





Everything we call real is made of things that cannot be regarded as real.
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Abstract

In the present work, a label-free, contactless and capacitive immunosensor is devel-
oped using impedance spectroscopy, in the aim to perform low-cost immunoassays.
Chapter 1 puts this work in perspective with some existing techniques, while a presen-

tation of impedance theory used in this work is carried out in chapter 2.

In Chapter 3, numerical simulations using a commercial nite element method soft-
ware is carried out. The response of coplanar and face-to-face designs using an insulat-
ing layer is studied with respect to a frequency ranging from 100 Hz to 10 MHz . Two
levels of capacitance were observed across the frequency range : the low frequency ca-
pacitance created by the insulating layer and the high frequency capacitance created by
the solution. These capacitances depends on parameters like the solution conductivity,
the distance between the electrodes, the electrodes width or the insulating layer thick-
ness. A dimensionless parameter is de ned to evaluate the quality of the geometry at

high frequencies.

Microchips using a coplanar design are developed in Chapter 4. They are composed
of two silver electrodes drilled in a PET sheet by laser photoablation. The design of
both holder and of the microchips is optimized to increase as much as possible the
signal-to-noise ratio. Bovine Serum Albumin is detected by a variation of the channel

conductivity.
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Chapter 5 introduces the design of a sensor using electrodes made of a mass mar-
ket aluminium foil. The study of the frequency response of the electrodes led to the
creation of a discrete analytical model. The electrodes are then mounted into a holder
using a face-to-face or coplanar design. The system is characterized through the vari-
ation of several geometrical parameters (height of uid in the reservoir, electrode sur-
face area, solution conductivity, ...). The coplanar design is also optimized to be able to

work in a holder equipped with a uidic channel.

Finally, the ability of the aluminium electrodes based sensor to monitor an adsorp-
tion is studied in Chapter 6. The resonance is used to detect the adsorption of proteins
like BSA on the electrodes using coplanar and face-to-face designs. The adsorption is
found to follow a Langmuir isotherm and an adsorption equilibrium constant is ex-
tracted. The second adsorbate layer is detected using a coplanar design, enabling the

achievement of a immunoassay..

Keywords: Immunosensor, biosensor, label-free, contactless, capacitive, impedance.



Resume

Dans ce travail de these est developpe un capteur permettant, en utilisant la spec-
troscopie d’impedance, de realiser des tests immunologiques de maniere capacitive,
sans contact avec la solution et sans besoin d’utiliser d’especes marquees, dans le
but d’effectuer des test immunologiques peu couteux. Le Chapitre 1 met ce travail
en perspective avec certaines techniques actuelles. Une presentation des principes

d’impedance utilises dans ce travail est effectuee dans le Chapitre 2.

Des simulations numerigues sont effectuees avec un logiciel commercial elements -
nis. La reponse de geometries coplanaires et face-a-face utilisant un isolant est etudiee
pour une gamme de frequences comprises entre 100 Hz and 10 MHz. Deux niveaux de
capacitance sont observes sur lagamme de frequence : la capacitance a basse frequence
creee par I'isolant, et la capacitance a haute frequence creee par la solution. Ces ca-
pacitances sont dependantes de parametres comme la conductivite de la solution, la
distance entre les electrodes, la largeur des electrodes ou I’epaisseur de I’isolant. Un

nombre adimensionnel est de ni pour evaluer la qualite du signal a haute frequence.

Des capteurs miniaturises utilisant un microcanal et une geometrie coplanaire sont
developpes dans le Chapitre 4. Ils sont composes de deux electrodes d’argent creusees
dans une feuille de PET par photoablation laser. Les geometries du conteneur et du
capteur miniaturise sont optimisees pour augmenter autant que possilbe le rapport

signal-sur-bruit. De I’Albumine Serique Bovine (ASB) est detectee grace a une varia-

ixX



tion de la conductivite du canal.

Le chapitre 5 introduit la geometrie d’un capteur utilisant des electrodes realisees
a partir d’une feuille d’aluminium de grande consommation. L’etude de la reponse
en frequence des electrodes a permis la creation d’un modele analytique discret. Les
electrodes sont alors montees dans un conteneur en utilisant une geometrie de type
face-a-face ou coplanaire. Le systemes est caracterise a travers la variation de plusieurs
parametres geometriques (hauteur de uide dans le reservoir, surface d’electrode, con-
ductivite de la solution, ...) La geometrie coplanaire est egalement optimisee de fagon

a pouvoir etre utilisee dans un conteneur equipe d’un canal uidique.

Finalement, la capacite du capteur base sur les electrode d’aluminium a monitorer
une adsorption est etudiee dans le Chapitre 6. La resonance est utilisee pour detecter
I’adsorption de proteines comme de I’ASB sur les electrodes utilisant une geometrie ou
face-a-face. L’adsorption suit une isotherme de Langmuir et une constant d’equilibre
d’adsorption est extraite. La seconde couche adsorbee est detectee en utilisant une

geometrie coplanaire, permettant la realisation d’un test immunologique.

Mots-cle: capteur immunologique, biocapteur, sans-marqueur, sans-contact, capaci-

tif, impedance.
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Chapter 1

Introduction

This thesis work was part of the Allergy Card European project, involving four
laboratories : The Pierre and Marie Curie Institute (France), Ecole Centrale de Paris
(France), Politechnico Milano (Italia), and our laboratory. This project aimed at de-
velopping a novel kind of immunologic device within a credit card size (Figure 1.1),
while keeping the device cost at the lowest possible level as it would have been used
only once. As the involved technologies were cutting edge, this project was very ambi-
tious. The Ecole Centrale de Paris was responsible for the separation unit (CABCE)[1
5], from the blood patient injection to the entry of the detector, this latter element be-
ing under the responsability of our laboratory. Fluidics management of the device was
assured by the Pierre and Marie Curie institute[6], while Politechnico Milano was in

charge of providing a suitable separation gel for the CABCE[7 11].

The initial goal of this thesis was to optimize the electrodes design of an existing
detector, previously developed by Gamby et al in our laboratory[12, 13]. It quickly
turned out that everything had to be redesigned for the Allergy Card project, and the

goal of this work became a whole immunosensor development.

1
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Figure 1.1: Scheme of the Allergy card device

Being part of Allergy Card, the detector development was aimed at allergens de-

tection. Allergens are antigens recognised by IgE

antibodies from allergic patients.

Allergy is a rapidly growing disease which has seen a doubling of the cases in the last

15 years. Some new allergy cases are particularly dif cult to diagnose since they are

directed to food allergens. In this context, the importance of biosensors is increasing.

