=7 - 3.152
jW(l ) 26 (1 —ar) + jwrAzr (14+ar) 1 N hg ( )
g 1+ ar eaDK3 &4 — jog/w

where we have also included a finite conductivity o4 in the dielectric region representing
the biomolecule and hy = xp — x4. If we now assume that |ar| < 1 and |ag| < 1, we
can approximate the former equation as:

- AV
J =~ ]w(l ) %€ T jorler > (3.153)
i 861D/€3 Eq — jad/w
. AV
TV I e (3.154)
SelDK3 Ed —de/w

As expected, also in this case the admittance ;. is the series connection of the dielectric
region and the electrolyte region admittances.

3.A.4 1D cartesian model with dielectric layer, electrolyte and
dielectric region inside

We consider the possibility of having at the same time a dielectric layer in the region |0,
a] and another dielectric layer in the region [x4, xp| which are distinct subdomains of the
region [0, L].

We denote V; = V(a), Vy = V(z4) and Vp = V(zp) and, using the results in Sec. ,
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write the potential in the overall domain as:

Vi =V, -
Ia B+ Vg z € [0,d]
a 3 Vd — VI —k(z—a) k(z—a)
el L? 555 (B+om)an ape ™)
+hp(x—a)+lsp x € [a,z4]
v (3.155)
Vp =V, ~
= d(x—ﬂcd)‘f‘vd x € [xq,zD]
TD — X4
a2 Vr — Vi —w(@-2D) _ qper(@—TD)
el L? 7 br (3 +brjar © e )
+lhr (x—xD)—{—lgT x e [J}D,L]

Imposing the continuity of the normal component of the dielectric induction through the
interfaces yields:

( Vi— Vg ap+1 ~ ~ Eel
€5 = -V Dk
a B—0p—(B+p)ap ( I> qHno
ap+1 ~ ~ el Vb — Va
X V,—V, Dk =
B - OB - (B4 d0p)ap ( ¢ I> qpng " gdﬂUD — x4
VD_‘/d aT‘l’l -~ ot Eel
€ = Vi =V, Dk
. dﬂUD —xq [—06r—(B+0r)ar < g D) qung

From the first and the second equation:

Vi —V, Vp — V. ~ . ~
L S AU S i (N v AN v AT S (VD—Vd>
a Tp — Xg EsTp — Xq

Eq. [3.150] still holds substituting Vi with V;, so that we get:

oar +1 €ez< )D/{
— (zp — x
T Ed a ~ ~ B—éT—(B—I—(sT)O{T Ed b d quno
Vi=Vg+ Vr— Vi - 5
R 147+ at 2 (op — @) —
B —6r — (B4 0r)ar g4 qpng
~ a VT—VI
=Vg+ —
B 53(1+ )5—5T—(6+5T)04Ti qno +xD—:cd
" OéT—i-l €elkBTl€ Ed

If we now call:

B—or—(B+dr)ar 1 qng Tp — Tq
f— 1 —
g ( + ’7) ar +1 e kgTk + €d
_(B=0r—(B+or)ar B—iop—(B+dp)lap) 1 qng Tp — T4
= + - +
CkT—i-l CkB+1 Eel /{ZBTFL Ed
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We have:
( ~ ‘738577 + VTCL
¥y = 2Tt
Esnta
~ . ar+1 el Dk )
Vi+V, ( + — (xzp — 2
5 ! T\’ B —r — (B +dr)ar eq b d)quno
Vp = ar+1 el Dk
1+~+ “(zp—=z (3.156
v ,6 — 5T — (ﬁ + (51{1“)&1“ Ed p d) q,tmf) )
” % ar + Eel K
Viy+ Vi 1+ — (zp —x
V, = i I( B—0r— (B+or)areq " ) qpng
=
I+~v+ ort1 axD—xd) D
L B —or — (B+dr)ar eq qmg
The current then is:
- o Vi=Vs . AV
J = —jweg = Jjw
a 77+ .

3.A.5 1D cartesian model with DC bias (only electrolyte) - alter-
native derivation

d
We can write Eq. [3.73|in a matrix form d_u = Au, where:
x
V] I 0 0 0 1 0 0
P+ 0 0 0 0 1 0
¢ 0 0 0 0 0 1
A% K2, 1 K2, K2,
— —= |0 — ] ——==9 — 0 0 0
u= |z |, A=|2 ( (=) + 5(1;)) 2 @) ~550
doy K2 K2 I C)) 0
dx (x) dz L s
5 — k2 0 2 0 2
dé- o o §(z) dx
L dx A -
We calculate the eigenvalues (k) by solving the characteristic equation:
[ K 0 0 -1 0 0
0 K 0 0 -1 0
0 0 K 0 0 -1
det(kI — A) =det | K% 1 K% K%
5 6(35)—1—@ 75(37) 25 (x) K 0 0
K2 —K2 0 0 k+n(x) 0
I K2 0 -Kk2 0 0 Kk —n(zx)]
2
2 G40 (1482) (2477 D2 (52-1)p
=K n5—<2mi+D<5+(15>+7]2>/€3+ 5 kA4 2 5
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The only eigenvalue that can be immediately found is k1 = 0; the other ones have to
be computed numerically. We then find the matrix transformation T(z) such that A =
TAT ! where A is the diagonal matrix of the eigenvalues. The system is then diagonalized
as:

dua du dy
— =A — =TAT —=A 1
dz v dz v dz Y (3.157)

where y = T~ 'u. The solution of the diagonalized system is:

M@):Chmp(ljm@ﬁK)=Sﬂmp<l:m@ﬂC+q>

where [ = 1..6 is the eigenvalue index, z is the lower boundary of the domain, in our case
then o = 0, and we have chosen to include the constant inside the exponential, adding
the sign s;.

The boundary conditions are:

1% 1%
dor| [V do| i
dar =10 and dr =10
do_ 0 do_ 0
% 0 % L

As we know that the actual solution is u = Ty, we can write:

Ty Vs Ty Vr
Tsy| =10 and Tsy| =10

where T} denotes the k-th row of T. Because one row of T is arbitrary, we can set
T, = [1 1111 1}. Solving this system of equations we obtain the constants ¢;.
The matrix T can be easily calculated noting that the columns T' are:

1

2

Ky

2 4 e — k2
K] + K — KE

2

liw

2
K] — K — K2,

T = | K% 1 K2 1 K2
2k, +5 * l€l2+liln—lﬁi+(5ﬁl2—lﬁln—lii
2

Ky

TS 2
K + /{l;7 — K,
K“w
—hRiT5 )
K] — K — K,

and the column corresponding to x; = 0 is T! = [1 1100 O}T. In this way we can
write explicitly the system of boundary conditions (denoting with [ = 1 the eigenvalue
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k; = 0, as previously done):

3.A.6 Spherical 1st order model with only electrolyte - integra-
tion constants

To calculate the integration constants in Eqs. [3.85] first we note that:

Oy _o(—jrir)  (=2kyr cosh(kr) 4 (2 4 K7r?) sinh (k1))
or =/ ki '

The expressions for the gradients are:

- 0 Oy_o(—7JK1r O0y_o(—7jKor
v¢1'7”:$: (c’l i 2(67“] ! )—0’2 Y 2(87"] 2 )+03) cos ¢
- 0 Oy_o(—jrqr Oy_o(—jKor
ngg-r:%: (c’l i Q(arj : )+c’2 Y 2(8rj 2 )+03)0050
Therefore, we need to solve the system:
8y 2 —jKT) ’ By 2 —jKar) ’ _
R R
(9y 2(6 Jrar) ’ Lo FYamirer) 3y 28 Jhar) ‘ _ (3.158)
R R
_j_wcl y72(_J“1R) +C3R: VO

\

Subtracting the first equation from the second immediately tells that ¢, = co = 0. The
other constants are (with the substitution py = kR):

/ jw KJZRZ ‘7
~ 2 KR(€ - 2jw) COSh(IiR) (=€ + (2 4 K2R?) jw) sinh(xkR) °

o eXP(—PO) v
po(€ — 2jw) (1 + exp(—2p9)) + (=& + (2 + p3) jw) (1 — exp(—2pp))
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Jw —2kRcosh(kR) + (2 4+ k*R?) sinh(kR) o

" R KR(€ — 2jw) cosh(kR) + (=€ + (2 + k2R?) jw) sinh(kR)

_Jw —2p0 (1 + exp(—2po)) + (2 + p5) (1 — exp(—2pp)) o
R po(& = 2jw) (1 + exp(—2p0)) + (=€ + (2 + p3) jw) (1 — exp(—2pp)) "

3.A.7 Spherical 1st order model with particle - integration con-
stants

The expressions of the integration constants in Eq. are:

e = BRVorZjw| — 3eriey(2 + pol2 + po))je
e ( (R =18) (61 + pyp) + a2+ pyl2 + )2
+ (2, — ea) + B ey + 220)) (24 pyl2+ pp)iw) | /1
dy = " PP 3RVyk2 jw [ — 3Mr36,(2 + po(—2 + o)) ju
e (R = 13) (6p(1 = py) + cal2+ pp( =2+ )26
+ (23 — 2a) + B(ep +220)) 2+ pp(=2+ pp))jew) |
¢s = 3R Vajew | €(2 + po(2 + po)) ((6p(1 = pp) + a2 + pp( =2+ py)))28
T (& + 22a) (2 + ppl(=2+ ) jeo)
= (24 po(=2 + o)) (& (1 + py) +2a(2 + py(2 + )26
+ (ep +2ea)(2+ pp(2 + pp))J'w) + 4eﬂ°+pp€ppf,€} /n
ds = BR7riVojw |7 (2 + po(2 + p0)) (1 = py) +2a(2 + py(—2 + p,)))E
T (=6 2a)(2 4 pp( =2+ py)))
= (24 po(=2+ po)) (1 + py) + 2a(2 + pp(2 + py)))E
T (e )24 pyl2+ pyp)w) + 26 eyl
e1 = 3R Vaea(§ + juw) | — de™ o (RY = 13) '
+37€7(2 4 po(2+ o)) (2 + pp(=2 + pp) Jw
= 3 (24 po(=2+ po)) 2+ pyp(2 + pp))w | /1
n= (3" B ep(~1+ py) — a2+ pyl—2 + p,)))E
+e” (=7 (2ri(ep — ca) + R (6p + 261)) (=1 + po)€
+ (=6 + ) + B ey + 220)) (2 pol—2 + po))w) )
(= 3em B2+ pp(2+ pp))o + e (2 (B = 13) (L4 po)€ + (2 +73) (24 po(2 + po) ) )
(= 3R+ pp(=2+ py))w

e (=2 (RS = 8) (<1 4+ )€ + (2R +13) (2-+ ol =2+ o)) )
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< — 3je™ R*(e,(1 4 pp) + (2 + pp(2 + pp)))E
4 ePr (] (2’/’2(617 — 5el) + Rs(ép + 2661)> (1 + p0)§
+ (rp(—ep +ea) + R + 2ca1)) (24 po(2 + po))w))

where we have set again p = xr, so that p, = k1, and py = kR. We also can assume that
po > 1. The constants then are:

e = 3R VorZjw| — errieplio + e ( (B = rl) (14 pp) + 2a(2 + pp(2 + p,)))28

+ (286 — 2a) + (e + 220)) 2+ pyl2 4+ )0 | /1
dy = ep°+p”3R5%F»2jw[ — 3e"ry e w + 6’”’( (B? = r3) (ep(1 = pp) +2aa(2 + pp(=2 + py)))2€

T (2036 — 2a) + R ey +220)) 2+ pp(=2+ py))jw) |/
s = 3RVajew €703 ((6p(1 = pp) + (2 + pp(=2 + pp)))26 + (6 + 220) (2 + py (2 + py) w0

— " pg <(€p(1 +0p) T €a(2+ pp(2 4 0p)))26 + (6 + 22a)(2+ pp(2 + pp))jw> + 46”0“’%;92%5} /n
ds = 3R°r3Vajoo [ g8 (61 = pp) + 2 (2 + pyl=2 + pp)))E + (=€ + 2) 2+ py(=2 + p,) )

— (L4 py) + 22+ pp(2 + p)))E + J(—ep + 2a) 2+ pp(2 + ) ) + 2674 gyt |
er = 3R Vocu(€ + jw) | — 4 (gl = ) €

+35e™ 05(2 + pp(=2 + pp))w — 3je* (2 + pp(2 + pp))w} /n
n=— (37 R ep(—1+ py) — a2+ pyl(—2 + p,)))E

+e”(—j (27"2(61, — ea) + R*(e, + 221)) po + (ri(—ep + ca) + R¥(e, + 224)) p%w))
(=3¢ B2+ pyl2 + py)w + e (25 (B = 13) po + (2% +17) ) )
(=3 B2+ py(=2 4 py)eo + e (=25 (B = 13) ot + (2R +72) piw) )

(_ 376 R (e)(1 + py) + 2t(2 + (2 + py))E

e (2r3(ey — 2a) + R ey + 220)) po€ + (ri(—ey + ) + B (e + 26a)) pgw))

Large particle Assuming |p,| > 1, the constants are:
= 3R5V0/f2jw[ — e’ A0S, phjw + e_p‘)( (R* —12) (eppp + €a1p) 26

/n

dy = e”P3R°Vyk?jw [ — 3T2€pp(2)jw + efrmro ( (R3 — 7‘;’) (—eppp + 861,0}2,)2§

+ (27"2(% — ) + R3(ep + 2861)) Pijw)

+ (2T2(€p - 6el) + Rg(ep + 2€€l)) pij(’“})_ /77

c3 = 3R Vpjw |:62pp_2/70p(2) ((—eppp + €ezp12))25 + (e, + 25€l)p§jw>
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— i ((eppp + 861,0120)25 + (ep + 2€el)p§jw) + 46”””)0;)261,5] /n
dy = BRr3Vojor |72 g ((—eppy + bl + (6 +2u) i)

— 03 ((eppy + 2ap?)E + (—6p + 2a) i) + 26 pley|
er = BRVoea (€ + juw) | —4e7 7 (o} = pl) € + 3j* gl — 3jplo|
n=- <3j6pp_p0R3(6ppp — capy)é

-7 (27“2(610 — o) + R3(ep + 2565)) poé + (rﬁ(—ep +ea) + R3(ep + 2561)) pgw)

< — 3R3p§w + efrmro (2]' (R3 — 7“2) poé + (2R3 + 7";’) pgw) )

+ < — 3epp’p°R3p§w —27 (R3 — rﬁ) poé + (2R3 + 'r’f;) p?,w)

( — 3jR*(eppp + €aapi)§

+efrro (j (2r2(ep — €at) + R (ep 4 2201)) po + (rp(—€p + cat) + R (e, + 22a1)) p§w>)

where we have also multiplied nominator and denominator by exp(—2py).
If we now assume that py > p, the constants simplify to:

= e‘p°3R5V0/<¢2jw< (R3 — 7‘5) (€ppp + 6elpf))2§
+ (27"2(6;0 - eel) + Rg(ep + QEeZ)) p;%jw> /77
dy = —epPQRSVOHQjcuTiepp%jw/n
cs = —3R°Vojwpy ((Eppp +eapy)26 + (ep + 2eez)p§jw) /1
d3 = _3R5T;3;‘/()j°~’p(2) <(€ppp + Eelp;%)f + (—€p + 5el)p;2;jw> /n
e1 = —9RVoeu (& + jw)pipiiw/n
= —3R3p§jw< (253 (e — £01) + B¥(ep + 2200)) pof — (r3(—€p + £a) + B3 (ey + 2201)) pgjw)

3R ey + carl ) = 2 (R = 07) poé + (28 +13) i)

If we instead assume that py = p,, which implies ¢; exp (pg) — 0, we can simplify the
expression of the current as follows:

. ‘ . d
I ~ wRey < — di€exp(—po) — c3jwR + QJWR—32>
~ 3rR*Vyjwey [2R2 (R® — 7“2) ar’p,(e, — ae, + (1 + a)eapy)
+ & (racpd (~3R(1+ a)r? + 4po) +2 (B = 12) (1+ ) ipy
+ (14 ) (RPa (2ri(e, — ea) + R*(ep + 2ea)) &° — 2 (R® —12) (=1 + a)eap}) pa
- 4R3aepp§’,>jw + (=1 +0a?) (2ri(e, — ca) + R (ep + 22a1)) pgpﬁwﬂ /n

where we have written o = exp (p, — po).
If we now assume that the particle is at large distance from the electrodes, then o ~ 0
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and:

I =3rR*ojwsa|§(2 (R = 1) eppboy + (2 (R = 1) eaunf) p2) je
— (2ri(ep — £a) + (e +260)) pioie?|/
((@2ri(er = o) + R ep + 22) pus + (=6 + ) + R ey + 220)) o)
(75
+ (2(R = 13) pot + (2B + 1) pijv) (333(eppp + eelp,%k)}
= T RVotPzapopy |2 (B = 13) (e + 2a) € + (26, — 2at) + B (6 + 220)) ju0]/
[( (2r)(ep — a) + R (ep + 221)) £+ (ri(—€p + €a) + R (6, + 2201)) pojw) Ppiw

+ (2(R = 1) €+ (2B +73) poji) (e + 2app)€]

3.A.8 Spherical Oth order model with only electrolyte - integra-
tion constants

As before, subtracting the first two equations from Eq. [3.100] tells us immediately that
co = dy = 0 and ¢ = ¢ = ¢. Eq. |3.100| transforms then to:

¢y exp (kR;) H—Rf — dyexp (—KR;) H—ng o ﬁ; =0
K)Ro —1 K/Ro +1 3
c1exp (kR,) pyee —dyexp (—kR,) rR2 - R_g =0
_iclexp(ﬁ )+ dyexp (—k )+03+—3:V0
Jw I{RC% }flz
Ro - Ro
Caeph)thepCeRy
\ Jw kR, R,

The solution is:

c1 = RiRorjw (€7 (L + p;) — e” 72 (1 + p,)) Vo/n
di = RiR,kjw (—e* 77 (1 — p;) + e (1 — p,)) Vo/n
cs = Ri (—26" 77 po& + (14 pi) (€ + jw(1 = po)) — €7 (1 = p;) (€ + jw(1 + po))) Vo/n
d3 = —R;Ryjw (14 p) (1 = po) — €72 (1= pi) (1 + p,)) Vo /1
n=—4e"""R;R,k{ — ((Ro (1 — po) = Ri (1 + p;)) £+ (Ro — R;) (1 + pi) (1 = po) jw)
+ 72 ((Ro (L4 po) — Ri (1 — pi)) €+ (Ro — Ri) (1= p;) (14 po) jw)

where p; = kR; and p, = KR,.
We now define o = exp(p; — p,). We can safely assume that the outer electrode has a
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wide radius, so that p, = kR, > 1. In this way the constants simplify to:

e = e RiRorjw (1 + pi) — apo) Vo/n
dy = e” RiRorijw (—a (1= pi) = po) Vo/n
cs = Ri (—2apo& + (14 pi) (€ — jw) — &® (1 = pi) (€ + jw)) Vo /n
dy = —R;Rojw (— (14 pi) po — * (1 = p;) po) Vo/n
1= —4aR;R,w& — ((—Ropo — Ri (L4 pi)) € + (Ro — Ri) (1+ ps) pojw)
+0® ((Ropo — Ri (1 = pi)) €+ (Ro — Ry) (1 = py) pojw)

Large radius inner electrode If the inner electrode has a large radius (p; = kR; > 1),
but still much smaller than the outer electrode (p; < p,, @ — 0), then we can further
simplify the solution:

cp =€ "R;R,kjw (1 + p;) \N/O/n

dy = —e” RiRokjwpoVo/n

cs = Ri(L+p;) (€ — jw) Vo/n

ds = RiRojw (1 + pi) poVo/1

n=—((=Ropo — Ri (L + p:)) § + (Ro — Ri) (1 + pi) pojw)

3.A.9 Spherical Oth order model with particle - integration con-
stants

Defining a; = exp(p; — pp) and a, = exp(pp — p,) the constants in Egs. [3.103]- [3.104] are:

c1i = rprpRVoepk (—eP (14 p,) + e (1 + p;))

(€ (14 pp) (=14 po) — € (=1 + pp)(1 + po)) jw(& + jw) /1
dy; = PRI b R Voe ki (€77 (=1 4 pp) + e (1 — py))

(—e* (14 pp) (=14 po) + €7 (=1 + pp)(1 + po)) jw(€ + jw) /1

1 . .
7o RoVoey (e%°(1+ pp) (=1 + po) — €7 (=1 + pp) (L + po)) (£ + jw)

(267 i€ — (1 + pp) (€ + jw — pijw) — €7 (=1 + pp) (€ + jw + pijw)) /0 + Vo
dyi = ryrpRoVoep (=€ (14 pp) (=1 + p;) + € (=1 + p,) (1 + p1))

(€2 (1+ pp) (=14 p,) — €7 (=1 + pp)(1 + po)) jw(€ + jw) /1
cro = rprp R Vo (=€ (1+ p,) (=1 + p;) + €7 (=1 + p,)(1 + py))

(e (1 + pp) — e (L + p,)) jw(€ + jw)/n
dio = TP p RoVoeph (=™ (14 pp) (=14 pi) + €2 (=1 + pp) (1 + pi))
(€ (=14 pp) + e (1 = p,)) jw(€ + jw)/n

Tprp%ﬁp
—e2o(1+ pp)(—=1+ p,) + P (=1 + pp)(1+ p,)

(—e*(1 +pp =1+ pi) + (=1 + p,)(1+ py))
(€ (14 pp) (=1 + p,) — €7 (=1 + pp)(1 + po)) (€ + jw)
(—2ePHR pog €20 (1+ pp) (€ + jw — pojw) + €77 (=1 + pp) (& + jw + pojw)) /n
= rprpRoVoe, (=¥ (14 pp) (=1 + pi) + €7 (=1 + p,) (1 + p1))

C3; =

C30

d3o =
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(e (1 4 pp)(—1+ po) — €P (=1 + pp)(1 + po)) jw(& + jw)/n
rploVo

" Ri(en(1+pp) —err(1+py)

(% (1+ pp) (=14 po) — € (=14 pp) (1 + po)) (€ + jw)

(= 4etr Ry, Rieyg + € (Riley — 2a)(—1 + pi)(§ + jow)

+ roeph(€ + jw — pijw) + 1 (—Ricar(—=1 4 pi) (€ + jw) + & (4 (=1 + pi)*jw)) )
+ e (Ri(ep — ) (1 + pi) (€ + jw) + rleph(€ + jw + pijw)

+ 1y (Ricar(1+ pi) (€ + jw) — € (E+ (14 pi)jw)) )>/77 +Vo
f = rprpRoVoza (e (14 pp) (=1 + pi) + €7 (=1 + py) (1 + py)
(e°(1 + pp)(—1 + po) — €27 (=14 pp)(1 + po)) (€ + jw)?/n

n= R%ie—Q(pp—f—po)(g + ]w) [ - 26pp+pi+2porPRo€p§(1 + pP)(Ripp + rppz')(_l + Po)
+ 4P p Riep& (1 + pp) (=1 + pi)po — 4€*7 PP Poryrp Riey€(—1 + pp) (1 + pi)po
+ 2ePr 20 Pirp Roep& (=1 4 pp) (Ripy + 1pp1) (1 + o)
+ 2 (rp R Ry (14 pp) (=1 + pi) (=1 + po) (—ea(1+ pp) (€ + jw) + (6 + jw + ppjw))
— (1 + pp) (RiRo(=1 + pi) (=1 + po)(€p(§ + jw) — (€ + Epp + jw))
+rp(—Roep(1 + pp) (=1 + po)(§ + jw — pijw)
+ Ri(—1+ pi)(—€a(=1+ po)pojw + €,(§(1 + pp) — (1 + pp — po)(—1 + po)jw)))))
+ 0P (rp R Ro(1+ pp) (14 pi) (=1 4 po)(a(—1 4 pp) (€ + jw) + 6(E + jw — ppjw))
+1p(=1 4 pp) (RiBo(1 + pi) (=1 + po)(&p(€ + jw) — €al§ + Epp + jw))
+rp(Roep(1 + pp) (=1 + po) (€ + jw + pijw) + Ri(1 4 pi)(—ca(—1+ p,) pojw
+ &(E(1+ pp) — (14 pp — po) (=1 + po)jw)))))
+ PP (—rp R Ro(—1 + pp) (=1 + pi) (14 po)(—ea (1 + pp) (€ + jw) + €(€ + jw + ppiw))
= 1p(1 + pp) (RiRo(—1 4 pi) (1 + po)(ear(§(—1 + pp) — jw) + €(€ + jw))
+7p(Roep(=1+ pp) (L + po) (€ + jw — pijw) + Ri(=1+ pi)(eapo(1 + po)jw
+ &(€(=1+pp) + (=1 + pp = po)(1 + po)jw)))))
+ 62(pp+pp)(_rPRiR0(_1 + pP)(l + Pi)(l + pO)(gel(_l + pp)(£ + ]W) + 6P<£ + Jjw — pij))
+7p(=1 4 pp) (Ri (1 + pi) (1 + po)(ea(§(—=1 + pp) — jw) + €,(€ + jw))
+7p(=Roep(—=1 4 pp)(1 + po) (€ + jw + pijw) + Ri(1 + pi)(garpo(1 + po)jw

+6(E(=1+pp) + (=1 + pp = po) (1 + po)jw)))))

(=€ (1 + pp) + (1 + pi))

3.A.10 Derivation of the analytical model for the admittance
change

As a first step we note that again the solution in the particle is simply given by:
V(r,0) = eyrcos (3.159)

The solution in the electrolyte is given again by Eq. with ¢y = dy = 0.

From now on we concentrate on the dependence on r, since the dependence on cos 6 does
not show up in the calculation of the integration constants. This happens because for
the continuity of the dielectric displacement we need to calculate the derivative of the
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potential with respect to the direction normal to the surface, which is simply 7.
Setting explicitly the boundary conditions gives then the following equations:

ds 1 1 1 1 1 ~
csR+ R or [Cl (RR 52R2) eXp("iR) +dy ( R + HQRQ) eXp(—HR)] =V (3~1603)

JwT

3R+ % +a </<c1R 21RQ> exp(kR) + dy < 1R /<521R2> exp(—kR) =V, (3.160D)
carp + fg - ]j”_ [cl (/117“1, - /1217“]%> exp(krp) + di (,L;lrp + 5211"2) exp(—lﬂ"p)] = e3rp (3.160c)
c3 — 22% + <i - % + 14227“3> exp(kr) — dy <i + % + I€227"3> exp(—kr) =0 (3.160d)
Eel {03 — Qil; - j%_ (i — % + ni*") exp(kr) + ]du;_ (i + % + /£22r3> exp(—/w)] = €pes3

(3.160e)

Solving this system of equations gives:

= RQ((RK —-1) (¢ (7‘ K2 jwT + 21, (KjwT + K) + 2jwT + 2) + 2 (2 + 267 + K2r ) (14 jwr))
+ 260 R)(Ryg 4 1) (ep (Tpli JwT = 2ry(KjwT + K) 4 2jwT + 2) + 264 (Tpli = 2rpk +2) (1 + jwr)) )‘71,/77
ds = —T§R2<(Rli —1) (& (r2f£2jw7' + rpr(2jwr — 1) + 2jwr — 1) — e¢r (24 2671 + /-121"2) (1 + jwr))
+ ) (R 4+ 1) (e (r2R?jwr + rp(k — 26jwT) 4 2jwT — 1) — e (ros” — 2rpk + 2) (14 jwT)) )\;},/n
= 73ijTSR2n2epe“(TP*2b)(Rn +1)W/n
dy = 3jw¢r2R2/$2ep(R/~@ —1)e ™V, /n

e3 = 3R%*ci (1 + jwr) ((2 + 2k1p + li27"2) (Rk — 1) + 0o =8 (r2s?® — 2rpk +2) (Rk + 1)) Vi /1

2
P
n=(Rk — 1)( (rg + 2R®) (rpkep + £e1(2 + 267y + Ko7 ) +€p) — jwT (2 + 2Kk1, + HQ’I“ZQ))

(r;’(ep —Eel) — R3(6p + 2561)) ) + 62”(7'P_R)(Rf<a + 1)( (rg + 2R3) (ep(1 = rpk) + eer(rpr(rpk — 2) + 2))

— jwT(rpr(rpk — 2) + 2) (rg(ep —Eel) — R3(ep + 2&?@1)) )

If we assume that R —r, > |1/k/, this implies |e*"»=®)| — 0. It is then natural to assume
also R > |1/k|. We can then simplify the constants:

= R%k (e, (i’ jw + 2rp(KjwT + K) + 2jwT + 2) 4 26 (2 + 267 + KT ) (14 jwr)) Vi/n
dy = =13 R’k (€ (rar?jwt + rpr(2jwr — 1) + 2jwr — 1) — e (2 + 261, + £775) (1 + jwT)) Vi/n
(e 0
dy = 3jw7'7’2R3/$36pe””‘~/b/77
e3 = 3R%key (1 + jwr) (2 + 2Kr), + HQTZ) ‘71)/77
n= /@R< (r2 4+ 2R?) (rpke, + £a(2 + 261y + K°12) 4 €,) — jwT(2 + 267, + K°T2)

(rg(ep —ea) — R (e, + 2661)) )

If we further assume that, not only R —r, > |1/k|, but also R > r,, we can further
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simplify the constants:

1€ (24 267y + jwT(2 4 261 + K212)) + 22 (2 + 261, + £272) (1 + jwr) 7

c3 ™~ — .
° 7 R 2(e,(1 + krp) + (2 + 261, + K212)) + JwT (2 4 261, + K212) (€ + 2201)
Vi
= — 3.161
" (3.1612)
p 8 ey (1+ wry — jwr(2+ 261y + K212)) + e (24 267, + £712) (14 jwT) 0
° 7 R2(e,(1 + kryp) + eat(2 + 261y + K212)) + JwT (2 4 261, + K212) (€ + 221) ’
(3.161b)
c1~0 (3.161c)
7“3 KTp ~
dy ~ 3jwr-LK? %° Vi

R 2(ep(1 4 kry) 4+ €a(2 + 281, + K212)) + jwT (2 + 281, + K212) (€ + 2€41)

(3.161d)
e3 ~ 31 561(1 + jWT) (2 —+ Q,ﬂnp + ,{27%) %
R2(ep(1 + Krp) + €a(2 + 267 + K212)) + jwT(2 + 261) + K212) (€ + 2601)
(3.161e)

_ Since, as we show in the following, the calculation of AS entails subtracting o and

V,/ R, the approximation o ~ V;,/ R is not accurate enough, and we have to retain at least

the second order term in 7“3. This approximation should work only near » = R, where in

any case 7~ =~ ( with our assumptions. Using Eq.|3.160a we can then immediately write:

Vo  d

3= — — — 3.162

"R R® (3.162)

The solution in absence of the particle can be immediately found letting r, — 0,
leading to the constants:

0 0 0
Co = -, Ca = 0, d — O
37 R 1 1
Using the usual definition, we now compute the complex conjugate of complex power
through outer interface of region b:

S* = — / V*(R,0)J,(R,0)2r R? sin 0d0 (3.163)
0

where the % denotes the conjugate operation and .J, is the total current density in the r
direction:

. dv do

J, = —jwe— — 2¢* ping—— 3.164

= jwe s = 20 pny (3.164)
Note also the minus sign in Eq. [3.163| which is necessary to have an inner orientation for
the current on the electrode. Since we have assumed that R —r, > |1/k|, we can make
the approximation:

dv

av| _ do
dr

dr

r=R

ds
~ (03 — 2§> cos @ (3.165)

r=R
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The complex power in presence of the particle is then:

T d
S, = /0 ViFcos O (oy, + jwee) <03 — QR_?;’> cos 021 R? sin 0d6

Am , ~ d
- ?R2 (op + jwee) V) <03 — 2R_?;’) (3.166)

where o, = 2¢%uny is the electrolyte conductivity.
The complex power in absence of the particle is similarly expressed as:

47

S =
o3

R? (0y + jwe) Vi el (3.167)

The difference in complex conjugate power with and without particle is then:

14-K7p el ol
3 Tz, oz T 2w (3 - 1)
) 2+21+’:;p - a: 52 % (0 + jwee) ‘Eo
Sramn, o T oo FwT(E + 3)

2

(3.168)

where we have used Egs. 3.1610] - 3.162] the value of the unperturbed electric field
Ey = —V,/R and the fact that the volume of the particle is:

47
_ 273

0 =51 (3.169)

This proves Eq. [3.114]

3.A.11 1D semiconductor resistor - integration constants

Resistor in AC small signal regime We have to solve:
Vi+Va+V,=0

~ 1 ~ (7
i (22w (s oot o2 ) ) Bt (2 2w (b oo o2 ) ) W) =0

D
Vi + VoL + Vi exp (ksL) + Viexp (kaL) = Vo

L 1 .
Vi+ WL — H2<<I§:Z,+2I€L </<5L— \//iZD—i—n%—i—/@ZJ)) Vs exp (k3L)

D

+ (Hf,+2/<aL (HL+\/%%+H%+/€£>> ‘ZieXp(mL)) =V

The solution is simply given by:

Vi=Va=V,=0, Vp=-
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Capacitor in AC small signal regime The solution of the system of boundary con-
ditions gives:

Vi =k} (2 (e 2L +1) (khkL + 263) +

Vi
+ (e*Q’isL +1- 26(”L*“S)L> Kokis, — (—e 2L 41) Ky (262 — K2) ) ?0
Vo = — (45% (HQD + K2 — m§)2 + 4K2 (HQD + K2 — 53) K+ (kL — k) (kL + Iﬂs)lﬁi) X

1%
_ —2I€3L+1 0
(et 1) 20

. Vi
Vs =— (_e—gf{sL + e(nL—ns)L) K5 (QHQDHL + (kL — Ks) (261 (KL + Rs) + mi)) ?O

T = (= o) o (e (4 ) (2 — )+ ) 2

_ — — 2
n=—2e (FLtra)ly 2 (2 gelir—rs)ly2 . 2 4 o 2m5L<4LH% (K% T - Hg)

+2 (khks + 2LK7 (KD + K1 — K2)) k2, + Lk — k) (kL + I€5)I€i>+
+ (2%%/{3/@% —L (4&% (/‘i%) + K2 — /@'?)2 + 4K2 (/’i%) + K2 — /@'g) K2 4 (kp — ko) (KL + ns)/ﬁi> )
3.A.12 Switching capacitance model parameters

The contents of this section have been kindly provided by F. Widdershoven.
The charge transferred from the charge node to the discharge node during one switching
period is:

e1 (1 —ez(es+ (1 —eq)pppa)) +e3 (1 —e1(e2+ (1 —e2) pypa))

—(Cc.+C,) = Capa v
Op = (O 4 ) = oo™ e T — e mopa) 1 (62 & (1 — ) pop) oo
(3.170)
with the parameters:
C, C,
= - 3.171
b=y, P70 1, (8.171a)
f— Re(CotCp) 1= R (2% 4 (3.171b)
a — E S E b — E CS ‘I— Op FE .

t to —

e = exp <——1) ey = exp (— 2 1) (3.171c)
Ta Th

€3 = exp (—tB _ tQ) €4 = exp (—t4 _ t3> (3.171d)

Ta )




Chapter 4

Numerical methods

This chapter describes the theory behind the development of a simulator based on the
Control Volume Finite Element Method (CVFEM) for the DC and AC behaviour of na-
noelectrode biosensors in three dimensions (3D).The choice to develop a custom, full 3D
numerical solver maturated at the start of this thesis work, after having evaluated 1D
and 2D models implemented with finite difference discretization schemes. In fact, it soon
became clear that on the one hand only a full 3D code could address the complex ge-
ometrical problem of the interaction of an analyte with the biosensors. On the other
hand, since the response due to a single biomolecule is typically very small, a very high
accuracy is necessary to fully assess the biosensor response. The chosen CVFEM enables
a very accurate calculation of the current at the contacts, and therefore of the change in
admittance at the electrodes due to the presence of a small biomolecule.

