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Abstract

Even if most of the micro-organisms we carry are harmless and even beneficial, some are dangerous
and may be at the origin of different infectious diseases. For the health sector as well as for food
industries, there is an urgent need for reliable, rapid and affordable solutions to detect, in the
most accurate way possible, the concentration of those pathogens.
Nowadays, traditional methods which exist can achieve a reasonable limit of detection but are not
user friendly. Biosensors are an alternative that could, in the coming years, combine a compact
design with a high sensitivity and selectivity.
Among the numerous transducer means available, this master thesis will focus on an impedance-
based interdigitated electrodes (IDE) sensor previously developed by Dr. Numa Couniot at the
UCL.
Our aim is to study the ability of thicker electrodes to capture and detect bacteria and to
compare these results with standard electrodes. Indeed, increasing the electrodes thickness leads
to a greater capacitance value but also to a larger cavity of concentrated electric field in which
bacteria should settle. However, changing one parameter requires to re-think the whole process
of manufacture. Indeed, aluminium, which was selected for an eventual integration with CMOS
technology, can no longer be used as main component of electrodes. Furthermore, special resists
must be used to reach thicknesses greater than 3 µm. This master thesis presents a new process
based on electroplated nickel forming the sensor’s electrodes.
Once fabricated, sensors are tested under dry environment to compare their raw electric properties
with theoretical values. For the impedance modulus, we obtained an average discrepancy less
than 1 %.
Afterwards, we tested sensors under liquid environments with an inflow of Staphylococcus
Epidermidis in PBS through a microfluidic system. This strain was selected for its proximity to
the Staphylococcus Aureus without its dangerousness. To increase the adhesion of bacteria to the
sensors’ wall, we use polydopamine also known as a biological glue.
The results show that the normalised admittance increased all along the incubation period during
which bacteria can be deposited on electrode walls.
We also calculated the sensitivity of each sensors as S = || |YB |−|YD|

YD
||, with YB and YD respectively

the signal admittance with and without bacteria. For the purpose of the comparison we defined
a metric SM which was the average of sensitivities calculated at 105 and 106 Hz.
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Chapter 1

Introduction

To better understand the context of this master thesis, let project ourself in a future, which may
be closer than we imagine...
Mary has just arrived for a complete physical exam with her family doctor. She complains about
several common symptoms that might just as well be caused by a bacterial infection. If it is,
perhaps antibiotics should be prescribed.

Luckily enough, Mary will not have to wait long to know. Yet, in the waiting room, a small
medical device, which fits in one hand, has been given to her. It is a bacteria sensor. Similarly
to a blood-sugar level sensor, the device will collect a few drops of blood in order to analyse it.

After 15 minutes, it is her turn. The sensor makes a small noise, its analyse is already done.
The doctor starts by looking at the results. Those ones hold very accurate information about
concentrations of a selection of well known bacteria that are potentially pathogenic.
For Mary, nothing to worry about, these levels are all under their safety limit and all signals
remained in the green. Yet, some bacteria possess infectious doses as low as ten cells per millilitre!
After some other additional examinations, Mary goes home with her prescription. The doctor
has taken the sensor back because it is reusable after an adequate washing. It is a model
working on impedimetric measures. He knows that one of his colleague possess one based on
acoustic waves, but anyway, all of those biosensors produce faster results than older methods
such as agar-based cultures. Moreover, no specialised staff is required and that is quite handy
for a small physician office.

Even if Mary’ story is only a fiction, hospital-acquired infections are not. Even if medicine
did amazing progress over the past years, so called nosocomial infections are not necessary
disappearing. According to the OMS, even in high-income countries, over one hundred patients,
at least seven will contract a nosocomial infection.
Indeed, the environment as well as medical devices are difficult to control and a simple contact
between an health worker and a patient can be enough for the spreading.
For bacteria, immunosuppressive therapy related to implants are real boon and consequences are
not negligible. From simple abscess, otitis, urinary tract infection to pneumonia or meningitis,
bacterial infections are varied and can lead to death.
There is, of course, not only one responsible bacterium. However, Staphyloccocus Aureus is
frequently mentioned for its significant pathogenic power and its Methicillin-Resistant strains
(MRSA) that causes so much trouble to hospital staffs. Consequently, there is an urgent need for
efficient detectors to struggle nosocomial infections.