1.1 A large family of biosensors

Detection of protein, 1gG and other biological species have been studied for a long

time. Almost any physical or chemical effect has been used to detect biological species:

calorimetry, resistance, capacitance, evanescent waves, pH variation,

uorescence. Con-

sidering the vast amount of methods involving these effects, this leads to a huge quan-

tity of techniques developped to detect species. However a difference can be made

between detectors that can detect only one or more species, and detectors that can de-

tect at least a reaction between two species. The

rst family includes DNA sensors,
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conductive and capacitive channel conductivity detection, and many others. The other
family will be developed in the coming sections. However, so many sensors exist, so
that this introduction cannot be exhaustive. Thus, some sensors like calorimetry[14,
15], capillary electrophoresis[16, 17] or quartz cristal microbalance[18, 19] will not be

developed.

Two large classes of immunosensors can be de ned : Labeled and label-free. Labeled
biosensors are derived from the immunoassay technology. This type of sensor, like the
uorescence, is expensive, and makes real-time measurements impossible. Biosensors
for direct, label-free measurements of various analytes are attractive, as they also pro-
vide real-time monitoring. Optical biosensors has been the most studied, but electro-
chemical biosensors might offer at least the same detection range and provide a less

complicated instrumentation.

1.2 Labeled immunosensors

1.2.1 Fluorescence techniques

Fluorescence requires the tagging of a recognition species to be detected by a uo-
rophore. Fluorescence analyses have traditionally been done in microliter plates, usu-
ally using 96 to 384 wells. The most common of these analyses is the ELISA test, whose

sandwich variant[20] is often used (Figure 1.2):
Capture antibodies are adsorbed on the wall.

After washing, patient serum is injected in the well. If present, antigens bind

speci cally to the adsorbed antibody.

An enzymed linked antibody is added after washing, and binds the antigen, if

present.
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After a third wash, the substrate is nally added, reacts with the enzyme. Pho-

tons are produced from the reaction.

photon

o/
A A
¢S 9

A B C D

Figure 1.2: Scheme of a Sandwich ELISA. Antibody is adsorbed on the wall (A).
Patient antigen binds on it (B). A tagged antibody binds to the antigen, if present
(C). The enzyme reacts with the substrate to produce photons (D).

In order to detect the adsorption and/or immuno-capture of the tagged analyte on
a surface in real time, while excess of tagged analyte are present in solution, confocal

microscopy can be used [21, 22]. This technique illuminates the whole solution, but

1 pinhole specimen 2" pinhole

light source ‘\ detector

condenser

objective

lens lens

focal plane

not in focal planes

Figure 1.3: Scheme of confocal microscopy. The light is focused on one plane[23].

collects light from a thin section above the sensing surface only. Evanescent waves
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techniques can also be used. This technique illuminates only a thin section of liquid

above the sensing surface [24].

Fluorescence has been miniturized using confocal microscopy and microchannels.
Figure 1.4 shows the sensogram obtained by confocal microscopy of the adsorption of

IgG on a plastic substrate in a microchannel, as demonstrated by Andrea Lionello [23].
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Figure 1.4: 1gG adsorption on a polyethylene terephthalate substrate monitored
on a home-made confocal microscope[23].

Fluorescence techniques usually exhibit sensitivities in the low nanomolar range.
Latest developments of uorescence include quantum dots as uorescent tag to en-
hance sensitivity[25]. Quantum dots are semiconductor nanocrystals[26]. The three di-
mensions of the cristal are limited to less than one exciton (quasi-particle) radius. This
creates a potential well where electrons and holes are con ned in a distance equal to

the luminescent wavelength. The main advantage of quantum dots over traditional
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uorophore is a narrow emission bandwidth, and a high brightness and stable photo-
luminescence.

The major drawback of uorescence is that it requires the tagging of the recognition

species, and that uorescence instrumentation is relatively expensive and delicate to

operate (at least in the confocal or evanescent-wave modes).

1.2.2 Electrochemical detection

Labeled electrochemical detection can be based, like the uorescence, on a sand-
wich ELISA. The main difference in the technique is that the enzyme reaction with
the substrate does not produce photons but electrons. These electrons are collected by

electrodes, usually made from gold, and the signal is monitored by amperometry.

The detection has traditionaly been performed in reservoirs[27 29]. However the
trend is to go to microchannels, which reduces the diffusional effects and thus the ad-
sorption and reaction times[30 34]. When using a microchannel, the species are typ-
ically adsorbed on the channel walls. A good way to increase the signal response
would be to increase the speci ¢ surface of the sensor. This can be done by adsorb-
ing nanoparticles on the channel walls [35]. Another solution would be to dispose
nanoscale magnetic beads in the channel [36, 37] to trap more species when owing
through the channel.

Commercial applications of ELISA electrochemical detection are numerous. Di-
agnoswiss has been selling since 2005 ELISA in microchannel, using gold microelec-
trodes[38]. ELISA electrochemical detection limit is low, and the use of a microchannel
decreased the time needed to make an analysis. However, some drawbacks are still

present, like the lack of real time monitoring of the binding reaction.
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1.3 Label-free biosensors

131 IS-FET

The transistor was invented in 1947 by Bardeen and Brattain [39] . 60 years later, bil-

lions of them can be found in the latest microprocessors : This circuit element is the

heart of our modern world. However, the transistor has been used for 40 years as

biosensors in the form of IS-FETs (lon-Sensitive Field Effect Transistor) [40].

analyte
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Figure 1.5: Scheme of a P-channel IS-FET[41].

Vv

DS

A transistor is made of three parts : A source, a gate and a drain (Figure 1.5). Two

large transistor families exist: Bipolar transistor and Field Effect Transistor (FET). Bipo-

lar transistors are driven by the current owing through the base, while Field Effect

transistors are driven by the potential difference between the gate and the source. FET

families are composed of Junction FET (JFET) and Insulated Gate FET (IGFET). Most

IGFET are actually Metal-Oxyde Semiconductor FET (MOSFET). IS-FET take place into
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the IGFET family: As can be observed on Figure 1.5, the species are recognized on the
gate insulator part of the transistor [41], the gate electrode being replaced by the so-
lution. Changes in the chemical composition of the analyte induces changes in the
electrical surface charge of the FET, and as a consequence modulate the current in the
IS-FET channel. The Reference Electrode (RE) is placed in the solution, and is used as

a reference of the gate surface charge variations.

Charges variations on the gate surface can be induced by a pH variation, ion con-
centration variation due to enzymatic variations, or adsorption of charged molecules.
IS-FET based devices have then been used to detect DNA [42 44], polyelectrolytes, or
proteins [45 50].