The derivation of the CVFEM discretization of the PB and PNP equations with non lin-
ear (exponential) charge terms is an original contribution of this work and poses specific
discretization and accuracy problems.

Commercial general purpose FEM solvers (e.g. Comsol [61]) in general do not provide the
level of accuracy needed for our calculations. On the contrary simulation tools specifically
dedicated to electronic devices (TCAD, e.g. Sentaurus Device [35]) always lack specific
models to describe electrolytes and surface electrochemical phenomena specific of biosen-
sors. At the end of this chapter (Sec. , however, we will show a possible strategy to
overcome some of the issues of commercial TCAD.

4.1 Weak formulations

In order to use the Finite Element Methods (FEMs), we have to start from a weak for-
mulation of the equations of interest. In a classical formulation, like the ones derived in
Chap. [2] the solution is defined point-wise and all derivatives up to the derivatives in the
equation are known to exist. Weak formulations are defined via integrals against certain
“test functions”. Therefore the solution is only unique up to a set of points of Lebesgue
measure zero (i.e., not an interval).

In practice this procedure is performed starting from a residual formulation of the equa-
tions [62], so that we seek an unknown function u (for instance V' or ¢,,) such that it
satisfies a set of differential equations A;(u) in the form:

A(u) = |A2(u)| =0 (4.1)
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in the domain 2. The function u may be a scalar quantity or may represent a vector of
several variables. Similarly, the differential equation A(u) may be a single one or a set of
simultaneous possibly non-linear equations A;(u).

As the set of differential equations has to be zero at each point of the domain €2,
it follows that we can use a weak formulation and write:

/ viA)dQ =0, (4.2)

where v = [Ul Vg .. } is a set of arbitrary test functions and the length of v is equal

to the number of equations (or components of u). We recall that the weak formulation
means that the equation (Eq. must hold for all test functions v. We will not address
in this thesis the question from which function space the test functions should be chosen,
for which the reader can refer to specialized texts.

This formalism will be always the starting point for our analysis of FEMs. The different
methods that lie in the FEM family differ on the choice of the functions v. The spe-
cific ultimate goal is to develop an accurate, current conservative and efficient FEM on
arbitrary tetrahedral grids.

4.1.1 DC models

Poisson equation The residual statement of Poisson equation (Eq. is:
A(Vo) =V - (eVVp) + po (4.3)

where Vj is the DC potential and p, the volume charge density. Using an arbitrary smooth
scalar test function v we can then cast it into the weak formulation:

/UA(VO)dQ = /v (V- (eVVo) + po) d2 = 0.
Q Q
Integrating by parts we obtain:

/UV-EVVOdQ = —/Vv-aVVon—i—fvEVVO‘fzdF.
Q

Q r

The weak formulation then is:
—/VU - eV VodQ) + /veVVb -ndl + /vpon =0 (4.4)
Q I'p

for all test functions v, where we have also used the boundary conditions (Eq. .

Current equations Taking into account the boundary conditions, the DC weak form
of the first formulation (Eq. [2.21)) is:

Z
kgT
Q

Zm, .
+ /'Uquumni exp (E; (dom — Vo)) Voom - ndl =0 (4.5)

¢
I'p
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and for the second formulation (Eq. [2.22):

Z
—/5Vv -V, d2 + /vsﬁ({ngm -V (¢, — V) dQ + /vqusz -ndl=0. (4.6)
B
Q Q re,

for all test functions v. In the following we will derive the discretized form for both
formulations of the current equations.

4.1.2 AC models

Poisson equation Following the same methodology, we derive the weak formulation of

Eq. [2.30}

Nsp fy0 o

¥ VA m4 . o
_/Vv~aVVdQ+/U€VV~ndF+/Uzl o (¢m v) dQ=0.  (47)
Q m=

I'p Q

for all test functions wv.

Current equations The weak formulation for the current equations (Eq. is:

— /quuva . (nOm (% <gz~§m — V) Voom + V(]Em>> ds)
Q

+ /vaq,um (nOm (@ (&m - ‘7) Voom + Vém)> -ndl

6
l—‘D

. qu 7 ¥ _
— /v]wnOmij—T (gbm — V> dQ=0. (4.8)
Q

for all test functions wv.

4.2 CVFEM discretization of model equations

We look for the discretized formulation of the models equations [4.4 in the framework
of the well-known finite element methods [62]. In particular, we use the common Galerkin
Finite Element Method (GFEM [62]) as a reference to assess advantages and limitations
of the Control Volume Finite Element Method (CVFEM [63]). In fact CVFEM has the
potential to efficiently achieve high accuracy and current conservation. These methods
differ only for the choice of the basis function, so that the general discretization procedure
remains the same.

The first step in the discretization is to divide the domain 2 in a discrete set of nodes,
edges, faces and volumes that, in our case, will always be elements of a 3D tetrahedral
mesh. The second step is then to approximate the components of the unknown functions
vector u (hereafter denoted u) by calculating their value 4’ on the nodes and interpolating
them in the mesh volumes using interpolation functions N7 [62]:

Nnod

un~ Y N (4.9)
j=1



CHAPTER 4. NUMERICAL METHODS 111

The N7 are the basis functions for the finite-dimensional function space where the solution
is calculated. In this work we will always use piece-wise linear interpolation functions, so
that VN7 is constant inside each mesh volume, and we consider only the neighbour nodes
for the interpolation, i.e. N7 = 0 in the mesh volumes that are not connected to node n’.
These particular functions are often called hat functions.

The weak formulations, due to their integral nature, allow an approximation to be made
if, in place of any test function v, we put a finite set of approximate functions [62]:

Niod

v ) wisn (4.10)
j=1

where Niod 18 the number of mesh nodes, w’ the basis functions associated to node j and
the 0’ are arbitrary (constant) parameters. Using the approximation , we can then
transform the weak formulation (Eq. 4.2)) to:

0

Q

for all 607, and since they are arbitrary and using Eq. we have a set of equations which
is sufficient to determine the parameters u':

/ijA(u)dQ =0; j=1,...,Nnoa-
Q

We also use the same basis functions for each variable in vector u, i.e. W/ = w’.
The last step is the choice of basis functions w’. In GFEM the choice is w’ = N7 [62],
whereas in CVFEM the choice is w’ = 47, where [63]:

;)1 nQleq
L 0 in the complement

where Q) is the control volume around node n/ and IV = 9/ its border. In our context
the control volume borders are defined by connecting the baricenters of volumes, faces
and edges as shown in Fig. . The basis function 77 has the following properties [63]:

/Vﬁj-adQ:—/a-ﬁdF
Q

T

/V-('yja')dQ:O

where o is any smooth vector field.

In the following sections we explicitly derive the models’ discretization for the CVFEM,
since this method has never been applied before in our context. Moreover, we report the
final results for GFEM and carry out a detailed comparison between the two methods.
For convenience, Fig. reports some useful definitions that are used in the derivations.
Note that, as usual in Finite Element Methods, we will always choose v/ = u” (where u”
is the Dirichlet boundary condition for the unknown function u) for the nodes n/ € I'p;
consequently, neither we need to write the discretized equations for these nodes, nor we
need to calculate the integrals on I'p. As we will see when discussing global conservation
(Sec. , however, these integrals are necessary for a post processing computation of
the current at the contacts.
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Fig 4.1: Unitary reference tetrahedron (red) and control volume . around node ng (blue). In
addition, 2D cuts (for clarity) with node n’ and its neighbour volumes and nodes are shown.
The node is either on Dirichlet boundary (left) or in the bulk (right). The control volume is
highlighted and the surfaces I'p, IV and I'V"F are marked.

4.2.1 CVFEM discretization of the DC equations
4.2.1.1 Poisson equation

The first step is to use the CVFEM basis functions in Eq. [£.4] which yields:

Nsp
/EVVO-fzdI‘—l—/pofdQ—i—Zqu/nOmdQ:O (4.11)
7 Ql g

where, as already discussed, we discretize the equations only on the nodes n* ¢ I'p, so
that the integrals on I'p can be dropped. To discretize Eq. [£.4 we then first use the
approximation 4.9}

Nnod N“P
Zvo/eww ndF+/pofdQ+Zqu/n0mdQ—0
m=1
Qi Ql

Using the linear interpolation functions N7 defined above we can write:

Nnod

Zvo/gww Adh = Vi Y /gVN”f ndr+v322/sv1\/ﬁ’f

GA] k‘ET'L J Ti.k ZGA] ke .k

where A} are the nodes connected to node n?, Y7 the tetrahedral volumes connected to
node n/ and Y% the volumes connected to both node n/ and n’. I'V* NJ* and N** are

the portions of IV, N7 and N' that lie inside the primal volume v*, respectively.
We can then write the discretized Poisson equation as:
Nions
> a IV + YV + /pofdQ + > qu/nOmdQ =0 (4.12)

ZEAI Q% Q?:
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where pos is the constant volume charge density and:

o= " [eVN* . qdl (4.13a)
keYii ik
V=> > /SVNJ’“ Adl =— " a" (4.13D)
i€ kETiI ieA]

where we used the property that if the basis functions are linear, then:
VN*.g=- 3" VN*.g
iENTK

for any o smooth vector field, where Af,?"/’ are the nodes connected to node n’ and to
volume v*. We can write more explicitly the non-linear term:

N.
) ions - qu . . .
0el = /POeldQ = 2—1 qunm/exp </€B_T EZA N* (Gom — Vo)) dQ2 (4.14)
ol "= ol e

where A’ are the nodes connected to node n/, with n’/ included.
A surface charge density (0g) can be easily specified on the mesh surfaces by adding to
the equation for node n’ a term:

J‘é = /O‘odr

i,

where Ff; is the part of the primal surface that is included in the control volume QJ. In
this expression o can be an arbitrary function of the potential V as for instance the
site-binding charge oy, (Egs. 2.11}2.12).

The non-linear system made by Eq. is then solved using a standard Newton-
Raphson method, as we will see in Sec. f.4, Therefore, for the solution of the system,
we need also to compute the Jacobian; its non-linear part is derived in Sec. [f.A.1 More
details on the solution algorithm are reported at the beginning of Section [4.4] Note that
the non-linear system could be solved also using an iterative solver, without the need of
computing the Jacobian, but we would expect the convergence to be significantly slower.

As we will show in Sec. 4.A.2) in our specific case where: 1) the control volume is
defined using the faces and volumes centroids and 2) the basis functions are linear, then
the a and b coefficients in Eq. are exactly the same as the ones obtained for the
GFEM. This is consistent with the findings of [64] for the box method. This means that
an expression alternative to Eq. is:

av = — Z VNIF . eV NOEIQ = — Z FVF Y NIF .y NOF

ket ok ket
V==Y 3 [VN*.cUNHKIQ =~ Y f' VNI YN = - 3" g
i€ENT keYid ok keYid iENIF

In this way the GFEM formulation reads:

lOTlS

> a IV + YV + /N]P()fdQ + qu/Nj%mdQ =0 (4.15)

i€ENI m=1 Y

where (¥ = Upcy;v" is the union of all tetrahedra connected to node n/.
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4.2.1.2 Current equations

First formulation The weak formulation with the CVFEM shape functions is:

quum/’ij . (n;’no exp (kBT (Pom — )) V¢0m> dQ2=0.
Q

Integrating again by parts and using the properties of the shape functions we can directly
write:

ZmQ/vLngLo/eXp < (¢0m - )> vQbOm ndl'=0.

i

Using also the approximations we obtain:

L@t D Gom D /exp< > N (om — Vi )) VN dl =0

i€ keXhd [ i€NIF

where A/ are the nodes connected to n/ (including n/ itself) while A%* are those nodes in
the A/ set that are also bound to the tetrahedron k.

In order to have the same units of measurement as for the Poisson equation, we multiply
the equation by (£/Z,qumns), so that we obtain:

D b Y € /exp( SN (G, — Vi )) VN dl = 0. (4.16)

i€ keXhi 1y i€NIF

Second formulation In this case the weak formulation with the CVFEM shape func-
tions reads:

. Zm(q
/”Yj (k—TV%m -V (om — Vo) + V2¢0m) dQ=0.
0

Integrating again by parts and using the properties of the shape functions we can directly
write:
Zmq

eVoom - V (Gom — Vo) dQ2 + /Equom -ndl'=10.
kBT

QJ TJ

Using also the approximations we obtain:

Nnod Nnod Nnod
Q] - TJ =

and noting that VN** is a constant inside each tetrahedron:

205 0 (X et ) G- i 9

keTJ iENIF i€ENIE

+3 G Y M VN =0

i€ NI keYtd
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where V), is the volume of tetrahedron v*. We can write this equation in a more compact
form by denoting:

ag = E efpik .y Nk

keYid
bh=Y_ > SF VNP =N "0y
i€EAT keI Y

The coefficients ag‘j and b]é are exactly the same ones of the linear part of Poisson equation
(Eq. , but only if the entire system is composed of semiconductor. In fact, since the
current equations Eq. are valid only in the semiconductor, the sums on the volumes
in these coefficients range only on the volumes that lie in this material.

4.2.1.3 Global conservation

In typical nanoelectronic sensors, the output signal consists in the value of electrical quan-
tities at the terminals (e.g., dielectric displacement flux, current, etc). For few particles’
sensors the signal is given by a tiny change of these quantitites: current and flux conser-
vation are thus key ingredients for an accurate sensor simulation. If global conservation
is not verified, the calculation of these boundary quantities is not consistent and can be
affected by excessively large errors for single molecule analysis purposes.

Since in CVFEM the fluxes are calculated on the control volume surfaces, the method
has the so called telescoping property [65], which ensures that the fluxes are conserved
when passing from one control volume to the adjacent ones. CVFEM is thus locally con-
servative with respect to these fluxes. To ensure the global conservation property, however,
fluxes on the Dirichlet control volumes (DCV) have to be calculated with special care [63].
As usual in FEMs, we always assume that two adjacent but distinct electrodes are sep-
arated by at least two points. Following [63], we show below that global conservation is
retained if the boundary quantities are carefully calculated by consistently post-processing
the simulation data. In fact, in the DCVs the control volume equation is:

/5VV0ﬁdF— / DLdF—f—/pofdQ—F/poeldQ:O

T’ CpNrJ Ql Qf

int

where the Vj are known because they come from the solution of the system and D, =
—eVVy - n are the normal components of the dielectric displacements on the Dirichlet
boundary. We divide the surface integral in the part on the Dirichlet boundary I'p and
the part of the DCV surface outside T'p, that is T2 . = IV — (T'p N TY) (see the left sketch
in Fig. . We represent D in the same basis as the potential, D, = >, N*D’ . This
equation has to be discretized consistently with Eq. to find a system of equations
with D as unknowns:

Z ai’jVoi + b]‘/bj — Z Diei’j — Difj + /pofdQ + /poeldQ =0 (417)
ieA]I' iEAjD Ql ol
where a* and ¥/ are given by Eq. and:
e = / NYdr,  fi= / N’dr (4.18)

L'pNrinre 'pNrJ
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This procedure yields the dielectric displacement’s fluxes on the Dirichlet boundary, i.e.,
the electrodes. According to Gauss’s law, the flux can be used to calculate for instance
the DC differential capacitance of the sensor.

Following similar steps we can write the current equations on the DCVs, making use
of Eq. 2.20l In this case it is more convenient to use the first formulation, that is:

1
- J1mdU + Zquimmn,, o — Voom -ndl =0
7.4 1, + Zmqpmn / exp (kBT (o )> Gom = T
FDij ant
where we denote with J, ,,, = :n -n the normal component of the ionic or electronic

current due to the species m flowing through the Dirichlet boundary. As we have done
for the dielectric displacement, we represent .J, ,, in the same basis as the potential,
Jim = >;N'Ji,,. This equation has to be discretized in the same way as for the
dielectric displacement to find a system of equation with Jim as unknowns:

ATt SO SO / exp Lq > N (G, —Ve) | VNUF AT

k€Y ie(5,A0F) ik ze(j,AJ%k)
- ZJM W =0 (4.19)
zGA]

where ¢/ and f7 are exactly the same of Eq. .

For the purpose of comparing CVFEM and GFEM we observe that, in order for
GFEM to be globally conservative, the same approach described here should be used, by
substituting the appropriate GFEM expressions of the coefficients in Eq.

4.2.2 CVFEM discretization of the AC equations

4.2.2.1 Poisson and current equations

Following the same CVFEM procedure described above, we can discretize the Poisson
(Eq. and the current (Eq. 4.8 equations. We thus obtain:

nod Nions 22 2 nod . . )
Poisson: Z Vi / eVN -l + Z DY (gs:n - V@) / Nngmd = 0
- i=1 o
Nnod Z q nod . . nod
Current: — jZ2q 2Hm Z gi)m/nOmVN ndl + ka <¢:n — VZ) /n()le Z o, VN - fdT
=1 1 B & I=1
Z2 2 Nnod

—kaZ i Vl /Nn()mdQ_O
B

where we also have multiplied the current equations by Z,,q¢/jw in order to have the
coefficients with the same unit of measurement (Farads) as in Poisson equation. Following
the same discretization procedure described in Sec. [4.2.1.1] we can write Poisson equation
as:

Nions
S ot 4 a4 3 (Zsz‘;{é; +tz;zaszn) - (120

iENI m=1 \seAJ
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and the current equations as:
S (s + g ) Vi (U, + h) VI + Y 0l + pldl, =0 (4.21)
1ENI i€AJ

The coefficients are:

] Z2 2
s = o Z / NoFng, dS (4.22a)
keYisi Gk
) 72 q2 )
= sz > / N7Fp g, dS (4.22b)
1E€EANT ke b

d.k
e
zon.s

¢l = gb Z sbi (4.22¢)

7,077,8

= — Z t (4.22d)

@] Z3Q3Um ik Lk
gl = j - >3 bh [ N, VN - fvdl (4.22¢)

keYhi leAd:k Lok

hi = km;{ ’i’)” DI ¢0m/N3 Fom VN -y dT (4.22f)
B

i€EAT keTHT leAdF Lk
_ jZtiMUm S [ 0o VN i dD — (i + g3 (4.22g)
keYtd ik

p =57 q2“m Z Z /nOmVN]k ndl — (), + hi) (4.22h)

i€AT KETHT 4 4

Note that in the electrolyte g%/ = h/ = 0, since Vg, = 0

Site-binding charge The implementation of the site-binding model Eq. gives
additional contributions to Poisson equation:
ou—V

dr’
Vin

Qs = C]/Nsasb
ik

where I'%" is the part of the primal surface (i.e., the surfaces of the tetrahedra) that is

included in control volume €/ and tetrahedron v*:

K (kinor (Kinom + jw) + KLk (K k) + 4kpnon + jw))
(KLK} + nom (K, + nom ) ) (KLEL (KGRD + jw) + (Konom + jw) (k2 (K) + nonr) + jw))

The additional coeflicients are then:

Qgp =

shi = v > / N** Ngagdl (4.23a)
th kETZJ
D IDY / N Ngor gl (4.23D)
zGAJ keYii

rik
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So that the voltage coefficients for the Poisson equation are not the ones in Eq. any
more, but change to:

zon?

=" Z shd — b (4.24a)

zons

S Z t—t, (4.24b)

. The quasi-potential coefficients for the hydrogen become:

spyl = s+ 55 (4.25a)
tpl, =t + 1, (4.25b)

where we used the subscript H instead of the generic ion index m to indicate the hydrogen
coefficients.
The corresponding AC coefficients using the GFEM are reported in the chapter ap-

pendix

4.2.2.2 Global conservation

As in the DC case (Eq. , the electric displacement on the boundary has to be com-
puted with care in order to ensure global conservation hence, a consistent calculation of
the terminal currents. For the sake of finding generally applicable results, we avoid the
assumption that the electrodes are ideally polarizable, so that the contact current density
is:

J:jwl~3+ij

m

Consistently with Sec. [4.2.1.3, we denote Di the normal component of the nodal dielectric
displacement at node j, and JJ ., the normal component of the nodal ionic current density
of carrier species m at node j. Slnce we recall (Eq. m ) that:

-

= Z
_ 72 2 .

the equivalent of Eq. at faradaic (ohmic) contacts is then:

YDERTILED ST R RSy (stmm) ~0 (4260

1€AI €A, m=1 \4ieAJ
S (st + gl ) Vi (thy+ ) V94> 06+ Dy — Y T e [ = J 7 /oo = 0
i€NI i€AI iGA?;

(4.26b)

where €/ and f7 are the same as in the DC case (Eq. [4.18)) and the other coefficients are
given by Eq. [£.22] Note that the corresponding equations for ideally polarizable contacts
are readily recovered by removing the equations for J ,,.
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4.2.2.3 Contact admittance

As we will discuss in Sec. [5.5] it is useful to foresee a more general case where the contacts
identified by integer index [) can have a lumped series admittance Y; as sketched in Fig.
This implies that the current going out of the contact I; is given by:
Iy = ~Yi(Viy = Vi)
where f/ell is the voltage imposed at the electrode and V}, is the potential in the inner
part of the electrode (see Fig. 4.2)). The addition of external lumped elements to the
simulation domain is well known in TCAD and obviously results in additional unknowns
) and equations. The equations to add are:

(the V;
Nions
Do IVIEdVI = YT D - D+ Y (Z 5l O “%) =0

int

1€AI ieAd m=1 \ieAJ
S (ST + g Vi (b)) VI 0, + Dby — > Ji e fjw = J] 7/ jw =0
1€NI i€NI iEAJb
Nions ) Nions )
I Dol CE 0 o B IR (RS oE B P BV
JeAL, Liead m=1 m=1

where A!, denotes the nodes connected to electrode [. In order to have the same units
of measurements for all the unknowns, we use the variables V}, = jwD’ /Y; and Vi =
jim /Y, and thus alleviate possible ill-conditioning problems of the system of equations.
The subscript [ is not needed in the definition of f/g and V7 since each node n? can lie
only on one electrode [. In this way we can write:

Nions
ST - Y G i 3 (Zszggs; +tf;1q~5{;1> 0

i€Ad ieAd, m=1 \ieAJ
N A N . . Y Y
D (i A G Vi (b)) VI 4 Y 0Rl 00 + P = D Ve = V= =0
€N iEAI ienl Jw Jw
N; N;
}/2 ~i wons ~i Z . ~j wons o . 'Y'l ~l ~l
EO I UES SR CES s VARSI R
JEAL, ieA], m=1 m=1

As usual we have made the assumption that two adjacent but distinct electrodes are
separated by at least two points.

- v
l l
Vi 7 Vi

Fig 4.2: Sketch of a generic electrode (identified by the index [) with a lumped series admittance
Y.

4.2.3 Volume integrals

As we have just seen, in order to calculate the discretized coefficients we need to compute
volume and surface integrals. This computation is very expensive in terms of resources,
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since it has to be done multiple times for each mesh node. In addition, the accuracy of
this calculation is critical to determine the overall accuracy of the simulation method.
These reasons justify the necessity to discuss in detail how the numerical integration is
performed.
We start discussing the calculation of volume integrals. According to Eq. [4.12] given
a tetrahedron identified by the index &, that has node n/ as one of the vertices, we have
to calculate integrals Z of the kind:
- / F(@)d0 (4.27)

g,k
Qe

where f(Z) is an arbitrary continuos function, and for the sake of a lean notation we
dropped the indices j and k. In the following we concentrate on the calculation of Z in
the CVFEM case; however, very similar considerations apply to the calculation of volume
integrals in GFEM.

An important advantage of CVFEM over GFEM is that integrals of the kind in Eq.
are generally of lower order with respect to those of GFEM (compare for example the
CVFEM and GFEM AC coefficients Eqs. . The higher is the integral order, the
more integration points are needed to retain the same accuracy using a Gauss integration
rule [66]; this fact highlights the need of accurate and efficient integration procedures.
Several approaches have been proposed to calculate Eq. [4.27] Perhaps the most common
one [67] is to transform the coordinates from & to £ = € n C}T by a transformation

T such that ¥ = Tg and such that the calculation is appreciably simpler. Using T the

integral becomes:
/f )d§) = /f )|det )| dS2

Qk Gk

where Qg’“ is the control volume in the transformed space and J is the Jacobian matrix of
T. In standard GFEM on a simplicial mesh, the transformation is chosen in a way that
maps the k-th element into a reference unitary simplex (Fig. . The transformation is
thus an affinity and |det(J)] is either equal to the length or to twice the area or to six times
the volume of the simplex when working in one, two or three dimensions, respectively. In
our case this implies that:

7= 6Vk/f({) dQ) = 6V, (4.28)

Qe

where Q. is the control volume in the reference tetrahedron (the blue shape in Fig,. and
V. is the volume of the original tetrahedron v*. Note that the integral in Eq. does not
depend on the specific tetrahedron but only on the integrand function f. An important
difference of CVFEM with respect to GFEM is that in Eq. the term 7 is calculated
only on the control volume ). and not on the entire tetrahedron. This implies that the
well-known exact expressions for the integration coefficients of polynomial expressions
using baricentric coordinates [67] can not be used in the CVFEM case and an alternative
mean to compute 7 has to be devised.

Another approach to compute Z is to use numeric integration with quadrature formu-
las, for instance using Gauss points [67]. However, since the region Q. is not the unitary
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reference cube, this approach requires to divide Q. in elementary subvolumes and to carry
out numerical integration on each of them.

Another possibility would be to use a transformation to directly map the control vol-
ume into a unitary reference cube and then calculate nodes and weights as tensor products
of the Gauss’s quadrature formulas from the 1-dimensional case |67]. The required trans-
formation however is non-linear and complicates the overall calculation.

Yet another approach is presented in [68] for a quadrilateral or hexaedral mesh, but
it requires to define the control volume boundaries on the Gauss-Legendre points instead
of the much simpler centroids of faces and elements as done in this work. In addition,
it is not straightforward to translate the approach of |68| from hexaedral to tetrahedral
meshes.

For all these reasons, we have decided to calculate Z via direct symbolic integration.
The integral 7 is then computed as a sum of integrals Z,p on elementary subvolumes
included in the £ domain in the interval £ € [¢,, &), in the n domain from line [, to line [,
and in the ¢ domain from the &7 plane to the plane P.

As a first example of this procedure, we calculate the volume of ). that is, we set
f(&,n,¢) = 1. We can simply prove by direct calculation or by geometrical considerations

that Vol (Qc> = 1/24, that is, 1/4 of the volume of the unitary tetrahedron. Similarly
we can prove that:

23
/ Nod) = 1152 / 13dQ_3456 (4.29)
Qc

where we have called Ny 3 the linear basis functions of nodes ng 3 respectively in the
unitary reference tetrahedron (see Eq. . The expressions of Ny 3 are reported in Sec.
[4.A7in the chapter appendix.

We also need to calculate the integrals containing non linear functions of 1}, such as
for instance Eq. [£.14] In the specific case of Eq. [£.14] the integrand becomes:

Zmnq ik 7 ik i
o[22 (vt - 52

iEAT K

f(Z) = ex (4.30)

To maintain a simple notation, we introduce a new variable v; with [ = 0..3 where:

Vo = kBT (Vref - Vo]) y U1.3 =

Zmq

[ (Vier = V)

so that the integrand is:

f(&) = exp (von’k + Z viNi’k> (4.31)

i€ENT K

where we have used the fact that N* 4+ 5. N%k = 1. The integral of f(Z) in Eq. 4.31] ‘ is
given in Eq. [4.56] as a function of the terms u; = v; — vy where [ = 1..3. The expression
of the integral reveals that numerical issues could arise due to the limit forms 0/0. This
problem, however, can be easily overcome by using a Taylor expansion. For instance, an
expansion at third order around u; = 0 is given in the Sec.[4.A.4] Note that using a Taylor
expansion is equivalent to employing a quadrature integration rule, but the advantage of
our method is that the integral can also in principle be computed exactly (using Eq.
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and that there is no need to define integration points inside the tetrahedron for each
integral that we need to calculate.

Another important advantage of the proposed method is the reduced calculation com-
plexity at the same desired accuracy. In fact, using the quadrature integration and assum-
ing that Q{zk is mapped into the unitary reference cube via a non-linear transformation,
6 integration points would be necessary to have an approximation of order 3 [66]. This
means that we need to evaluate the integrand function, in our case an exponential, 6 times.
Because the exponential function is numerically implemented as a series and assuming to
truncate it at the third order, then we need to sum 24 terms. On the other hand, using
the exact expression of 7 expanded in Taylor series at order 3 requires to evaluate a series
of 20 terms plus one exponential function (4 additional terms if truncated at third or-
der), which gives the same computational cost as the quadrature formula. Our approach,
however, as already discussed, uses a linear transformation, which means that only the
volume needs to be actually computed, while mapping Qﬁk into a cube would require to
calculate also the non-linear transformation. In addition, the quadrature formula from
[66] uses the values of the function on the faces baricenters, while we directly use the
nodal values. The advantage of our method comes from the fact that, in the approximate
calculation, we use the known expansion of the exponential function.

As a final remark we note that, in order to solve the non-linear system of equations
(Eq. [4.12), we also need to calculate the Jacobian of the system (Eq. [£.51]). These terms
include integrals very similar to Z, so that the same considerations above apply to them
as well. Also in this case we can overcome issues with 0/0 forms by using a Taylor
expansion. The Taylor forms are reported in Sec. for the sake of an immediate use
by the interested reader.

4.2.4 Surface integrals
In CVFEM integrals of the form:

Ts = / F(&)V3g(&) - i dD (4.32)
Tk

appear, where f(Z) and ¢g(¥) are again continuous and differentiable functions. For in-
stance these are found in Eq. In all cases considered here ¢(Z) will be one of the
linear basis functions. The surface I'V* can be divided into 3 planar surfaces, each one
intersecting one of the edges that connect node j with the other 3 tetrahedron’s nodes (see
Fig. . We will call these surfaces F{’k, Fg’k, Fé’k, where we choose F{k as the surface
that intersects the edge that connects nodes n’ and n'. We can then write the surface
integral as a sum of three terms Z};:

3 3
Ty lZ /f(f)Vfg(f) hdl = lZzg (4.33)

ik
l

We apply again the transformation to the unitary reference tetrahedron of Fig. =T 5
to each integral, so that:

—

Vi g(&) = I Veg(2(€))
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where J~7 is the transposed inverse matrix of J. The surface element is written explicitly:

par = 2, on

where 7 = [z y db +bha + cpy} (i.e, the vector defining the surface (plane) I'")

can be described by the vector FJ whose norm is equal to the surface area and whose
direction is orthogonal to the surface with outer orientation with respect to ¥, When
applying the transformation T we can prove that the following relations hold:

87"1 87“[ (afl @Tl )
= 03
|4 555t e "oy — ldet(3)] || J*Tf
arl (97“[ 07"1 87“[
8$ 8y 8_5 X 5_77
87"1 87"; 87?1 877[

[ s 12 i ae

rik

N I gy de = /f

where 7, = [5 n ab+ BLE+ W}U]T is the vector defining the surface (plane) [, in the
transformed space. We can then write the complete expression of the integral:

T = (J_Tvgg / F(7)dn de (4.34)

where:

or,  on
—']k; T l l
— |det(3)] I (ag x )

Note that, since g and 752 are linear functions, their derivatives have been taken out of the
integral and that:

—
A

I

f.]»k . _’J»k

5 (4.35)

or o
73
The values of the integrals in Eq. [£.33 are reported in the appendix. Once again, in order
to avoid issues with 0/0 forms, we used a Taylor expansion of the integral.

Primal surface integrals In order to impose the global conservation we have to cal-
culate integrals of the form (see Eq. 4.18)):

Ty / F(@)dr
rik

where ngk is the part of the primal surfaces of the tetrahedron comprised in the control
volume Q9% on which we set Dirichlet boundary conditions. In each volume QJ*, %" can
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be made of a different number of surfaces, from 0 to 3. From now on we will assume that
%" is made of all the facets on the 3 primal surfaces, i.e [ = 3, % with | ranging
from 1 to 3. For each facet we can then write:

= 2T py / F(F)d=s d=,

I'py

where I'p; is the area of the primary face opposite to node n; in the original space and
we have used the fact that the faces are planar surfaces, so that the surface element is
constant and can be taken out of the integral. More explicitly then:

where Fpl is again the vector defining the face (similarly as 7?1) We denote I p; the surface
opposite to node n; in the transformed space and we have also called Z; the coordinates,
because they have to be chosen differently according to the surface I'p;. In particular we
have that:

1
Fpl = 5 |det(J)|

(&mn) ifl=3
(E1,52) =< (£,0) ifl=2
(n,¢) ifl=1

The values of the integrals are explicitly reported in Sec.