In the adult human body, the infectious dose of Staphilococcus is about 100 000 micro-
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CHAPTER 1. INTRODUCTION Section 1.0

organisms1 [1]. This represents an extremely low concentration in the whole body that is very
difficult to detect in early stages of the infection.
The detection of bacteria is not new. Traditional methods as agar-based cultures and counting,
PCR and ELISA have proven their efficiency but still lack ease of use and rapidity. Specialised
biosensors precisely step into this breach.
By the means of optical, mechanical or even electrochemical transducers, they succeed in detecting
ever smaller concentrations or activities of chemical species, but also living cells, in various types
of sample. With regards to bacteria, the ultimate aim is to reach a sensitivity at least as well as
traditional methods but with a much lower cost in time and money.
Nowadays, this is not exactly the case and only few scientific authors claim a limit of detection
as small as 10 CFU/mL 2.

Figure 1.1: Building thicker electrodes might increase the probability of trapping bacteria between
them as well as the capacitance. At the same time, bacteria are less likely to settle on top of
these electrodes where they have a minimum impact on the global impedance.

In this master thesis, we focused on an electrochemical biosensor and, more specifically, an
impedance-based IDE 3 sensor previously developed by Numa Couniot during his PhD thesis [2].
In those rectangular comb-like electrodes, the thickness might have a positive impact on the
sensitivity of the sensor. Indeed, by increasing the electrodes thickness the global measured
capacitance will be more important which will increase the sensitivity. Theoretically, a larger
cavity also means more chance for bacteria to settle into a concentrated electric field zone and
therefore to be detected. Increasing electrodes thickness is our first objective in order to analyse
whether or not this parameter does significantly improve the sensor performances.
However, changing one parameter often requires to re-think the whole process. For an eventual
integration with CMOS technology, the previous sensor involved aluminium electrodes. This can
no longer be as aluminium is limited to thin film depositions. High aspect ratio structures also
involve special resists in order to reach thicknesses larger than 3 µm.
We improved the process step by step to reach targeted dimensions with the best definition
possible. The result is a new process based on electroplated nickel forming the sensor’s electrodes.
These electrodes are then covered with alumina to protect them from corrosion.

Once manufactured, sensors were tested under dry environment to compare their raw electric
properties with theoretical values.

Afterwards, we tested sensors under liquid environment with inflow of Staphylococcus Epi-
dermis in PBS through a microfluidic system. This strain was selected for its proximity to the

1Number of micro-organisms in the inoculum to successfully infect a host.
2Colony Forming Unit
3InterDigitated Electrodes.
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CHAPTER 1. INTRODUCTION Section 1.0

Staphylococcus Aureus without its dangerousness. To increase the adhesion of bacteria to sensors,
we used polydopamine, known as a biological glue.
Afterwards, admittances were injected in the following equation S = || |YB |−|YD|

YD
||, with YB and

YD respectively the signal admittance of solution with and without bacteria, in order to compute
the sensitivity.

The final process is described in Chapter 3. An analyse of manufactured sensors is detailed in
the Chapter 4 as well as an analyse of those experiments. Results will be exposed and commented
with the support of a simulation. Finely, the last chapter will present the conclusion and the
perspectives drawn from these results.

3



Chapter 2

State of the Art

2.1 Bacterial detection

What is a bacterium?

Vander’s Human Physiology [3] gives the following definition:

"Bacteria are unicellular organisms with an external surfacing (cell wall) in addition to a plasmic
membrane. In opposition to eukaryotes, bacteria have no organelles surrounded by membranes."

Bacteria are microscopic living organisms which can be found everywhere on Earth.
Even if most bacteria are not harmful and can even be beneficial to its host, some can still cause
infectious diseases [4]. They can, among other things, cause tissue damages while replicating or
even produce toxins that can disrupt physiological functions through the blood stream.

Why do we need to detect bacteria?

Given their ability to multiply quickly and easily in various environments, the consequences of a
bacterial infection must not be taken lightly. In 1999, of all annual deaths, 40 % were due to
infectious diseases [4]. Bacteria which can cause such diseases are qualified as pathogenic. In
2013, the Center for Disease Control and Prevention reported at least 23 000 deaths each year
in the United States of America due to bacteria that are resistant to antibiotics.
This resistance is often due to the inappropriate use of antibiotics. Therefore, being able to
detect the concentration and identifying which type of bacteria we are dealing with is essential.