The gate insulating material is crucial as it governs the adsorption properties of the
IS-FET. Most IS-FETs use SiO; as gate insulating material. However, Al,O3 has been
used as gate insulator for some IS-FET[51, 52], which have been commercialized. Re-
cently, some ways have been explored to enhance transistor sensitivity and reduce
device size. Silicon nanowires[53] were used to detect cancer antigens[54]. The signal
was measured using a conductivity variation of the nanowire. Carbon nanotubes, and
especially Single-Wall nanotubes (SWNT) have also been investigated. SWNT-FET[55,

56] have been used to detect Escherichia coli[57] or Hepathisis C virus[58].

1.3.2 Surface Plasmon Resonance

Surface plasmons are surface electromagnetic waves that propagate parallel to a met-
al/dielectric interface [59, 60]. The electric eld amplitude of the evanescent wave ex-
tends to a few nanometers in the dielectric material, and decreases exponentially. The
main components of the SPR technique are a laser whose light is polarized, a prism

and a piece of glass sputtered with a metal layer (in general gold). The piece of glass
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(sensor) is sticked on a face of the prism with some special oil whose refrative index is

close to the prism’s (Figure 1.6).

Laser Detector

Yo

s

: y
e -
\ ]

-5

Figure 1.6: Principle of the SPR technique measurement

The thin metal layer sputtered on the glass acts as a resonator[59]. The resonance is

driven by the laser beam, and depends on the angle between the laser beam and the

surface (Figure 1.7).

1.0
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Figure 1.7: Re ectivity with respect to the laser beam angle[59].

When adsorbing, the species (DNA, molecule) change the local index of refraction
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of the metal surface. This shifts the resonance to a lower or higher angle, depend-
ing on the index of refraction variation. Many layers can be adsorbed, which makes
the SPR technique useful to study the interactions between several molecules, or run

immunoasays[61 65] and extract kinetics constants of the reaction.

Many commercial applications using SPR technique appeared among the years. The
most popular are BIAcore’s products, which can be found in elds like antibody char-
acterization, proteomics, immunogenicity. BIAcore has been extensively used to nd
kinetic constants of different mechanisms.

The SPR technique is label-free and allows real time monitoring of adsorption and
desorption. However, the need of a laser and prism makes the technique not carryable
in its standard con guration. Reducing sample volume has been a key challenge in

SPR. This has been done by using microchannels and creating portable SPR[61, 66 68].

1.3.3 Surface enhanced Raman scattering
Raman spectroscopy

Raman spectroscopy was discovered in 1928 by Chandrasekhara Venkata Raman et
al[69]. This technique is non-destructive and consists in studying vibrational transi-
tions from inelastic diffusion of light. A monochromatic wave (typically a laser beam)
Is sent on a sample and propagates through it. The diffusion is elastic when the photon
diffuses with no energy variation (Raleygh diffusion).

The diffusion is inelastic when the photon diffuses with a positive (Stokes variation)
or negative (Anti-Stokes) energy variation. As can be observed on Figure 1.8a, Stokes
diffusion is the result of a diffused photon whose energy is lower than the incident
photon. The energy loss is due to the creation of a phonon in the sample. The Anti-
Stokes diffusion results in the destruction of a phonon: The diffused photon energy is

higher than the incident photon one.
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Figure 1.8: Stokes (a) and Anti-Stokes (b) diffusion created from an incident pho-
ton[70].
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Figure 1.9: Anti-Stokes and Stokes diffusion peaks. The Anti-Stokes peaks are
negative values, while positive values represent the Stokes diffusion[71].

Figure 1.9 presents Anti-Stokes and Stokes peaks for Raman spectroscopy of Multi-
Wall Carbon nanotubes[71]. Peaks due to Anti-Stokes diffusion are negative, as the
diffuse photon energy is higher than the incident photon one. This is the reverse the

for Stokes diffusion.

SERS

SERS (Surface Enhanced Raman Scattering) was discovered in 1974 by Fleischmann

et al when studying the adsorption of pyridine on a silver electrode, using Raman
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spectroscopy|[72]. This technigue is somewhat close to the SPR, as it consists in illu-
minating a metal with a laser beam, most of the time silver (but also gold). The laser
beam produces surface plasmons on the metal. From the explaination given by Jean-
maire and Van Duyne in 1977[73], the plasmons create an electric eld that ampli es
the electric eld of the species adsorbed on the metal, by a factor up to 10, This leads
to a huge signal from the adsorbed molecules. The technique has been used to perform
immunoassays[74, 75].

Nowadays, SERS is used by adsorbing species on silver or gold nanoparticles[76].
As nanoparticles enhance the surface to volume ratio, higher sensitivities can be reached
than on planar metal substrates. Detection limit has been reported to be in the femto-
molar range[77], and even of a single molecule[78]. SERS has been commercialized as

Klarite, a planar gold electrode product.

1.3.4 Capacitive biosensors

The capacitive biosensor eld is rather new, as the rst article of a biosensor based
on a capacitive transducer for liquids was published in 1986. From then, Capacitive
biosensors emerged and cover today a wide range of biosensors types. Two main
kinds of capacitive biosensors phenomena can be distinguished: Interelectrode capac-

itance, and surface capacitance.

Interelectrode capacitance

Interelectrode capacitance aimed at measuring the capacitance variation between two
electrodes separated by an ageous solution. The capacitance variation results in the
modi cation of the solution relative permittivity when species are present between the
electrodes. The relative permittivity of species like antibodies or proteins is lower than
those of a saline solution. The resulting capacitance will then be lower than initially

when such species are present between the electrodes.
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Chen et al used a coplanar electrode design to detect droplets position in micro uidic
devices [79]. The capacitance of the device is directly in uenced by the channel height.
The position of the droplets is monitored by measuring the variation of capacitance
between the two electrodes, through a relative permittivity variation of the element

introduced in the channel (air or water).

Biosensors using interdigitated electrodes (Figure 1.10) can work in creating multiple

volume capacitors, using solution between each nger as a dielectric [80].

In'“:ﬂatinglaygr
% ey Conductor

'Cnnldu-:tqr

| Substrate

Figure 1.10: Scheme of the recognition of species using interdigitated electrodes
covered by an insulating layer[80]

Although this kind of electrodes allows a high global capacitance, the distance be-

tween two ngers need to be as small as possible and is then dif cult to reproduce.

Surface capacitance

Surface capacitance biosensors are based on the electrical double-layer theory. Orig-
inal surface capacitive sensors were designed using a metallic (gold, silver) or car-
bon electrode. The electrode is then put in contact with the solution, and an electrical

double-layer is created at the electrode-solution interface.