4.3 1D CVFEM simulator

The full 3D simulator is a very general purpose tool for sensor analysis whose capability
will be demonstrated in Chaps. {6, However, it usually requires a large computational
effort for the purpose of studying simple 1D systems, it is convenient to use a 1D model.
In the following we will then present the development of a 1D CVFEM simulator for
dielectric/electrolyte systems, that is derived from the general 3D expressions presented in
this chapter. We therefore make the same assumptions as above, for instance the linearity
of the basis functions N7. We will therefore not include the model for the semiconductor
material.

4.3.1 DC model

Let’s assume a 1D system develops along x (see the sketch in Fig. . We use j as the
node index and we do not need a different index for the volume (k in the 3D simulator),
since in this simple 1D system the number of volumes is N, — 1, where N,,; is the
number of nodes. In addition, each mesh node j is attached only to two volumes, so that
we can use the same index j for both entities. With the help of Fig. [£.3] we denote then

1 1
1 1 1 1 1 S
T | T " T ':L'
. €T
. Jj+1
i+l

Fig 4.3: Sketch of a generic point z; in the 1D mesh.
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N7 as the basis function around node z; defined inside the volume between z; and x ;.
The basis functions become finally:

.. Tit1 — T C L T —Tiq
NI — 2 7 NII—1 — J
Tjt1 — T Ty —Tj-1
L T — 2 L Tj— X
Nit+Li — J ’ NI—Li—1 — J )
LTjt1 — T Ty —Xj-1

Consistently with the previous section, we define the control volume by using the baricen-
ters of the mesh volumes, which is denoted Tj 1= (xj 4+ x;+1)/2. We can then specialize

Eq. .12 as:
. . i Ij+ Nzons x]_+l Nnod
aJ+V0j+1+aJVOJ1+b]V(f—|—/ posdr + Z qu/ 2n0m<z NW}}) dr =0

i-% Ti-% =1
(4.36)
The coefficients are:
. 1 . ,
W= EVNTHE T = — 53_ ' (4.37a)
9C; j+1 Lj+1 — Xy
. 1 . .
W= == eVNITV  pgp = —S7L (4.37b)
A Joc,, Tj = Tj-1
] . . . ‘
V= T / eVNI* . dl + / eVN* . qpdl | = —(a?™ 4 a’™) (4.37c)
9C;,j+1 9C;,j-1

where €; is the permittivity in the mesh volume z;, 0C;_,; and 9Cj ;1 the control
volume surfaces (in the transversal y and z coordinates) at Tj 1 and z; 11 respectively.
The coefficients are calculated per unit transversal area A. The non-linear charge term is
calculated as:

i-3 i-3 i€A)
Nione xj+% Z q . . X )
= Z qung‘jn/ exp ——ka NJVO]+ZNZV0’—V}€f dx
m=1 “i-% b ieA]
Nions x; i ]+§ it
= Zm QMoo / eNea d +/ eMNed d (4.38)
m=1 xj_% Zj
where:
j- _ Zmd jg—1y/7 j—1,j—1y73-1
Neq k’ T (V;ef - N % - N ‘/0 )
Not = Dmd NIy Ny
- g ( ref = 0o~ 0 )
We now define:
o= Dy ol =, — vl
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and we also call [;_ = z; —x;_; and ;4 = x;4; — x; the lengths of the cells around node
xj. We can finally calculate the integrals in Eq. [4.38}
. S Z. . 1/2) -1
I, — / Pz = exp (Zn0 (v, —vg)) SR T g
zjf% kB Uin,
its ;
; eI Zmq N\ exp (ul, /2) — 1
Iefn_i_ = /Zj eNeq dz = exp (ij_T (V;‘ef — ‘/Oj)> ujJr+ lj+ (439b)

Since we need to calculate other integrals (e.g., for the Jacobian computation), it would
be useful to have a general procedure to compute integrals. We show in the following how
a general procedure can be established.

For the implementation of the 1D CVFEM model, we need to calculate integrals of
the type:

Afﬂwwwx

where V() = Ny (2)Vi+ Ny(x) Vs is the interpolation in terms of the basis functions. Since
we always use linear basis functions with the properties that Ni(x1) = 1, Ni(z2) = 0,
No(xq1) =0, Na(z2) = 1, we can immediately see that:

V(x):a:Q—le_i_a:—xlv% dV(:v):Vg—Vl
To — T1 To — T1 dx To — T1
We can then easily see that:
o xo — a1 [ dV(x)
Vv dr = % d
[ s == [ v S
To — X1
= F —F a
L (F(V () — F(V ()

where F'is the primitive of f with respect to the variable z. We immediately notice that
Egs. above are indeed in this form. This also tells us that for any function f the
integrals depend on the geometry only through the length of the cell, provided that we
use linear basis functions and that the extrema x, and x, are x; and x5 (as in the FEM)
or x1 and (x; + x2)/2 (as in the CVFEM).

The non-linear Jacobian coefficients are reported in Sec. in the chapter appendix.

Global conservation We specialize Eq. on the two boundaries of the 1D domain:

€T 1 Nions T, 1 Nnod ) )
aTVE + bV - DL +/ 2 popda + > qu/ B n0m<z NZV0’> dr =0

1 m=1 o1 i=1
TN N’Lons TN Nnod
N, d— Nnod_l N, d Nnod Nnod nod nod 7 7
A + b ned V) — Dot + pordr + E Zmq Nom E N'Vy | dx =0
xN"’LOd_% m=1 mNnod_% =1

where we have used the fact that:

fﬂ‘:% / N’dl =1

'pnri
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4.3.2 AC model
To derive the 1D AC model we start from Egs. - [4.21}

Nions
Poisson : TVt 4 VT4 @IV 4 Z <s«£;[95{n+1 + s{,;g%{;;l + t{ngzym) =0 (4.40)
m=1

current 1 gIHVITL 4 gi=YITl L pd VI oB QI ol gt T — () (4.41)
The coeflicients are reported in Sec.

Current through ideally polarizable electrodes In the following, we show how to
compute the current at the bottom electrode (z = 0). The current at the other contact
can be immediately calculated in a similar way but it should give exactly the same result,
since in a 1D system the total current has to be conserved.

To compute the current density at the contacts, we impose the global conservation, so
that we need to compute the dielectric displacements D , as in Sec. , solving as a
post-processing step the following equations:

Nions

VI L @V = DL+ > (s 4,8,) =0, forj=1
m=1

Nions
VI V= DL+ Y (SO ,00,) =0, for j = Nuag

m=1
At ideally polarizable electrodes the total current is just a displacement current that reads:

jea: = _jWDlL = jw‘DJ]YnOd :
With this notation the current density in the system is positive when flowing along the x
direction, that is from the bottom to the top electrode.

Current through Faradaic electrodes with admittance in series We assume
now that the electrodes can be connected in series with admittances (per unit area) y;,
where consistently with Sec. [£.2.2.2] [ is the electrode index. In the following we will
always assume that [ = 1 and [ = 2 at the bottom and top electrodes respectively. We
also suppose that the electrodes can have a Dirichlet boundary condition on the quasi-
potentials, so that the contact current has also ionic contributions. This is clearly a very
general case which goes beyond what is examined in the results section of this thesis. The
contact current is then:

J(L) = juDeot 37 Jh

The equation for the current at the electrodes is:

y (Vi =V (4.42a)

J(0)
J —ya(Vg — Vo) (4.42D)

J(L)
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where V) and V2 are the potential externally applied at the bottom and top electrodes. In
the system matrix we then need to add N,,,s+3 rows that represent the contact equations.
If we choose to calculate the current at the bottom electrode (current conservation will
enforce the same current at the top electrode), then the equations are given by Eq.
and the following four relations:

Nions
MV 4+ d'V - DY + Z (s o+ t}nqz,ln) =0
1+V2 +h1 Vl +Ol+¢2 o JLm/w+pm¢1 _
D} + Z JL,m/]w =~y (Vg = V1 /jw

D} + Z TL /e =y (Vi = VVet) [

As in the 3D solver, it is useful for numerical reasons to have the same units of measure-
ments for all the unknowns We then use the variables V= jwD! /y; and V! = Jt /U

(as in Sec. [4.2.2.2)), so that we can write:

IOTLS

HV AT =T+ Y () =0 (4.432)
1+V2 + R Vg 01+¢2 Vlﬂ + pl él =0 (4.43b)
v n + Z Vl _ (V -V (4.43¢)
1 yl 1Y 7N,
+ V V V nod 443d
Z Wn ) (4434

The system of equations is then solved using the same techniques used for the DC solver.
This will be the topic of the next section.

4.4 Numerical implementation

A full three dimensional CVFEM and GFEM simulator (hereafter denoted ENBIOS:
Electronic NanoBIOsensor Simulator) has been implemented using MATLAB [69], based
on Netgen general purpose tetrahedral meshes |70]. The non-linear DC system (Egs.
has been solved using MATLAB’s built-in routine fsolve through Levenberg-
Marquardt’s algorithm |71, which was the one that proved to be most robust and accurate
among MATLAB’s default choices. The convergence criterion was set to machine precision
and corresponds to about 107% elementary charges for the quadratic norm of the S vector
in Eq. [4.44] Typically convergence is obtained in five iterations starting from the initial
guess given by the linear Poisson solution.

The AC problem is instead solved using Matlab’s built-in routine midivide (the backslash
operator), which uses different direct methods to find the solution of a linear system
depending on the properties of the matrices. Since the system matrix is fairly large,
it would appear that an iterative method could be advantageous. However, mldivide is
usually so efficient that, unless there are memory issues or one can provide a very good
estimate of the solution, the iterative solvers provided with Matlab are unlikely to offer a
significant advantage.
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We did not explore this point in more detail since the linear system’s solution is usually
not the bottleneck of our simulation code. We had neither memory issues nor lack of
computational power, since we could use machines with up to 200 GB of RAM and 64
cores each.

4.4.1 DC problem

Boundary conditions for the DC problem are a mixture of Dirichlet and Neumann con-
ditions. The Neumann borders don’t need any special care (since as usual in FEMs [62],
these are the natural boundary conditions for the method), while the voltages on the
Dirichlet boundaries are known and therefore do not contribute to the variables vector.
The overall system of equations can be put in the form:

S == A(] V() + CO + QOf + QOel - 0 (444)

where Ag is the matrix containing Poisson coefficients (Eq. , the voltage vector
Vi has dimensions N,o4es — Negt Where N..; is the number of nodes on the Dirichlet
boundaries and the vector Cy contains the coefficients related to the voltages on the
Dirichlet boundary. The non-linear vector Q,,; contains the expression in Eq. for the
ion concentrations.

4.4.2 AC problem

Since the AC model equations are linearized, the resulting solution system is linear. It
can then be written as:

AU+C=0 (4.45)

= - ~ T . .
where U = [V b1 .. qumJ is the vector of unknown variables, the voltage vector

V has again dimensions N, ,qes — Neat and the vector C contains the coefficients related to
the voltages on the Dirichlet boundary, both for Poisson and for the ion current equations.
If all the electrodes are ideally polarizable, the vectors q?)m have dimensions N,,,4.s. The
top left part of matrix A, which encloses the Poisson coefficients for the voltage vector,
has exactly the same structure of Ay, since Poisson DC and AC equations have a very
similar form.

4.4.2.1 Generalized electrodes

If we allow some electrodes to be Faradaic or to be connected in series with a lumped
admittance, the vector of unknown variables is:

Vv
¢1 ( ~" % .
V — n;, : points that are not on the electrodes
N, ¢: — nl, : points that are not on the Faradaic electrodes
U=|V p |, v D — n;/l : points that are on the electrodes with admittance
VvV V;, — nfl : points that are on the Faradaic electrodes with admittance
L \th — n, - electrodes with admittance
VNions
L Vint ]

where the dimensions of each subarray are also shown. The constant vector C contains
the voltages applied on all the electrodes and the quasi-potentials on Faradaic electrodes.
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4.4.3 Simple example

Ne €14 nr €15 ng

ni €1 no €2 ns3

Fig 4.4: Simple 2D mesh.

In order to understand all implementation details, we consider as a simple 2D example
the mesh shown in Fig. [4.4, where we suppose that the system is entirely composed
of electrolyte. The mesh is composed of 15 edges and 8 nodes. We suppose Dirichlet
boundary conditions on nodes ny, ns and n3. No external lumped component is considered.
The 15 x 8 edges-nodes incidence matrix G of such a mesh is:

1 -1 0 0 0 0 0 0]
01 -1 0 0 0 0 0
10 0 0 0 -1 0 0
10 0 -1 0 0 0 0
01 0 -1 0 0 0 0
01 0 0 -1 0 0 0
00 1 0 -1 0 0 0
G=[00 1 0 0 0 0 -1
00 0 1 -1 0 0 0
00 0 1 0 -1 0 0
00 0 1 0 0 —1 0
00 0 0 1 0 —1 0
00 0 0 1 0 0 -1
00 0 0 0 1 —1 0
o0 0o 0 0 0 1 -1}

For each edge the matrix element value is —1 for the first node and +1 for the second.
As a convention, the first node is the one with the lower index. Based on Eq. the
DC matrices are:

b _a? g0 _gn 0 —a4V01 _ a5V02 V04

a0 b 0 a2 g8 _a6VO2 _ a7V03 V05

Ay = |—a' 0 5 —a' 0 , Co= —a3V01 , Vo = V06
Call g2 g pT s 0 %7

0 —a¥® 0 —a% —aBV3 Vg
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where the coefficients are given by Eq.

The AC matrices for a simple electrolyte with only two ion species are:

V4

_AT B2
_06‘72 _ c71~/3
_03‘71
0
_ S
IaVi—giv?
hV? — gVt — giv?
WV — giv?
—giV*!t = giv?
—giV? —g[V?
—giV!

0
—giV?
ﬁ%vl jQ%VQ ~
h%‘ﬂ jQ%VI jggvg
Ve —g3V?
—gaV! — g3V?
—QSVQ jggvs
—g;V
0
—g;V?
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4.5 Model validation and comparisons with GFEM

4.5.1 1D system CVFEM/GFEM comparison

Given the complexity of the endeavour, a structured verification strategy has been de-
ployed to validate ENBIOS in a variety of simple cases and to compare it to the established
GFEM approach. In particular, we will compare CVFEM and GFEM in a 3D rectangular
prism domain which consists of a uniform region (100 nm long in the z direction) with
a square cross section of 10 nm edge (Fig. . All the quantities are expect to depend
only on z like in a 1D case. We point out that, although the system is by construction
1D, the mesh is fully 3D. The simple 1D model described in Sec. [3.1] has thus been used
for verification. The maximum spacing is set uniform in the entire region and it is the
same in all 3 spatial directions. The electrolyte is 1:1 symmetric with mobility of the
two species equal to 3.24x10* m/Ns. The permittivity is calculated as a function of the
salt concentration according to [48], while its dependence on the frequency is neglected,
since it will become important only over 1 GHz, i.e., frequencies not accessible by state of
the art hardware [33]. The bottom electrode is always ideally polarizable, while the top
electrode is Faradaic in DC and ideally polarizable in AC. The validation and comparison
between CVFEM and GFEM will be first made for a DC problem, then we will move
to an AC problem with no DC bias applied. For both these cases exact analytical solu-
tions to compare with [36, |1| have been given in Secs. |3.1.313.1, Then we will compare
CVFEM and GFEM on an AC problem with a DC bias applied. Since CVFEM falls in
the family of the Finite Volume methods, we expect the convergence behaviour reported
in the literature for the latter methods [64, |72 to be valid also for CVFEM.

DC problem Under DC bias conditions the reference analytical solution is given by
the Gouy-Chapman model [36] (see also Sec. |3.1.3)), which reads:

AkpT — _z
Vo = kj tanh ™! <tanh (q(vik—,ﬁ) e *D) (4.46)

where A\p = \/ekpT/2n>*q? is the Debye length and Vg is the potential at the bottom
electrode. The model assumes that the potential on the opposite electrode is equal to V.,
so that the double layer is formed only at the bottom electrode, and that the electrodes
are very far away from each other (in practice more than a few A\p). In the following we
will always assume V,.; = 0 V.

Fig. |4.6| shows the difference 0V} between Eq. and the simulations performed with
the 3D code for a few Vz and bulk salt concentration n*°. The solution is calculated on

Vref A

Az

v

‘/el T

Fig 4.5: Sketch of the 1D system used to compare CVFEM and GFEM solvers. The domain is
filled by a 1:1 symmetric electrolyte.
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Fig 4.6: Error 0Vj in the potential profile calculated using the CVFEM (filled symbols) or
the GFEM (empty symbols) with respect to the analytical Gouy-Chapman solution for the
1D system (Eq. at different height above the bottom electrode and for four meshes with
maximum spacing equal to 10, 5, 2.5, 1.25 nm. The calculations refer to different bulk salt
concentration and the potential applied at one electrode.
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Fig 4.7: Real and imaginary parts of the small signal current versus frequency (left) and relative
difference between the real and imaginary parts of the simulated current and the analytical model
of |1] for a 1D system of 100 nm length and 100 nm? area, with a maximum mesh node spacing
of 10 nm (c) or 1.25 nm (d). No DC bias is applied.

4 different meshes, corresponding to decreasing mesh size. Noting that \p = 8 nm at 1.5
mM and A\p = 0.8 nm at 150 mM, we see that CVFEM and GFEM solutions match very
closely when the grid is sufficiently refined (b-d). This is consistent with the findings of
for linear problems, but in our case there is still a slight advantage of CVFEM. On
the other hand, on coarse grids (a-c) CVFEM offers a greater advantage with respect to
GFEM, especially when the non-linearity is stronger (c) because of a larger applied DC
bias. This indicates also that the convergence of the non-linear solver in the GFEM case
is more difficult than in the CVFEM case. Since the only coefficients that differ between
CVFEM and GFEM are the ones in Q,., we have to compare the non-linear integral
calculations. To this purpose, a direct comparison of the Oth order and of the cubic terms
in Eqgs. [4.57H4.58] shows that CVFEM weights more the value vy than v; with respect to
GFEM, an observation that contributes to explain the slightly different results provided
by the two methods.
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Fig 4.8: Convergence of the real and imaginary parts of the current varying the maximum
mesh spacing at two different bulk salt concentrations and for different potential applied at one
electrode. The simulations are made at a frequency of 12 kHz. Ap = 8 nm at 1.5 mM and 2.5
nm at 15 mM.
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Fig 4.9: Same as Fig. but at a frequency of 1.6 GHz.

AC problem Since our simulation tool is designed to study impedimetric biosensors,
and in particular nanoelectrode based capacitive biosensor, the first desired output of the
simulation is the small-signal admittance Y; at each contact electrode 7, which is simply
calculated from the contact current f,

I ,
Y; & == =G + jwC

el

where all the contacts are either grounded or biased at the voltage V.

We assume here that no DC bias is applied, and we use as a benchmark the analytical
solution of the model equations presented in [1]|. Fig. (two leftmost graphs) shows
the real and imaginary parts of the current spectra at the contacts for three different salt
concentrations. We define €} and €} as the relative difference between the analytical
model [1] and the simulation of the real and imaginary parts of the current respectively.
As we see from Fig. , eM and €/ are not negligible at low frequency, since in this case
the maximum spacing is always greater than or at most comparable to the Debye length
(8 nm at 1.5 mM and 2.5 nm at 15 mM). We point out, however, that at low frequency
the current itself is very small and that the error decreases greatly when increasing the
frequency, since the ions start to be not fast enough to follow the field oscillations. At high
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frequency then €}/ tends to a constant and €} is very small because the solution tends to
be that of a conventional Laplace equation, which is linear and therefore solved exactly
(up to machine precision) by both methods. We also note that CVFEM and GFEM are
very close to each other, while GFEM offers a modest advantage in terms of error with the
analytical model. This is again consistent with the findings of [63|. If we now compare the
AC coefficients of GFEM and CVFEM reported in Egs. at zero DC bias (hence
constant ng,,) by using Eqs. [4.29 we see that CVFEM weights more the value of
the potentials around node n’ than around the neighbor nodes with respect to GFEM,
as previously observed for the DC case. Upon mesh refinement (Fig. [1.7d), provided the
maximum mesh size h is always smaller than the Debye length, CVFEM and GFEM the
errors at low frequency reduce with dependence O(h?), both in real and imaginary parts.

AC problem with DC bias We also simulated a case similar to the previous one,
but we also apply a DC bias at the bottom electrode. In this case a reference analytical
solution is not available. Figs. - show the convergence of the real and imaginary
parts of the current at low (12 kHz) and high (1.6 Ghz) frequency as a function of the
DC potential Vz applied at the electrode and of the bulk salt concentration n*°. For
reference the electrolyte cut-off frequency is 3.5 and 350 MHz for n*° = 1 and 100 mM.
As we see (Fig. , at low frequency and at high DC bias the CVFEM converges more
regularly with the mesh refinement than in the case of GFEM. The real and imaginary
parts behave similarly between each other.

From Fig. we see that, at high frequency, the convergence on the imaginary part of
the current is very rapid, as shown also in the previous paragraph. Also the real part is
converging well, except at high DC bias, where the GFEM can sometimes give incorrect
results on coarse grids (change of sign of the current in Fig. -c). Overall, the CVFEM
proves also in this case to have a better convergence behaviour than the GFEM especially
on coarse grids and with a DC bias.

4.5.2 Nanoelectrode array

We report in this section a comparison between ENBIOS and the results obtained with
GFEM for a realistic biosensor. In particular, we consider the CMOS integrated nano-
clectrode array presented in [33] (see the sketch in Fig. [5.3), where one row of electrodes
is polarized at a potential V,; and the remaining ones are grounded, thus constituting a
counter electrode. The current is measured individually at each electrode. First of all we
consider a small array of 3x3 electrodes of 20nm radius with pitch 70nm and 80nm in
the x and y directions respectively. Such dimensions are not representative of the real
array [33], but are needed in order to keep the number of mesh points to a reasonable
level and to test the convergence. In fact, we set a mesh maximum spacing of 10nm in
the proximity of the electrodes, and we uniformly refine the entire mesh twice, therefore
increasing each time by 8 the number of mesh points. Fig. shows the convergence of
the current at the central electrode as a function of the mesh size for different DC bias
and salt concentrations. The results are very similar to the ones in Figs. [£.8{4.9

4.5.3 Site-binding model

In this section we report the verification of the implementation of the DC site-binding
surface charge model (Eq. [2.11). The AC site-binding model (Eq. [2.33)) has not been
implemented in the current version of the code yet.
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Fig 4.10: Nanoelectrode array - Convergence of the real and imaginary parts of the current
at the central electrode varying the maximum mesh spacing in the electrodes proximity at two
different bulk salt concentrations and for different potential applied at the central electrode row.
The curves at very low DC bias are typically one on top of the other, so they are not visible. Ap
= 9.6 nm at 1 mM and 3 nm at 10 mM.

We then simulate a simple 1D system similar to that of Fig. [4.5] where an additional oxide
with t,, = 3 nm thickness and a compact layer (CL) with ¢, = 0.25 nm on top cover the
bottom electrode. In these conditions an analytical model for the potential profile in the
structure can be derived and used as reference to compare with simulations. We use again
the Gouy-Chapman model (Eq. and denote Vj the potential at the CL/electrolyte
interface, and V,, the potential at the oxide/CL interface. In these conditions, by imposing
the continuity of potential and dielectric displacement at the interfaces and the linearity of
the potential profiles across the oxide and CL (both assumed as ideal dielectrics), besides
the SB charge model of Eq. [2.11], we get the following system of equations:

Eox 9
055 (Vor) = 7 (Vor = Vi) = . (Vo = Vau) (4.47a)
ox CL
EcrL . qVe
_ oLy vy ksT oy sinh 4.47h
0 tCL( f )+ \/8kpTnoe, sin <2kBT> ( )

This system of equations has to be solved numerically to calculate V; and V,,. Note that
we have decided to place the SB charge at the oxide/CL interface, consistently with the
results in [55].
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Fig 4.11: Comparison between simulations (symbols) and the model of Eq. (lines). The
agreement is excellent in all conditions, demonstrating the correct and accurate implementation

of SBC in ENBIOS.

Fig. [4.11]shows the comparison between the simulations versus V,; (a) and pH (b) and
the model. In this case we decided not to simulate explicitly the pH, that is to sum the
H* and OH™ concentrations to the K* and Cl~ concentrations, respectively, so that we
could consider a 1:1 electrolyte with one cation and one anion species. The information
about the pH is however necessary to correctly compute ogpg.

We see that the agreement between simulations and the analytical model is excellent, both

considering the value of ogp and of the surface potential V., at all salt concentrations,
pHs and DC bias.

4.6 Use of commercial TCAD

An alternative approach to the simulation of nanoelectronic biosensors, instead of the
development of ad-hoc numerical models, would be the use of available TCAD tools
such as, for instance, Sentaurus Device [35]. On the one hand, TCAD offers detailed
and accurate models for the semiconductors and the capability to handle complex and
arbitrary device geometries. However, at the time of writing this thesis, commercial
TCAD is not equipped to model electrolytes or buffer solutions.

In order to expand the applicability of TCAD to biosensors, a simple technique has been
developed to include an “electrolyte material” region into the commercial TCAD simulator
Sentaurus Device [35]; this approach trades a simplified description of the electrolyte for
the possibility to exploit the above mentioned pros of the TCAD. Most of the results
reported in this section have been presented in [6]. We have obtained further results by
implementing also the site-binding model in TCAD |[7], but these are not shown here since
the work has been mostly carried out by another student.

Our approach exploits the similarity between the equations describing positive and
negative ions in the electrolyte and those for holes and electrons in a semiconductor. In
this respect, a 1:1 electrolyte can be described in SDevice as a semiconductor (that we
call “electrolyte material”) with zero gap, a constant permittivity and an effective density
of states in conduction and valence band:

Ne = Ny = Nyng x 1073 (4.48)

where N4 is Avogadro’s number and ng the ion molar concentration (M=mol/1) in the bulk
of the solution, defined as a region where we have the same concentration of positive and
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negative ions, hence overall charge neutrality. Setting Fs = 0 implies np = NoNy. The
electron and hole mobility in this “electrolyte material” is adjusted to the corresponding
values of the ions [52]. Care should be paid to disable the default temperature dependence
of the model parameters and to avoid the build-up of unphysical offsets in N¢, Ny, Eg
and mobility whenever the temperature is different from the model reference value.

The proposed approach allows us to easily exploit all the features of the TCAD, such
as: calibrated mobility models for silicon, multiple type of analysis and the handling of
arbitrary geometries in 2D and in 3D. Clearly, there are limitations as well. First of all,
only a single 1:1 ionic solution can be included, whereas electrolytes with many types of
ions and diversified valence are used in experiments; this point will be discussed in the
next section. In addition, only idealized interfaces without steric effects [53] and without
surface reactions [42] can be treated. The control on the numerical error is also quite
limited with respect to ad-hoc codes developed for the modelling of electrolyte screening,
such as ENBIOS. The work presented in this dissertation goes well beyond the similar
model in |73| by proposing strategies to account for steric effects, solutions with multi-ions,
water molecule polarizability at the interfaces.

4.6.1 Equivalent 1:1 electrolyte

One of the basic assumptions behind the TCAD approach proposed is that the electrolyte
must be symmetric with ion species of unit valence. In real world, however, most biosen-
sors operate with multi-ion electrolytes and buffer solutions featuring several ion species
of diverse valence. For instance, a commonly used Phosphate Buffered Saline (PBS) in
biosensor research is composed of four salts: potassium dihydrogen phosphate (KHyPOy),
disodium hydrogen phosphate (NayHPO,), sodium chloride (NaCl) and potassium chlo-
ride (KCl). At the bulk concentration ny = 248.4 mM and the temperature 7' = 300 K,
the dissociation leads to the following distribution of ion concentrations: Kt = 45 mM,
H,PO; = 18 mM, Na™ = 203.4 mM, HPO;~ = 101 mM, Cl~ = 28.4 mM. The description
of such a complex electrolyte would be time consuming in ad-hoc simulators as ENBIOS
and actually impossible in state of the art TCAD tools , but it could be greatly sim-
plified if we could introduce an equivalent electrolyte composed only of two monovalent
ion species, one cation and one anion. To understand the accuracy limitations of such
a simplification, we firstly note that in DC conditions, under the assumption of a dilute
electrolyte with non-interacting ion species, the Gouy-Chapman theory predicts that the
potential profile decays with characteristic length equal to the Debye length (Ap) [74]:

A — €]€BT
P S i (Zin@)1i0m + 3 (Zin@)*100m

(4.49)

where we have separated the contributions of the anions, in number m,, from that of the
cations, in number m.. The biosensor response is determined by the screening properties
of the electrolyte and since the latter are defined by the Debye length (Eq. [£.49)), then
it makes sense to define the ion concentration of the equivalent electrolyte in such a way
that its Debye length is the same as the one of the actual electrolyte. We will assume,
in general, that the equivalent electrolyte has an unsigned valence Z, for the anions and
unsigned valence Z, for the cations. Imposing the equivalence of the Debye lengths and
the bulk charge neutrality for the equivalent electrolyte, we have the following system of
equations:
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Fig 4.12: Comparison of potential profiles (left) and absolute charge density profiles of anions
and cations (right) between the PBS solution with Fj, # F, (filled symbols) and the equivalent
electrolyte with unit valence (open symbols). The curves in the left plot correspond to ny = 40
mM (dashed lines) and 200 mM (solid lines) and Vpc = 10 mV and 100 mV, while in the
right plot V5 = 100 mV and ng = 200 mM. We verified explicitly that the mutual agreement
at high Vpe is much improved if an equivalent electrolyte with Z = 2 is chosen (not shown).
Unfortunately this is not possible in commercial TCAD.
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where Fy, = Y Z2nom and F, = 3 Z2nom. As expected the system is under-
determined and one free parameter (either Z, or Z.) remains. We also note that if
an integer Z. is chosen, then Z, may not be an integer number, and that only if F, = F.
then the equivalent electrolyte has symmetric valence Z:Z and concentrations ng, = noe.
Consequently, only in this case it is possible to assume unit valence and then also exactly
represent the actual electrolyte with an equivalent one having ng, = F, and ng. = F,
by setting the corresponding effective density of states according to Eq. [£.50 The PBS
solution we introduced before fulfills the charge neutrality condition but it does not fulfil
the condition F, = F,. Therefore, it cannot be modeled exactly with an equivalent elec-
trolyte of unit valence. In this case we have decided to use a mean of F, and F, in Eq.
4.50, namely Fy, = (F, + F.)/2.

To quantify the error induced in the solution, we report in the left plot of Fig. the
mean field electrostatic potential profiles across a simple electrolyte slab such as that in
Fig. for two values of ng and two values of V4. The right plot shows the corresponding
charge density profiles due to anions and cations at Vo = 100 mV and ng = 200 mM. All
the simulations were made using our full-custom Poisson-Boltzmann solver ENBIOS. As
expected, the symmetric 1:1 electrolyte does not exactly mimic the real PBS, but in this
case the maximum error on the potential is at most a fraction of kgT/q. We also note
that the charge profile of the real electrolyte is squeezed toward the interface more than
that of the equivalent electrolyte. This is because the solution has a large component,
both in cations and in anions, of ions with valence modulus 2, hence it has a shorter
Debye length.

To understand in detail the derivations above, we simulated an hypothetical buffer
solution with composition: K+ = 45 mM, H,PO; = 18 mM, Ca’?* = 101.4 mM, HPO] =
101.4 mM, Na™ = 1.4 mM, Cl~ = 28.4 mM, where we have replaced some Na® with Ca?*
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in order satisfy the condition F, = F,. The equivalent electrolyte was chosen to be
1:1 symmetric, as the one simulated by the TCAD. In this case the agreement between
simulations with the actual and the equivalent electrolyte is improved but there is still
a small error. If we then use a valence of 2 instead of 1 in the equivalent electrolyte, in
particular if the valence of the symmetric species of the equivalent electrolyte is chosen
to be equal to the one of the ion species dominating the composition of the buffer, we
can obtain an almost perfect agreement between simulations with the actual and the
equivalent electrolyte. Unfortunately, it is not possible in TCAD to change the electron
and hole charges so as to mimic valence values different from 1. Therefore the accuracy
of TCAD simulations is inherently limited by the small errors exemplified in Fig. [4.12]

4.7 Summary

In this chapter we have developed and validated a numerical simulator ENBIOS for nano-
electronic biosensors. ENBIOS relies on the models described in Chap. 2], which have been
solved on general 3D unstructured tetrahedral grids using for the first time the Control
Volume Finite Element Method. Particular care has been given to calculate accurately the
currents at the electrodes in order to retain the method’s global conservation, hence the
accuracy on current calculations, that is needed to compute the tiny admittance changes
due to the introduction of small molecules in the domain. We have also discussed in detail
the methods for the calculations of surface and volume integrals, with respect to accuracy
and computational speed. In fact, the presence of highly non linear (exponential) terms
poses unique and delicate accuracy problems in the evaluation of these integrals.

The implementation has been validated against the analytical models described in Chap.
A comparison with the standard Galerkin Finite Element Method is also discussed,
showing that CVFEM offers an advantage, especially for coarse grids. This in turn entails
the possibility to use CVFEM with less refined grids than GFEM.

Finally, we have shown a procedure to use a commercial TCAD for semiconductor
devices (Sentaurus Device, which does not natively support the electrolyte environment,
Sec. to describe electrolytes. Despite the successful results, the inherent limitations
of TCAD prevent this approach to be widely applicable to all classes of biosensors. This
further justifies our need of developing an ad-hoc instrument like ENBIOS.
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4.A Appendices

4.A.1 Jacobians for DC equations

i
The non-linear Jacobian components of Poisson equation JIJ;VO Q}.,/OVd, JJ Vi _
0Q},,/oVy J% P 0Q}., /045, and Jh Hom — Q! ,/0¢}, are calculated as:
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Note that for the nodes in the electrolyte _¢0m is not a variable because it is equal to V.,

Y bl
therefore we do not need to calculate J]JD’%’" and Jljg’%m.