In the field of bacterial detection, various methods already exist. They include a wide range
of techniques, all trying to optimise important parameters such as the Limit of Detection
(LoD) and speed.

A rapid and accurate detection is especially important when the patient condition is life
threatening. In this domain, biosensors could soon become a convenient tool for doctors. Some
authors go further and claim that we "could find the molecules of disease right away, identifying
them in a doctor’s office while the patient waits 20 minutes" [5]. However, at this stage, most of
these newest techniques are not fully adapted to everyday use. In addition to the high cost, the
bacteria biosensor must be able to exhibit a high degree of selectivity: in blood it may be as
much as 1000 target-bacteria for billions irrelevant particles.

4



CHAPTER 2. STATE OF THE ART Section 2.1

Medicine is not the only domain where it is important to control the presence of bacteria.
The legislation governing the food industry is particularly strict in this respect [6].
For example, in the dairy industry, and more specifically, yoghurt making, probiotics (e.g.:
streptococcus thermophilus) are used in the manufacturing process. These bacteria are healthy
but their concentration still needs to be controlled in order to obtain an optimal product.
Conversely, some pathogenic bacteria are not tolerable. Salmonella enterica, responsible for
gastroenteritis, must not be found at all in 25 g of the final product [7] [8]. However, nowadays,
the detection limit obtained with PCR methods are only slightly better than 10 cells in 10 g of
product [9].
In order to follow regulations, industries must have reliable techniques to facilitate the quick and
precise detection of micro-organisms. For food, as well as for water and environmental quality
control, there is a real need to obtain analytical results in the shortest time possible [6].

Few years ago, biosensors were qualified as "promising new approaches". Nowadays, they are
better understood and are starting to compete with what we could call "traditional techniques".
They have the potential to shorten the time span between sample uptake and results but still
need to be improved in respect of better selectivity and sensitivity [6].
There is still much work to do before biosensors become a real alternative. Nonetheless, in 2007,
biosensor technology was ranked fourth in the field of pathogen detection (Ref: [6]).

2.1.1 Performances: key concepts

Before describing these techniques, it is important to understand what criteria we are looking for.
Indeed, whether it is a conventional method or a biosensor, all detection devices must meet a
number of requirements. Below is a list of the major parameters identified by Ivnitski et al. [4]:

• Low detection limit

• Species selectivity

• Strain selectivity

• Assay time

• Precision

• Assay protocol

• Measurement

• Format

• Operator

• Viable cell count

• Size

To meet these requirements, we need efficient tools to compare performances. Details and
quantities used to characterize the performance of biosensor include [2]:

5
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Figure 2.1: Schematic representation of the sensor output shift versus the bacterial concentration
where LoD stands for Limit of Detection, Res for resolution, HDL for Highest Detectable Level
and S, sensitivity (illustration from [2]).

• Limit of detection (LoD) is defined as the smallest amount of target that can be reliably
detected [10] and is usually expressed in CFU/mL [2]. It is frequently confused with
sensitivity, which is the slope of the response curve and describes the rate of change in
response to a change in analyte concentration. Both can be found on the graph in Figure
2.1
The LoD can be obtained by measuring the sensor response to ever smaller concentration
of the target. It will be the smallest concentration at which the response is clearly
distinguishable from a solution with no target bacteria.
A comparison with a blank response is important, otherwise the results can be overestimated.
Likewise, the user must be careful because this limit of detection is often calculated from
clean samples where only the target biological species can be found. This is of course very
different from real-world samples.
Reproducibility also has an impact on the limit of detection. Requirements vary according
to the application. For a high affinity probe-target, conventional techniques like ELISA
(Enzyme Linked Immunosorbent Assay, see section 2.1.2 for further detail) routinely obtain
pg/mL detection limits.

• Dynamic Range (DR) is the ratio of the largest measurable target concentration (HDL
= Highest detectable level) to the limit of detection [10]. Testing less and less diluted
solution can be a way to detect the upper concentration. When reaching the HDL surface
saturate, the signal loses its linearity.
The DR is important in applications requiring the quantification of the bacterial concentra-
tion and not only the detection of its presence.