Electrical double-layer is composed of a Gouy-Chapman diffuse layer, and then of a

Helmholtz layer[81]. The diffuse layer thickness depends on the solution conductivity,
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Figure 1.11: Scheme of the Electrical Double-Layer (EDL). The EDL is composed
of the Helmholtz layer and Gouy-Chapman diffuse layer. The Helmholtz plane
itself is composed of two layers : The Stern and outer Helmholtz layers[81].

and can be calculated using the Debye length. It extends into the bulk solution. The

Helmoltz layer is actually conposed of two layers.

The inner Helmholtz layer, or Stern layer, is found at the immediate vicinity of

the electrode. The ions are strongly adsorbed

The outer Helmholtz layer is situated between the Stern layer and the diffuse

layer. Solvated ions are found in this layer.

The adsorption of species is usually measured using impedance technique. Contact
sensors are affected by electrode passivation, but also by faradic currents which can
degrade the sample in solution. To solve these problems, contactless devices have
been created. Their principle is to add an insulating layer between the electrode and

the solution. The electrical double-layer takes place at the insulator-solution interface.

Insulating layers can be made of organic species. Wu et al made immunoassays

based on electropolarized Ims [29]. A gold electrode was polished and electrochemi-
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cally treated in 0.5M H,SO4. Then, a tyramine material was electropolimerized on the
electrode, creating a 50nm thickness insulating layer. This layer resisted to acid solu-
tions, used to regenerate the sensor.

An other way is the use of Self-Assembled Monolayers (SAM)[82, 83]. These layers
are formed spontaneously by adsorption of Im components from a solution, directly
onto the surface of the electrode. Thiols-anchored groups are part of the most studied

self-assembled monolayers on gold and other metals.

Insulating layer can also be made from oxides. Contactless microelectrodes were
then fabricated using SiO;, or Al,O3. Interdigitated electrodes sputtered with Al,O3
were used to monitor the adsorption of DNA[84, 85].

fx,
=%
i -
E il nM
2
7]
i q. A
)
Wy —

4 I m¥

.}

25 in 35 4.0 45 S

l"'|1|.~|.1 ({eHz)

Figure 1.12: Resonance frequency shift due to the shift of capacitance when ad-
sorbing DNA[84].

The tendency is to measure the adsorption directly in the surface capacitive fre-
guency range of the sensor. However, a second way to work with such electrodes is to
use a capacitance shift based on a resonance situated at high frequencies[84, 85] (Figure

1.12).
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1.4 Goals of the work

The goal of this work is to design a low-cost, capacitive immunosensor, whose elec-
trodes would be separated from the solution by an insulating layer. This immunosen-
sor should monitor in real-time the adsorption of species (proteins, antibodies, DNA)
on the electrodes. As a nal goal, it might be able to monitor the reaction between

species present in the aqueous solution and adsorbed species.

Chapter 2 introduces the theoretical elements of impedance that will be used in this
work. It also introduces some theoretical circuits and presents the various kind of plots
that will be used in the following chapters. In Chapter 3, numerical simulations of face-
to-face and coplanar geometries will be carried out. The response with respect to the

frequency will be studied for various geometrical parameters variation.

Microchips using a coplanar design will be developed in Chapter 4. This microchip
is made of PET and uses two silver electrodes separated from a microchannel by a PET
insulating layer. As the useful signal strength of this chip is rather low, an important
optimization work will be done on the chip and on the holder used to connect the chip

to the uidic system.

Chapter 5 introduces the design of a sensor using electrodes made from a mass mar-
ket aluminium foil. This electrode is composed of a metallic aluminium material cov-
ered by a nanometric thick alumina layer. Face-to-face and coplanar designs were
developed. Each version was characterized using a holder equipped with a reservoir
and testing the in uence of geometrical parameters. Some analytical models will be

created.
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The design developed in the Chapter 5 is used in the chapter 6 to study the ability
of the sensor to monitor an adsorption. A working frequency that enables the mon-
itoring of the adsorption will be investigated. The adsorption of the rst layer onto
the electrodes will be studied using both coplanar and face-to-face designs, with vari-
ous methods. Then, the reaction of a species in solution with adsorbed species on the

electrode will be made, and an immunoassay will be achieved.
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Chapter 2

Electrochemical impedance

spectroscopy

2.1 Circuit elements

2.1.1 General de nitions of some passive elements
Resistor

The relationship between the current and the potential difference at the terminals of

a resistor is given by Ohm’s law [1]:
V(t) = RI(t) (2.1)

where V represents the potential difference at the terminals of the resistor [V], | the
current [A] and R the value (resistance) of the resistor [W]. For a linear resistor, R can
be de ned as:

R= % (2.2)

with L [m] and S [m?] respectively the resistor length and the resistor cross section,

29



30 CHAPTER 2. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

r [W.m] the material resistivity.

R |
L

Figure 2.1: Electrical scheme of a resistor of resistance R

Inductor

The relationship between current and potential difference for the inductor is de ned

by :

_, di(®)
V() =L (2.3)

Under steady state conditions, dI(t)/dt = 0 and consequently V(t) = 0, making an

inductor equivalent to a wire.

Figure 2.2: Electrical scheme of an inductor of inductance L

Capacitor

The capacitor is de ned by :

_ dg(t)
=NV (2.4)

where q(t) is the electric charge [C] and C the capacity of a capacitor [F] calculated

in the case of a parallel plates capacitor by:

(2.5)

with #o being the permittivity of vacuum (8.85x10 2 Fm 1), #, [Fm 1] the relative
permittivity of the insulator between the plates of the capacitor, S the surface area of

the capacitor and d [m] the distance between the plates of the capacitor.
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The current owing through the capacitor is expressed as:

dq(t)
1(t) = —2% 2.6
® =4 (26)
From equations 2.4 and 2.6, the relationship between the current I(t) and the poten-

tial difference at the terminals of a capacitor can be written:

V()

I(t) = T (2.7)

Under steady state condition, dV(t)/d(t)=0 and consequently I(t)=0. The capacitor

behaves in this case like an open circuit.

Figure 2.3: Electrical scheme of a capacitor of capacitance C

2.1.2 Response to a sinusoidal signal

A linear system is characterised by an input function x(t) and an output function
y(t). A transfer function H(s) can be de ned as the Laplace transforms ratio between

the output and the input functions[2], respectively y(s) and X(s), as:

_ Dy(s)
DX(s)

H(s) (2.8)

Applying a pure sinusoidal excitation,

Dx(t) = Dxsin(wt) (2.9)
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the Laplace transform is:

= w
DX(s) = Dxm (2.10)

with w being the angular frequency, de ned by w =2 pf, f being the applied fre-
guency [Hz],

The output function is:

Dy(s) = H(s)Dx(s) (2.11)

Taking s= w in the Laplace transform, Equation 2.11 is transfered to the frequency
domain, which depends on the angular frequency w, being the pure imaginary num-
ber de nedas 2=-1.