The Jacobians of the current equation in the first formulation are:
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The Jacobians of the current equation according to the second formulation are:
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4.A.2 On the equivalence of CVFEM and GFEM

Here we prove that, in our specific case where the control volumes are defined with refer-
ence to the centroids of the edges and faces, and the basis functions are linear, discretized
Poisson coefficients are exactly equal in GFEM and CVFEM. Similar conclusions have
been found in [64] for the Box method. Starting from:

/ VNI . YNEIQ = / NIFGNBE 4 dl — / NI*Y . VNOEIQ
Fk ,Uk

= / NIEGNGE  far |
where I'* is the surface of the tetrahedron k, we need to prove that:
3
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1

that is:

or  on
i,k -T l 1 .
(det(T)| VN . 3 E:( an> /dndg_

Iy

3 ~ ~

- _ or or -

—|det(J)| VNI (6:]31[ . a:P;> /NO(TPl)dﬂl d=s
1=0 - -
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where F{’k are the three facets that compose I'F and T} are the four faces of the tetrahe-
dron. Here the convention is the one already defined; namely: F{’k is the facet between
node ng and n; and T'¥ is the face opposite to node n;. The term |det(J)| VN . J~7 is
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the same at both sides of the expression.
We can proceed further by combining Eqs.B.5e-g with Eqs.B.5h-j to get:

or,  Or
((% )/dndg I,

Iy

In addition, from Eqgs.B.5a we compute:
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and taking into consideration also Eqs.B.5k-m we obtain:
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where the definition of =; and Z, implies an outer orientation to the surface r pi- Then,
we conclude that:
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which is the desired result.

4.A.3 Discretized AC GFEM coefficients
In the GFEM case the coefficients are very similar to Eq. and read:
2 2
i Zmq
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> | NENng,,dQ) (4.54a)
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For simplicity, we have written here only the coefficients for the electrolyte, not for the
semiconductor case. Note also that:

1
29— /NNdQ 4.
/Nd . . (4.55)
Q

4.A.4 Volume integrals

Denoting u; = v; — vy, the non-linear volume integral is:

7= / exp (Nj’kvo + Z Ni’kvi) dQ2

ik 1ENI K
974

4 (e%l _ 6%(u1+u3)> 9 (eé(m-i-uz) _ ei(m-ﬁ-uz-i-u?)))
=6V e — 5 5
uy (ug — 2u9) (ug — 2uz)  (2uf — Suqug + 2u3) (ug + us — 3ug)
4 <€“72 - 6%(UQ+U3)> -1+ 6%3 eu23 — 63(u1+u3)

(2U1 — UQ) U2 (UQ — 2U3) Uiug2uUs Ui (Ul — UQ) (—2U1 + U,3)
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o3 (uatus) 1 (w1 +ugtus)

+ < e (4.56)

(Ul — ’LLQ) (2u1 — ’LLQ) (—3U1 + uo + U3)

Its Taylor expansion at third order around u; = 0 gives:

vo
~ 2Z§8632O (622080 + 1067u} + 1067uj + 3u3 (3864 + 491u3) + 3u (3864 + 491us + 491us)
+ 3uz (33120 + ug (4656 + 491u3)) + 3u; (33120 + 491u3 + 582us (8 + ug) + us (4656 + 491us) )
+ u3 (99360 + u3 (11592 4 1067u3)) ) (4.57)
The Taylor expansions of the Jacobian terms are:
oL Vi €0

—— (10364} + 10364u3 + 15120 (450 + 67uy + 67 6 22155 + 2258
vy 5225472()( ur Uz + (450 + 67uz + 6Tus) + 6uaus ( + u3)

+ 3u3 (38115 + 4516u3) + 3u? (38115 + 4516ug + 4516u3) + u3 (114345 + 10364u3)
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0L _ Vpe™
Juy 52254720
+ uguz (4074 + 391uz) + u3 (30933 4 2605u3) + u? (67221 4 7815ug + 7815u3)
+ u1 (486864 + 6051u3 + 61866u;3 + 6051u3 + 18ug (3437 + 391ug) )
Due to symmetry, in order to find 0Z/0vy and 0Z/0vs we start from 0Z/0v; and make

the substitutions (uy,us) — (u2,uq) and (u1,uz) — (us,uy) respectively.
As an example, we report also the Taylor expansion for Z in the GFEM case:
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4.A.5 Internal surface integrals

We denote with Z§, the integrals calculated in the transformed space:

Sf—/f 71)dn d§

Iy

The explicit expressions for Ifgf when f is given by Eq. are:
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Also in this case, to avoid potential 0/0 limit forms, we can take a Taylor expansion
around u; = 0.

4.A.6 Boundary surface integrals

The integrals calculated in the transformed space on the boundary facets that we need
for the global conservation are:

Nod=s d=
/0 202 = 108

I'pp

7
/Nd%d_1 S (1)

I'py

where §; is the Kronecker’s delta and we have chosen to call I'p; the surface opposite to
node n;.
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4.A.7 Geometric elements

If we consider the unitary reference tetrahedron of Fig. [£.I] we can calculate all the
geometric elements that we need in the integrals:

No=1—¢—n—¢ (4.59a)

Ny =¢ (4.59D)

Ny =1 (4.59¢)

Ny =¢ (4.59d)

aa_il %_il =02 1 1] (4.59¢)
%_i? %_f; =[1 2 1] (4.59f)
%—? X %—i;’ = % [1 1 2] (4.59g)
I = i%—? x ‘98—721 (4.59h)

Iy — i%—? x %—7;2 (4.59)

By = %%_? < g—% (4.59)

85;1 x a;’? =[1 0 0] (4.59k)
ag? x ag? =0 1 0] (4.591)
ag’;’ X ang” =0 0 1] (4.59m)

We have chosen to call ny, ny and ng the nodes on the &, n and (¢ axes respectively. The
transformation ¥ = T ¢ is given by:

r1 T2 I3

T=|y1 v2 3
Z1 k9 Z3

where [z;,y;, ;] are the coordinates of the node n; of the original tetrahedron in a system
of coordinates where node n?* is in the origin. Because the transformation T is linear,
J = T. In the original tetrahedron we have also that:

det(J
Vi = | 6( )
N fl - -
7% = |det ()| ——— on O g
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4.A.8 1D CVFEM coefficients

Useful definitions that we will use in the following are:

J
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The integrals in the Jacobian coefficients are easily calculated:
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When the potential is constant, d;, = 0 and 6;2 = (0. For numerical reasons it is more
convenient to treat this case separately, deriving that:
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Chapter 5

Nanoelectrode array biosensors

This chapter reports the analysis and simulation of nanoelectrode array biosensors. The
reference system considered in the study is the one presented in [33|, but we emphasize that
several papers reported on similar integrated systems in the recent literature 75| 76, 77,
76]. From the standpoint of physics, as outlined in previous chapters, we always assume
that the electrodes are ideally polarizable, so that no electrochemical reaction is possible
on them, and therefore no DC current flows. This is a reasonable approximation if the
electrodes are coated with gold, as in [33,75]. Simulations will always be in the frequency
domain, and we will use a circuit model (see Sec. to translate the so-calculated
admittance into a capacitance value representative of a real switching biosensor like [33].
For the simulations, we use either a full-custom 2D finite difference / finite volume solver,
which we reported earlier 1], or the 3D simulator ENBIOS presented in the previous
chapter.

We start showing the validation of ENBIOS with experimental results for capacitive
biosensors reported in the literature. We then describe simulations and experiments on
microparticles detection, where the experimental part was mostly carried out by the Uni-
versity of Twente, project partner. The study has led to a direct experimental verification
of the theory as well as some interesting conclusions about capacitive biosensors. We then
present and verify a model for the nanoelectrode response to spherical particles, which
could not be experimentally tested yet. Since the simulation of a large array entails a
heavy computational burden, we developed an original technique to reduce calculation
time which is described in Sec. Finally we discuss in Sec. a few case studies more
relevant for biological application, that is, the detection of small biomolecules such as
proteins and DNA.

In all our simulations we will use simplified models for the microparticles and biomolecules,
such as spheres and cylinders. The microparticles we used [12] were manufactured in a
spherical shape, so our approximation is fully appropriate. For the case of biomolecules,
however, one may be concerned about our approximation with spheres and cylinders.
This concern can be answered noting that for a few biomolecules, e.g. short DNA strans,
cylindrical models have been reported in the literature to be very accurate |40]. Spherical
models can resemble very closely the shape of viruses and globular proteins, and there-
fore we expect these to be relatively as well. Since the detection is made possible by the
change of the electric energy due to replacement of the electrolyte with a particle, in the
high-frequency limit we expect a response proportional to the volume (Eq. and not
much sensitive to the particle shape as long as the field is roughly constant. In order
to improve the model accuracy, we also included charges on the biomolecules’ surface,
with values extracted from experimental results or from higher accuracy models in the

150
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——40 um, sim
A 40 um, meas
——80 um, sim
v 80 um, meas| 3

Z magnitude [Q]

Post-processe
gold electrodes
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Frequency [Hz] Salt concentration [mM]
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Fig 5.1: Sketch of the system of |76] reproduced from the original paper and comparison of
simulated impedance spectra with the measurements in Fig. 6b (b) and 6¢ (c) of ref. [76].
Resistive and inductive series parasitics, likely present in the real system because of the off-chip
measurement setup, have been introduced in the simulations to match the experiments.

literature. Finally, we note that ENBIOS allows to describe arbitrary geometries, the
only practical limitation being the mesh size and the corresponding calculation time.
We also point out that, at this phase, we are aiming only to give qualitative explanations
and highlight possible advantages in the operation of nanoelectrode biosensors. Despite
these approximations, as we will show in this chapter, our simplified models can provide
a very good physical insight.

5.1 Model validation

To the best of our knowledge, there is very limited experimental data available yet for high
frequency impedance spectroscopy detection of small individual biomolecules beyond & =
0e1/€er- This is even more true if we focus on the case study system of [33]. Some results
have been published only very recently for interdigitated capacitors detecting entire cells.
The salt concentration had to be reduced orders of magnitude below the physiological
limit to reduce the cut-off frequency and probe above f. in spite of the large fringing
capacitance. Existing demonstrators of micro-electrode arrays operate at relatively small
frequency (< 1 MHz, [75] 76|, [77]) and perform measurements partly off chip, hence with
non negligible parasitics.

We attempted a preliminary validation of the sensor model using the results in |76],
where an ideally polarizable electrode of 22 x 22 um? size is at a 40 or 80 pum distance
from a Faradaic electrode of 100 x 100 um? size. As in this case the electrodes are very
large compared to the Debye length, we resorted to the numerical technique described in
Sec. to shorten the simulation time and make simulations manageable.

The left graph in Fig. reports the comparison of the baseline capacitance in the absence
of functionalization or biomolecules for different salt concentrations. The simulations
show a respectable agreement with experiments in the explored frequency range, but we
had to assume that large resistive and inductive series parasitics are present. These are
very likely present in the real system because of the off-chip measurement setup, and we
will show in Sec. that are very important to take into account in non-integrated
realizations (as also pointed out in [78]|). The weak dependence of the impedance on
chamber height shown in [76] is also captured by our simulations (graph on the right).
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Fig 5.2: a, Optical image of the CMOS chip showing the nanoelectrode array (dark rectangle)
and readout circuitry (yellow and green). b, AFM topographic images of the nanoelectrodes.

The experimental curves are affected by noise, parasitics and possibly the result are of
not so stable experiments, therefore the verification has not so compelling validity.

In the following section we will show a more thorough validation, performed by com-
paring our simulations to very well controlled experiments done at Twente University
(Prof. Serge Lemay, Cecilia Laborde) using the system of [33].

5.2 Nanoelectrode array biosensor

The sensing platform presented in [33] consists of a 90 nm CMOS chip (Fig. [5.2h) with a
256 x 256 nanoelectrode array (90 nm radius polished Au islands on a 0.6 x 0.89 um? grid;
Fig. [5.2b) and integrated readout circuitry. The nanoelectrodes are row-wise selectable
and column-wise individually readable. When immersed in fluid they form metal/liquid
nanocapacitors. A selected row of nanocapacitors is repetitively charged/discharged at 50
MHz with a modulation voltage step Vyyop = 245 mV via two individual MOS transistors
using all unselected nanoelectrodes in parallel as counter electrode. The charge/discharge
current of a selected nanocapacitor is integrated over multiple cycles and read out via
on-chip analog/digital converters. In this way high-frequency operation with attofarad
resolution is achieved. We express the measured response signal as an equivalent switch-
ing capacitance C,,,, defined as the integrated charge per charge/discharge cycle divided
by the modulation voltage step. This approach takes simultaneously advantage of three
strengths of integrated circuits: high frequencies, miniaturization and large-scale inte-
gration. Although other promising concepts have been reported , , , ,
this biosensor platform has unique features, enabling real time, massively parallel high-
frequency impedance measurements and imaging with attofarad resolution on the submi-
cron scale.

Individual chips are placed in a custom-built test socket (CSP/uBGA Test & Burn socket
- Aries Electronics, Inc.) mounted on a readout printed circuit board. A PDMS gasket is
used to create a solution reservoir (volume ~ 50 nl) directly on top of the nanoelectrode
array. Two 500 pm holes fitted with tubing (PEEK, ID 125 pm, OD 510 um) provide
fluidic access to the measurement volume. The potential of a complete row of electrodes
is switched simultaneously and the capacitive responses of the individual electrodes Ce,
are measured and discretized with 8 on-chip A/D converters. The remaining 255 rows of
the array act as a pseudo-reference electrode. Typically, 1350 charge-discharge cycles are
employed per measurement of C.,, and 9 subsequent measurements per row were aver-
aged on-chip, resulting in a complete array scan rate of 4.76 frames/second. Real time
imaging is thus enabled by the platform.
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5.3 Detection of dielectric and conductive beads

In search for accurate validations of our simulations we have started a collaboration with
Twente University, where a nanoelectrode array sensing platform is available from NXP
Semiconductors (the developer of the system in , see Sec. to the electro-chemists
group of Prof. Serge Lemay. Several experiments were carried out concerning the baseline
and the response to fairly large dielectric and conductive spherical beads. In fact, the use

Fig 5.3: Sketch of the nanoelectrode array, where the central row (green) is biased while the

other ones remain grounded and the current is measured independently at each biased electrode
(WE) in the active row.
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Fig 5.4: a, Optical image of the CMOS chip showing the nanoelectrode array (dark rectangle)
and readout circuitry (yellow and green). b, AFM topographic images of the nanoelectrodes.
c-d, FEach electrode is alternately charged and discharged at 50 MHz with two MOS transistors,
producing a detectable average electrical measured current (black arrows). A 4.4 um radius
microsphere landing on the array perturbs the electric field generated by each electrode, inducing
a position-dependent change in the current (expressed as a change in capacitance ACgp) of three
neighboring electrodes. e, Theoretical spatial distribution of AC potential at low frequency in
150 mM salt. The electric field only penetrates a few Debye screening lengths into the solution
except for the central electrode, which is positioned within a Debye length of the particle. The
dashed line indicates the microsphere position. f, AC potential amplitude at 50 MHz in 150 mM
salt, where the potential extends deep into the solution.
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Parameter Symbol | Value Units
Electrode radius Tel 75 [nm]
Electrode x-pitch Pa 600 [nm]
Electrode y-pitch Dy 890 [nm]
Particle radius Ty 2.5 0r 4.5 | [pm]
Mobility of K* ,u1 4.75 - 10" | [m/Ns|
Mobility of C1~ 2 5.05- 10" | [m/Ns|
Temperature T 298.16 K]
Electrolyte permittivity Eel Eq.[2.39 | |[F/m]
Particle permittivity (dielectric) | ¢, 2.6¢ [F'/m]
Particle permittivity (conductive) | ¢, 6.9¢ [F'/m]
Particle conductivity (conductive) | o, 6.3 x 10" | [S/m]

Table 5.1: Parameters used in the simulations.

of small particles is presently made difficult by the absence of a reliable protocol to attach
the beads on the sensor surface, thus it leaves excessive uncertainty on the particle height
above the electrodes. The sedimentation is instead very efficient with large particles. We
then compare our results to these experiments performed at Twente University on the
system of [33].

In the experiments, dielectric microspheres of 8.7 + 0.7um and 5 4+ 0.7um diame-
ter aldehyde/sulfate latex beads from Life Technologies with dielectric constant epeqq =
(2.49 =+ 2.55)e( between 1 kHz and 1 GHz, and conducting microspheres (8.75 + 0.13um
and 5 £+ 0.7um diameter Au-coated polystyrene beads from microParticles GmbH) were
suspended in 6.6 pH PBS (0.1 mM H3PO,, 0.1mM KOH). The salt concentration of
the buffer solution was further adjusted by adding KCl. The bead-containing solution
was injected in the detection chamber, replacing the bead-free buffer, and the sedimen-
tation process was monitored in real time. No Brownian motion of the microparticles
was observed following sedimentation. The measurements are a courtesy of C. Laborde
and S. Lemay, University of Twente [12]|, the author of this thesis participated to one
measurement session.

In the simulations, the particle is spherical with either 9 or 5 pym diameter, the elec-
trolyte is made of KCI with appropriate salt concentration. The complete set of simulation
parameters is summarized in Tab. Fig. shows a sketch of a part of the simulated
nanoelectrode array (see Sec. . The complete array features 256 x 256 nanoelectrodes
with 0.6 x 0.89 pum spacing.

Figs. [5.4h-b show in more detail the nanoelectrode array biosensor [33], which has been
used for the experiments. The detection principle, outlined in Sec. is also depicted
in Figs. p.4k-d. As evident from all the discussions throughout this thesis, we expect the
biosensors to be able to detect the presence of the particles at low frequency only if they
are very close to the electrode, while they should be visible from a larger distance at high

frequency (compare Figs. [p.4p-f).

5.3.1 Simulation results

Since the particle is large compared to the electrode pitch (5 pm versus 0.6 or 0.89 um, if
not otherwise specified), we have to simulate a large portion of the nanoelectrode array in
order not to introduce numerical truncation errors. We then simulate a subset of 13 x 17
nanoelectrodes, but the domain size is set to even larger dimensions (a cube with edge
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Fig 5.5: Total admittance at the central electrode with particle height d, = 1 nm over the
central electrode and centered on its top. Note that both the pole and the zero frequencies
change with salt concentration as in the model of Sec.
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Fig 5.6: Total admittance at the central electrode (split in conductance and capacitance) and
corresponding fit with an equivalent circuit composed of the series of one capacitor Cs and the
parallel of a resistor Gg and a capacitor Cg (R2C model, see Fig. [3.27)). The particle is located
at d, = 1 nm over the electrode and is centered on its top. Note that the fit is very good and

that the large error on G with the conductive particle at high frequency is ininfluential since it
has a small impact on the total Y.

50 pm). As the number of electrodes is so large, the minimum mesh spacing in their
proximity can be set to a value appropriate for simulations up to about 10 mM (2 nm
~ A\p at 10 mM) at most, and it is too coarse at higher salt concentrations. Therefore,
the simulations at 100 mM which we performed to compare with measurements may be
affected by relatively larger errors at low frequency.

Since we apply no DC bias at the electrodes, we do not include a Stern layer in the
simulations. In addition, as in the experiments, no SAM is present on top of the electrodes.

Fig. [5.5] shows the admittance at the central electrode in absence or presence of a
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no [mM] | Particle | Cs [fF] | Cg [fF] | Gg [nS]
None 1.51 0.205 4.48

1 Dielectric 0.297 0.016 0.35
Conductive 7.94 20.0 435
10 None 4.90 0.187 40.9

Dielectric 2.16 0.015 3.35
Conductive 8.91 15.6 3410

Table 5.2: Table of the lumped circuit elements for the R2C model used in Fig.
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Fig 5.7: Switching capacitance Cj,, at the central electrode with salt concentration 10 mM,
varying the model parameters for the switching capacitance (duty-cycle and parasitic capacitance
Cp). The particle has d, = 1 nm over the electrode and is centered on its top. There are
interesting peaks in the response.

particle centered on its top at a distance d, = 1 nm. We immediately note that, depending
on the particle’s material, the admittance may decrease or increase with respect to the
reference case without particle. This is easily understood considering that, in one case,
part of the electrolyte volume is replaced with a lower dielectric constant material, while
in the other case the field lines are grouped and focused by the metallic particle. We
also see that the admittance spectra are relatively simple to interpret, since they show
with evidence only two zeros and one pole. This is also apparent in Fig. [5.6] where the
admittance is now represented as Y = G+ jwC' and accurately fitted to a lumped elements
circuit model (R2C) with one resistor and two capacitors like the one in Fig. [3.27] The
lumped element values are reported in Tab. [5.2]

Consistently with Sec. [3.1.1.3] we define the first cut-off frequency fs as the frequency of
the pole, while the second zero is the electrolyte’s dielectric relaxation cut-off frequency
fe. fs defines the frequency above which the static Debye screening starts to be overcome,
while above f. the response depends only on the bulk dielectric properties of the materials
that lie between the electrodes and not on the AC EDLs, which have disappeared.

To compare AC small signal simulations with measurements, as outlined in Sec.
we have to first calculate an approximation of the measured capacitance Ce,,. In fact,
Ceyp 1s measured with CBCM techniques [33| from the average value of the discharge
current under pulsed excitation.

One possibility is to consider the switching capacitance Cy, was calculated as explained
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in Sec. [3.6) by using the R2C model of Fig. with parameter values as in Tab.[5.2] Fig.
5.7/ shows Cj, at the central electrode for a few duty cycle (d) and parasitic capacitance
(C,) values. We immediately see that Cy,, is generally sensitive to the duty cycle only in
the small frequency interval between f, and f.. Furthermore, outside this interval, the
change in capacitance AC' = C,, — Cy/0p between the cases with and without particle is
insensitive to ), as expected. Based on the device architecture of [33], a realistic duty
cycle is d.c. >~ 25% and an average C, ~ 0.5 fF was estimated; we will always use these
values in the following calculations.

An alternative way to estimate the measured capacitance is to calculate the modulus of
the charge at the nanoelectrode, leading to an effective capacitance C.sr = |Y/jw|. This
definition of C.s¢ is justified based on the observation that the detector responds to both
the real and imaginary parts of the admittance in a way that is not easily predictable
a-priori and that the total charge, roughly proportional to the modulus of Y, should
contribute. Fig. compares Cerr and Cy, for an extensive set of cases, showing that the
two approximations for AC' are very close to each other, except in the intermediate region
between the cut-off frequencies. In the following we will therefore use both approximations
to compare with measurements. Note that zeros and sign changes are not visible in these
cases essentially due to the very non-uniform field distribution and to the fact that the
particle is close to the electrode and therefore interacts with its EDL.

Fig. shows the simulated profile of AC along the central row of electrodes at 50

MHz, while the particle is located above the center of the central electrode. Since we are
in the high-frequency limit (f.(10mM) ~ 20 MHz), the response is independent of the
salt concentration, except for the weak modulation of the electrolyte permittivity (see Eq.
. We also note that AC' depends weakly on the exact distance between the particle
and the electrode d., except at the central electrode for conductive particles. This is
because a conductive particle attached to the electrode effectively acts as a protrusion,
extending the electrode inside the electrolyte and thus remarkably increasing the electrode
surface. Fig. also shows that, as expected, not only the central electrode, which is the
only one within one Debye length to the particle, but also the adjacent electrodes are able
to detect the analyte. We also note that there are peaks in the response. We will analyze
this interesting aspect in more detail in Sec. [5.4]
To gain further insight on the results above, Fig. shows the real part of the potential
V at © = y = 0 in the z direction, that is perpendicularly to the electrodes. The particle is
neutral with 5 pym radius and located at distance d, from the electrode. We immediately
recognize the Debye screening layer at low frequency. We also note that, at high frequency,
the potential of the conductive particle is not at the bulk value (i.e. the value at infinite
distance), while at low frequency it is always very close to that value even at a distance
(1 nm) much smaller than the Debye length (10 nm). This effect is due to the large
size of the particle with respect to the nanoelectrodes dimensions. Fig. shows the
modulus of the electric field |E| at high frequency (50 MHz) in the nanoelectrode plane.
As expected, \E | is larger on the nanoelectrode’s edge.

Since, as we have seen, the electric field at high frequency decays slowly for increasing
distance from the electrodes, we have also tested the influence of the system’s dimensions
on the simulated response. Fig. reports the baseline C, sy, that is, the effective capac-
itance at one electrode in absence of the particle, varying the medium (air, IPA and an
electrolyte with various concentrations of KCl), the frequency and the size of the domain.
Air and IPA have been simulated as dielectric materials with relative permittivities of 1
and 18 respectively. In particular we simulated a small array of 5 x 5 nanoelectrodes and
a large array of 13 x 17 nanoelectrodes. We immediately see that, in all cases considered
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Fig 5.8: Left: effective and switching capacitance at the central electrode. The particle has d, =
1 nm over the electrode and is centered on its top. Right: corresponding change in capacitance
for dielectric and conductive particles. Note that, although Cy,, and C.yy are different from each
other, due to the introduction of Cj, in the model for Cy,,, the AC in presence of the particle are
essentially very similar between the models.

here, the domain size does not have an appreciable impact on the results, thus providing
reassuring indications on the validity of the adopted model.

5.3.2 Comparison to experiments

Fig. shows the comparison between the measured baseline capacitance (i.e., without
particles) and the corresponding simulated switching capacitance, calculated for duty-
cycle d = 25% and parasitic capacitance C, = 0.5 fF, varying the salt concentration,
as for the indications in Sec. [3.6l We observe that the agreement between simulations
and measurements is very good, despite the use of a single calibration parameter (C,).
Fig. shows similar baseline measurements varying the operation frequency and for
various media (i.e., air, IPA, milliQ) water and various solutions of KCl in water). We
note once again the large spread in the measurements, which is due to a spread in para-
sitic capacitance at the electrodes. In Fig. [5.14p we compare these measurement to the
simulation data, and find once again that the agreement is excellent, both on the absolute



CHAPTER 5. NANOELECTRODE ARRAY BIOSENSORS 159

10 T T T T T T T 10 T T T T T T T
0
10
i<
107 N E 4
E & ] q
. g g ‘
F - ¥ 7
i g g 10 3 2
£ my AAAAT ¥ A A A
— -2 jy 2
=10 F d_1nm E = q % 4
g“’ E ¥ A Y b E o° 0 v T A dz1nm T v
2 v d,20nm 2 Yoy 3 & d,20nm v vy Y
[ 4 4 d,40nm N ] 10 §  d,40nm ~
1078 ——0.5mM —05mM
§ —1.0mM $ —_—
9§ —50mM Bl 10 —;‘g m
10.0 mM 10.0 mM
4 1 1 1 1 1 1 1 -5 1 1 1 1 1 1 1
10
6 -4 -2 0 2 4 6 VT = 0 2 4 6
Column Column
(a) dielectric particle (b) conductive particle

Fig 5.9: Change in effective capacitance on the central row. The particle of radius 5 pm has
varying d, over the electrode and is centered on its top, frequency 50 MHz. The vertical lines
mark sign changes. Note that the response id independent of salt concentration at high frequency.

value and on the location of the transition frequencies. In the simulations a compact
layer of 0.25 nm thickness and relative permittivity 7 is present on the electrodes, since
at high salt concentration we expect the CL to give an important contribution to the
total capacitance. Also in this case there is a larger error in the comparison at high salt
concentration, probably due on the one hand to an uncertainty on the CL’s properties
and on the other hand to a not yet accurate array calibration in all conditions. However
we point out that the transition frequency is correctly reproduced by simulations also in
this case.

Fig. shows two-dimensional maps of the measured response AC.,, of the nano-
electrode array to sedimented dielectric microspheres for three different frequencies. Below
the first cut-off frequency fs (1.6 MHz) the microspheres are undetectable except when
they sediment directly on one electrode (red circle), as expected. Upon increasing the
frequency to 7.1 MHz and 50 MHz the particles become visible over an increasingly large
area of the array, demonstrating that screening by the double layer is being overcome.
This result is a remarkable confirmation of the theoretical predictions and explanations
giwen in Sec. [3.3.5

To make this conclusion more quantitative, we define the effective size of the particles
o, defined as:

o? — > Zj [(pi — 102) + (PyJ — T0y)*] ACesy (4, 7)
225 225 ACerp(i, )

where p, and p, are the electrode pitches in the x and y directions, ro, and ro, are the
coordinates of the center of mass of the distribution and AC,,, (i, j) is the change in ca-
pacitance for electrode (7,j) after sedimentation of the particles. The same expression
was used to compute o in simulations, except that AC,,, was replaced by ACY,, where
Cp, is the simulated capacitance and can stand either for Cers or Cg,.

Fig. shows capacitance maps of individual particles for salt concentrations ranging
from 1 mM (typical in field-effect detection experiments [82, 83]) to 100 mM (near physi-
ological conditions). The measured apparent radius o.,, of the microparticles (o.., ~ 2.5
pum, comparable to their physical radius) is orders of magnitude larger than the Debye

(5.1)
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Fig 5.10: Real part of the electric potential in the vertical (z) direction above the center of the
central electrode (z = y = 0), with salt concentration 1 mM and applied voltage 1 mV. Note
that, at high frequency, the conductive particle potential is not at the bulk value (i.e. the value

at infinite distance), while at low frequency it is always very close to it even at a distance (1 nm)
much smaller than the Debye length (10 nm).

length Ap and independent of salt concentration. Fig.[5.15¢ shows the corresponding sim-
ulated responses that are in excellent quantitative agreement with experimental results.
This ab-initio predictability is remarkable considering that most impedance spectroscopy
data obtained with macroelectrodes can only be interpreted qualitatively by fitting to em-
pirical models [84) 85]. Fig. further demonstrates theoretically and experimentally
that particles of different diameters can be distinguished, illustrating that the spatial reso-
lution is determined by solution-side processes and is not introduced by the measurement
electronics. These observations represent a direct illustration that double layer screening
is effectively mitigated by high-frequency operation of the nanoelectrode array.

As shown in the previous section by means of simulations (Fig. , dielectric spheres
replace high-permittivity electrolyte by a medium with much lower permittivity, repelling
the electric field lines and causing C.,, to decrease (AC.;, < 0). Conducting spheres, on
the other hand, attract electric field lines, causing C,,, to increase (AC.;, > 0). This
effect can be used for discriminating between different particles. Fig.[5.16h and [5.16p show
experimental AC,,, maps of a mixture of dielectric (latex) and conducting (gold-coated
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Fig 5.11: Vector modulus of the amplitude of the electric field near the central electrode in
the electrode plane (z = 0) with no particles. Frequency 50MHz and salt concentration 1 mM.
Numerical noise affects the field values at the edge of the electrode.
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Fig 5.12: Simulated baseline effective capacitance Ces; in absence of the particle for various
media and frequencies and changing the dimensions of the array. We immediately see that there
is no appreciable change in Cg¢s between the small (5 x 5) and large (13 x 17) array.

polystyrene) particles with the same 2.5 pm radius. While the apparent particle radius
is similar for both cases (0 ~ 1.7 pm), the conductive microparticles show an increase in
capacitance (AC,,;, > 0) instead of a decrease. Once again the experimental response,
in particular the sign change, confirms the predictions by simulations (Fig. [5.16f), thus
proving the ability of the physical model to capture the main features of the experiment.
This capability of discriminating between particles purely based on their intrinsic electrical
properties is unique to high-frequency spectroscopy, as presented here.

We now look at these data under a different perspective, and use simulations to better
understand the measurements. Fig.[5.17|shows again the measured AC' profiles along the
central row, and the corresponding simulations, for a few particle distances from the elec-
trode. We see that, as expected from previous results in Fig. [5.16] the simulations match
very well the experiments both in the prediction of the peak values and of the decay law
of AC with the electrode position. The discrepancy at high distance may be due to the
noise and, in the case of simulations, to numerical errors. Looking at simulations data in
Fig. [5.17b, we can estimate a particle’s distance from the electrode about 20 nm.
Finally, Fig. [5.18 shows similar data, normalized to the peak value at the central electrode
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Fig 5.13: Comparison between the measured and the switching capacitance C,, calculated with
the model in Sec. at 50 MHz with duty-cycle d = 25% and parasitic capacitance C, = 0.5

fF. The measurements are a courtesy of C. Laborde and S. Lemay, University of Twente |12].

1.6 p— . . 5 .
14F E 4
12F 3 - :fﬁ{ﬁo -
. ——1PA ] —mill
— 1F ko 3 — L KCI 1mM i
£ PR, ] = —KCI 150mM
: g o
oFosk KCl 150mM k o BB § g .
) - ) ]
£t £ 4L W .
() L ] C -] 1
8 06 . g F .
m . | [a0] - .
o A -, 3 ‘An T
0.4} -
1 1 IS I - P L1
10° 10" 102

Frequency [MHz] Frequency [Hz]

Fig 5.14: Measured capacitance (a) varying the frequency and the medium on top of the array
and comparison (b) between the measured and the switching capacitance Cs,, calculated with
the model in Sec. with duty-cycle d = 25% and parasitic capacitance C, = 0.37 {F, that
is equal to the measured capacitance in air. In (b) the solid lines are the simulation data, the
filled symbols are the means of the measurement in (a) and the empty symbols are the means on
similar measurements on another chip. In the simulations a compact layer of 0.25 nm thickness
and relative permittivity 7 is present on the electrodes. The measurements are a courtesy of C.
Laborde and S. Lemay, University of Twente [12].

for different particle’s size. We note that again the simulations can reproduce very accu-
rately the measured response, in all conditions. We also see that the decay of the response
with distance depends on the particle’s dimensions, which gives a further indication on
the imaging capabilities of this biosensor platform.