• Resolution (Res) is also called the precision. It is the smallest detectable change [10], or
error expressed in CFU/mL [2] in the target concentration. It is associated with the sensor
noise σn resulting from electrical and biological noise sources.

• Maximal Signal To Noise Ratio is a measure to compare the level of a desired signal
to the level of background noise.

6



CHAPTER 2. STATE OF THE ART Section 2.1

• Detection Time is the time taken to obtain unambiguous stable signal that can be
interpreted. It encompasses all steps from the sample conditioning.

• Multiplexing is the detection of several targets in the same biological sample.
It is a way to save time and reduce both cost and sample volume.

• Selectivity : In real-world applications actual samples typically contain an uncontrolled
and significant amount of non-target molecules. For example blood serum typically
contains 70 mg/mL of all type of proteins but the biosensor must detect only the target.
Daniels et al. [10] give us the following example of prostate specific antigen (PSA), a
biomarker for prostate cancer, that needs to be detected at a concentration of 2 ng/mL in
blood.
"Generally speaking, label-free biosensors cannot distinguish between specific and nonspecific
interactions except by probe selectivity, regardless of the readout method" [10]. Non specific
binding is a major issue because it prevents target binding and causes false positives. To
alleviate this problem, the use of a blocking agent or antifouling agents is one solution.
But, sometimes a simple wash before readout can improve selectivity as it washes away the
non-specifically adsorbed molecules [10].

2.1.2 Traditional methods

What is referred to as a "traditional method" in this paper is a detection technique that is
commonly used for at least 10 years and does not involve transducer elements. They are better
known and mastered than biosensors, but still in development.
They include culture and colony counting, Polymerase Chain Reaction (PCR) which in-
volves DNA analysis, immunology-based methods (antigen–antibody interactions) and matrix-
assisted laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF MS) which
we will explain in more detail further in this work.

Conventional bacterial detection methods may take up to 7 or 8 days to yield a response,
which is time-consuming and is labour-intensive [11]. But they are still frequently used because
of their high selectivity and sensitivity [6].
The most commonly studied model bacterium is Escherichia coli but we can also find a large
number of articles which test and compare different techniques using Salmonellae [6] [4] and
Staphylococcus aureus or often its less dangerous version (but nonetheless potentially pathogenic)
Staphylococcus epidermidis [12].

Culture and colony counting:

This test is based on the growth abilities of bacteria. The infected environment is spread on a
growth medium, usually agar-based (a type of gel made from algae [13]), suitable for the develop-
ment of specific micro-organisms. One single cell will therefore grow into a colony under controlled
laboratory conditions (temperature, oxygen, nutriments) and give a similar result as in Figure 2.2.

These colonies become visible and can be counted. The use of a selective [15] or differential
media will enable the researcher to select which bacteria will be able to develop itself. The
sample’s microbial population can therefore be calculated as the number of colony forming units
(CFU). However this measure is skewed. Detected colonies, in fact, only origine from cells that
can grow under test conditions. Moreover, a colony does not always originate from a single cell
but instead represents the cells that happened to separate on the plate. The more numerous they
are, the less distinguishable and this is why this method presents an upper limit. Its relatively
narrow countable range (about 25-250 CFU bacteria on a standard petri dish) represents one of

7
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Figure 2.2: A bacteria culture on agar plate (illustration from [14]).

its major limitations [16].

This is the oldest bacterial detection method and also the most time-consuming [17].
Indeed, the amplification step alone can take from a few hours to days [11] depending on the
type of bacteria.
Usually a single test does not provide a definitive answer but will require a complex series of tests.
It requires at least the following basic steps: pre-enrichment, selective enrichment, biochemical
screening (for more accurate identification of the pathogen), and serological confirmation. It
may take 5 to 7 days to get a confirmed result according to Swaminathan and Feng (1994) [15].
Lazcka et al.[6] even mention 14 to 16 days.

Polymerase Chain Reaction:

The Polymerase Chain Reaction (PCR) is another frequently used technique to detect and
identify bacteria. It probably represents the fastest traditional methods [18] but, unlike the
on-medium culture, DNA strands are detected, not entire bacteria colonies.