Dy(w) = H(w)Dx(w) (2.12)

In the inverse transform of Equation 2.12, the frequency domain corresponds to the

sinusoidal part of the output function.

Dy(t) = DxjH(w)jjsinj(wt + j) (2.13)

with jH(w)j being the modulus of the transfer function, de ned in the frequential

domain by: a

JHW)j = [<HW)]? + [=H(W)]? (2.14)

and j the argument de ned by

=H(w)
<H(W)

J = JArgj (H(w) = jarctanj (2.15)
For an electrical circuit, the transfer function from the potential (input) to the cur-
rent (output) is called the admittance of the system and is noted Y [S]. In the frequency

domain, it is de ned by a relation between the complex current T(w) and the complex
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potential E(w) such as:

DI(w) = Y(w)DE(w) (2.16)
On the other side, the transfer function from the current (input) to the potential

(output) is called the impedance of the system and is noted Z [W].

DE(w) = Z(w)DI(w) (2.17)

2.1.3 Impedance of circuit elements
Resistor

Taking the Laplace transform of Equation 2.1, we obtain:
DV(s) = RDI(s) (2.18)

The impedance of the resistor Zg in the frequency domain is then obtained by tak-
ings = w

ZR = D\_/(W)

DI(w)

=R (2.19)

A resistor does not introduce dephasing.

Inductor

Taking the Laplace transform of Equation 2.3 gives
DV (s) = LsDI(s) (2.20)
The impedance of the inductor Z, in the frequency domain is then

Z, = -2 = wL (2.21)
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Capacitor

Taking the Laplace transform of Equation 2.7 gives

DI(s) = CsDE(s) (2.22)

The admittance of the capacitor Y¢ in the frequency domain is then

Yo = DI(w) _

= wC (2.23)
DV (w)

As an admittance is the reverse of an impedance, the impedance Z: of a capacitor

isde ned as:

Ze= — (2.24)

In the rest of this thesis work, the capacitance presented on every plot will be called
capacitance by abuse of language, and will be calculated by dividing the Imaginary

part of the admittance by w, such as:

. Y,
Plotted capacitance = WC (2.25)

The Constant Phase Element

The capacitor studied in 2.1.3 was considered perfect. This assumption might not be
valid for electrolytic capacitors, where the electrode geometry is generally imperfect
(most of the time affected by surface roughness). In that case some frequency disper-
sion can be observed, which is generally modelized through a Constant Phase Element
(CPE). The hypothesis of the Constant Phase Element (CPE) was rst formulated in
1931 by Fricke[3] and was attributed to a dispersion of capacitance. This dispersion

of capacitance leads to a dispersion in the time constants of the circuit. A global CPE
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behaviour is then the result of a distribution of local impedances[4]. The origin of the
CPE is still not perfectly understood, and has been attributed to surface roughness of
the electrodes[5 7], electrode porosity[8 10]. These two assumptions were related to
fractal theories concerning the electrode surface[11 14]. The origin of the CPE was also
attributed to a non-uniform potential distribution[15, 16], or just the electrical double-

layer[17]. The CPE can be de ned as[18]:

1

Zcpg = CGw)e (2.26)
with a ranging from 0 to 1. From Equation 2.26, the value of the real part is:
<(Ycpe) = Cw?cos % (2.27)
while the value of the imaginary parts is
=(Ycpe) = Cwisin % (2.28)

Figure 2.4 presents the evolution through the frequency of a CPE with a value of
1 mF capacitance and a 0.9 a factor. It can be observed that the value of the phase is
higher than —2. This is due to the sine and cosine values of the imaginary and real
parts of the admittance. The imaginary part of the admittance looks, at rst sight, the
same as for a perfect capacitor. However it can be seen that the capacitance calculated
from this imaginary part is far from being constant against the frequency. The value of
the real part of the impedance also evolves with the frequency. This was not the case
for the perfect capacitor, as it has no component on the real part of the admittance. It
has to be noted that a value of 1 for a would make the capacitor perfect. In that case

the spectra would be the same as those of a perfect capacitor.

Figure 2.5 presents the Nyquist plots of impedance and admittance of a CPE whose
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Figure 2.4: Spectra of various parameters representing the behaviour of a Contant
Phase Element, plotted from Equation 2.26
capacitance is 1 mF and a coef cient 0.9. Contrary to the perfect capacitor whose
impedance and admittance is purely imaginary, the line on the impedance and ad-
mittance plots are not purely vertical. As the a value is lower than 1, a part of the

signal goes to the real part of the impedance and admittance.

2.2 The RC circuit

The RC circuit is composed of one resistor and one capacitor. These elements can be

assembled in series or in parallel.

2.2.1 RC circuit in series : Signal at the terminals of the capacitor

Taking into consideration the serial circuit, the additivity of the potentials gives E =
Ugr + Uc (Figure 2.6).

Combining Equation 2.7 and Equation 2.1, the relation becomes
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Figure 2.5: Nyquist plots of a 1 mF capacitance CPE.

Ur Uc

A

Figure 2.6: Electrical scheme of a RC circuit in series

£ = rc2Yc)

+ Uc(t)

Solving equation 2.29 leads to

_t

Uc(t) =E(1 eFc)

(2.29)

(2.30)

Uc(t) is plotted on Figure 2.7 for a resistor whose resistance is 50 W and a capacitor

whose capacitance is 1 mF.

It can be seen on this gure that the capacitor is close to full charge after 0.3 ms. The

time constant t is de ned as

t=RC

(2.31)

The capacitor reaches 62% of its capacity after a charging time equal to the value of
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Figure 2.7: Response at the terminals of a capacitor when applying a constant
potential.

When an alternating potential E(t) = Ecos(wt) is applied to the circuit, the signal

at the terminals of the capacitor becomes:

EwR2C2e(re) ERC(cos(Wt)WwRC  sin(wt))

Ue() = R+ mewd) RC(L + (RCw)?)

(2.32)

The potential at the terminals of the capacitor is plotted on Figure 2.8 for a 40 Hz
frequency. As the capacitor has enough time to charge and discharge completely, the
input signal and the signal at the terminals of the capacitor are the same.

Things are different when the frequency of the input signal is xed to 3.2 kHz, as
can be seen on Figure 2.9. The capacitor does not have enough time to charge and
discharge completely, and at this frequency the amplitude equals about 70% of the

input signal.