Regarding the broad shoulder that is visible in measured data in Fig. |5.17a, we should
note that its value is AC = 5aF', which is about 1% of the total capacitance at the
electrodes (see Fig. . A possible explanation for this effect (that is not visible in all
experiments, see for instance Fig. m comparing 5 um and 9 pym beads), may reside in
small differences between the permittivity of the PBS electrolyte used when measuring in
absence of the beads and the one where the beads are dispersed, due to contaminations.
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Fig 5.15: a, Spatial map of the measured capacitance change (AC¢zp) induced by the sedimen-
tation of insulating 4.4 pm radius particles for frequencies of 1.6 MHz, 7.1 MHz and 50 MHz.
Each pixel represents a nanoelectrode. The sensitivity to the presence of microparticles increases
with the frequency. b, Response to a single particle at salt concentrations of 1 mM, 10 mM and
100 mM and a frequency of 50 MHz. The rectangular shape corresponds to the asymmetry in
the pitch of the array. The apparent particle size ¢ is independent of ionic strength over two
orders of magnitude. Each map was normalized to the maximum value of |AC¢y,|. ¢, Theoretical
predictions (ACyy,) for the same conditions as in b. d, Map of the array’s experimental response
to a mixture of two sizes of microparticles, radius 4.4 pum (red circle) and 2.5 pym (black circle)
at 100 mM salt concentration. The insets show the experimental (top) and theoretical (bottom)
maps for a single 2.5 pm particle. The measurements are a courtesy of C. Laborde and S. Lemay,
University of Twente [12].
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5.3.3 Considerations on cell detection

An important application for biosensors is stimulation and sensing of biological cells. In
this section we provide an outline about why moving to very high frequency is advanta-
geous also in this case.

Using ENBIOS, we have run numerical simulations of a model system where either a
model cell of cylindrical shape (radius 5 pm, height 4.86 pym, membrane thickness 5 nm,
roughly representative of the dimensions of an eukaryotic cell) or a homogeneous dielec-
tric particle with the same dimensions lies on top of the nanoelectrode array. The cell
is described as an outer dielectric shell with relative dielectric constant equal to 2.6 (see
the top sketch in Fig. |5.19). The internal cytoplasm is described as an aqueous medium
with the same properties as the outer electrolyte (100 mM KCI salt concentration, i.e.
approximately physiological conditions). The bead dielectric constant is the same as the
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Fig 5.16: a, Response of the array to a mixture of dielectric and conducting 2.5 um radius
spheres. The signals have opposite polarities, demonstrating the ability to discriminate between
two types of particles at high frequencies. b, Zoomed out view of figure a, comprising 30% of
the nanoelectrode array surface. ¢, Comparison of experimental (left) and theoretical (right)
capacitance maps of a conducting particle at 50 MHz and 100 mM salt. The measurements are
a courtesy of C. Laborde and S. Lemay, University of Twente [12].
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Fig 5.17: Change in switching capacitance at the central electrode, compared with measure-
ments. In the simulations the particle is centered on the central electrode, the salt concentration
is 1 mM (conductive particle) or 10 mM (dielectric particle) and the frequency 50 MHz. The
measurements are a courtesy of C. Laborde and S. Lemay, University of Twente .

one of the cell wall (bottom sketch in Fig. [5.19)). The elevation of the bead and the cell
above the electrodes is chosen equal to 50 nm, as a first order approximation of typical
conditions in experiments. The electrode dimensions are the same as in the real system

(Tab. p.1).

Fig. [5.19| shows the effective capacitance change induced by the bead and the model
cell over a wide frequency range. We observe that up to f = 1 MHz the cell and the bead
provide essentially the same frequency response, demonstrating that below approximately
1 MHz the AC probe field used for impedance measurements does not penetrate the wall
of the cell. Only above about 10 MHz the two spectra start to diverge considerably,
pointing out the penetration of the field inside the cytoplasm. These results clearly point
out that only by reaching high frequencies in the 10 MHz range it is possible to probe the
inner portion of the cells. In this way also the inner cell structures may become accessible
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Fig 5.18: Change in effective capacitance at the central electrode for a dielectric particle of
either 5 um or 9 pym diameter, compared with measurements. In the simulations the particle
has d, = 20 nm and it is centered on the electrode edge at an angle m/4 with respect to the x
axis. Salt concentration 10 mM. The measurements are a courtesy of C. Laborde and S. Lemay,
University of Twente [12].
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Fig 5.19: Change in effective capacitance at the central electrode for either a homogeneous
cylindrical dielectric particle (radius 5 pm, height 4.86 pym) or a model cell with the same size
but filled with electrolyte except for the 5 nm outer membrane (which is made of the same
material of the dielectric particle). In the simulations the particle and the cell have d, = 50 nm
and they are centered on the electrode center. Salt concentration 100 mM.

to the sensor, both on the detection and on the stimulus point of view. Conventional
impedance spectroscopy, on the other hand, is not able to penetrate the cell membrane
due to lower applied frequencies.

5.4 Model for the admittance change due to spherical
particles

The numerical models introduced in Chap. {4 offer many advantages; among them: flexi-
bility in the definition of the sensor and particle geometrical and physical parameters, and
accuracy of the solution. Unfortunately, as seen in Chap. [3] significantly different spatial



5.4. MODEL FOR THE ADMITTANCE CHANGE DUE TO SPHERICAL
166 PARTICLES

scales characterize the solution of the PB and PNP equations in biosensors, because of
the extremely small value of the static Debye length compared to the sensor dimensions.
The inherently multiscale nature of the solution is most often addressed via an aggressive
grid refinement, which in turn implies lengthy calculations, severe memory requirements
and sometimes convergence problems, especially at high electrolyte salt concentration and
with applied DC bias, cannot be excluded.

For all these reasons the derivation of analytical compact models to highlight the main
dependencies of the biosensor response is highly desirable. In this spirit, analytical models
were derived in Chap. [3] Also, in Sec. we will see an alternative to mesh refinement
which, although very accurate and powerful, can not be applied to all cases of interest.
Analytical compact models of, for instance, ISFET based pH sensors, have been pro-
posed in the past [86, 87|, but rarely verified extensively against numerical simulations or
experiments.

In this context, we now present the verification of the model of Sec. for the admit-
tance change (AY’) induced by spherical dielectric (colloidal) particles at nanoelectrodes.
We demonstrate that, in spite of the approximations made, the compact model for AY
expressed by Eq. nicely captures the dependence of the nanoelectrode admittance
change upon frequency (f), particle volume (£2,) and complex permittivity of the media,
over a wide range of sensor and particle physical and geometrical parameters. The model
implicitly assumes that the particle is small compared to the electrodes and located at
some distance from them. Therefore, it is not directly applicable to the measurements in
the previous section. Our results support the possibility to use the analytical model for
interpreting the nanoelectrode response, especially in the high frequency limit.

An experimental confirmation of this capability has been obtained by the group of Maarten
Jongsma and Harrie Verhoeven via measurements on live and dead cells. The results have
been reported in [12)].

5.4.1 Numerical reference model

In order to validate the analytical model of Eq. we used as reference the two-
dimensional numerical finite-difference solver for the Poisson-Boltzmann (Eq. and
Poisson-Nernst-Planck equations (Egs. described in |1}, 9]. This simulator has
been the test bench for the modeling activities that led to the development of ENBIOS
during the thesis. Given the good results obtained by the verification and the good
agreement between calculations with ENBIOS full 3D models and 2D models with ring
shaped electrodes (not shown here), it was felt that entirely repeating the analysis with
the full 3D code was not worth the effort.

Compared to the early results of [1], more accurate description of a typical nanoelectrode
array geometry was achieved adding the possibility to define more than just one electrode
on the same plane at the bottom of the simulation domain (Fig. ) This planar
arrangement of the electrodes closely resembles that of fabricated biosensors (Fig. [5.20f)
and, compared to Fig. [5.20k, generates a highly non uniform distribution of the electric
field in the electrolyte. By an appropriate choice of the electrode dimensions and particle
radius, the electric field over the extension of the particle can be made highly non uniform,
especially at low frequency up to approximately the electrolyte dielectric’s relaxation cut-
off frequency f.. Therefore, differently from [1, 9] where electrodes were located one in
front of the other, the improved simulation code used in this section can be used to test if
the assumption of field uniformity made in the derivation of Eq. has an appreciable
impact on the accuracy of the results. We will use electrodes with radius of 75 nm and
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pitch (defined as the distance between the electrodes centers) of 660 nm, which is of the
same order as the interelectrode distance in the array of |33|. The difference between the
inner and the outer radii of the counter electrodes CE1, CE2 (see Fig. [5.20b) is 150 nm.

In all simulations, the DC bias on the electrodes and the net charge on the particle
are both zero. The particle permittivity is taken equal to 2.3¢¢ and its radius ranges from
5 nm (which may represent a large protein [88]) to 500 nm (a virus or a colloidal particle
[89]). A thin dielectric layer with permittivity e=75¢¢ and thickness 0.25 nm, mimicking
the Stern compact layer (Sec. and [90]) was considered on the bottom surface. Note
that in the Stern layer the permittivity should be lower than in the electrolyte, as discussed
in Sec. 2.3.2] but, because in all the simulations no DC bias is applied, as we have seen
the exact value of the compact layer permittivity has a modest quantitative impact on
the results, thus justifying the assumptions made.

The system geometry is sketched in Fig. [5.20l One active electrode and two counter
electrodes are included in the simulation domain and we explicitly verified that the ad-
dition of more electrodes would not change the results in the range of particle radii
considered. For the sake of simplicity the electrolyte dielectric constant is independent
of ion-concentration and frequency [48, 50|. This approximation has a small quantitative
impact but no qualitative practical consequence on the results) as also illustrated in Sec.
2.3.1)).

Fig. compares the change in conductance (AG, top) and capacitance (AC', bot-
tom) obtained by means of 2D numerical simulations with the predictions of Eq.
for particles of different radius (from 40 nm to 500 nm, left) suspended 200 nm above
the bottom electrode and for a particle with fixed 40 nm radius suspended at different
height above the electrode (right). The analytical model (open symbols) nicely repro-
duces all features in the simulated nanoelectrode admittance response, and shows very
good quantitative agreement for particles smaller than the electrode radius placed at least
a few Debye lengths above the electrode surface. In most cases, AG and AC increase
for increasing frequency and tend to a constant value for f > f. = 0./(2mey), being as
usual f. the electrolyte dielectric relaxation cut-off frequency. A peak in AC' is sometimes
observed, which will be discussed in more detail in Sec. The dips in AG are caused
by sign changes. It can be shown analytically that these sign changes appear in multi-
domain media with spacially dependent complex conductivity that entail sign changes of
the frequency dependent real part of (Ey/Vp)? (see also left graph in Fig. .

Actual biomolecules often carry a pH dependent surface charge when dispersed in elec-
trolyte environment. To exemplify the impact of this charge on the admittance response,

z
< %
\ Y
g TN . L g &
Vo ! WE " WE 7
’ k /
(a) uniform field (b) 2D approximation (c) real array

Fig 5.20: Sketch of the uniform field system where the analytical model is derived (a), of the
2D approximation with cylindrical symmetry of the nanoelectrode array (b) and of the real array
(c). The DC and AC potential is applied to the working electrode (WE, green). Its neighbours
(counter electrodes CE, blue) are grounded. Moving to cylindrical coordinates, the 8 nearest
CEs in (c) become the CE1 electrode in (b), the next 16 become the CE2 and so on.
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Fig 5.21: Comparison between the change in conductance (AG, top) and capacitance (AC,
bottom) obtained by means of 2D numerical simulations and the predictions of the proposed
analytical model for particles of different radius suspended 200 nm above the bottom electrode
(left) and for a particle with fixed r, = 40 nm suspended at different height above the electrode
(right). Sign changes on AG are marked .Bulk ion concentration n®=1.5 mM.

Fig. shows AG and AC for neutral and positively charged biomolecules (o, ~ 5
mC/m?, see e.g., [88]). As can be seen, consistently with previous results [1, 10|, the
charge affects mostly the low frequencies below the peak frequency, but does not upset
the qualitative features of the spectrum, which still exhibits a maximum and two cut-off
frequencies. Similar results were obtained upon application of a DC bias up to about
100-200 mV between the electrodes. These simulations suggest that, although derived
for neutral biomolecules at zero DC voltage, the model of Eq. retains its ability to
provide qualitative insight even in these more general conditions.

In order to understand in more detail the role played by the environment and the
system parameters on the nanoelectrode response and the applicability of the analytical
model to a wide range of physical conditions we will separately examine in the following
all the main dependencies of AY=AG + jwAC. In particular, we focus on the change
in capacitance AC' at high frequency because tiny capacitance changes can be accurately
measured on integrated circuits |91] and because the high frequency regime hols the
promise for accurate and sensitive detection of analytes.
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Fig 5.22: Change in conductance AG and capacitance AC' due to a particle with fized a = 40
nm suspended at different height above the electrode. Filled symbols: neutral particles. Open
symbols: charged particles with surface charge oq=5 mC/m?.
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Fig 5.23: Real (left) and Imaginary (right) part of f(w) of Eq. [3.115| for particles of different
radius. Note that |R{f(w)}| > |3{f(w)}|. Bulk ion concentration n>°=1.5 mM. Filled symbols
show simulations without AC diffusion currents. These are not so important for the considered
dielectric particles but instead extremely relevant for conductive particles.

5.4.2 Verification

As a first step we examine the term f(w). Fig. reports its real (left) and imaginary
(right) parts over a wide frequency range for particles of r, = 40, 200 and 500 nm radius.
Clearly, f(w) has a negligibly small imaginary part (compared to the real part) and,
as expected from Eq. , tends to —3/2 for w — 0. For insulating particles, which
are the scope of this section, the inclusion of diffusion AC currents is not so important
(compare filled and open symbols in Fig. and furthermore, f(w) exhibits a very
modest variation over the entire frequency range and a negligible dependence on the
particle size. For conducting particles instead (not shown), f(w) is strongly affected
by diffusion AC currents, it is remarkably frequency dependent and even changes sign
around f.. However, a detailed analysis of this effect goes beyond the scope of this
section. Therefore, for all practical cases of dielectric particles f(w) does not affect the
expected proportionality between AY and €2,, (Eo/Vy)? and the complex permittivity of
the electrolyte oo + jwey. Consequently, in the following we will consider f(w) a real
constant.
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5.4.2.1 Volume dependence

Next we examine the proportionality of AY to the particle volume 2,. To test the model
prediction we run 2D numerical simulations for particles of increasing radius located at
fixed height above the electrode. Fig.[5.24]shows the high frequency AG and AC (f > f.)
as a function of particle volume and clearly demonstrates that proportionality to €2, is
verified as long as the particle is located sufficiently above the electrode, and the particle
radius is not too large. Similar results (not shown) were obtained also at lower frequencies
f =~ f.and f < f.. Meaningful discrepancies with respect to the model predictions could
be found only for relatively large particles at very small distance from or in contact with
the electrode.

In this context a particle can be smaller than an electrode and still too close to it to be
described with a bulk model, as that of Eq. [3.116] Alternatively, it can be a few 100 nm
above the working electrode but its radius can be comparable to the inner radius of CE1.
In that case it will experience a highly nonuniform electric field. Both these cases lead to
deviations from the model of Eq. [3.116] as seen in Fig. [5.24] In the first case deviations
from the model occur if the particle/electrode separation is:

1. less than a few Debye lengths;

2. comparable or less than the particle radius (but still considerably larger than the
Debye length).

5.4.2.2 Field dependence

Since very sensitive and accurate capacitance measurements are possible with integrated
circuitry in CMOS technology [33, 92|, in the following we will restrict our attention on
the change in capacitance AC due to insertion of particles in the nanoelectrode sensor.
As we will see, especially at high frequency particle detection based on high frequency
AC offers several advantages that justify this choice. To this purpose, starting from Eq.
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: 107"k . +a= 450nm
72;_0_dz+a = 600nm

o-d+a=4000m
10~ ¢ o d +a=450nm
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Fig 5.24: AG (left plot) and AC (right plot) at high frequency versus particle volume (o< 7))

and d,. r, = 50, 100, 200 and 400 nm. We note the linearity of the curves when the particle
bottom surface is not too close to the electrode (the straight dashed curve is a guide for the eye
with unitary slope). Bulk ion concentration n>*°=1.5 mM.



CHAPTER 5. NANOELECTRODE ARRAY BIOSENSORS 171

3.116| and reminding that f(w) is essentially a real term, we can express AC as:
AC = f(w)Qpea x (5.2)

=%

il (5.3)

WTel
AC' is the sum of two contributions, respectively proportional to the imaginary part of
(Eo/ %)2 multiplied by the electrolyte conductivity oo, = £./7e and the real part of
(Eo/Vp)? multiplied by the electrolyte permittivity.
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Fig 5.25: Frequency dependence of |x| at a few locations above the electrode center. The data

refers to electrolyte molar concentrations n>° = 1.5 mM (left) and 150 mM (right).

In order to test and understand the dependence of AC' on the field intensity contained
in the x parameter (Eq. , we run 2D simulations for a variety of physical conditions.
In fact, the analytical model has been derived under the assumption of a small particle
suspended much above the electrode in a spherically symmetric field configuration while
in reality the electrodes are lying adjacent to one another on the chip surface, so that
the accuracy of the expression for x cannot be given for granted. On the other hand,
since the field configuration and intensity at the location where the particle stands can
be engineered to some extent via a suitable sensor design, insight in the field dependence
of the nanoelectrode response clearly bears extremely useful practical information.

Fig. shows the frequency dependence of |y(w)| computed numerically at a few
locations above the electrode center. We note that if |x(w)| is calculated at a distance from
the electrodes larger than a few Debye lengths \p, then a peak appears in the spectrum.

As shown in Fig. this peak is due to the second term in the expression of yx
(see Eq. , that is, to the frequency dependence of the imaginary part of (EO / 170)2.
The presence of such a peak is also visible in Fig. [5.21] and was previously observed in
[1). Using the simple 1D analytical model of Sec. [3.1.1] we can derive an approximate
analytical expression for the peak frequency assuming the particle is not too close to the
electrode . In particular, following the calculations in Sec. the expression reads

(see also Eq. [3.48):

~ 2
12 Ey
= 0 —14 [1424)3 % (5.4)

Ww=00
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Fig 5.26: Comparison between the two terms contributing to AC' in Eq. as a function of
frequency and for a few bulk electrolyte concentrations n°°. The sum of these terms gives the
analytic AC.

n*> [mM] | f. [MHz] | d. | f, [MHz] | f5"™ [MHz]
10Ap 0.60 0.61
L5 522 20\ p 0.58 0.61
10Ap 6.08 6.25
150 o143 20Ap 5.86 6.25

Table 5.3: Table of the peak frequencies calculated with Eq. (fp) and extracted from Fig.
( f;im), for different salt concentrations and heights above the centre of the electrode. The
electrolyte dielectric relaxation’s cut-off frequency f. is also shown.

where f. = 1/2n7, = 0./2me is again the electrolyte’s dielectric relaxation cut-off
frequency and the term FEy/Vj is calculated in the limit of high (infinite) frequency, where
it is a real number. Note that, because Eo/f/o is a function of the position, so is f,. In Tab.
[5.3] we show that this approximate expression can reproduce very well the peak frequencies
extracted from Fig. . In this case the electric field Ey has been directly calculated in
the simulations. Since in practical cases it is always true that A2 (FEy/Vj)|weoe < 1, we
expand the square root in Eq. and note that f, is proportional to Ap, i.e. it is roughly
proportional to the square root of n*°, while f,. is directly proportional to n*° via the o,
term. This observation is consistent with the data reported in Tab. 5.3

Large particles located in proximity of the electrode tend to average out the electric
field; therefore the peak will smear out and possibly disappear from the capacitive response
of large particles, as visible in Fig. 5.8l Furthermore, the peak is expected to disappear
for small particles nearly attached to the electrode as in Fig. [5.46] since in this case
the influence of the AC double layer becomes important. Unfortunately, at the time of
writing, these predictions could not be verified experimentally yet because the software
of [33] is not ready to perform calibrated frequency sweeps.

Fig. reports AC' at the frequency of peak response (open symbols) and AC at
high frequency (1 GHz, filled symbols) versus |x| over a wide range of molar concentration,
particle radius and height above the electrode. In many of these conditions the model
assumption of a large R/r, ratio and consequently an essentially constant AC electric
field in the region occupied by the particle is not well satisfied. Nevertheless we see that
the capacitance change is approximately linear in |y|, as expected based on the compact
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Fig 5.27: Nanoelectrode response AC to the introduction of a particle in the electrolyte as a
function of |x|, where x is the term in square brackets in Eq. and Fj is the unperturbed
electric field at the position of the center of the particle. The data refers to electrolyte molar
concentrations of 1.5 mM (left) and 150 mM (right), at f = f. and f > f., particle height above
the electrode between 0 and 1000 nm.

analytical model, except when the particle is large and its elevation above the electrode
very small, as discussed in Sec. [5.4.2.1] These results further confirm the validity of the
analytical model.

g =40nm

= 4= 40nm < 107 ]
--g2=100nm NS -®-a2=100nm
—_ -3 =200nm g -4-a=200nm
;10‘1,“‘a=5000m ) :E_E‘.IO_S_Aﬂn/A i
a
N -
o -2 ®
- A—— A A _
21074 " | o107 / ]
®, - =
o 10 s ® ® ® 30
< . =107 -/'/ |
107 = = a | =
S
-5 -9
10 : ‘ <10 - — ‘
107 107, _410° 3 10 10‘Q_1 _.10°
Gb[Q m~ ] Gb[ m~ ]

Fig 5.28: Simulated AC at 1 GHz (left) and wAC/S{(Fo/Vo)?} at the frequency of the peak
response (right) as a function of electrolyte bulk conductivity for a few particle sizes. The
elevation above the electrode is d, = 200 nm.

5.4.2.3 Concentration dependence

The results in Fig. m show that the imaginary part of (Ey/Vp)? divided by w (second
term in Eq. is vanishingly small for both low and high w while the first term containing
the real part of (Ey/Vp)? is small below f. and tends to a constant value for f — oc.
Therefore, since o,; is proportional to the electrolyte molar concentration while €. is very
weakly affected by it, based on the analytical model we expect AC" at high frequency to
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be dominated by the first term in Eq. and to be essentially independent of frequency
and salt concentration regardless of details such as the particle dimensions.

To prove this point, Fig. (left) reports the simulated AC' at high frequency (1
GHz) as a function of the electrolyte conductivity o.;. We see that the predictions of the
analytical model are fully confirmed over a wide range of parameter values and the high
frequency AC' is as expected independent of salinity. In fact, such a behaviour has been
observed previously in simulations |1} 3}, 9].

In general, however, both terms contributing to x may be relevant. We can then write
that:

oy R{EoV2} . R{EV?}

— =w — +—=w —
s{E/Vor}t  s{Evr} o s{Evr)
From this expression we immediately note that, if the real and imaginary parts of (Eo / \70)2
are of comparable magnitude and the frequency is much smaller than f., the second term
should be dominant and directly proportional to o.;. This condition is indeed fulfilled at
the frequency of the peak as evident from the numerical simulations shown in Fig.
(right). These results confirm the concentration dependence predictions of the analytical
model.

+ 27 fe

5.4.3 Range of model validity

Having characterized the main model dependencies in Section we then tested the
high frequency analytical model predictions for many different parameter sets. In fact high
frequency operation, although more difficult to implement in hardware, is very promising.
Figure [5.29 shows the high frequency AC' calculated for five different particles located at
three different heights above the nanoelectrode (0 nm, 10 nm and 100 nm). The particle
radius is 5, 30, 50, 100 and 300 nm. For curves with circles, the term E’O is computed from
the 2D simulations as the electric field at the location of the particle center in absence of
the particle. As we can see, the analytical model captures very well the sensor response for
small particles but the discrepancy with the numerical model increases for particle radii
comparable to electrode dimensions, and decreasing distance from the electrode. Figure
shows similar results, but now, the radius is fixed and the height is changed. Similar
results were obtained for the high frequency AC for an electrolyte concentration of 150
mM. This is expected, because at frequency above the electrolyte cut-off AC screening
becomes ineffective and the capacitance change is independent of the ion concentration
(as demonstrated in Fig. left).

Note that if the electric field at the position of the particle center is replaced by
the average field over the particle volume the model accuracy is remarkably improved,
especially for large particles and small elevation values. This observation entails that there
is no real advantage in making the field non uniform over the particle volume, but it is
advantageous if the particle occupies a region with high average unperturbed electric field.
Moreover, it suggests the possibility to reliably use the model predictions well beyond the
strict domain of validity of the approximations used.

5.5 Simulations with lumped double layer admittance

Since, as already pointed out, at high molarity the electrolyte Debye screening length
(Ap) is much shorter than typical sensor dimensions, challenging multiscale-multiphysics
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Fig 5.29: High frequency capacitance change AC due to biomolecules of 5 different radii (5,
30, 50, 100 and 300 nm). Biomolecule attached on the electrode (left), biomolecule detached by
10 nm (center) and biomolecule detached by 100 nm (right). Ion concentration 1.5 mM, Ap =~
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Fig 5.30: High frequency capacitance change AC due to biomolecules with 3 different positions
(0, 10 and 100 nm from the electrode surface). Biomolecule radius 7, = 30 nm (left), 100 nm
(center) and 300 nm (right). Ion concentration 1.5 mM.

simulation problems arise. Issues are especially severe for impedimetric sensor arrays as
the one described in Sec. [33, [76] because every electrode has on top a thin electrical
double layer (EDL) with rapidly changing ion concentrations (n,,) and potential (V') [36]
which in turn demand either a fine mesh or special purpose boundary conditions [93].
To make things even worse, very accurate calculations are necessary because the useful
signal is a small change of the electrode admittance with respect to a reference condition
(AY =Y —Y,) due to changes of the analyte configuration (e.g. introduction of a
biomolecule, drift of a biomolecule’s position with respect to the electrode, etc.).

In this section we propose a technique to efficiently account for the EDLs in computing
the small signal AC response of impedimetric sensors |33, 76]. The technique significantly
reduces the need of fine meshing the EDLs, thus enabling fast simulation of many analyte
configurations.

This technique can be useful also in the scope of a domain decomposition (which has been
applied to biosensors for instance in [93|), although we will not use it for this purpose.
Instead, we will apply the technique only on the external boundary of the domain.
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5.5.1 Methodology

We illustrate the method with reference to the nanoelectrode array biosensor presented
in Sec. (Fig. , and we use the 3D numerical model ENBIOS to prove the
effectiveness of the proposed approach. The array behaves as a multi-terminal device
(Fig. [5.32h), and due to the small Ap accurate simulations require a very fine mesh next
to each electrode, especially at low frequency.

To gain a first insight into the problem, we make use of the analytical 1D model of
Sec. [3.1.7] (see Fig. [3.1], left), and use the series model for the admittance double layer
(Eq. @D, which is reported here for convenience:

+ jw

§

Ypr = JWER (5.5)

where k? = (£ + jw)/D is the squared inverse screening length, & = 2¢%ung/c. the
electrolyte cut-off angular frequency, x the ion mobility (in m/Ns), D=pkT the diffusivity,
no the DC bulk ion concentration.

Eq. shows that ypy is inversely proportional to the scale length 1/x which provides
an estimate of the thickness of the EDL. The double layer capacitance cp;, = S (ypr) /w
has a w3/? dependence and tends to infinity at high frequency, whereas yy tends to a
constant capacitance per unit area cy = £, /L. These observations suggest to represent
the EDL as a lumped admittance in series to an electrode in direct contact to the bulk
electrolyte. This representation can be generalized to a multiterminal nanoelectrode array
as described in the following.

Firstly, we group the array electrodes as follows (Fig. m and Fig. : the grounded
ones are connected to terminal C. Among the remaining N electrodes (which we assume
all biased at the same DC and AC voltage, as in [33]), we group in terminal P those whose
EDL is affected by changes in the analyte configuration, while the others are grouped in
terminal A. Detailed knowledge of the ion concentrations n,, and potential ¢ in the EDL
for all analyte configurations is thus necessary only for electrodes which belong to set P;
not for those of set A. In fact, by definition, the EDLs of electrodes in C' and A stay the
same for all configurations. Note that if the analytes are smaller than the electrode pitch,
and with a proper definition of the configuration space, P cointains only one electrode,
whereas the A set groups many of them. We now denote M the terminal where the AC
current, hence, the admittance is measured.

Analyte

Electrodes
7

x-pitch = 600nm
configuration (A) configuration (B) configuration (C)

Fig 5.31: Nanoelectrode array sensor with the definition of the different families of electrodes.
Electrode radius r¢=75 nm . Each configuration corresponds for instance to a different
location of the particle.
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M and P are coincident We start assuming that M = P. We will then discuss the
case when M is in group A. The definitions above allow us to model the device as a
2-port with admittance matrix:

Y, = [YPP YPA] _ |:Zj€P ZleP le ZjEP ZZGA le
Yap Yaa Dicaduer Y D jeadiea Yil

where the Y); are the elements of the device N-port Y matrix.

As suggested in Sec. [3.1.1.2] we write the k-th electrode admittance, Yj, (k € P), as the
series connection of the EDL admittance, Ypi, given by the rapidly space-varying field
near the electrode, and the bulk admittance, Y, given by the field that deeply penetrates
into the electrolyte:

L_ 11
Yk YDLk: YE)k

(5.6)

The Ypris can be computed once for all analyte configurations.

The next step is to transform the 2-port into a new 2-port with admittance matrix
Y, connected to the admittances Yprc, Ypra (Fig. [p.32k), respectively representing the
EDLs of the electrodes in groups C' and A. Clearly, only Yy, is affected by changes in the
analyte configuration, whereas Ypr 4 and Ypr o are not.

If ports M = P and A are both biased at Vj, the admittance between port M and
ground is Y = Ypp + Ypa. To identify the unknown admittances Yprc and Ypra and
then calculate Y for all configurations of interest, we can thus proceed as sketched in Fig.
.33} namely:

1. we extract the k-th terminal double layer admittance Yp . in the reference con-
figuration using Eq. where 1/Y}y, is the admittance obtained when the EDL is
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O—— IP .[A
o— —
R Y —O P 0— Y, —O0 A
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Fig 5.32: AC small signal representations of the nanoelectrode array: (a) multi-terminal; (b)
2-port; (c) 2-port with external lumped elements (M = P); (d) 3-port with external lumped
elements (M # P).
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eliminated by setting Dirichlet boundary conditions (DBCs). If the electrodes are
all identical (as is typically the case in regular arrays [33} [76]), we can then easily
calculate Ypr4 and Yprc as the parallel connection of an appropriate number of
Yau;

2. we set DBCs at all terminals except M (which eliminates the corresponding EDLs
and the need for a fine mesh next to the electrodes) and compute the intrinsic Yy;;

3. according to the model of Fig. , and denoting A the determinant of Yo;, Y;p =
Yipp + Yipa and Y4 = Yiap + Y44, we compute the admittance at M as:

A+Yip Ypra
=Yprc
A+ Yian Yore + Yora (Yia +Yip + Yprco)

Y ~Y’ (5.7)

4. we change analyte configuration, go back to steps (2)-(3), where meshing of only
one EDL is necessary, and efficiently recompute Y’ for the new configuration.

Since the EDLs vanish at small distance from the electrodes, simulations at step (1) can
be run (with remarkable time saving) on a small subset of the array and imposing DBC
on all electrodes other than k.

We emphasize that DC bias, Stern layers [36] and self-assembled monolayers (SAMs,
assuming that they are much thinner than the separation between the electrodes) should
be included in the simulations used to calculate Ypr4 and Ypr,o. We also underline that
the method assumes that the EDL thickness is much smaller than the dimensions of the
system. In this way when DBCs are imposed and Y is identified including the region
previously occupied by the EDL only a negligible error is introduced.

M and P are not coincident Let us now consider the case where M is one of the
electrodes in A and it is therefore distinct from P. A 3-port model is now mandatory

(Fig. [5.32d). The system matrix is:

Yvum Yupr Yuma
Ys=|Ypnuy Ypp Ypa
Yam Yap Yaa

—— —— - ——

g I D Y B B B D D N VD VO VO W = N I, \ " A Y
V4 \ 1
{ Reference Reference | 1 : Simulated : I Change 1
| system system : : System (EDL <':':— analyte :
| (1EDL) (no EDL) b on P) 11 | configuration |

|
: \ / | \ step 2_ I-- M stepa T
phydydy Myl

: Yaia : ( ‘I
I Yaik > and ; > Y ]
|

Y 1 1
‘. stepl de i \ step3 1

—— e

Fig 5.33: Flowchart of the procedure to calculate Y/ when M=P. The outer loop on the right
(steps 2-4) is repeated for each analyte configuration, while Ypr4 and Yprc are retained. Step
1 is executed only once. Similar procedures are used to calculate Y” and Y (see text).
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and the expression for the admittance at M is now:

Y ~Y" = (YpreYam (YpraYim + Dot + Ago)) /
(A + YprcAoe + Yaun YiaaYpre + Ypra(Yia + Yoo + Yip + Yim) + Arn + Ao + Aoy + Ago)

+Ypra(YpreYinnr + Doo + Aoz + Asa + A33)) (5.8)

where A is the determinant of Yg,;, A;; is the determinant of the matrix obtained elim-
inating row ¢ and column j from the matrix Ys;, Yiny = Yivn +Yivp + Yinia, Yip =
Yipni+Yipp+Yipa and Yia =Yanr+Yiap+Yiaa. The steps to compute the unknowns in
Eq. and the Ypra, Yau and Ypro are the same explained for the two-port case (see
also Fig. .The method and Eqs5.7 can be further generalized to cases where the
EDLSs of more than one active electrode have to be meshed and resolved or when Vj; # V4,
but the computational advantage becomes progressively less pronounced.

An alternative method, inspired to the mixed device circuits simulation approach [94],
would be to solve the intrinsic system (i.e., with no EDLs on both A and C) simulta-
neously with the equations that give the potential drop on the Yyis. The mixed mode
approach is fully general and requires to run only one simulation for each analyte config-
uration (compared to 2 in the 2-port procedure), but it greatly complicates the algorithm
implementation and it may introduce numerical issues, because the values of the matrix
elements in the rows that correspond to the Yy are of very different magnitude with
respect to those in the rows corresponding to the intrinsic part of the system under study.
This is evident seeing at the explanation of Sec. £.2.2.3

5.5.2 Results

We tested accuracy and numerical efficiency of the method by investigating the response
of the nanoelectrode array in [33| to neutral spherical particles representative of various
biomolecules: large proteins (1, =10nm) [88|, viruses (7, =500 nm) [95], and cylindrical
DNA strands (r, = 1.25 nm, h=13.2 nm corresponding to 40 basis) [40]. We typically
simulate a subset of 5x5 electrodes or less depending on particle size. The molecule is
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Fig 5.34: Left: exact total admittance at port M =P in the absence of molecules (Y, reference
configuration) for a few DC bias voltages. Note the symmetric response for positive and negative
bias voltages. Right: total admittance at port M (Yp), one-electrode EDL admittance (Yy), and
intrinsic admittance at port M (Yjps). DC bias Vpe=0 V; NaCl bulk electrolyte concentration
n*°=10 mM.
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located next to the center electrode (P) and no SAM is present unless otherwise specified.
The absence of dielectric layers, hence of site binding charge, entails a symmetric response
for positive and negative bias voltages.