To be properly amplified, bacteria are broken (cell lysis) and their DNA released. Then it still
has to undergo several steps: strand separation by heating the purified DNA (denaturation)
[19], followed by an extension phase using specific primers (hybridization with the DNA) and
a thermostable polymerization enzyme. Then, each new double-stranded DNA acts as a target
for a new cycle. This is how exponential amplification is obtained [6](Figure 2.3a).
This DNA multiplication is very efficient. At the end of 25 PCR cycles, 35 millions target DNA
molecules are obtained [20]. They can be trapped using their complementary strands, which are
immobilised on a support, because the single-strands on its own is unstable. If sample’s DNA
have been previously paired with a dye, the corresponding areas will be recognisable.
Of course, PCR amplified sequences can also be subsequently detected by gel electrophoresis or
even using biosensors.

However, this technique cannot differentiate living cells from dead ones as DNA is present in
both. The Real-Time-PCR method was developed in order to solve this problem. It synthesizes
single-stranded DNA from RNA strands and several genes only present during bacterial growth
can then be detected [6], but it may take more than 24 hours [21].
Other limitations are, among others, inhibition phenomenon of the PCR and cross contamination
between samples [18].

8
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PCR is commonly used and many different versions of it can be found, for example:

- Multiplex PCR: allows the simultaneous detection of several organisms by introducing
different primers to amplify DNA regions coding for specific genes of each bacterial strain
targeted. The dyes linked to the PCR primers are of various colors.

- Real-Time or quantitative chain reaction (qPCR): The amplified DNA is detected as
the reaction progresses given that the fluorescence intensity is proportional to the amount
of the targeted gene [19].

PCR is not the only ultra-sensitive detection methods based on nucleic acid amplification
that was introduced. LCR (ligase chain reaction) and SDA (strand displacement amplification)
[22], among others, are employed.
All of these techniques are capable of detecting low numbers of bacterial cells within several
hours. However, this is expensive and requires prior isolation of bacterial DNA. Bacterial cell
lysis is a laborious and time-consuming process, especially for S. aureus (Gram-positive bacteria)
requiring lysostaphin to break down the thick cell wall [22].

(a) (b)

Figure 2.3: a) Schematic representation of one PCR cycle (illustration from [6]) and b), schematic
representation of the sandwich-ELISA protocol (illustration from [6]).

Immunology-based methods:

The most commonly used technique is the Enzyme-Linked Immunosorbent Assay (ELISA). It is
based on the interaction between antibodies and bacterial surface, which is a major mechanism
in the immune system that enables a rapid and accurate targeting of a pathogen. The addition
of substrate giving coloured, fluorescent, or luminescent reaction products makes it possible to
determine the concentrations of the reactants at very low levels [23] down to an LoD of 105

CFU/mL in [2].

Different configurations exist. Among them, the sandwich ELISA, illustrated in Figure 2.3b,
is the most common.
First, each well is precoated with capture antibodies. They are named this way because
because of their ability to selectively bind the target bacteria. It is precisely a solution suspected
to contain this bacteria (the analyte) that is next introduced. Then, after washing, specific
antibodies that can bind to the bacteria antigens are added. They form a sandwich-like structure.
This second probe ("detection antigen") is labelled or can be detected by introducing another
labelled probe binding to all the secondary probes. Depending on the labelling, the fluorescence

9
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Culture ELISA PCR MALDI-TOF
Complexity Very low High Very high Very high
Cost Very low High Very high High
LoD 1 CFU/mL 101−6 CFU/mL 101−2 CFU/mL 105−6 CFU/mL
Analysis Time >2 days 10 - 24 h 1-2 h 10 min
Selectivity Very high High Very high High
Reference [6] [15] [6] [26]

Table 2.1: Conventional methods for the detection of bacterial cells (from [2]).

or colorimetric level can then be measured to quantify the presence of target bacteria [10].
Unfortunately, there are many factors that influence the sensitivity achieved by a sandwish assay
and the affinity of the antibody is one of them.
For pre-treatment or pre-concentration steps, immunomagnetic separation can be done by intro-
ducing antibody coated magnetic beads in a bacterial suspension and combining it with almost
any detection methods [6].