When meeting an equation such as Equation 2.32, it is simpler to work with impedance

to study the response of the circuit. The impedance Z of the whole RC circuit in serial
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Figure 2.8: Response of the RC circuit at the terminals of the capacitor when ap-
plying a 40 Hz frequency AC signal.
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Figure 2.9: Response of the RC circuit at the terminals of the capacitor when ap-
plying a 4 kHz frequency AC signal.

is equal to Zr + Z¢, that is to say that :

Z(W) =R+ JWLC (2.33)

Using the theorem of the potential divider, like when a continuous potential is ap-

plied, the gain G at the terminals of the capacitor is:

_ Zc(w) _ 1
G= Zr(Ww) + Zc(w) 1+ jwRC (234)
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Figure 2.10: Frequency response at the terminals of a capacitor when applying an
alternative signal

Plotting the absolute value of equation 2.34 with a resistor of 50 W and a capacitor
of 1 mF leads to the plot on Figure 2.10. It can be seen that the value of the gain is 1 from
1 Hz to about 1 kHz, and that the value of the phase equals 0 for the same frequency
range. This means that the electrical signal measured at the terminals of the capacitor
is the same as the input signal, as can be observed with the temporal response on Fig-
ure 2.8. Moreover, the value of 0 for the phase means that the signal is governed by
resistive effects.

The gain of the electrical signal at the terminals of the capacitor decreases after 1 kHz.
This effect can also be observed in the temporal response on Figure 2.9 as the ampli-
tude of U is lower than the amplitude of the input signal. In the same time, the value
of -p/2 for the phase on Figure 2.10 between 100 kHz and 1 MHz means that the circuit
Is governed by capacitive effects in this frequency range.
The transition from the resistive state to this capacitive state occurs at the same fre-
quency as the transition from the gain of 1 and the attenuation of the signal. This
frequency is called the cut-off frequency f.. The value of the phase at this frequency is
p/4, and the value of the frequency depends on the value of the resistance and the

capacitance as:

(2.35)

C = 55~

2pRC
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In the case of a circuit with a 50 W resistance and a 1 mF capacitance, the value of
the cut-off frequency is 3183 Hz. The gain at the terminals of the capacitor at the cut-
off frequency of the sensor is attenuated by -3 dB, also meaning that the amplitude of
the output signal is 70% of the input signal. This is con rmed by the output signal on
Figure 2.9.

As the output signal reproduces the input signal only for the frequencies below 3.2
kHz, the conclusion of this study is that taking the output signal at the terminals of a

capacitor involved in a RC circuit in series leads to the creation of a low-pass Iter.

2.2.2 RC circuit in series : Whole circuit

Each sensor design studied in the present work relies on only two electrodes. This
means that the output signal is extracted from the same circuit as the input signal
and the whole sensor has to be considered like a global circuit element. In this scope,
considering the impedance data of a global RC circuit is a good start for the study of
the data measured with the sensor.

Four plots presenting various parameters of the RC circuit de ned by Equation
2.33 can be seen on Figure 2.11. The rst plot represents the imaginary part of the

admittance Y of Equation 2.33, that is to say :

Cw

=YW) = T Rocow?

(2.36)

As illustrated by the phase plot, the circuit is capacitive at low frequencies until
the cut-off frequency of 3.2 kHz. The capacitance plot also shows that the capacitance
of 1 mF is reached at low frequencies. The behaviour of the circuit after the cut-off
frequency is resistive, illustrated by the phase and capacitance values, being equal to
0 in the latter case. The value of the real part of impedance is 50 W, which is correct as

the value of real part of Equation 2.33 is R.
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Figure 2.11: Response of the whole RC circuit with a perfect 50 W resistance and
1 mF capacitor in series. Are plotted the imaginary part of the admittance, the
capacitance, the phase, and the real part of the impedance.
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Figure 2.12: Nyquist plots of the impedance and admittance of the global RC cir-
cuit in series using a perfect 50 W resistance and 1 mF capacitor

Figure 2.12 presents the Nyquist plots of the global RC circuit in series. The Nyquist

plot in impedance presents only one vertical line as if the circuit was purely capacitive.

However the x-coordinate of this line is situated at 50 W. As the real part of Equation

2.33 is R=50 W and the imaginary part is

admittance represents half a circle. This is proper to a serial RC circuit.

1
jwC’

this result is logical. The Nyquist plot in
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2.2.3 RCcircuit in parallel : Global circuit

The impedance Zq of two elements in parallel can be calculated by :

S v 27,
eq Z, 24 Z),+ 27,

(2.37)

J

E

Figure 2.13: Electric scheme of a RC circuit in parallel

Applying Equation 2.37 to a resistor of resistance R and a capacitor of capacitance

C gives the impedance Zgc:

1 1 ! R

ZreW) = oy Y Zew) 1+ jRCw

(2.38)

Equation 2.38 is used to plot the spectra on Figure 2.14 using a resistor of 50W re-
sistance and a capacitor of 1mF. The spectrum of the imaginary part of the admittance
increases with a slope of 1 decade. This means that the imaginary part of the admit-
tance is governed by the capacitance on all the frequency range. This is quite logical
as the imaginary part of the admittance is equal to jCw. It is then not surprising for
the value of the capacitance spectrum to be equal to 1 mF on all the frequency range.
However, the global behaviour of the circuit is resistive until the cut-off frequency of
3.2 kHz, as can be observed on the phase spectrum. After the cut-off frequency, the
behaviour of the circuit is capacitive. This general behaviour is illustrated by the spec-

trum of the real part of the impedance. The value of the latter the one of the resistor
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Figure 2.14: Bode plot of various responses of the RC parallel circuit from 1 Hz to
1 MHz, using a perfect 50 W resistance and 1 mF capacitor.

from 1 Hz to 3.2 kHz. After this frequency, the value decreases with a slope of 1, as it
isin uenced by a capacitive behaviour.

Compared to the behaviour of the RC circuit in serial plotted on Figure 2.12, those of
the RC circuit in parallel, plotted on Figure 2.15, is reversed. So, the semi-circle appears
on the Nyquist plot in impedance, and the vertical line appears on the Nyquist plot in
admittance. As the formula of the admittance of the circuit is % + jCw, the x-coordinate

of this vertical line is 0.02 S.

2.3 RLC circuit in series : Tantalum capacitor

All the circuits studied until now were constituted of pure and perfect theoretical
elements. However real circuits are affected by some effects like capacitance and in-
ductance. It was thus chosen to study a classical resistor with a resistance value of 50 W

(Radiospares, Beauvais) while the capacitor (Radiospares, Beauvais) was made of two
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Figure 2.15: Nyquist plots of the impedance and admittance of the global RC cir-
cuit in parallel, using a perfect 50 W resistance and 1 mF capacitor.

metallic electrodes separated by a tantalum dielectric material (tantalum capacitor),

with a 1mF capacitance value. Using a solid capacitor ensures a better signal quality,

by avoiding the electrochemical effects of the electrolytic capacitors[19]. A DC poten-

tial of 0 V and an AC potential of 1 V were applied to the circuit, with frequencies

ranging from 1 Hz to 1 MHz.
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Figure 2.16: Bode plots of an RLC circuit using a 50 W resistor and a 1 mF tantalum
capacitor. The data are tted using the model described on Figure 2.17.
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Figure 2.16 presents the results of this experiment. It can be observed that the plots
are similar to the plots of the RC circuit in serial on Figure 2.11 from 1 Hz to 1 MHz,
and are even the same for the capacitance plot. The major differences compared to

Figure 2.11 are that:

The phase increases at values superior to 0 after 100 kHz.