Fig. m reports the P-electrode admittance in the absence of molecules (Y}, reference
configuration) calculated with the exact 3D reference model (i.e., with all EDLs included,
left, [4]), the intrinsic ¥; (EDL on P only) and the one-electrode EDL admittance Ypp,
(right). Ypy is comparable to Y at low frequency, whereas |Ypp| > |Y| =~ |Y;| at high
frequency. Fig. shows the change in admittance and in capacitance AC=S (AY') /w
due to dielectric or metallic particles calculated with the exact 3D model and with the
proposed lumped element approximation of the EDLs (AY”). The excellent agreement ob-
served at all frequencies between AY and AY’ demonstrates the accuracy of the proposed

method.
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Fig 5.35: Change in admittance (left) and corresponding change in capacitance (right) due to the
introduction of a spherical dielectric or conductive particle (r,= 10 nm) on the center electrode
of the array calculated at M =P with exact 3D simulations (AY, AC; all EDLs included), with
the proposed method (AY’, AC’; lumped elements at k¢ M) and neglecting EDLs for k¢ M
(AC"). AY' and AC’ are excellent approximations to AY, AC at all frequencies. AY” and
AC”, instead, deviate at low frequency. Particle height d, = 20 nm; Vpo=0 V; n®=10 mM.
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Fig 5.36: Change in capacitance due to a spherical dielectric or conductive particle (1, = 500nm)
at the center electrode M =P of the array calculated with the reference full 3D simulations (AC)
and the lumped element model of Fig. [5.32k (AC’ and AC”). AY’ and AC’ are excellent
approximations of AY and AC at all frequencies; AY” and AC” only at high frequency. SAM
thickness 2.5nm.
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Since at high frequency Ypra and Ypre are often much larger than Y, we also com-

puted Y”=limy,, , vp,cs00 Y . We see from Fig. that Y” ~ Y’ at high frequency,
which suggests the possibility to further simplify the simulations by neglecting the EDLs
on all counterelectrodes except P whenever Yy, is very large, i.e. at large salt concentration
and high frequency. The inclusion of Yp4 and Ypro in the model is instead mandatory
for accurate results at low frequency.
Similar conclusions were obtained for any particle height, d., and radius, r,, provided
the analyte interacts only with electrode P. This is demonstrated in Fig. [5.36, which
reports AC' due to the r,=500 nm particle in presence of a 2.5nm thick SAM and for
varying position, DC bias and salt concentration. Needless to say, all these considerations
depend on the actual system geometry, the frequency range of and the salt concentration.
It is therefore recommended that the use of this technique is guided by experience and
common sense to avoid naive errors.

Fig. [5.37 shows the results when M # P and the 3-port model is used (triangles left).
The comparison with the results obtained with a 2-port approximation (where we included
the electrodes P in set A, and calculated Ypy 4 as the parallel of only those Y s that are
not in series with P) demonstrates the need of a 3-port representation when M # P. In
fact, the 2-port approximation under- or overestimates AC' especially at high frequency.

Fig.[5.38shows the simulated change in admittance AY=Y,,— Y}, and capacitance AC
when a single strand DNA attached to a 2.5 nm SAM on top of the electrode is hybridized
with a complementary sequence, thus forming a double strand (ds). The agreement with
the reference full 3D simulations is again excellent if the calculation is carried out with the
proposed method. More results on the response of the array to DNA strand hybridization
is found in Sec. .8

Last but definitely not the least, Fig. shows the relative speedup provided by
our method with respect to calculations where all EDLs are explicitly meshed. All cases
discussed above are reported. A remarkable speedup factor of about a factor of 3 to
30 is observed, roughly proportional to the square of the ratio between the number of
mesh-points in the systems without and with the lumped elements.

Besides the insight on the role of EDLs in the array response, the proposed technique
is thus very advantageous, accurate and easy to implement.

As a final note, see that there are sign changes in AC in Figs. - [5.37, which
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Fig 5.37: Same as in Fig. but calculating AC' at the first neighbour from the central
electrode (M # P). The results given by the 2-port and 3-port models (AC” and AC") are
shown. Note that AC" is a good approximation of AC at all frequencies while AC’ is not.
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correspond to the sharp dips. As illustrated already in Sec. [3.3.5] the sign changes are
due to the balance between diffusion forces on the one hand and ohmic transport on the
other hand. This effect is more evident when the double layers are more pronounced, i.e.,
in the cases with conductive particles and applied DC bias.

5.6 AY for small spherical particles in constant field

We now analyse the biosensor response due to the same spherical dielectric particle of 10
nm radius (representative of a big protein [88|, £ = 2.6¢y). In order to easily understand
the physical phenomena, like the frequency dependence of the electrolyte permittivity,
steric effects, biomolecule charge and AC diffusion currents, and to more easily compare
to the study in Sec.[5.4] we take a step back and analyse a slightly simpler 2D system with
cylindrical symmetry (Fig. . In absence of particles this is a 1D system, like the one
solved in Sec. We simulate the change in admittance AY between the electrodes due
to the introduction of a small spherical particle. The simulation parameters are reported
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Fig 5.38: Change in admittance (left) and capacitance (right) due to DNA hybridization. The
single (ss) and double (ds) DNA strands are modeled as in [9]. Calculations are done with
exact 3D simulations explicitly accounting for all EDLs (AY =Y,-Yys, AC=F(AY) /w), with
the proposed procedure based on lumped elements (AY’, AC’) and neglecting all EDLs except
the one on M=P (AY”, AC"). The DNA is attached to a 2.5 nm SAM and stands upright from
the electrode center; n®°=150 mM. AY”’ and AC’ are excellent approximations to AY, AC at

all frequencies. AY” and AC” only at high frequency.
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Fig 5.39: Simulation speedup between the proposed method (AY”, i.e. EDL only on M and
lumped elements for k ¢ M) and the case where all EDLs are explicitly meshed and accounted
for (AY') versus the ratio of the number of mesh points in the grids. M=P. |Vpc|=0.1 V. The
speedup is a factor of 2/3 smaller when M # P because one extra simulation is required for each
analyte configuration.
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Parameter Symbol | Value Units
Bottom electr. DC pot. | Vg 0.05 [V]
Top electr. DC pot. Vor 0 V]
Bulk potential Vier 0 [V]
System radius Pmaz 91 [nm]
System height Zma 200 [nm]
SAM thickness hsan 2.5 [nm]
Mobility of Na* o 3.242 - 10" | [m/Ns|
Mobility of C1~ fa 4.937 - 10" | [m/Ns]
Temperature T 307.66 K]
SAM permittivity ESAM 2.3 [F'/m]
Biomolecule permittivity | €piomor 2.3 [F/m]

Table 5.4: Parameters used in the simulations.
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Fig 5.40: Sketch of the 2D system with cylindrical symmetry used to study the impact of
AC diffusion currents, SAM and particle position on the response of a nanoelectrode to the
introduction of biomolecules.

in Tab. and for the simulation we use the solver presented in .

5.6.1 Physical effects on the admittance response

In the previous version of our solver, reported in , we did not take into account neither
the AC diffusion currents nor the electrolyte permittivity dispersion nor the steric effects.
To assess the impact of these additional terms on the total admittance Yj, we have decided
to study them one at a time. The considered model system is shown in Fig. [5.40, where
a SAM is present on top of the bottom electrode.

Fig. compares the admittance between the electrodes in absence of particles Y, cal-
culated using the old solver (upward triangles), adding the AC diffusion terms to the
equations (downward triangles) and accounting also for the electrolyte permittivity dis-
persion through Eq. 2.39) where Gy = R(Yp) and Cy = $(Yp/w). The parameters used in
this section are reported in Tab. 5.4l If not otherwise specified, the electrolyte permittiv-
ity dispersion is neglected and e, takes a frequency independent value equal to e,4(S,T),
that is £ (w = 0) in Eq. 2.39]

Looking at Fig. |5.41| we not that AC diffusion currents (curves with triangles up and
triangles down) tend to decrease the capacitance of the bare system without particles tends
to be almost independent of the salt concentration for frequencies above the electrolyte
cut-off frequency f. defined in Sec. (fe ~ 15 MHz at 5 mM and f. ~ 1.5 GHz at
500 mM, see also Fig. . Note that, differently from the results in 3], Cy is not exactly
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Fig 5.42: Total admittance between the electrodes of the model system in Fig. without
biomolecules. The curves are computed either neglecting (PB - empty symbols) or taking into
account (MPB - filled symbols) steric effects but neglecting the electrolyte permittivity dispersion
for different DC voltage and salt concentrations. The ionic radius is ¢ = 0.25 nm.

independent of salt concentration because the electrolyte permittivity has a small decrease
for increasing salinity [48] (barely detectable in Fig.[5.41p) at and above f =~ 10 GHz, not
accounted for in [3]. The effect is of limited practical relevance though. We also see that,
at high frequency, the curves computed with the two models match perfectly, but at low
frequency there is an important difference; in particular, in the new model the capacitance
at low frequency depends on the salt concentration (triangles down, Fig. ), while it
does not when AC diffusion currents are neglected (triangles up). The discrepancy can
be explained observing that, neglecting the AC diffusion currents, there is no AC double
layer on the electrodes. This means that the capacitance at low frequency Cp, is given
just by the SAM capacitance Cs4ys, which doesn’t depend on the salt concentration. On
the other hand, if the AC double layer is present, C' is given by the series of Cg4ps and
the double layer capacitance C'p;, depends on the salt concentration; therefore also Cf,
depends on the salt concentration. Note that the dependency of . on the salinity is so
small that the effects are completely negligible at low frequencies.

When we account also for the electrolyte permittivity dispersion versus frequency, we note
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Fig 5.43: Admittance variation due to a neutral spherical biomolecule of 30 nm radius attached
to the SAM. The curves are computed either neglecting AC diffusion currents and the electrolyte
permittivity dispersion (upward triangles), or accounting only for the AC diffusion currents
(downward triangles) or accounting for both (circles) for different salt concentrations. AG is
negative at low frequencies and positive at high frequencies, with the sign reversal at f..

that nothing changes at low frequency, while at frequency above f,, = 1/27n7 ~ 25 GHz
as defined in Eq. (11 depends weakly on the salt concentration), the dispersion effect
becomes important; in particular the imaginary part of the permittivity causes a rise in
the conductance GG, while the lowering of the real part reduces the overall capacitance CY.
Compared to the capacitance, the conductance seems to be influenced by the permittivity
dispersion at lower frequencies because of the logarithmic scale.

Steric effects To analyze the steric effects (see also Sec. [2.3.2)), we consider simulations
which include the AC diffusion currents but not the electrolyte permittivity dispersion, as
already discussed. We calculated the total admittance between the electrodes as a function
of the salt concentration and of the applied DC voltage (Fig. . The total conductance
and capacitance are essentially independent of the applied bias in the explored conditions.
Note that most of the voltage drop is across the SAM layer. The results (Fig. filled
symbols) suggest that steric effects are of limited importance in these cases, as in Sec.
2.3.2| (ajons = 0.25 nm as appropriate for Na®™ and C1~ [96]).

In order to explain this evidence, we follow the arguments made in [56] and we define
the critical potential difference with respect to the bulk V, at which steric effects become
important as:

V.= ———1In(nya},.).

: 5.9
Zq wons ( )

In the worst case considered nia}, . = 0.47%, which corresponds to V. = 0.14 V. Be-
cause of the very different thickness and permittivity of the SAM and of the bulk elec-
trolyte, even a DC voltage as high as Vop — V. = 10 V results in a potential at the
SAM /electrolyte interface of only about 0.05 V, sufficiently smaller than V.. Remem-
bering also that the AC analysis is performed in the small signal approximation, it is
certainly true that even accounting for the extra AC potential V. can never be reached in
the explored cases. This justifies also our choice of neglecting the steric effects in the AC

analysis.

5.6.2 Response due to a neutral spherical biomolecule

We employed our solver to investigate the biosensor response to the presence of a biomolecule
in the system (Fig. [5.43). Unless otherwise stated, the biomolecule is assumed to be a
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spherical dielectric region touching the SAM surface, and with a frequency independent
relative permittivity of 2.3 and a radius of 30 nm. Such an idealized biomolecule can be
representative of a big protein cluster or a small virus |97, 95]. The change in admittance
AY =Y, — Y, is reported in Fig. [5.43] The same procedure of adding the effects one
by one as in Fig. was followed.

Looking first at the effect of AC diffusion currents only (triangles up and down in Fig.
5.43), we see that at low frequency they change remarkably the nature of the biosen-
sor signals AG = R(AY) and AC = ¥(AY/w). We also see that at low frequency the
biomolecule has a large effect on the capacitance at low salt concentrations, while at high
frequencies it doesn’t. This can be explained noting that, at 1.5 mM, the low-frequency
screening length is sufficiently large to let the biomolecule interact with the double layer
on the SAM /electrolyte interface, therefore leading to a stronger response compared to
the case where the screening length is much smaller (i.e. 150 mM). We observe also that
the frequency dependence is strongly affected by the salt concentration and AC' tends to
a constant, independent of the salt concentration, only when f is much larger than the
electrolyte cut-off frequency f. ~ 450 MHz at 150 mM.

This behaviour can be explained noting that, at low frequency, Y tends to be purely
capacitive and the overall capacitance is given just by the series of the SAM capacitance
with the double-layer capacitance. For this reason, changing the bulk electrolyte proper-
ties (with the addition of the biomolecule) doesn’t give an appreciable effect. On the other
hand at high frequency the effect of the biomolecule is purely dielectric and is due to the
substitution of a portion of the electrolyte volume with a biomolecule of low permittivity.
This explains why AC' doesn’t depend on the salt concentration at high frequency.

We note also that, at the cut-off frequency, there is a dip in |AG|, which is the signa-
ture of a sign reversal. In fact, AG is negative at low frequencies and positive at high
frequencies. The positive sign of AG at high frequency derives from the fact that we are
replacing a conductive region with a dielectric (the biomolecule). At low frequency, on
the other hand, the effect of the double layer perturbation are prominent, therefore the
sign is reversed.

If we account also for the electrolyte permittivity dispersion, we can make similar
statements to the case of the total admittance. Because this effect lowers the total ca-
pacitance and rises the total conductance, it is reasonable to expect AC and AG to have
the same behaviour, and this is indeed what we observe in Fig. So we can conclude
that, in order to achieve the highest sensitivity and to be independent of the parameters
it is desirable to work at frequencies around f,. but sufficiently lower than the permittivity
cut-off frequency f.;. These requirements identify a frequency range between 300 MHz
and 10 GHz at physiological salt concentration and between 3 MHz and 10 GHz at low
salt concentration.

5.6.3 Response due to a charged spherical biomolecule

Having understood the importance of AC diffusion currents and of the complex permittiv-
ity of the electrolyte, we now investigate a more complicated but realistic case. In all the
following simulations we have included both AC diffusion currents and the permittivity
dispersion. Steric effects have been neglected since they are negligible in the considered
systems.

We reconsider the biosensor response to the presence of a spherical biomolecule in
the system as in Fig. employing Eq. for the electrolyte permittivity, but now
adding a constant surface charge of & 0.01 C/m? on the biomolecule, as expected given
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Fig 5.44: Admittance variation due to a uniformly charged spherical biomolecule of 30 nm
radius with surface charge density of + 0.01 C/m? attached to the SAM.

the typical protein dimension [88]. A more precise and quantitative estimation of a par-
ticular biomolecule’s surface charge would necessarily need reliable experimental data or
sophisticated Monte-Carlo measurements as in [98].

Also in this case of a charged particle AC' tends to a constant, independent of the salt
concentration, when the frequency is greater than f. but sufficiently lower than f.; (Fig.
. Interestingly, at high salt concentrations the change in admittance becomes almost
insensitive to the charge on the biomolecule, while at low concentrations the charge has
an important effect. More details on the impact of biomolecule charges on the response
will be given in Sec. in the discussion of DNA detection.

We also note that, in all the considered cases, for such a small nanoparticle AC' is very
tiny, giving rise to the need of employing high performance integrated charge detection
systems [91]. This in turn suggests the need to exploit nanoelectrode arrays to increase
the overall signal level [33].

5.7 Nanoelectrode response to small spherical particles

In this section we investigate in more detail the biosensor response due to the same
spherical dielectric particle of 10 nm radius (representative of a big protein [8§|, £ = 2.6¢)
of Fig. 7 and a metallic particle of same size and conductivity ¢ = 6.3x107 S/m. Again,
an array of 5 x 3 electrodes is considered inside a 1.8um x 3.6pum rectangular domain. The
particle is located above the central working electrode WE and the electrolyte is composed
of KCI in water with concentration n>° = 10 mM. All other simulation parameters are
listed in Tab. 5.4

Fig. shows the real part of the simulated potential profile in the absence of particles
with an AC potential of 1 mV applied at the central row of electrodes. This is a small
value for realistic systems, but since we are solving a linear problem AY does not depend
on the AC modulation voltage. We observe that the electrolyte potential takes a value
in-between the WE and CE potentials, as already observed in Sec. As shown already
a few times in this thesis, we note the broader penetration of the electric field at high
frequency (Fig. [5.45p), which implies the ability of the system to detect analytes beyond
the limitation due to static electrolyte screening.

Fig. reports AC' while changing the vertical (d.) and horizontal (dj,) distance of
the particle from the electrode and the DC bias applied to the central row. As expected,
at high frequency the DC bias has no influence on AC' and the response is not limited
by the electrolyte screening, thus demonstrating the key advantage of the AC sensing
principle. We also observe that, as expected, DC biases of opposite sign compared to the
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Fig 5.45: Real part of the AC potential profile in the electrodes plane (z = 0) of a nanoelectrode
array at 12 kHz (a) and 1.6 GHz (b). At high frequency (b) screening by the electrolyte is
overcome, and the electric field penetrates into the system. These simulations are performed
without the biomolecule.

bulk potential do not affect the AC response. This result indirectly confirms the validity
of the model implementation and the accuracy of the solution in presence of DC bias.
We finally note that the biosensor response increases when the particle is on the edge of
the electrode, as predicted by Eq. [3.116] since the electric field at the particle location is
enhanced by fringing effects.

5.8 Detection of DNA strands and hybridization

Gene sequencing is an especially relevant field of application for nanoelectronic biosensors,
where the main target is to detect selectively the presence of DNA or PNA strands. Fig.
[5.47) illustrates the internal structure of DNA and PNA molecules. The most stricking
difference is that the latter backbone is composed of repeating N-(2-aminoethyl)-glycine
units linked by peptide bonds, unlike the deoxyribose that composes DNA.
In this section we use the 2D Poisson-Boltzmann and Poisson-Nernst-Planck solver pre-
sented in [1| and ENBIOS to study the AC behaviour of nanoelectrode capacitive biosen-
sors for DNA detection. Most of the results have been reported in [10]. A preliminary
account neglecting 3D and orientation effects was given in

Although the DNA/PNA strand is small compared to the electrode, in the 3D simu-
lations a large domain of 3 x 5 electrodes is considered to capture the slowly decaying AC
potential profile at high frequency; we have verified that adding more electrodes would
not change our results. As usual, we assume a biasing scheme where rows of ideally po-
larizable (gold) electrodes are simultaneously biased and the current is measured at each
terminal, as in the real system . The Self Assembled Monolayers (SAM) employed to
functionalize the electrode surface are described as a compact dielectric layer with
parameters as in Tab.[5.6] This is consistent with the findings in [100] for dense high
quality thiol-based films as those used in DNA detection.

As discussed in Sec. [2.3.2] the Poisson-Boltzmann equation is strongly non-linear and it
is valid until the onset of steric effects. This is equivalent to saying that the potential drop
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Fig 5.46: Nanoelectrode array - Change in capacitance at the central electrode (WE) due to
a particle of 10nm radius with the center on top of the electrode (a-b) or on the edge of the
electrode in a direction with an angle of 37 /4 with respect to the = axis (c-d), see the sketch
above. The particle is either attached to the electrode (a-c) or elevated by 20 nm (b-d). The
DC bias is applied to the central row (x direction) and the reference potential in the bulk of the
electrolyte V. is always 0 V. The salt concentration is 10 mM.

across the diffuse layer reaches the critical value V. as in Eq. We have verified
that for a typical ionic radius a;,,s = 0.25 nm, even at the highest salt concentrations we
never come too close to this limit, mainly because most of the potential drops across the
low dielectric constant SAM (egan & 2 - 3 [99, [100] [101]), and consequently the surface
charge density at the electrolyte/SAM interface is not so high as to invalidate the strong
dilution assumptions behind the Poisson-Boltzmann model. Note that, as shown also in
[103], it is possible to build very compact SAM, therefore confirming our choice to model
it as an ideal uniform layer.

5.8.1 DNA / PNA model

Consistently with the results in , we use a simple model for the double strand DNA
(dsDNA) and PNA (dsPNA), i.e. a cylindrical dielectric region of dielectric permittivity
gq = 2.5¢p, radius rgs = 1.25 nm and height h,,,; = 13.2 nm, corresponding to 40 bases.
In the 2D case the cylinder stands upright along the z direction and is centered at radial
coordinate p = 0. A constant volume charge density equal to the nominal value of 2
electron charges (-2¢) per base pair is initially attributed to the dsDNA rod. In wet
conditions however, the effective dsDNA charge per base is typically smaller than -2¢ per
base pair and changes with the ion concentration [104], as reported in Tab. The
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Fig 5.47: Internal structure of DNA and PNA molecules.

Molecule 150 mM | 390 mM |1 M
ssDNA 0.80 0.86 0.89
dsDNA 1.3 1.5 1.6

ssPNA-ssDNA | 0.85 0.91 0.93

Table 5.5: Effective number of electron charges per base (ssDNA) or base pairs (dsDNA and
ssPNA-ssDNA) calculated with the model of [104]. The values for ssDNA differ from those in
[9] because of the different single strand radius.

(much weaker) pH dependence of the strand charge was instead neglected because, as
suggested by the results in Sec. and confirmed in the following, the exact charge value
is not critical for the high frequency capacitance response. The charge density of dsPNA
is zero [105] over a wide range of pH and salt concentrations.

As for the single strand DNA (ssDNA) and ssPNA, the nominal charge per base pair
is halved compared to the respective double strands and, furthermore, we considered two
possible choices:

1. the ssDNA and ssPNA retain the ¢ and r values of the dsDNA and dsPNA;

2. the ssDNA and ssPNA parameters are the same as above but the radius is r,, =
T4s/V/'2 50 that the ssXNA rod (where X stands for either D or P) has half volume
as the dsXNA one.

The second model differs from the one of |9] since here we assume that the displaced
electrolyte volume (and not the radius) doubles when passing from single to double strand
molecules. The r,, and r4s values we have chosen are consistent, but not exactly equal,
to the ones in [104] (0.7 nm and 1 nm respectively), and, in the case of the second model
above, they essentially respect the same ry/rqs ratio. This small discrepancy does not
affect the general conclusions of our work, whose main purpose is to provide insight on the
impedance response and its trends, but not strictly quantitative values. In fact, the choice
of optimum 7., and ry4, values requires a careful comparison with reliable experiments
which are not yet available (to the best of our knowledge) or sophisticated molecular
dynamics simulations [40], and goes beyond the scope of the present work.



CHAPTER 5. NANOELECTRODE ARRAY BIOSENSORS 191

-5 -5 -5

10 . . ey 10 ey r . 10
i
<
zZ
o
3
Q 10%
(=]
®)
] I
) —5-150 mM 15
< -©-387 mM < 3,
O 1M L6 000002 0
- 90000009 .
—7| -7 -9 1
10 u 6 6 u u 10 d u u 6 6 10 6 (D u 6 6
10° 10° 10" 10® 10° 10" 10> 10° 10" 10® 10° 10" 10° 10° 10" 10®° 10° 10
Frequency [Hz] Frequency [Hz] Frequency [Hz]
(a) d, =0 nm (b) d. = Ap/2 (c) dr = himor

Fig 5.48: Change in nanoelectrode capacitance between the case when a dsPNA molecule is
introduced in the system at a distance d, = 0 (a), d, = Ap/2 (b) and d, = hye (c) between the
bottom part of the biomolecule and the SAM. Ap is the Debye length.

Parameter Symbol | Value Units
Bottom electr. DC pot. | Vg 0.05 [V]
Top electr. DC pot. Vor 0 [V]
Bulk potential Vief 0 [V]
System radius Pmaz 91 [nm]
System height Zmag 200 [nm]
Electrode radius Tel 75 [nm]
Pitch in the x direction | p, 600 [nm]
Pitch in the y direction | py 890 [nm)]
SAM thickness hsam 2.5 [nm]
Mobility of KT [52] 7 4.75 x 101" | [m/Ns]
Mobility of C1~ [52] 2 4.937 x 101 | [m/Ns]
Temperature T 307.66 K]
SAM permittivity ESAM 2.3¢9 [F/m]
DNA-PNA permittivity | g4 2.5¢9 [F/m]

Table 5.6: Parameters used in the 2D and 3D simulations.

5.8.2 Simulations

In all simulations, if not otherwise stated, we have used the parameters listed in Tab. [5.6]
The electrolyte is a KCI solution in water; however, using NaCl would not change our
results significantly (as evident comparing these calculations to the ones reported in [9]).

5.8.2.1 AC due to dsXNA and hybridization

As previously done in several sections of this thesis, we interpret the admittance Y (f)
between the electrodes with an equivalent circuit consisting of the parallel connection
of a conductance G(f) and a capacitance C(f), Y(f) = G(f) + jwC(f). Since we are
interested in capacitive biosensors, in the following we concentrate on C'(f).

In this section we initially calculate the change in capacitance AC between the case
where no molecule is present (Cy, reference condition) and the one where a biomolecule
is inserted in the system, that is AC' = Cy — Cygsxna. Fig. [5.48 shows AC due to a
dsPNA (which is an uncharged biomolecule) versus the distance from the SAM /electrolyte
interface. As expected, because of static Debye screening, at low frequencies AC' rapidly
drops to zero when the dsPNA moves away from the SAM (compare Fig. a,b and c)
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Fig 5.49: Change in nanoelectrode capacitance with and without biomolecule at a distance Ap
from the SAM. The biomolecule is dsDNA with either -2¢ per base pair (triangles upward) or
the effective charge from Tab. (triangles downward).

so that the response is very sensitive to the actual biomolecule height above the electrode.
On the contrary, at high frequency AC' is almost independent of the distance from the
SAM, d.. This is because above the electrolyte’s dielectric relaxation cut-off frequency
(fe = 0a/(2meq ~ 350 MHz at 100 mM) the dominant effect causing the capacitance
change is the replacement of some volume of the high permittivity electrolyte with a
molecule of much smaller permittivity. We also note that in proximity of the electrolyte’s
dielectric relaxation cut-off frequency (f. = 0.47, 1.3, 3.9 GHz at n®> = 150, 387 and 1000
mM respectively) the capacitive response AC' is always close to the maximum so that f.
can be regarded as a nearly optimum detection condition. A more accurate estimate of
the frequency of peak response was given in Sec. [3.1.1.4]

If we now consider charged DNA strands, we observe similar qualitative trends (Fig.
, triangles upward) but, because the charge and the substitution of electrolyte’s vol-
ume with the biomolecule give AC' of opposite sign, a few sign changes appear in Fig.
[5.49 which were not previously present. This can be regarded as an interesting signature
of the presence of charges. Interestingly, these sign changes closely resemble the ones
seen in Sec. [3.3.5] indicating that also in this case they are most likely due to a balance
between the diffusion and ohmic terms in the PNP equation. Also in this case AC at low
frequency is much smaller than at high frequency.

The correction from the nominal to the effective charge has quite a strong impact on
AC at low frequency (compare triangles upward and downward in Fig. , essentially
due to the strong non-linearity of the equilibrium Boltzmann distribution. Note however,
that in the high frequency limit AC' is insensitive to the biomolecule charge, and therefore
to charge fluctuations as well. This is another potential advantage of high-frequency
compared to low-frequency sensor operation.

Having discussed the main trends of the AC' spectra, we investigate next the position

and orientation effects. To this purpose, the charges on the molecules will always be those
from Tab. 5.5

5.8.2.2 AC position effects

So far we have always calculated AC as the change in capacitance between the case
without biomolecule and the case when a biomolecule is present. In actual DNA sensors,
however, the sensing process occurs via hybridization of a pre-existing layer of DNA or
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Fig 5.50: Absolute value of the change in capacitance due to the ssPNA-ssDNA or dsDNA
hybridization for the different models and at different heights of the molecule from the SAM.
The sharp cusps at intermediate frequencies are caused by sign changes.

PNA attached to the SAM by complementary DNA strands in solution. Therefore, it
is more interesting to calculate AC' as the change in admittance between the case when
a ssDNA or ssPNA strand is initially present and the case when a dsDNA or a ssPNA-
ssDNA complex are present, that is AC = Cyxnya — Casxna.

To this purpose, two idealized cases have been considered as explained in Sec. [5.8.1}
Tes = Tds and Tgg = g5 /V/2.

Fig. [5.50] reports the change in capacitance due to the formation of a ssPNA-ssDNA
complex from a ssPNA (triangles down) and of a dsDNA from a ssDNA (triangles up).
As we see, the AC spectrum is sensitive to the model used. In particular, according to the
first model where single and double strands have the same diameter (Figs. , b, ¢),
AC' is very low at high frequency because the effect of volume substitution is absent and
features like the charge per base have modest effect on the response (as already shown
in Fig. . At low frequency the AC values predicted by the two models are in the
same order of magnitude, indicating that in this case the change of the charge effect

is comparable to the volume substitution. We again note the sign changes in AC, as
discussed for Fig. [5.49]

Fig. takes a different perspective on these data, showing AC' at a fixed low (50
kHz) and high frequency (500 MHz) and large salt concentration (1 M) as a function of
the distance from the SAM. As expected, |AC| is larger when the molecule is close to
the SAM and drops much faster with distance at low frequency. It is also larger at high
frequency if we assume a radius change during hybridization (dashed lines). The sign
of AC' at high frequency depends on the choice made to model the ssXNA, confirming
that the effects of the charge and the dielectric constant (volume change) go in opposite
directions. The experimentally observed sign change [75] suggests that when a compact
layer of hybridized DNA forms on the electrode, the dielectric effect is dominant, but
more accurate studies are necessary to clarify this behaviour. The comparison carried out
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Fig 5.52: 3D simulation of the AC due to the ssPNA-ssDNA (triangles downward) or dsDNA
(triangles upward) hybridization. The data are reported either at a fixed orientation (a) or at a
fixed position in the z-y plane (b), and the salt concentration is 150 mM. The dsXNA (dashed
rectangles) is modeled as a cylinder concentric to the ssXNA (filled rectangles), as sketched in
the figure.

in this section highlights the potential of physical models to elucidate some of the signal
transduction mechanisms. Unfortunately, to the best of our knowledge there is still too
limited experimental data gathered on well-defined repeatable and reliable conditions to
allow for extensive comparisons with experiments.

We also note that, since the frequency is high, there is almost no screening of the AC field
and thus AC remains large even for DNA /PNA strands at large distance from the SAM
which is a clear advantage in terms of biomolecule detection. We finally note that, in
this high frequency regime, using ssPNA as a probe molecule instead of ssDNA (compare
triangles up to triangles down) gives little advantage in terms of signal strength.

5.8.2.3 AC orientation effects

We now consider a realistic 3D system where the unperturbed (without biomolecules)
field distribution is non-uniform. To this purpose, we have employed the full 3D CVFEM
solver ENBIOS and simulated the biosensor array [33], with the parameters listed in Tab.
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Fig. shows AC' due to the formation of a ssPNA-ssDNA complex from a ssPNA
and of a dsDNA from a ssDNA, using a radius of 74/ V/2 for the single stranded molecule.
The double strand molecules are always attached to the SAM (i.e., d, = 0), have either
the axis oriented in the z direction (6 = 0) or tilted at § = 7/4 and 6 = 7/2 with respect
to it, while the angle with respect to the x axis is always ¢ = 0 (see the sketches in Fig.
. The midpoint of the strand is located either at the center of the working electrode
(Az = Ay = 0) or on its edge in the z or y direction, (Az; Ay) = (r;0) or (0;r¢). Since
the interelectrode distance is not the same in the z and y directions, these two cases are
expected to give a different AC. A difference is also expected because of the row-wise AC
excitation of the electrodes.

We immediately note (Fig. ) that AC' for the molecule in the center of the
electrode is very similar to the one reported in Fig. [5.50(d, as expected since the electric
field in this region is fairly uniform and therefore the 2D simulation is a reasonably
accurate representation of the more realistic 3D system. On the other hand, we note that
AC' at both low and high frequency increases by approximately an order of magnitude
when the particle is on the edge of the electrode, due to the locally high value of the
fringing electric field. The non-uniformity of the field gives also rise to a different shape
of the curves, and a maximum appears when the particle lies at the edge; this suggest the
existence of optimum detection conditions within non uniform fields and the possibility
to optimize the Ej / V, ratio for optimum sensitivity (see the model in Sec. . We
also note that the slight asymmetry of the array does not have a great impact on AC' for
a z-oriented molecule (6 = 0, compare red and green curves in Fig. 5.52h). Fig.
shows that the orientation is instead important at low frequency for a molecule in the
center of the electrode. We explain this observation noting that when the molecule is
horizontal (f = 7/2), the ssXNA is slightly detached from the SAM. The very small
elevation (d, = 0.4 nm) is sufficient to change considerably the response at low frequency,
as evident also from Fig. .50l As expected, it still holds that in all cases AC at high
frequency is independent on the charge and frequency and it has a weaker dependence on
position and orientation.