Matrix-Assisted Laser Desorption Ionization Time-Of-Flight Mass Spectroscopy:

Unlike previous techniques, which required lengthy incubation procedures, MALDI-TOF MS
can identify bacterial species in a few minutes, directly from a freshly grown colony [21]. There-
fore, identification of bacteria can be directly done from clinical samples, such as blood culture [24].

The classic Mass Spectroscopy is the production of spectra from the detection of mass-to-
charge ratio (m/z) of a bioanalyte. However, this method is restricted to low molecular masses
as small protein (from 1,000 Da to 9,000 Da).
MALDI-TOF, which is a soft ionisation technique, proved to be an effective bacterial identi-
fication [24], it allows mainly the detection of macromolecules (above 10,000 Da) in complex
mixtures without prior purification [25].
The most probable species identity is deduced from a comparison of the mass fingerprint of the
microbial sample with a database. Results are not always obvious as this is based on the analysis
of phenotypic characters, which can vary with culture media and incubation times. [24]. The
distinction between Gram-positive bacteria is not possible either.

If using MALDI-TOF MS is faster (10 [26] to 20 minutes [25]), it is also relatively expensive.
However, some research suggest that it could be used to analyse the antibiotic susceptibility
of bacteria [25]. For Staphylococcus, spectral profiles differ greatly whether it is a methicillin-
susceptible or methicillin-resistant (MRSA) S.aureus.

The comparative Table 2.1 shows that the limit of detection of 105−6 CFU/mL [26] is not the
best compared to ELISA, PCR or especially culture. These characteristics are closer to devices
of the next section: biosensors.

2.2 Biosensors
Even though aforementioned traditional techniques are very sensitive and often used, there is a
real need today for smaller, faster and more precise devices to enable an effective and convenient
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bacterial detection and identification. Biosensors present such potential but still requires further
enhancement to reach at least the same detection levels as established methods which lie within
10 and 100 CFU/mL at a reasonable cost.
Another preoccupation is the ease of use, thus having a device which does not require highly
qualified technical staff. Other biosensors requirements are mentioned in the section 2.1.1.

Figure 2.4: Schematic representation of the four main parts of a biosensor.

What exactly is a Biosensor?
"A biosensor is a system or device which incorporates a biologically active material in intimate
contact with an appropriate transduction element for the purpose of detecting the concentration
or activity of chemical species in any type of sample" [27].

Biosensors are very different from each other but each of them can be divided into 4 important
parts illustrated in Figure 2.4: sample handling, a recognition element, a transducer, and
a readout interface. To be able to achieve detection levels with ever smaller concentrations,
some devices include one and sometimes multiple amplification systems [28].

The following section classify biosensors depending on their transduction methods or, in other
words, how the presence of bacteria is converted into a physical signal, proportional to their
concentration. Three major classes will be described : optical, acoustic and electrochemical
transducers. Nevertheless, literature also reports thermal and magnetic transducers which are
not detailed in this work.

2.2.1 Optical biosensors

This kind of biosensors detects bacteria through minute variations in optical phenomena
(absorbance, fluorescence, luminescence, reflectance). This could be due to a label or a change
in the refractive index or thickness [4], attesting interactions between target analytes and the
bioreceptor [27]. The resulting selectivity and sensitivity make this technique very popular for
bioanalysis [6].
Mechanical techniques as Quartz Crystal Microbalance (QCM) and Surface-Plasmon Resonance
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(SPR), described in the following section, are notable examples of devices that can operate as
label-free, real-time biosensors [10]. But labels are all the same used as amplification methods to
increase these sensors abilities to detect relatively small changes in surface properties.

Tapered Optical-Fibre Biosensors

TOFBS are based on one reliable and sensitive optical method that is evanescent sensing [29].

Initially intended for light propagation with minimal loss (by total internal reflection (TIR)),
optical fibres can also be used for sensing. Reducing, if not removing, the fibre’s cladding will
enable the light travelling inside the core to interact with the fibre’s surrounding. If this cladding
is replaced by the analyte, interaction with the evanescent field of the transmitted light, as well
as attenuations, will provide information on its nature.