A resonance appears on the imaginary part of the admittance plot around 100

kHz.

The resistance of the circuit is far higher than 50 W at low frequencies on the real

part of the impedance plot.

To understand these differences, the model on Figure 2.17 is proposed. Like the
model presented on Figure 2.6 it has a resistor of resistance R and a capacitor of capac-

itance C.

| R |

Figure 2.17: Model of a RLC circuit in serial

An inductor of inductance L is added in serial with the resistor and the capacitor.
This inductor is supposed to be created by the wires connecting the circuit to the mea-
surement instrument, but also by the wires composing the circuit itself.

Until now the capacitors were considered as perfect. Actually, the medium between
the two plates composing the capacitor, being vacuum, air or even water, has a nite
resistance value. So, a capacitor has an internal resistance, which is represented by the
resistor R¢ in parallel with the capacitor C on Figure 2.17 The impedance Zy,yq4e; Of this

model is described by Equation 2.39 :
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Rc

——~———+R+]jL 2.39
1+ JRcCw JEW (239)

Zimodel (W) =

The data presented on Figure 2.16 were recorded with a 50W resistor in series with
a 1 mF tantalum capacitor, using a Solartron 1296 dielectric interface coupled to a So-
lartron 1255B Frequency Response Analyser. The data were tted by the model devel-
opped in Equation 2.39 . A value of 47 W was found for R, 1.075 mF for C, 2.5 mH for
L and 20 MW for R¢. This is a value 6% lower than expected value for R, and 7.5%
higher for C, which nevertheless respects the manufacturer tolerance. As no inductor
is physically present in the circuit, the value of 2.5 mH found for L can be attributed
to the self-inductance of the wires connecting the Solartron interface to the electrical

elements.

Taking the real part of Equation 2.39, we extract:

R+ Rc + RRAC?w?
1+ RiC2w?

<Zmodet (W) = (2.40)

At low frequencies, the high value of the real part of the impedance is due to the
resistance Rc in parallel with the capacitor, as Equation 2.40 is dominated by the R¢
term. At high frequencies, the real part of the impedance tends towards R, as can be
observed on Figure 2.16

The huge peak observed around 100 kHz on the imaginary part of the admittance
on Figure 2.16 is due to a resonance phenomenon. The resonance peak frequency is

linked to the capacitance and the inductance such as:

LCw? =1 (2.41)

With the inductance value tted to 2.5 mH and the capacitance value tted to 1.075

mF, the peak frequency calculated with Equation 2.41 is 97 kHz.
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R [47TW
C | 1.075mF
Rc | 20 MW
L |25mH

Table 2.1: Summary of the parameters found by tting Figure 2.16 with the model

de ned by Equation 2.39
Finally, the phase value higher than 0 after 100 kHz is due to the resonance, and more
speci cally to the inductor. As the phase of an inductor is equal to 5, the resonance
is a transition from the resistive state of the circuit to an inductive state at frequencies
higher than 1 MHz.

The summary of the values tted by the model can be found on Table 2.1.
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Figure 2.18: Nyquist plots in impedance and admittance of the global RLC circuit
using a 50 W resistor and a 1 mF tantalum capacitor.

On Figure 2.18 are presented the Nyquist plots in impedance and admittance of
the circuit. Like for a perfect capacitor, a vertical line can be observed on the Nyquist
plot in impedance. The x-coordinate of this line is 47 W, as the beginning of the plot
represent the points recorded at high frequencies. The Nyquist plot in admittance
represents a semi-circle similar to the one studied with the RC circuit in serial in Figure
2.12. However it can be observed that part of the values around an x-coordinate of 0.02
S are negative. As already seen with the inductor on Equation 2.21, the value of the

imaginary part of the admittance of an inductor is negative. The negative values on
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the Nyquist plot in admittance on Figure 2.18 are due to the circuit becoming inductive

around 1 MHz.

2.4 RLC circuit in series : Electrolytic capacitor

The study of an RLC circuit made of real elements brings changes from the study
developed in 2.2.2. An electrolytic capacitor is even less perfect than a tantalum ca-
pacitor. Compared to the solid tantalum capacitor whose dielectric material is made
of tantalum material, the dielectric material of an electrolytic capacitor is made of an
electrically conductive solution called an electrolyte.

The capacitor proposed in the model detailed on Figure 2.17 can be replaced by a CPE.
Replacing the perfect capacitor used in the model de ned by Equation 2.39 by a

CPE gives the following model:

Rc
1+ (jJC)aRcw

Zmodel (W) = + R+ jLw (2.42)

with a being the power coef cient of the CPE.

Figure 2.19 was recorded with a 2.2 mF electrolytic capacitor (Radiospares, Beau-
vais) instead of the tantalum capacitor. The four spectra are close to Figure 2.16 where
the circuit was composed of a tantalum capacitor. The main variation concerns the
capacitance and phase values.

Using the model de ned by Equation 2.42, the value of the capacitance was tted
at 2.4 mF while the value of the a parameter was tted at 0.995. As the value of a is
lower than 1, the value of the phase is higher than -2 and was found to be equal to
-1.554. It can be observed on Figure 2.19 that, between 1 Hz and 100 Hz, the value
of the capacitance decreases when the frequency increases, while it was constant on

Figure 2.16. Actually this variation is due to the CPE, which decreases the value of the
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Figure 2.19: Bode plots of the global RLC circuit using a 50 W resistor and a 2.2 mF
electrolytic capacitor

R |47TW
C |24nmF
a | 0.995
Rc | 5 MW
L |25mH

Table 2.2: Summary of the parameters found tting Figure 2.19 using the model
de ned by Equation 2.39

imaginary part of the admittance when the frequency increases and when the value of
a is lower than 1. The summary of the values tted by the model can be found in Table

2.2.

On gure 2.20 are presented the Nyquist plot in impedance and admittance. These
plots are similar to the Nyquist plots of the RLC circuit with the tantalum capacitor
on Figure 2.18. The main difference between the two plots is that the Nyquist plot in
impedance for the electrolytic capacitor does not describe a completely vertical line.