5.9 Summary

In this chapter we have studied the response of a nanoelectrode array biosensor to spherical
microparticles my means of simulations and compared the results with measurements
mostly carried out at the University of Twente by the group of Prof. S. Lemay (Sec. .
The agreement we found between simulations and measurements is excellent, essentially
without fitting parameters. This is a remarkable confirmation of the adequacy of the
chosen model for the problem at hand. Our study demonstrated the fact that high frequency
measurements can indeed probe particles beyond the static screening length. In addition,
we have shown that the nanoelectrode array is capable of probing the particle’s material;
namely, to discriminate between dielectric and conductive particles. Simulations based
on the models of Chap. [] confirmed their usefulness for the extraction of quantitative
information on the analytes from the measurement data.

In Sec. we have validated, by means of simulations, an analytical model for the
admittance change at a nanoelectrode due to a small spherical particle. The model is
not directly comparable to results in Sec. because of the assumptions made on the
particle and system dimensions, but nevertheless provides extremely useful physical in-
sight. Notably, the model predicts the response to be proportional to the particle volume
and complex conductivity and to the magnitude of the electric field in the location of
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the particle. This model suggests a wide range of possibilities for the engineering of na-
noelectrode biosensors. In particular it is shown that there is no advantage in having a
non-uniform field over the particle volume, but it is advantageous if small particles are
located at positions with high AC field.

The simulations above allowed us to test the performance of ENBIOS for the analysis of
realistic complex systems. The results motivated the proposition of an original simulation
scheme (Sec. to greatly reduce the computational burden due to the fine meshing of
Electrical Double Layers by replacing them with circuit lumped elements.

We have also explored the nanoelectrode biosensor response due to small spherical par-
ticles, which can represent big proteins or viruses (Secs. [p.715.6), and to DNA molecules
(Sec. , including orientation effects. We found that, unless the strand adheres to the
electrode, modest changes in capacitance should be expected. These simulations con-
firmed once more the potential advantage of high frequency operation, namely:

e the ability to overcome of the static screening and the independence of the response
on salt concentration;

e the very good theoretical predictability of the response, even in the presence of
non-idealities such as surface charges;

e the insensitivity to hardly controllable parameters such as free charges;

e the additivity of the response with respect to the number of particles, at least for a
small number of them;

e the identification of optimum detection frequencies and critical cut-off frequencies;

e a greater freedom to engineer the biosensor, in order to take advantage of the fact
that the region sensitive to the analyte is not limited to the sensor surface.

As a final remark, note that for one small biomolecule AC' =~ 1 zF, i.e., it is close to
the lowest detection limits experimentally demonstrated so far [92]. This observation
entails that it might be difficult but not impossible to reach single-molecule detection
with current or scaled versions of nanoelectrode arrays such as the one in [33].



Chapter 6

Nanowire pH-sensors and bio-sensors

Nanowire (NW) devices, in particular Silicon NWs (SiNW) are of great interest in both
nanoelectronics and nanotechnology. In the field of biosensors, the roughly 1D nature of
the NWs is beneficial to achieve short settling time, due to considerations on the geometry
of diffusion from the bulk electrolyte to the sensor device [106]. SiNWs operated in
subthreshold regime can also offer a high sensitivity, although at the expense of increased
noise [31]. Two main applications have recently emerged for SINW sensors: Ion Sensitive
FET (ISFET) and BioFET.

Since their introduction in 1970 [27], ISFETs have found their major application as pH
sensors. The physical transduction mechanism is provided by the build up of the site-
binding charge (see Sec. R.1.1.1]). It is only recently that ISFETs have found broader
applications in the biosensor industry [19], but the implementation still relies on the pH
sensing.

Attempts have also been made to use SiINWs as biosensors, but the issue of static
Debye screening, already discussed in Chaps. [3}5] has so far prevented a major success of
these devices [107]. Silicon nanowire ISFETs have been recently studied, as for instance
in 31}, 193, 134, |108].

In the previous chapters we have seen that the Debye screening limit is overcome when
operating the sensing element in the AC high frequency regime. In this chapter, we will
explore this concept for SINWs considering both pH sensor and biosensor applications.

6.1 Nanowire pH sensors

This section presents the work on SiNWs for pH sensing developed in collaboration with
CEA/LETI laboratories in Grenoble (Dr. Thomas Ernst), which fabricated the SINWs,
and CLSE/EPFL laboratory in Lausanne (Prof. Carlotta Guiducci), which developed
the microfluidic and the measurement protocols. The experimental setup and measure-
ment protocols we started with are described in [108|. Here we report for convenience
a few essential informations as well as the specific improvements made to perform AC
measurements.

Devices The SiNWs are fabricated from Silicon-on-Insulator (SOI) wafers. The wafers
feature a 200 nm top silicon layer on a 400 nm thick SiO, insulating bulk oxide (BOX).
The silicon top layer is first thinned down by several steps of silicon thermal oxida-
tion/deoxidation to tg; = 50 nm, where the tg; corresponds to the nominal height of the
SiNWs. The NWs are patterned using deep ultraviolet (DUV) or e-beam lithography and
etched by reactive ion etching (RIE). The SiNWs body is covered by a high quality SiOs

197
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gate oxide grown by thermal dry oxidation while the rest of the chip is passivated by a
multilayered insulator.

The fabricated chip features 75 SiNWs with different widths and lengths and nominal
thickness of either 50 or 25 nm. Different chips with various doping and oxide thickness
are available. In this thesis we always used the devices denoted as p05 and p07, whose
characteristics are summarized in Tab. Note that, because of the doping configura-
tion, the p05 devices work in accumulation and the p07 in inversion. These chips always
feature silicized contacts. Most of the work presented here will be done on 5B02 devices,
which have nominal length 500 nm and width 80 nm.

The SiNW chip is coupled with a microfluidic module that employs custom made
Ag/AgCl reference electrodes (REs) and allows subsequent injections of different solu-
tions into sub 5 pl microchannels. Ag/AgCl pseudo-RE were obtained starting from pure
silver by chemical anodization in chlorine ions solutions (e.g., KCI) or by plasma treat-
ments in chlorine chambers. In our setup, silver L-shaped tubes are anodized in 0.1 M
KC1 solution, in order to obtain a 5 pum thick AgCl metal salt layer. These tubes are
inserted into a microfluidic chip, serving both as REs and as inlet/outlet of the system.
The microchannels are realized with a chemical resistant double-coated tape (3M 9086),
patterned by laser micromachining. The height of the channels is defined by the thickness
of the tape (190 pm). A Polymethyl methacrylate (PMMA) cap is placed on top to seal
the channels and the inlet and outlet tubes inserted. A sealing polymer is used to avoid
fluid leakages from the inlet/outlet. During measurements, the solutions are fluxed by
means of an external syringe pump (Harvard Apparatus). Particular care is needed to
avoid the formation of air bubbles. The SiNWs can be operated either by the solid-state
back gate and/or by the liquid fluid gate. Fig. reports the chip photograph, together
with the microfluidics.

Differently from almost all previous studies (except , to our knowledge) and
coherently with all the previous work shown in this thesis, we measure the SINWs in

p05 - n™/n/n* resistor | p07 - pMOSFET

Source/Drain doping n-type, 10?° cm=3 p-type, 10% cm ™3
Channel doping n-type, 101 cm=3 n-type, 101 cm=3
Nanowire oxide thickness 3 nm 8.5 nm
Nanowire width 80 + 150 nm 80 =+ 150 nm
Nanowire length 500 = 2375 nm 500 = 2375 nm

Table 6.1: Parameters of the CEA/LETI SiNWs chips and devices used in this thesis.

Fig 6.1: Photograph of the silicon nanowire chip and of the microfluidics. The picture is
reproduced from [10§].
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the AC domain. To this purpose we use an Agilent 4294A impedance analyzer, which
is connected to drain (high input) and source (low input). The back and fluid gate
are instead biased via a semiconductor parameter analyzer (Agilent 4156C). With this
configuration the measured admittance is then given by the measured AC source current
divided by the applied AC drain voltage Y,, = I s/ Vp. In order to achieve a reasonable
signal to noise ratio, if not otherwise specified, the magnitude of the AC voltage applied to
the high potential is 100 mV. Note that, although the instrument can reach measurement
frequency up to 100 MHz, in practice because of the off-chip parasitics the maximum
measurement frequency was limited in the range between 40 Hz and 1 MHz, since, as we
will see in the following, the response starts to be dominated by the parasitics already at
~ 300 kHz. This bandwidth, however limited, is still much larger than that in [109] and
comparable to those in |75, [79).

The open and short compensations are always performed as suggested by the instrument
manual. In some measurements we also use a very large device to run an additional load
compensation; however, the only difference we could observe between the cases with and
without the load compensation occurs in the range where the response is dominated by
the parasites.

6.1.1 Measurements of pH ladders

As usual in the study of ISFETs for pH sensing, in this section we show experimental
pH ladders. We start with a solution of known pH and gradually increase (or decrease)
the pH value to reach the final value, while continuously running measurements, where
at each time step we acquire an entire AC admittance spectrum in the 40 Hz - 1 MHz
frequency range.
The solutions are made of KCI dissolved in milliQQ water, while the pH has been adjusted
by adding strong acid (HCI) or base (KOH). These solutions range from pH = 3 to pH =
8, with steps of one pH unit. The final pH value has been controlled with a commercial
pH meter. The target salt concentration for all solutions is 100 mM; however the addition
of acid or base do not guarantee a precisely constant salt concentration for all solutions.
We have also prepared solutions with a controlled target salt concentration of 0.15

. 107
10 E T T T T 9r T T T T
—gggrﬁ] ‘ranaesas 8| —b;afore meas
- - - - after meas
5[ |——pHladder-1nA 7L |——pH ladder - 1 nA
107 ——pH ladder - 100 nA E ——pH ladder - 100 nA
o 6 -
< 108k 3 £ °r |
o 3 - a4t -
3 -
9L -
10 5 oL 4
- 1 — -
r " 1 1
10»10 k \ :l'\l I:l uI 1 1 0 1 1
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Ve V1 Veg V1
(a) logarithmic (b) linear

Fig 6.2: Ips(Vpg) curves (in DC), before and after one pH ladder at 1 nA and one other at 100
nA on the 5A02 device (W = 80 nm, L = 500 nm) in chip number 20 of the p05 type (n*/n/n™*
resistor), either in logarithmic or linear scale. Vpg = 100 mV.
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mM ranging from pH = 5 to pH = 8, with steps of one pH unit. Since in this latter case
the solution is not buffered and has a very low salt content, it is very sensitive to changes
in pH due to the absorption of CO, from the air, resulting in a not very well-controlled

pH.

6.1.1.1 n"/n/n* resistor

The n-type devices used in this section (5A02 and 5B02) both belong to chip number
20 of the p05 type. They have equal nominal dimensions (width 80 nm, length 500 nm)
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Fig 6.3: pH ladder on the 5A02 device (W = 80 nm, L = 500 nm) in chip number 20 of the
p05 type (n™/n/n™ resistor) at a few bias points and frequencies. The injections go from pH 8
to pH 3 and then again up to pH 8.
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but are located in different parts of the chip. p05 devices have a thin gate oxide (3 nm).
We have performed Ips(Vrg) measurements in DC before and after each pH ladder to
check the device stability and choose the bias points (above and below threshold). Since
all the pH ladders start from pH 8, this is the pH at which the Ips(Vpg) curves are
measured. Therefore, throughout the whole section, Ips = = nA denotes a Ips(Veg)
curve measured at pH = 8 before the pH ladder at Vps = 100 mV. In a few cases the
admittance Y is reported not as magnitude and phase but as conductance and capacitance
(Yeup = Gexp + jwCleyp). Measurements in this section were always made after short/open
and load compensation with the on-chip 5A00 calibration resistor of 55 kf2.

Fig. reports the Ips(Vgs) curves in DC at Vps = 100 mV measured before and after
each pH ladder. The threshold voltage V; = 1.2 V does not shift appreciably after the
measurements, meaning that the characteristics are fairly stable. Note that at Ips = 100
nA the bias point is slightly above threshold at the considered pH (i.e., pH = 8), but it
will result well above threshold for the other pH values, since the curves shift to the left
for decreasing pH.

Fig. shows magnitude and phase of Y,,, versus time while stepping the pH of
injected solutions from pH = 8 to pH = 3 and then back to pH = 8 in steps of one unit
of pH. The curves are shown for different DC current (1 nA and 100 nA) and frequency.
We immediately note a drift in the characteristics, especially at pH = 8, as also observed
previously in the literature [108, 110|. Consistently with Fig. , we also observe a higher
conductance sensitivity Sg below threshold. Finally, we note that at low frequency (20
kHz) and above threshold the pH ladder is visible in the Y,,, magnitude but not clearly in
its phase, while at high frequency and below threshold the opposite occurs. In contrast,
in the other regimes the pH ladder is visible when looking at both magnitude and phase.
As a general remark, all the pH ladders are fairly noisy, possibly because of RTN noise,
especially at threshold. Another possible source of variability and drift is the very thin
gate oxide, which can be easily penetrated by ions. Finally, also the reference electrodes
may contribute to the drift.
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Fig 6.4: AC admittance spectra on the 5A02 device (W = 80 nm, L = 500 nm) in chip number
20 of the p05 type (n*/n/nt resistor) at different pHs.
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Fig 6.5: AC admittance spectra on the 5B02 device (W = 80 nm, L = 500 nm) in chip
number 20 of the p05 type (nt/n/n™ resistor) at different pHs and salt concentration. Load
compensation on the parasitic resistance and inductance.

Fig. shows the Y,,, spectra varying the pH. We immediately notice that, for fre-
quencies above ~ 300 kHz, all the curves fall one on top of the other, which means that
the response is dominated by the parasitics. We also note that, as expected because this
is an n-type device and the site-binding charge becomes more negative increasing the pH,
the conductance Geyp = R (Yeyp) at low frequency increases with pH. In addition, since
at Ips = 1 nA we are below threshold, the sensitivity in conductance S¢ = AG.rp/Gezp
for varying pH is larger than at Ipg = 100 nA (above threshold). We finally see that the
phase of Y,,, changes with the pH.

The cut-off frequency f, at 100 mM is ~ 300 MHz (Chap. , Eq. , and thus
our measurement frequency range is too narrow to capture the effects due to the AC
de-screening. In an attempt to put in evidence AC descreening effects as those reported
in Chap. [5| for the nanoelectrode system, we therefore decided to use the solutions with
salt concentration 0.15 mM, and compare the results to the ones at 100 mM. Fig. [6.5
shows such a comparison for the spectra of Y,,, and varying the pH. Now we observe a
clear effect of the salt concentration on the response in the range between 3 and 200 kHz.
This is likely due to a difference in the double layer capacitance at the oxide/electrolyte
interface. We will discuss this point in more detail in the following.
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6.1.1.2 pMOSFET

This section reports measurements similar to the previous ones, but on the 3dots chip of
p07 type (pMOSFET), always on the 5B02 device (width 80 nm, length 500 nm). These
devices are p-doped (as opposed to the n-doped p05 ones) in the source and drain regions
and the same (low) n doping in the nanowire. In addition, they have a thicker gate oxide
(8.5 nm), which is more resistant to contamination and salt penetration.

The pH ladders start from pH = 5 and reach pH = 8 and then goes back to pH = 5,
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Fig 6.6: pH ladder on the 5B02 device (W = 80 nm, L = 500 nm) in chip 3dots of the p07 type
(pMOSFET). The injections go from pH = 5 to pH = 8 and then again up to pH = 5 for the
case at Ipg = 10 nA, and just from pH = 5 to pH = 8 at Ipg = 100 nA. In all cases, at each
pH step the measurement is done first at the salt concentration 100 mM and then at 150 pM.
Load compensation on the parasitic resistance of the 5B00 large device.
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Fig 6.7: AC admittance spectra on the 5B02 device (W = 80 nm, L = 500 nm) in chip 3dots of
the p07 type (pMOSFET) at different pHs and salt concentration. Load compensation accounts
for both the parasitic resistance and inductance of the calibration resistor.

therefore the admittance first increases and then decreases with time, as in the previous
section. The first pH step is done at salt concentration 100 mM, then the 0.15 mM at
the same pH is injected, afterwards the following pH at 100 mM is used and so on. In
this way the static Ipg(Vpeg) curves (always done at Vpg = 100 mV) are measured at the
same pH = 5 and salt concentration 100 mM.

In the first measurements (Fig. we have applied the load compensation with a 65 k(2
calibration resistor (5B00 device). In all subsequent measurements we compensated for
both the resistance and the inductance of the calibration device. We concluded that the
inclusion of the inductance compensation does not change the admittance in the range
where the response is not dominated by the parasitics, i.e. below ~ 300 MHz (not shown).

Fig. [6.6) shows the pH ladders measured alternating the solutions at 100 mM and 0.15
mM salt concentration, for two polarizations, one below (Ips = 10 nA) and one above
threshold (/ps = 100 nA). We immediately note the lower stability of the solutions at 150
M, which is evident from the drift and the presence of peaks in the response. Regarding
the frequency and polarization dependencies, all the considerations that we made for Fig.
still hold.

Fig. shows similar measurement, where the load compensation is active both on
the parasitic resistance and inductance. We immediately note that, regardless of the
different oxide thickness with respect to p05 devices, the results are qualitatively similar
to the ones in Fig. [6.5] In particular we see that at 100 mM and before the onset of
parasitics the admittance exhibit only one zero, while at 0.15 mM the first zero is shifted
to lower frequency and there is an additional pole at higher frequency. Once again, the
salt concentration has an impact on the response in the range between ~ 3 and 300 kHz.

Fig.[6.8)shows the corresponding pH ladders, with pH range between 5 and 8 and using
only the solutions with salt concentration 100 mM. Once again, regarding the frequency
and polarization dependencies, all considerations in the previous section still hold. In
particular, a drift in the characteristics is present, which depends on pH. In addition, at
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Fig 6.8: pH ladder on the 5B02 device (W = 80 nm, L = 500 nm) in chip 3dots of the p07 type
(pMOSFET). The injections go from pH = 5 to pH = 8 and then again up to pH = 5. Solutions
at salt concentration 100 mM. Load compensation on the parasitic resistance and inductance.

low frequency (20 kHz) and at higher DC current the pH ladder is visible in the Y.,
magnitude but not clearly in its phase, while at high frequency and low DC current the
opposite occurs. In contrast, in the other regimes the pH ladder is visible when looking
at both magnitude and phase.
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6.1.2 Experimental admittance spectra versus salt concentration

Figs. unambiguously show a remarkable sensitivity of the admittance to salt
concentration in the intermediate range between ~ 3 and 300 kHz. We therefore want
to analyze this aspect in more detail, disregarding for the moment the pH dependencies.
In fact, provided that the H" (or OH™) concentrations are much smaller than the salt
concentration, changing the pH only causes a threshold shift, as evident from the previous
results (Figs. and coherently with the literature [27].

In this section we then show additional measurements on p05 and p07 chips varying
the salt concentration. To this purpose, we prepared 5 solutions of KCI in MilliQ water
with concentrations from 100 M to 1 M. The measured pHs are reported in Tab.
with a measurement error of £0.1 pH. Note that these pHs, as well as those reported
in previous sections, deviate from the theoretical value of pH = 7 due to the absorption
of COy from the air, which is then transformed into a weak acid in solution (HoCO3).
However we verified that during our measurements they did not vary from the values in
Tab. of more than 0.1 pH.

KCl concentration | pH
100 uM 6

1 mM 5.9

10 mM 5.85
100 mM 5.75
1M 5.65

Table 6.2: pHs of the KCl solutions.

6.1.2.1 pMOSFET

We reconsider the 3dots chip of p07 type (pMOSFET) and the 5B02 device (width 80
nm, length 500 nm). In the following, we skip the load compensation, since it does not
affect the results in the frequency range of interest.

Fig. shows the admittance spectra for a few salt concentration, polarization and os-
cillator level Vo (i.e., the AC potential applied at the high electrode). As expected,
changing the oscillator level from 10 mV to 100 mV does not appreciably change the
response, but it lowers down considerably the noise. In addition in graphs (b) and (c),
we now clearly see the effect of salt concentration on the admittance in the intermediate
frequency range.

Fig. shows the Ipg(Vgg) curves measured before and after the acquisition of the
AC spectra. We see that the AC measurements do not introduce perturbation in the DC
curves, thus providing reassuring indications on the meaningfulness of the data. Moreover,
we observe a shift of the curves of about 50 mV per salt concentration decade, likely due
to a concentration dependent offset of the reference electrode voltage. The 100 M and
1 mM solutions provide similar results, possibly due either to the contamination between
different solutions or to the presence of relatively large quantities of HyCOs3.

6.1.2.2 n'/n/n* resistor

We have repeated the measurements of previous section also on the number 20 chip of p05
type (nt/n/nt resistor) and the 5B02 device (width 80 nm, length 500 nm), featuring
a much thinner oxide. At first we have used the usual 5B02 device, and then we have
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Fig 6.9: AC admittance spectra on the 5B02 device (W = 80 nm, L = 500 nm) in chip

3dots of the p07 type (pMOSFET) varying salt concentration and AC oscillator level. No load
compensation, bandwith 5.

changed the length and width of the device by measuring two 4A devices (4A07: width
80 nm, 4A10: width 150 nm), all with length 2375 nm, see Tab. . These measurements

are done with a simple open/short compensation and an AC oscillator level of 100 mV,
unless otherwise specified.

Fig.|6.11] (a) and (c) shows similar results to Fig.|6.9|(b) and (c), confirms that doping,
working regime (accumulation or inversion) and oxide thickness do not have a strong
impact on the shape of the AC response spectra. Here we also show the admittance Y.,
as Yezp = Gegp + jwCeyp, that is, using a parallel conductor /capacitor model. These plots
reveal that the difference between the admittance spectra in the intermediate frequency

| 5A02 and 5B02 | 4A07 | 4A10
Nanowire width W 80 nm 80 nm 150 nm
Nanowire length L 500 nm 2375 nm | 2375 nm

Table 6.3: Measured devices on the CEA/LETI SiNWs chips used in this thesis.
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range is mainly due to a decrease of the capacitance with salt concentration.

This behaviour is totally unexpected, since the theoretical models for the double layer
capacitance (see Sec. predict an increase with salt concentration. The Ipg(Vgs)
curves measured before and after the AC characterization (Fig. reveal the same
behaviour as for the p07 chip. Namely, we observe a shift of the curves of about 50
mV per salt concentration decade, likely due to a concentration dependent offset of the
reference electrode voltage.

We then performed similar measurements, but changing the device, in order to test
the effect of the nanowire length and width. Fig.[6.13| reports the admittance spectra for
the 4A07 and 4A10 devices (see Tab. varying the salt concentration and bias. These
devices are affected by the salt concentration in the same way as the 5B02 one, as evident
also from the Ips(Vgs) curves (Fig. [6.14). The qualitative trends agree with the ones for
the 5B02 device, but some quantitative differences are visible.

This point is worth being investigated in detail, however for time constraints it is left for
future work.
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AC admittance spectra on the 5B02 device (W = 80 nm, L = 500 nm) in chip
of the p05 type (n™/n/n™ resistor) versus frequency, salt concentration and bias.
The admittance is presented as magnitude and phase (left plots) or conductance and capacitance
(right plots). Simple open/short compensations, V4o = 100 mV.
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Fig 6.12: Ips(Vrg) curves on the 5B02 device (W = 80 nm, L = 500 nm) in chip number 20
of the p05 type (n™/n/n™ resistor) varying salt concentration. Vpg = 100 mV.
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Fig 6.13: AC admittance spectra on the 4A devices (W = 80 or 150 nm, L = 2375 nm) in chip
number 20 of the p05 type (nt/n/n* resistor) for different salt concentration, bias and device
width. Simple short/open compensation.
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number 20 of the p05 type (n*/n/n™ resistor) varying salt concentration. Vpg = 100 mV.
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6.2 Comparison with simulations

In order to interpret the experimental findings, we compare the measurements with sim-
ulations performed with ENBIOS. To this purpose, nanowires with the same geometry
as the experimental samples have been simulated to derive the behaviour of the intrinsic
device. Unfortunately, real devices are affected by large parasitics, which dominate the
measured response starting from a low frequency (=~ 300 kHz), often much smaller than
the electrolyte cut-off frequency f, (see Sec. .

As a first step for the identification of a model for the parasitics, in Sec. we
derive and verify on simulations a lumped element circuit of the “intrinsic” NW (i.e., the
NW without the effect of parasitics) and whose elements are physically based. Then, in
Sec. we derive a circuit model for the parasitics and use it in combination with the
intrinsic NW equivalent circuit to compare simulations and measurements.

6.2.1 Lumped element circuit for nanowire in electrolyte

In order to determine the most appropriate circuit topology for a physically based lumped
element model of the nanowire in electrolyte environment, we initially simulated with
ENBIOS the intrinsic part of nanowires with the same geometry as the experimental
samples (see Tab. . Remind that we defined the source admittance as Y.,, = 1:5 / VD,
where Ig is the AC current measured at the source and Vj, the AC drain voltage (while
all other terminals are grounded). We retain the same definition also in simulations, and
consistently calculate a simulated Y;,,,. Note that, using this definition, Yy;,, and Y, are
not admittances of two-terminal devices (although they have measure units of Siemens),
since the NW device is not a bipole but has a fluid gate and a back gate terminal as well.
In the following we will critically analyse this point in more detail.
Fig. shows the simulated admittance spectra of 5B02 nt/n/n™ devices with the
parameters in Tab. in KCl electrolyte. The Y, = G + jwC' is represented by the
parallel RC model. The polarizations correspond to different points on the Ip(Vpg)
curves at Vpg = 100 mV. We immediately note the presence of a cut-off frequency at
approximately 1, 10 and 100 MHz which depends on the salt concentration and coincides
with the usual electrolyte’s dielectric relaxation cut-off frequency f.. As expected, at
constant current the oxide thickness has a modest effect only above threshold (graph c).
In order to understand how the different parts of the system affect the response, we
search for a lumped element circuit model of the device in the AC small signal regime.
We tested a few circuits and the simplest topology we could find that reproduces the
real and imaginary parts of Yy, over a wide frequency range is the one of Fig. [6.16]
where we joined together the terminals for the back and the fluid gate, since they are

Parameter Symbol | Value Units | Ref.
Nanowire length Lyw 500 [nm)|
Nanowire width Wnw 80 [nm]
Nanowire height hnw 30 [nm)]
Nanowire oxide thickness | t, 3 and 8.5 | [nm]
Contacts height hsp 60 [nm]|
Temperature T 298.16 (K]

n doping n 1022 [m=3]

n* doping nt 1025 [m~=3]

Table 6.4: Parameters used in the simulations (unless otherwise stated).
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both AC grounded. Here R; aims to represents the wire resistance, C the series of the
oxide and EDL capacitance, C's and R3 the bulk electrolyte and the substrate capacitance
and resistance and C); a source to drain capacitive coupling via the electrolyte and the
substrate. This physical interpretation will be critically re-examined later in more detail.
We emphasize that this model was not only derived from physical considerations, but
mostly because it was the simplest we could find that could reproduce the surprising
decrease of the capacitance for increasing salt concentration observed in previous section.
From the model in Fig. [6.16] we immediately note that the NW can be represented as a
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Fig 6.15: Nanowire source admittance spectra at different bias points, corresponding to de-
pletion and accumulation on the Ip(Vpg) curves at Vpg = 100 mV. Note the steady increase
of conductance for increasing current. The dips in the capacitance correspond to sign changes.
Here and in the following ng is the salt concentration in the bulk of the electrolyte.
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2-port with admittance matrix:

v — |:YDD YDs] (6.1)

Yps Yss
where the currents at the drain and source contacts are:
Ip Vb

Pl =Y |~ 6.2

[LJ [V%] (62)

With ~this definition it is immediate to see that Y, = I s/ f/D = Ypg, since we always
keep Vs = 0.

It is natural at this point to evaluate how well can the model of Fig. |6.16| (which we

call 2R3C model) fit to the simulation data for the intrinsic device. Fig. [6.17] shows the

comparison between simulations and the model. All parameters, except for Ry, which is

directly extracted from the low frequency conductance, are simultaneously fitted using a
least-square optimizer. The relative deviations:

ER = s € = (63)
[
| |
11
D| v “ |5
R1 Rl
oA
Cs == R
Vb 3 3 Vg
G
Fig 6.16: Nanowire system equivalent circuit 2R3C.
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Fig 6.17: Nanowire source admittance spectra and corresponding fit to the 2R3C model at
different polarizations, corresponding to different points on the I'p(Vpg) curves at Vpg = 100
mV. t,; = 3 nm.
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obtained by this unconstrained fit are chosen as error functions in order to well reproduce
not only the magnitude of Y but the real and imaginary parts separately. The circuit
elements are reported in Fig. for the devices with ,, = 3 nm (left plots) and 8.5 nm
(right plots). We immediately recognize that G3 is directly proportional to salt concen-
tration in all cases (top plots), suggesting the idea that it represents the bulk electrolyte
conductivity, as originally thought. All the other elements do not depend on ng and this is
surprising in view of the fact that C5 should include the effect of the concentration depen-
dent EDL capacitance. Furthermore, looking at the dependence on the DC bias (bottom
plots), expressed as a function of the DC resistance R, we note that all the capacitive
elements have non-trivial and not easy to interpret dependences. Since the blind fitting
procedure does not seem to yield physically based results for the capacitances, in the next
section we then devise a different procedure to identify the physical origin of these circuit
elements and to extract physically based values.

6.2.1.1 Extraction of circuit elements

To attribute a physical meaning to the circuit elements and extract physically meaningful
values, we use a two-step procedure. The idea behind it is that, since the real part is
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Fig 6.18: Circuit elements of the 2R3C model derived by unconstrained fitting the simulated
admittance spectra.
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so much larger than the imaginary part over most of the frequency spectrum (see, e.g.,
Fig. a global fitting procedure will be inaccurate in extracting the tiny capacitances
responsible for the appearance of the small imaginary part of Yy;,,. The procedure has
the following steps:

1. we fix the resistance R; to the value of the nanowire resistance at very low frequency;

2. we derive all the lumped circuit elements from the simulated NW admittance spec-
trum, as in the previous section;

3. we then assume, consistently with previous results (Fig. , that G5 represents
the bulk electrolyte conductance, and therefore it should not depend on the bias.
Accordingly, we fix GG3 to the value obtained from the previous fitting at a particular
DC bias, which is chosen in subthreshold since the large NW resistance make the
result very sensitive to the electrolyte;

G
4. we fix C3 = ?3, where £ is the electrolyte’s dielectric relaxation cut-off frequency;
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Fig 6.19: Nanowire source admittance spectra and corresponding fit to the 2R3C model (second
fit only on Cs and Cy) at different oxide thickness and polarizations, corresponding to different
points on the Ip(Vrg) curves at Vpg = 100 mV.
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5. we re-fit Cy and Cy of the 2R3C model, using as initial guess the values derived
from the previous fitting.

This new extraction procedure yields an excellent agreement between the 2R3C model and
numerical simulations, essentially indistinguishable from the previous one (compare Figs.
6.17 and [6.19). In particular, the model nicely reproduces the existence of a frequency
interval where the imaginary part decreases for increasing salt concentration, definitely an
unusual effect. Also, the sign changes and the frequency of the zero are nicely reproduced.
Figs. - show the lumped element values versus concentration ng and drain cur-
rent. We see that by imposing a bias and concentration independent Cj (as it is expected
to be based on the physical consideration that it should represent the bulk electrolyte
and substrate capacitances) we obtain that also C} is essentially bias independent. The
following physical interpretation appears then natural:

e R;: nanowire resistance;

e (5 series of accumulation, oxide and double-layer capacitances;
e (3 and (C'5: bulk electrolyte conductance and capacitance;

e (4: capacitance between source and drain.

In particular, if we concentrate on Cy (see Fig. , we immediately recognize the typical
bias dependence of accumulation and oxide capacitances in series of MOSFET devices.
The concentration dependence of the EDL capacitance is visible only at large DC bias.
Indeed, we estimated the oxide capacitance with a simple 1D approximation, i.e. con-
sidering the three edges of the nanowires as if they were planar surfaces with no fringing
effects. This estimation gives C,, = 1.15 fF for t,, = 3 nm and C,, = 0.41 {F for t,, = 8.5
nm, which is reasonable if we look at the asymptotic values of C5 for increasing Vig.
In addition to the MOSFET accumulation capacitance we observe an effect of the salt
concentration at high DC bias, where the double layer capacitance Cp; (assumed real
and frequency independent since its anomalous frequency behaviour is not relevant in
this case) is not any longer so much larger than the series of the oxide and accumulation
capacitances and can be estimated in the same way as for C,,, but using as thickness the
Debye length A\p. This estimation gives C'p;, = 6.9 fF at 1 mM and Cp;, = 69 fF at 100
mM, thus supporting our hypothesis.

6.2.2 Parasitics and simulation comparisons

Having derived a physically based circuit model for the intrinsic nanowire in electrolyte
environment which reproduces accurately the simulations, we can now move to the com-
parison with experimental results. As discussed in Sec. the available nanowires have
very large parasitics, which result in a cut-off frequency of about 300 kHz, which is very
low compared to f. at 1 - 100 mM. In order to compare simulations to measurements, we
then need to include the parasitics in the model.

Fig. shows the chosen topology for the network of external parasitic elements, where
the inner rectangle (W) denotes the intrinsic NW, which we will represent with the equiv-
alent circuit of Fig.[6.16] In the fitting procedure used to extract the parasitic lumped ele-
ment values we decided to freeze the intrinsic NW circuit elements to the values extracted
with the two-steps procedure above (except for Ry which is adjusted to the measured DC
conductance value); thus, we fit only the parasitics. We already derived the value of the
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parasitic series resistance Rg in Sec. from the measurements of the very large 5B00
devices and they are:
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e Rg =~ 55 kQ in p05 chips (n/n/nt resistors);

e Rg ~ 65 kQ in p07 chips (pMOSFETs).

Rq

G

Fig 6.22: Equivalent circuit of the nanowire system with parasitics.