Figure 2.5: "The cross-section profile of an optical fibre cut along the long axis. The thick arrow
represents one mode of light entering in multi-mode with an angle of incidence θ. Even though
most of the light is propagated, there is a small portion known as the evanescent field that decays
to 1/e of its value at the core-cladding interface at a distance of dp. Typical SM fibers that operate
at 1310 - 1550 nm have a core of of 8 µm and an overall diameter of 125 µm" (illustration from
[29]).

However, the penetration depth (dp in Figure 2.5) is typically too small (∼ 0.145 µm) for
sensing bacteria (around 1 µm) and is quite limited for protein (around 10 nm). Therefore,
investigators have attempted to manipulate the evanescent field to increase sensitivity and
indirectly, the penetration depth.

Advantages of fibre-optic biosensors include chemical-inertness, compatibility to a wide range
of surface modifications which allow for a better selectivity, low-cost, and the ready availability
of inexpensive lasers and photo-detectors.

Surface-Plasmon Resonance

Surface Plasmon Resonance (SPR) is another use of the evanescent wave.
The main feature is the presence of a thin metal surface (often gold or silver [29]) covering the
dielectric material. This dielectric can be a fibre but also a plate or even a prism so that the path
of light is controlled. The optical energy, instead of interacting directly with analyte or excit-
ing fluorescent molecule, is transferred to the metal layer as packets of electron called plasmon [29].

After this surface has been irradiated with p-polarised light, reflectivity is measured as a
function of the angle of incidence θ. The collective oscillatory excitement of electrons propagating
between the metal film and dielectric interface (the plasmon wave), lead to an almost complete
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Figure 2.6: Illustration of Surface Plasmon Resonance working principle (illustration from [30]).

absorption of light at a specific θ [27]. Therefore, the intensity of reflected light is greatly reduced
and the resulting plot is a curve showing a minimum at this angle.
The condition for resonance, and so the SPR minimum, depends on the properties of the metal-
solution interface. These properties might be influenced by the refractive index of the analyte.
Perturbations as low as an antigen linking to an antibody are enough to change the signal.
Therefore by measuring the resonance angle, information about the bacteria concentration can
be obtained.

Some drawbacks to this method are its complexity and large size instruments. "The devel-
opment of fibre optic-based SPR should alleviate some of these problems"[29]. It is a powerful
technique but still expensive [6].

Fluorescence detection

To enhance sensitivity, several techniques take advantage of a certain form of luminescence called
the fluorescence.
The aim is to produce an extra signal that could be detected. This is called an indirect detection
in opposition to direct sensing that detect a specific target before and after a reaction.
In indirect sensing, a label able to bind to the bacteria is used. This label, previously exited
by absorption of light of sufficient energy, is able to emit a photon (in less than 1 ns [6]). This
phenomena is called fluorescence and happens with little thermal loss.

Another type of sensing is known as the Fluorescence Resonance Energy Transfer FRET. It
requires two probes to generate a unique fluorescence signal: one donor (a fluorophore) and one
acceptor (chromophore). By playing on the the nature of these probes or the distance between
them, we can generate a controlled fluorescent signal.
This distance can be tuned by bringing two different molecules together or by a conformational
change if both donnor and acceptor are on the same molecule [27].

The most common way to bind labels (fluorophores, quantum dots or gold nanoparticules
(NP)) to their target is through antibodies. However, most fluorescent molecules, such as Fluo-
rescein isothiocyanate (FITC), have a limited lifetime which complicates the process.
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Using fluorescence require a light detection device but is most efficient when combined with
established techniques such as PCR and ELISA [6, 11]. In 2015, Wang et al. developed a novel
approach using multicolours quantum dots (QDs) with various emission wavelengths conjugated
with specific antibodies to subsequently capture separately three types of bacteria. Authors
consider that this multiplex fluoroimmunoassay could have enormous potential for "rapid, simul-
taneous multiple pathogenic bacteria detection in various food samples". They obtain a LoD close
to 102 CFU/mL [11] which is one of the lowest quantity up to now.

Colorimetry, Fourier Transform Infrared spectroscopy (FTIR) and Bioluminescence
are other physical principles that can be operated in optical biosensors but won’t be detailed in
this work.