This is due to the constant phase element which affect a part of the impedance signal
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Figure 2.20: Nyquist plots of the impedance and admittance of the global RLC
circuit using a 50 W resistor and a 2.2 mF electrolytic capacitor

to the real part of the impedance (Equation 2.27)

2.5 Conclusion

Impedance spectroscopy is the key technique to exploit the sensor. In order to under-
stand the models presented in this work, the most used elements (resistor, capacitor,
inductor, CPE) were presented. Although its nature did not reach a formal agreement
in the scienti ¢ community, the Constant Phase Element (CPE) was presented as a dis-
tribution of time constants. This distribution might be due to the surface roughness
of an electrode, or by capacitance dispersion. RC and RLC models were introduced,
both theoretically and experimentally with real circuits. It could be observed that real
circuits were affected by inductive effects, which could produce a resonance. Some dif-
ferences between solid and electrolytic capacitors could also be noted, the latter being

far less perfect than the former, and presenting a CPE effect.
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Chapter 3

Numerical simulations

3.1 Introduction

Many techniques have been developed to perform numerical simulations. The most
used are certainly the nite differences, the nite elements, and the nite volumes. Fi-
nite differences is the simplest technique but has some geometry restrictions. Finite
volumes method (FVM) on the other hand is very exible on the geometry and so was
well adopted for uid mechanics[1 4], but requires heavy calculations. Finite elements
method (FEM) requires, following the case, more or less computing power than the -
nite volumes method[5], is less accurate[6] than FVM but more exible on geometry[7].

FEM is well suited for electromagnetic studies[8 12].

A physical problem, continous and with in nite degrees of freedom is posed on a
domain D. The ux conservation can be rst expressed in the local form (Equation
3.1), presented here in steady-state conditions[13]. It is completed by the boundary

conditions (BC), expressed at the borders of the domain.

Div.(Flux) =0 (3.1)

o7
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The equations are then integrated on the domain D using Galerkin’s formulation
(Equation 3.2).

z z

Oa.Flux.ds = a.f(BC).dl (3.2)
D F

The equation is multiplied by a projection function and integrated by parts on the
domain D. The boundary conditions are expressed by xing some boundary ux (un-
known gradient : Neumann conditions), or by xing the value of the unknown at the

boundaries (Dirichlet conditions).

The domain is then meshed in nite elements, and the previous functions are inter-
polated by linear combination of polynomes of order 1 or 2. Once the problem has
been discretized on a nite number of nodes, it is transformed into a matricial system

(Equation 3.3).

[Aijl.1X;] = [Bj] (3.3)
The system is solved by reversing the global matrix. The solution (vector X;) is then

given at each node of the geometry and interpolated at each point.

Finite elements were used to simulate the frequency response of face-to-face and
coplanar geometries of sensors using two contactless electrodes, in order to nd the

optimal working parameters to apply to physical chips.

3.2 Material and methods

Numerical simulations were carried out with the software Flux-Expert" in version

4.2, running on a 64-bit Ubuntu Linux 8.04 system. The computer was a Mac Pro



3.2. MATERIAL AND METHODS 59

(Apple, USA) con gured with two Intel Xeon Woodcrest clocked at 2.66 GHz and 8 GB
of RAM.

3.2.1 Equation

The goal of the model is to simulate a system composed of two electrodes, an insu-
lator and an electrolyte for a frequency range from 100 Hz to 10 MHz. It takes into
account the ohmic current in solution (water resistance), and the displacement current
arising at high frequencies (water capacitance). The capacitance values involved in
this study were far lower compared to those of the electrical double-layer. The goal
of these simulations being to study the geometry and the in uence of the capacitance
created by an insulating layer, the electrical double-layer was not taken into account.

The problem was solved using Maxwell’s equations [14]:

OE= % (3.4)

0O E= 11]—'? (3.5)
0B=0 (3.6)

0 B= #J—O + 1'}1_5 (3.7)

with E and B being respectively the electric eld and the magnetic eld, j the ohmic
current density, #0111]—5 the displacement current density, r the density of charge, ¢ the
velocity of the light and #g the permittivity of vacuum. As the electrical double-layer is
not taken into account, and the charges at the wall are ignored, O E = 0 and Equation
3.4 does not need to be used. Due to the low value of the current owing in the system,
the induced magnetic eld is considered too weak to have an in uence and induce

an electric eld. Equations 3.5 and 3.6 are then neglected. Taking the divergence of
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Equation 3.7, we obtain:

K
O j+hog =0 (3.8)

The problem is solved for a harmonic signal ranging from 100 Hz to 10 MHz. In conse-
guence, the partial derivative of E with respect to time can be expressed in the complex
plane. Secondly, ] = sE, where s is treated as a complex conductivity. Equation 3.8

becomes:

O [(s + W#)E] =0 (3.9)

At low frequencies, the complex term (displacement current) of the Equation 3.9
can be ignored, and it comes:

O (se)=0 (3.10)

which gives the classical Laplace equation (O°F = 0) when s is uniform.

At high frequencies, the displacement current cannot be ignored, and Equation 3.9
can be used to describe both ohmic and dielectric phenomena. Equation 3.9 was inte-

grated using Galerkin’s formulation.

3.2.2 Calculation of the capacitance

When working with a harmonic signal, Ohm’s law, in the case of capacitance, can be
written as:

1= CwU (3.11)

with U being the potential applied to the terminals of the capacitor and | the current.

Taking the imaginary part of Equation 3.11, we obtain:

C=—— (3.12)
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| was obtained by integrating the current density on the desir ed line, and multiplied

by the depth of the considered geometry. In the case of the rs t mesh described on
Figure 3.1, the line was taken on the whole electrode length at h/2 y-coordinate. For
the second mesh presented in Figure 3.1, the line was taken from O to 2e+w but always
on a h/2 y-coordinate. However, for a coplanar design (Figure 3.9 ), the line was taken
on the symmetry line, from 0 to i+h on the y-coordinate. A depth D of 200 rm was

chosen, representative of the width of the channel studied i n Chapter 4.

3.3 Face-to-face design in 2 dimensions

3.3.1 Mesh

A face-to-face design mesh was created to study the properties of systems going

from the size of a microchip to the dimension of a sensor in a 6 m m diameter reservoir.

Figure 3.1: Meshes of the face-to-face design, without and with edge effects

Three surfaces were created, the top and the bottom ones beirg the insulating layers
while the channel was represented by the middle surface. Int he general con guration,
the thickness i of the insulating layers is 1 nm while the height h of the channel is set to
50mm . The electrodes are simulated by equipotential lines situ ated at the top and the
bottom of the mesh, at the center of the design. Their width w is set to 50nm . Spaces

were left at both sides of the electrodes to model the edge effects. The width of these


















































































































































































































































































































































































































































































































































































