)
'T—
S ]
=>_

W

v

[y
2 10 .
g _D_Id=1nA
= . —o-1,=100A
§ 106k 01, =100nA| -
8 —A—GG
c
- _V_ s
o 10-8_ c -
) <t
[0}
Q
c
I
[}
>
©
c
o
(&]

1 1 A A | 1 1 1
10° 10" 102
Salt concentration [mM)]

(a) p05, 5B02

10" — Ty ——TTTrrT
— — }% A\ %
L B L, T
g 107 o 10 i
(] o
C C
% . o T,=10A % . 1 =1nA
g 107 -1y =10nA | 8 107 —-lg=10nA [ o
g -1y =100nA g o1, =100nA
° 2 -G
5 sl 5 8L G i
S.10 S 10 ~C¢
2, 2, S
3 3
§10‘°<bﬁ 510'“’4? 4 {
[$) o
s L o
S 10718 £ 012\ v
o o
10714 Y | N 1071 Y | N
10° 10 102 10° 10 102
Salt concentration [mM] Salt concentration [mM]
(b) p07, 5B02(1) (c) p07, 5B02(2)

Fig 6.23: Parasitic elements of the circuit model of Fig. using for W the 2R3C circuit
(Fig.|6.16f) with parameters extracted from numerical simulations via the constrained two-steps
fitting procedure. (a): n™/n/n™ resistors in p05 chips; (b): pMOSFETs in p07 chips.



CHAPTER 6. NANOWIRE PH-SENSORS AND BIO-SENSORS 221

For the sake of a rapid analysis of many devices, and despite the different doping species
in p05 and p07 chips, we used the same simulated data of n*/n/n* resistors for both
resistor and pMOSFET analysis. This choice is justified noting that all admittance spectra
are measured at fixed points on the Ip(Vrg) curves, that is either in subthreshold or
immediately above threshold. In these conditions, the admittance spectra are influenced
by the doping only via the slightly different mobilities between electrons and holes. The
fitting was based only on the data points that lie above the noise level (see for instance
Fig. [6.24), which is around 107% S.

Fig. shows the measured admittance spectra and the fits with the circuit model
of Fig. [6.22] The fitting is satisfactory in almost all cases, especially in view of the fact
that the parameters of the intrinsic NW are taken directly from the simulations and from
the DC conductance value.

Fig. reports the extracted values of the parasitics as a function of salt concentration.
It is difficult to identify clear trends in the elements’ dependency on salt concentration
and on DC bias.

These considerations support our statement that the measured admittance in our

setup is dominated by the on-chip parasitics (the off-chip ones are in principle calibrated
out by the initial instrument calibration procedure). In order to confirm this finding, we
performed similar measurements as before on devices with very narrow nominal width
and negligible current at any DC bias. Using SEM measurements on similar chips we
verified that the nanowires were indeed not present in these chips, probably due to a non
well-controlled etching process.
Fig. shows the admittance spectra of these “absent” devices in p05 and p07 chips
at various DC bias and salt concentration. We see no clear dependence on Vpg of any
parasitic element. We also immediately recognize that the only qualitative difference
between the curves in Fig. and the ones of Fig. is in the conductance at low
frequency. This statement is confirmed from the data of Fig.[6.26] where the measurements
on nanowires are directly compared to the measurements in absence of devices. These
observations lead us to conclude that these devices’s response are unfortunately too much
dominated by parasitics to be able to observe the intrinsic NW behaviour predicted by
simulations in any parameter except the DC conductance. A similar conclusion regarding
the importance of parasitics is reported for instance in [78|. This stress out once more
the importance of having integrated platforms like 33|, to be able to reduce the effect of
parasitics and to do on-chip calibrations.

In all these measurements, however, we have noted that the capacitance in the inter-

mediate frequency range has a dependence on salt concentration which is opposite to our
expectations based on the physical models of Chap. 2l To elucidate this point, we have
performed additional measurements with an improved setup featuring a lock-in amplifier.
The discussion and validation of this setup is still ongoing, but we show some preliminary
result here.
Fig. shows the admittance measured with the new setup between the source and
fluid gate terminals, keeping the drain and the back gate floating. We immediately see
that, in this case the capacitance increases with salt concentration, as expected from the
theory and oppositely to all other measurements in this section. This observation leads
us to conclude that the anomalous frequency behaviour may be due to the combination
of two effects:

1. the source admittance that we measured is not a real admittance, but an element
of the 2-port admittance matrix of the system:;
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Fig 6.24: Comparison between the measurements on p05 (left) and p07 (right) devices and the
model of Fig. [6.22] fitted to the data at fixed polarization and varying the salt concentration.
The intrinsic nanowire W is modelled with the 2R3C circuit of Fig. with the parameters
taken directly from the simulations.

2. also in simulations (for instance Fig. |6.17)) there are intermediate frequency ranges
where the capacitance changes and is apparently decreasing with salt concentra-
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Fig 6.26: Comparison between measurements on nanowires (at Ips = 10 nA) and measurements
in absence of nanowires. We immediately see that the parasitics are dominating the response,
with the only exception of the DC resistance.

tion; since in the measurement we could only look at a very small portion of the
spectrum, we may as well be in an intermediate frequency range. Note also that
the fact that the lower cut-off frequency in the simulations is much larger than in
the measurements is coherent with this view, since this frequency is very sensitive
to the exact geometry. Since in simulations we only include the intrinsic nanowire,
the parasitics present in the real system not surprisingly can provide lower cut-off
frequencies.
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6.3 Nanowire bilosensors

Nanowire Bio-FETs (NWs) have been investigated recently (e.g. for DNA and proteins
detection [111, [112} [113]) because of the expected enhanced sensitivity, also due to the
geometry of the diffusion process |31}, 114].

As mentioned several times in this thesis, Bio-FETs that detect changes of the DC conduc-
tance, GG, threshold voltage, Vi, or drain current, Ip, induced by the biomolecule charge
suffer severe limitations due to static screening beyond the Debye length A\p (~Inm at
physiological salt concentration ~100 mM, see Fig. [107]. The analytical and nu-
merical models developed in Chaps. and the experiments in |79, 77| suggest that AC
operation may lead to overcome this limit, to improve the sensitivity and the measure-
ment stability, thus disclosing a wide range of industry-relevant applications.

While low frequency AC impedimetric sensors are well established in electrochemical mea-
surements |76| [75], few authors addressed NW Bio-FET AC operation |79, |109]. Specif-
ically, models are missing to explore working frequencies up to or above the electrolyte
dielectric-relaxation cut-off frequency, f. = 0¢/2mey ~ 300 MHz@100mM, which is feasi-
ble in integrated CMOS technology.

In this section, we investigate theoretically the AC small signal operation of nanowire sen-
sors up to frequency above f. by means of full three-dimensional simulations of NW Bio-
FETs in electrolyte environment with ENBIOS. The analysis aims at serving as physically
sound and transparent foundation for the development of compact models of nanowires
in electrolyte environment.

6.3.1 Models and devices

We study nTnn™ and pTpp™ SOI NWs (Fig. |5.20) with the default parameters given
in Tab. [6.5 unless otherwise specified. Compared to the CEA/LETI devices, here we
consider NWs with thicker gate oxide (20 nm), as necessary in practice to eliminate
spurious gate leakage and ion contamination. We assume a KCl electrolyte, but qualitative
results are independent of the buffer. A compact Self Assembled Monolayer (SAM), either

Parameter Symbol | Value Units | Ref.
Nanowire length L 500 [nm)|
Nanowire width |44 60 [nm]
Nanowire height h 60 [nm]

Oxide thicknesses tozs trox | 20, 400 [nm)|

SAM thickness tsam 2.5 [nm]
Contacts height hsp 60 [nm]
Temperature T 298.16 K]

n and p dopings n, p 1022 [m=3|

n™ and p™ dopings nt, pt | 10% [m=3|
Mobility of K* ul 4.755 - 10" | [m/Ns] | 52
Mobility of C1~ 2 5.052 - 10 | [m/Ns] | [52]
SAM permittivity Ep 2.5¢¢ [F'/m] | [97]
Biomolecule radius T 10 [nm)| [88]
Biomolecule permittivity | ¢, 2.6¢¢ [F/m] | [97]

Table 6.5: Parameters used in the simulations. The nanowire dimensions are those of the
reference device.
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directly bound to the gate dielectric or to a 20 nm thin intermediate gold layer (not
shown in Fig. [6.28)) is assumed to functionalize the NW [99]. The SAM is treated as an
ideal interface-charge-free dielectric [99] capable of suppressing the surface pH sensitivity,
consistently with [110]. As shown also in [103], it is possible to build very compact SAM,
therefore confirming our choice to model it as an ideal uniform layer. Biomolecules are
modelled as dielectric spheres [97, 88|, with r, = 10 nm (i.e., a big protein, [88] and
an optional surface charge of £5 mC/m?, as expected from the data in [88|; qualitatively
similar results were obtained for different particle radius, charge and shape. A more precise
and quantitative estimation of a particular biomolecule’s surface charge would necessarily
need reliable experimental data or sophisticated Monte-Carlo measurements as in [98§].
We also do not consider the noise and fluctuations associated with the binding/unbinding
of the biomolecules on the surface, which has been extensively described in [115]. We
consider n* = 1 mM and 100 mM bulk ion concentration, and three particle elevations
above the SAM at each salt concentration: d, ~ 2Ap, d, ~ A\p/4, and d, = 0 nm (see
sketch in Fig. |6.28)), where \p is taken at the corresponding n*° value.

6.3.2 Numerical simulations of nanowires

In this section a large number of nanowire simulations is presented. On the one hand we
aim at understanding the response of the nanowire to AC signals and biomolecules; on
the other hand those simulations constitute a database for the development of physically
based equivalent circuit models, as shown in Sec. [6.2]

Fig. |6.29| (right) reports the nanowire Ipg(Vre) curves in wet environment. As we have
seen also in this chapter, a site-binding charge at the dielectric/electrolyte interface (SBC)
gives a rigid pH dependent threshold shift in absence of biomolecules. In presence of
biomolecules however, as shown in Fig. [6.30, the SBC reduces, sometimes remarkably,
the nanowire sensitivity to charged biomolecules, and increases the response to neutral
biomolecules. We note however that the response to neutral biomolecules in presence
of SBC is qualitatively similar (although numerically lower) to the response to charged
biomolecules in absence of SBC. For this reason and in the spirit of a worst case appraisal
of possible advantages of AC operation the SBC is not included in the following calcu-

5

Fig 6.28: 3D and 2D views of the simulated nanowire biosensor with indication of the considered
biomolecule positions w.r.t. Ap. The electrolyte is biased at Vrg by an ideal Faradaic reference
electrode. The AC voltage Vp is applied at the drain with all other terminals grounded. If
explicitly mentioned, a 20 nm thick gold layer (not shown) is deposited above the dielectric to
facilitate adhesion of the SAM.
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Fig 6.29: Ip(Vpg) characteristic of nTnn™t (blue) and pTpp™ (red) nanowires with different
geometry (left) and charge models (right). Vpgs=50 mV. Note the rigid shift of the curves for

different site-binding charge (SBC) values, which proves the correct implementation of the SBC
in ENBIOS.
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Fig 6.30: Change in source trans-admittance AY = Alg/Vp due to the introduction of one
neutral (blue), positive (red) and negative (green) particle at d, = 0 centred on the reference
nanowire, either including or neglecting SB charges. The bias point is in the subthreshold regime.
Note that the SBC decreases the sensitivity to charged biomolecules, but increases it for neutral
ones.

lations. This approach is also consistent with if the SAM surface has suppressed
sensitivity to pH and the nanowire operates at the isoelectric point. Since gold layers are
sometimes used to favour adhesion of the SAM to the sample, the presence of a thin Au
layer is also considered in some calculations.

Fig. left shows that the current-voltage curves of a few devices with different geome-
try calculated by ENBIOS scale as expected with W and L until the onset of short channel
effects. The graph demonstrates ENBIOS ability to trace the whole I — V' characteristic
from subthreshold to inversion/accumulation regimes. In the following we examine either
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Fig 6.32: Source admittance Y = Ig / Vp, varying the geometry, salt concentration and doping
type in depletion (Vr¢=0 V). Note the capacitive behaviour in AC for f > f.. f. ~ 3.5 MHz@1
mM; f. ~ 350 MHz @100mM (dashed vertical lines).

two fixed bias points, representative of depletion and accumulation conditions in long
devices (|Vrpg| = 0 V and 2 V, respectively), or two points at a fixed distance from the
threshold voltage Vr, defined as the voltage for Ips = 100 nA on the I — V' characteristic
(Vee = 0.19 V at Vp — 200 mV and Vpg = 0.89 V at Vi 4+ 500 mV in the cases shown
here).

Fig. [6.3T] reports the change in DC conductivity due to the presence of one particle,
at the center of the channel AG, vs. normalized particle distance from the SAM, d,/\p,
and clearly illustrates the main issue with DC detection techniques; namely: the rapid
drop of |AG| for increasing d, and n®.

Figs. show the calculated nanowire source trans-admittance spectra Y (f) =
Is / Vb. As expected, in the absence of SBC the only difference between n— and p—type
NWs is the value of the DC conductance G, that scales according to the asymmetric carrier
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Fig 6.33: As in Fig. for the reference nanowire varying doping, salt concentration and DC
bias.

mobility. The channel conductance is small for Vrg < Vi and the electrolyte capacitance
dominates Y (f) for f > f., as clearly visible from the increase of |Y| with frequency
and the phase approaching 7/2. We also note that, similarly to the frequency f; in Sec.
3.1.1.3] a first cut-off frequency f; < f. exists, which also depends on salt concentration
and gives a sudden increase in the Y phase. On the contrary, GG is large above threshold,
yielding an essentially constant Y (f) regardless of n>.

Fig. shows also the admittances Yzo = Ipa / Vp and Yrg = Irg / Vp calculated at
the back and fluid gates respectively. We note that, as expected, above threshold |Y| >
[YBa, Yrc)], that, is the current flows almost exclusively in the nanowire. On the other
hand, below threshold the current flows appreciably (in some cases even predominantly)
towards the gates.

To explore the potential of high frequency operation, we examine the change in source
trans-admittance AY due to the introduction of one biomolecule at 1 kHz, representa-
tive of existing impedimetric sensing techniques, at 1MHz and at 1 GHz, respectively
comparable and higher than f.. Above f. the ions do not respond to the AC signal and
consequently become ineffective in screening the analyte. Fig. [6.35] reports AY for one
biomolecule attached to the SAM. AY for charged biomolecules is never smaller than for
neutral ones; at high frequency in depletion |AY'| tends to be insensitive to the charge
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Fig 6.34: Source YV = fs/VD, back gate Ypg = fBg/f/D and fluid gate Yrpg = jpg/f/D
admittances, where Vp is the drain small-signal voltage, for different dopings, salt concentrations
and DC biases. Vpg =0V < Vp and Vpg =2V > V7.

sign while the phase is opposite. This result is consistent with those reported for charge
biomolecules and DNA strands in Secs. and suggests the potential of AC operation
to provide less drift and more stable response than DC techniques, essentially because of
the reduced surface AC field. Therefore, in the following we focus on n-type NWs and
on positive charges only. The same data of Fig. [6.35] are shown in Fig. [6.36] in terms of
admittance Y = G 4 jwC. We see that the change in capacitance AC" at high frequency
is constant, independent of the biomolecule charge and very weakly dependent on the DC
bias.

Fig. |6.37| shows AG (top) and AC' (bottom) in depletion versus d,/Ap and n*> for
neutral (left) and charged (right) particles. As d, increases above Ap, the particle exits
the static surface electrical double layer (see sketch in Fig. , whose thickness ~ \p
is set by n® (Ap ~ 1 nm at 100 mM and ~ 10 nm at 1 mM). Consequently, at 1 kHz
the signal decays rapidly for increasing d,, similarly to the DC case (Fig. , whereas
at high frequency AG and AC are almost unaffected by d, and n*°, which means that
the NW can detect analytes beyond the Debye screening limit. Fig. reports similar
results at Veg=2 V. AG is now large and independent of f but still rapidly decaying with
d.; in contrast, AC" at high frequency is independent of d, and n> for both charged and
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Fig 6.35:
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Fig 6.36: Same as Fig. but representing the admittance change as AY = AG + jwAC.

neutral particles.

Note that again AC' ~ 1 zF, i.e., it is close to the lowest detection limits experimentally
demonstrated so far [92]. Therefore it appears that single biomolecule detection is hardly
reachable with this type of device design. Fig. [6.39 shows that, consistently with the DC
results of , in the examined NWs the AC response to the introduction of & biomolecules
AY = AGp+ jwACY scales linearly with k for small £ values, regardless of frequency, bias
and n>°. Consequently, our one-particle results are also representative of more realistic
conditions where a large number of biomolecules is captured for a measurable response.

For practical sensor design, not only the absolute but also the relative response is
important, since it sets the ADC resolution. In this spirit, Fig. [6.40| reports the high
frequency conductance and capacitance sensitivities, S¢ = AG/Gy and Sc = AC/Cy,
respectively, for a particle distance beyond the static screening limit (d, ~ 2Ap). We
observe that So > Sg at high frequency and for neutral particles, underlying another
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Fig 6.38: Same as Fig. for Vrg=2 V (accumulation). The capacitance response increases
and becomes flatter as f increases.

advantage of the use of high detection frequency. Note that S¢ increases with frequency
until it becomes independent of salt concentration and charge, whereas Sg is large only
for charged particles at low salt concentration.

According to , , , the DC conductance sensitivity scales as — log(n>) for
large electrolyte voltage drop and low Bio-FET channel charge, and as 1/1/n> for small
voltage drop. We thus decided to investigate the scaling of the high frequency response.
As a first step, we verified that in both DC and AC small signal regimes our device works
in presence of a small electrolyte voltage drop. If a large voltage drop were present, non-
linearity and steric effects would dominate the response leading to a scaling of the type
— log(n®>) [31].

Fig. [6.41p shows the behaviour of S¢ in the DC regime. The best fit of the simulation
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Fig 6.40: Conductance sensitivity, S¢ = |AG/Gy|, and capacitance sensitivity Sc = |AC/Cy|,
to one neutral (blue) and charged (red) particle for d, = 0 nm.

results is obtained with a 1/(n°)%* line. To illustrate the corresponding behaviour in
AC regime Fig. [6.41b reports Sg and Sc=AC/Cy for both depletion and accumulation
bias points. Fig. refers to 1kHz and suggests again a 1/(n>)%/* scaling trend for a
small single molecule as in the explored case study. Interestingly, Sc at 1kHz (bottom
graph) obeys a similar law. Fig. |6.42| reports similar results at a few frequencies: below
fs (1 kHz), in between f; and f. (1 MHz) and above f. (1 GHz). For f > f. S¢ is
essentially insensitive to n° and particle charge ¢ (green curves). Note that achieving
such a high f is not strictly necessary since at physiological salt concentration f. is only
about 350 MHz. If the signal frequency is lowered (e.g., 1 MHz), a non-trivial dependency
of S¢ vs. n™ is found, essentially due to the interaction of the particle and NW double
layers. This complex behaviour is a further obstacle to a simple interpretation of detection
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experiments, thus supporting the choice of exploring the very high frequency range.
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6.4 Summary

In this chapter we have studied nanowire-based pH- and bio-sensors operated in the AC
regime. We have performed the measurements in collaboration with CEA/LETI (dr.
Thomas Ernst) and EPFL (prof. Carlotta Guiducci). In Sec. we have reported pH
ladder measurements which show that, depending on the chosen frequency of operation,
the pH effect may be visible in the magnitude of the admittance, in its phase or in both.
This observation opens a new and largely unexplored set of possibilities for the design of
pH sensors.

We have also investigated the effect of the salt concentration on the nanowire trans-
admittance Ig / Vb, and we have proven that in our samples it has an effect in the frequency
range between a few kHz and few hundred of kHz. We have unexpectedly found that
the nanowire trans-capacitance in this intermediate frequency range decreases with salt
concentration, while intuitively one would expect it to increase.

Sec. develops an accurate lumped element circuit model for the real and imaginary
parts of the NW trans-admittance and a corresponding parameter identification proce-
dure from simulations. The model reveals the existence of an intermediate frequency
range where the trans-capacitance of the intrinsic NW decreases for increasing frequency.
Furthermore, Sec. 6.2 reports the comparison between our measurements and simulation
results obtained with ENBIOS. The agreement is very good if we consider the presence of
the parasitics, that also exist in the real system. Unfortunately, the same parasitics hide
the response of all NW parameters except the DC conductance. Additional work has to
be done in this area to reach a complete and detailed understanding of the results and to
benchmark the performance against competitor sensing schemes.

Finally, in Sec. [6.3 we have investigated by means of ENBIOS simulations the response
of a nanowire biosensors to small spherical particles, representative of large proteins. We
have proven that, also for this sensing device (and not just for nanoelectrodes), working
at high frequency can increase the response by overcoming the screening and reducing the
sensitivity to the exact position of the particle, to its charge and to the salt concentra-
tion. The magnitude of the response to a single biomolecule is comparable to the lowest
detection limits experimentally proven to date. This is a promising finding in view of the
goal to achieve single molecule detection, but more work will be necessary in the future
to explore noise level and signal to noise ratio limitations.



Chapter 7

Conclusions and outlook

In this work we have developed compact analytical models and complex numerical sim-
ulation tools to study nanoelectronic biosensors. Simulation results were compared to
pioneering experimental findings by the group of Prof. Lemay University of Twente and
to measurements on nanowires fabricated at CEA/LETI. Most of the work focused on
high frequency impedimetric techniques based on nanoelectrodes and nanowires. For this
class of sensors we interpret the admittance spectra and their changes due to various
types of biomolecules. The key steps of our research and most relevant findings can be
summarized as follows (in order of exposition).

Chap. 2| provides a general overview of the model equations to describe in the con-

tinuum multi-ion electrolyte, insulator and semiconductor materials in DC and AC small
signal regimes. In particular, in DC conditions (Sec. the adopted model equations
are the Poisson-Nernst-Planck (PNP, also known as Poisson-Drift-Diffusion) equations. In
small signal AC conditions (Sec. the model is given by the linearized Poisson-Nernst-
Planck equations. In both the DC and AC regimes we impose a combination of Neumann
(zero outer flux) and Dirichlet boundary conditions to describe ideally polarizable and
Faradaic electrodes.
We have also investigated a few physical mechanisms possibly responsible of localized or
global deviations of the electrolyte electrical properties from the PNP equations. Among
these, the site-binding reactions at the dielectric/electrolyte surface, the electrolyte per-
mittivity dependence on temperature, salt concentration and frequency (Sec. and
the so called steric effects (i.e., the compact layer of ions that forms at charged interfaces,
Sec. 2.3.2). Careful implementation of refined model equations allowed us to identify
the range of conditions where these effects become important, and to conclude that, in
many instances relevant for biosensor simulation, a simple but effective way to alleviate
substantially the model inaccuracy is to mimic the compact Stern layer by introducing a
thin dielectric layer on the interfaces with the electrolyte. The dielectric constant in this
layer, which is reduced with respect to the electrolyte due to surface polarization, can be
estimated a priori, as we have shown that its dependence on the surface electric field is
not so large to be of practical relevance in typical operating conditions.

In Chap. [3] we derive original analytical models for the AC small signal regime in
electrode/dielectric/electrolyte systems either in 1D cartesian (Sec. or 1D and 2D
spherical (Sec. [3.3)) coordinates. The electrodes are always assumed ideally polarizable,
which is a desirable property for impedimetric sensors, sometimes difficult to achieve in
real systems. In all cases we have shown the formation of the Electrical Double Layer
(EDL) at the electrodes at low frequency and the existence of different length scales of
the ion concentration. The EDL prevents the electric field to penetrate into the bulk of
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Parameter Symbol | Expression
kT
Debye screening length AD = \/ Sel 23
2q°nyg
2¢° 1
Angular cut-off frequency 19 _ 24BN Td _ 2 _ 27 f
el el T
. . §AD
First cut-off frequency (1D cartesian) | fs ~ =
7
. : £+ jw 1 :
AC inverse screening length K = D= )\—\/1 + jwT
D
Double layer admittance YDL X JWEK

Table 7.1: Summary of the most relevant electrolyte parameters derived in the AC models of

Secs. 3.3

the system, thus impeding to probe analytes at large distance. The classical model for the
EDL adequately fits the numerical results, but we demonstrated that an w? dependence
of the EDL capacitance vs. frequency (with fractional p values) has to be expected, be-
cause of the dispersive behaviour of the EDL even for a perfectly flat surface, regardless
of the electrode’s surface roughness. Therefore the EDL cannot be represented simply
by conventional capacitances and resistances, nor the representation is unique. We have
also shown that a first cut-off frequency f exists, above which the electric field begins
to penetrate into the electrolyte, and that above a second cut-off frequency f. (the elec-
trolyte’s dielectric relaxation cut-off frequency) the EDLs disappear and the response of
the system is purely dielectric. We have noted that f, is geometry-dependent; the f.,
instead, is solely dependent on the electrolyte conductive and dielectric properties.

By comparing results in 1D cartesian and 2D spherical coordinates we could show that
some relevant parameters (summarized in Tab. have a general applicability regardless
of the system geometry.

In particular, the electrolyte dielectric relaxation cut-off frequency f. is a general prop-
erty of all the considered systems, regardless of the geometry and of the properties of the
electrodes surface. In contrast, we have seen that the first cut-off frequency f, is also
affected by the physical details of the electrodes. In real biosensor systems this could be
an issue, since on the electrodes surface electrochemical phenomena and deviations from
simple theory may occur, leading to a not well-controlled nor easy to interpret behaviour
in the frequency range between f, and f..

In Chap. 4] we develop and validate the full 3D numerical simulator ENBIOS for na-
noelectronic biosensors. ENBIOS relies on the models described in Chap. [2| which have
been solved on general 3D unstructured tetrahedral grids using for the first time the Con-
trol Volume Finite Element Method. Care has been given to calculate accurately the
currents at the electrodes in order to retain the method’s global conservation property,
hence the accuracy on current calculation, that is mandatory to compute the tiny admit-
tance changes due to the introduction of small molecules in the domain. We have also
discussed in detail the methods for the calculation of surface and volume integrals, with
respect to accuracy and computational speed. In fact, the presence of highly non linear
(exponential) terms poses unique and critical accuracy problems in the evaluation of these
integrals.

The implementation has been validated against the analytical models described in Chap.
A comparison with the standard Galerkin Finite Element Method shows that CVFEM
offers an advantage, especially for coarse grids. This in turn entails the possibility to use
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CVFEM with less refined grids than GFEM, a highly desirable property when meshing
the thin electrical double layer.

We have also shown a procedure to describe electrolytes by means of a commercial TCAD
for semiconductor devices (Sentaurus Device, which does not natively support the elec-
trolyte environment, Sec. . Despite the successful results, the inherent limitations of
TCAD prevent this approach to be widely applicable to all classes of biosensors. This
further justifies our need of developing an ad-hoc simulator like ENBIOS.

In Chap. [5| we study the response of a nanoelectrode array biosensor to spherical mi-
croparticles and compare the simulation results with measurements mostly carried out
at the University of Twente by the group of prof. S. Lemay (Sec. . The agreement
between simulations and measurements is excellent, essentially without fitting parame-
ters. This is a remarkable confirmation of the adequacy of the chosen model for the
problem at hand. Our study has confirmed by theory and experiment that high frequency
measurements can indeed probe particles beyond the static screening length. In addition,
we have shown that the nanoelectrode array is capable of discriminating between dielectric
and conductive particles. These remarkable findings open a new scenario in the field of
nanoelectronic biosensors. Simulations confirmed their usefulness for the extraction of
quantitative information on the analytes from the measurements.

In Sec. we have validated, by means of simulations, an analytical model for the fre-
quency dependent admittance change at a nanoelectrode due to a small spherical particle.
The model provides extremely useful physical insight and predicts a response proportional
to the particle volume and complex conductivity and to the magnitude of the electric field
in the location of the particle normalized to the applied voltage. Remarkably the model
also predicts a sign change of AG and AC' for conductive particles, due to a balance
between drift and diffusion current components. This model suggests a large number of
possibilities for the engineering of nanoelectrode biosensors, but unfortunately, limita-
tions of present hardware did not allow us to verify experimentally the prediction of a
sign change in the response.

The simulations allowed us to test the performance of ENBIOS for the analysis of realistic
complex systems. The results motivated the proposition of an original simulation scheme
(Sec. to greatly reduce the computational burden due to the fine meshing of Electrical
Double Layers by replacing them with circuit lumped elements.

We have also explored the nanoelectrode biosensor response to small spherical parti-
cles, which can represent large globular proteins or viruses (Secs. , and to DNA
molecules (Sec. , including orientation effects. We found that, unless the strand or
particle adheres to the electrode, modest changes in capacitance should be expected as
a result of orientation, mostly at low frequency. These simulations confirmed once more
the potential advantage of high frequency operation, namely:

1. the ability to overcome the static screening and the independence of the response
of salt concentration;

2. the very good theoretical predictability of the response, even in the presence of
non-idealities such as surface charges;

3. the insensitivity to hardly controllable parameters such as free charges;

4. the additivity of the response with respect to the number of particles, at least for a
small number of them;

5. a greater freedom to engineer the biosensor, in order to take advantage of the fact
that the region sensitive to the analyte is not limited to the sensor surface;
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6. the identification of optimum detection frequencies and critical cut-off frequencies.

This thesis led us to unambiguously clarify what should exactly be considered as high-
frequency range. We have concluded that the electrolyte dielectric relaxation cut-off
frequency f. is a general property of all the considered biosensor systems, regardless of
geometry and condition of the electrodes’ surface. The frequency f. is high (=~ 300 MHz)
at physiological salt concentration compared to state of the art impedance spectroscopy
systems [84] but not unreachable for integrated CMOS nanoelectronic circuits where par-
asitics can be reduced. Working above f. gives the benefits 1.-5. above.

The static Debye screening is partly overcome also above the cut-off frequency f, which
is typically much lower than f. and, furthermore, geometry dependent; hence, device de-
sign dependent. In fact, in the field of impedance spectroscopy it is common to work
up to frequency in the neighbourhood of f; [84], at least at low salt concentration. We
have however demonstrated that f, is remarkably dependent on the geometry and on
the physical details of the electrodes surface compared to the electrolyte properties, in
particular, on the product between the double layer capacitance and the bulk electrolyte
resistance. In real biosensor systems this could be an issue, since electrochemical phe-
nomena at the electrodes’ surface and deviations from simple theory may occur, leading
to a not well-controlled behaviour in the frequency range between f; and f. where the
admittance changes the most versus frequency. Furthermore, benefits 1.-4. in the above
list do not hold in this regime.

In Chap. [6] we study nanowire-based pH- and bio-sensors operated in the AC regime.

We have performed measurements on real devices in collaboration with CEA/LETT (dr.
Thomas Ernst) and EPFL (prof. Carlotta Guiducci). Due to large parasitics, however,
we could not explore the intrinsic NW behaviour above approximately 100 kHz, which
is much larger frequency than in many EIS systems but not large enough to overcome
fe at high salt concentration. We also carried out pH ladder measurements (Sec.
which show that, depending on the chosen frequency, the pH effect may be visible in the
magnitude of the admittance, in its phase or in both. Also this observation opens a new
and largely unexplored set of possibilities for the design of pH sensors.
The salt concentration affects the nanowire admittance in the frequency range between
a few kHz and few hundreds of kHz. We have unexpectedly found that the nanowire
trans-capacitance in this intermediate frequency range decreases with salt concentration,
while the gate-source capacitance increases as predicted by all the models in Chap. [3
Since the same behaviour is found in identical structures without nanowire, we conclude
that this anomaly should be attributed to the parasitics. In particular, the anomalous
frequency behaviour may be due to the combination of two effects:

1. the source admittance that we measured is not a real admittance, but an element
of the 2-port admittance matrix of the system;

2. also in simulations (for instance Fig. there are intermediate frequency ranges
where the capacitance is apparently decreasing with increasing salt concentration;
since in the measurement we could only look at a very small portion of the spectrum,
we may as well be in this intermediate frequency range.

An accurate lumped element circuit model and extraction procedure has been developed
for the intrinsic NW based on simulations (Sec. [6.2). The comparison between our mea-
surements and ENBIOS simulations (Sec. is very good if we consider the presence
of parasitics, that exist also in the real system. Additional work has to be done in this
area to reach a complete and detailed understanding of the results and to benchmark the
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performance of high-frequency nanowire sensing against competitor sensing schemes. For
the latter step, consideration of layout constraints and parasitics of a realistic detector
seems a mandatory step to this end.

Finally, we have investigated by means of simulation the response of a nanowire to small
spherical particles, representative of large globular proteins (Sec. . We have again
observed that a high frequency signal can provide distinct advantages in order: 1) to
increase the response by overcoming the screening; 2) to be very weakly dependent on
the exact position of the particle, on its charge and on salt concentration. The magni-
tude of the response to a single biomolecule is comparable to the lowest detection limits
experimentally proven to date. This is a promising finding in view of the goal to achieve
single molecule detection, but more work will be necessary in the future to explore how
this threshold compares to noise level and signal to noise ratio limitations.

As an indication for future work, we briefly underline that nanoelectronic biosensors
are likely to be on the edge of widespread diffusion in several new fields of application.
The development of quantitative analytical tools based on general purpose, customizable
integrated devices heavily relies upon the ability to improve our understanding of the
transduction chain via modelling and simulation, and on the demonstration of a robust
transduction principle suited to deliver signals with large signal to noise ratio in the
variable and unstable environments where biomolecules are contained. In this respect,
integrated electronic biosensor platforms, and in particular micro- and nanoelectrode im-
pedimetric arrays, can provide all the required parallelism, compensation, and calibration
hardware and software to obtain reliable data with sufficient statistics.

A brief and incomplete list of problems which have not been adequately addressed with
reference to high-frequency impedance spectroscopy in general and nanoelectrode sensors
in particular is the following:

e Scaling laws of nanoelectrode biosensor, verified by means of simulation.

e Simulations with a realistic description of complex biomolecules, including charge
effects.

e Statistical and noise analysis of nanoelectrode response to multiple randomly dis-
tributed molecules.

e Non-linear analysis with arbitrary time-domain signal.

e Modelling of surface dipoles and surface chemical reactions in AC regime for tech-
nologically relevant materials.

e Study of non planar nanoelectrode geometries and surface roughness.

e Accurate compact models with and without biomolecules to assist the design of
readout circuits.
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