2.2.2 Acoustic biosensors

These are mass sensitive biosensors. The principle that is tapped to obtain a "weighing of
bacteria" is the piezoelectricity (revealed in 1880 by the brothers Pierre and Jacques Curie) [31]
[32]. More specifically, it is the converse piezoelectric effect which produces acoustic waves
in the device if a suitable electric field has been applied on some specific materials [33]. These
waves propagate through the substrate and are then transformed back into an electric field for
measurement. When the piezoelectric element experiences a load [34], it presents a frequency
shift. This is why it can be used to make highly sensitive balances.

Depending on the wave propagation path, either through or on the surface of the piezoelectric
substrate, acoustic devices can be sorted into different categories: bulk and surface wave
respectively.

With different crystallographic orientation of the quartz substrate (or the piezo-ceramic
material) during excitation, many forms of wave can be generated. They can be longitudinal,
transversal or even a mix of both (Rayleigh wave).
Longitudinal waves cannot be employed in liquid due to the fact that their excitation is perpen-
dicular to the liquid environment and would therefore be too attenuated. This is problematic for
the purpose of bacteria detection because their natural environment is a liquid media and they
can’t be dehydrated without risking a denaturation. The Transverse Shear Mode (TSM) does
not have this problem. Its particle displacements are normal to the direction of wave propagation,
then allowing the use of the sensor in liquid media.

The quartz substrate can have varying dimensions and typically operate at frequencies
between 1 MHz and 10 MHz, with a frequency-determination limit of 0.1 Hz and a LoD of mass
bound to the electrode surface of 10−10 to 10−11 g [27]. When it comes to Surface Accoustic
Waves (SAW), these frequencies are more important (30 to 500 MHz [33]) as the propagation of
the wave does not require to go through the whole substrate but only the surface.
Bleustein-Gulyaev (BG) mode, shear-horizontal surface acoustic waves (SH-SAW), Love mode or
Lamb mode are examples of surface generated acoustic waves that experienced a growing interest
in the sensor field in the past few years. We wont go into details in this work but you can find a
lot of information about such devices in the literature [34].
The main problem with the extreme sensitivity of the piezoelectric element is that it is also
sensitive to all kinds of perturbation on the electric field path [2].

Acoustic biosensors can adopt many shapes. In the following paragraphs, we will describe
two of them.
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Figure 2.7: "SAW based biosensor immersed in a sample flow. Analyte molecules binding to the
immobilized antibodies on the sensor surface will influence the velocity of the SAW and hence the
output signal generated by the driving electronics" (illustration from [35]).

The first is Quartz Crystal Microbalances (QCM).
It operates with bulk acoustic waves as it is made of a thin AT-cut quartz crystal sandwiched
between two metal electrodes [36]. The electric field is established across the crystal.
These mass-sensitive devices were extensively investigated as a transducer in hybridization based
nucleic acid biosensors for the detection of gene mutation [32]. DNA is trapped by hybridation
or anti-ssDNA antibodies. In some cases (detection coupled with PCR) gold nanoparticles signal
amplification [32] can be used but this still requires a preliminary cell lysis. To bind whole
bacterial cells, the sensing surface can be covered with the appropriate antibodies. The chemical
functionalization can be done via a chemical functionalization on self assembled monolayers.
Carefully controlling the surface density of immobilized probes increases the limit of detection
and quantification significantly [27].
QCM devices can also be used in the study of microbial biofilm and surface adhesion when
working with whole bacteria.

An other form of mechanical acoustic application is as micro-cantilevers. It uses the same
principle as described before: antibodies are immobilized on the sensor surface and as soon as the
antigenic target (pathogen) binds, the increase of mass causes either a shift in resonance frequency
or a simple deflection of the cantilever. This shift or deflection are both signal proportional to
the target concentration.
What makes them "cantilever" is their shape: composite of a piezoelectric layer (that can bend,
twist or oscillate) bonded to a nonpiezoelectric base. Hence their name piezoelectric-excited
millimeter-sized cantilever (PEMC) sensors. In fact it is the same technology as in a scanning
probe microscope [37]. Consequently, batch fabrication and low cost can be achieved.
Just as AFM, micro-cantilevers can be affected by changes in temperature, humidity [38] and pH
but have the key advantage of being able to detect species in liquid medium, and that, without
any labels. Detection levels as small as 10 cells per ml in a 10 ml sample were reported [39].
However, the position of the target cell along the cantilever affects the frequency shift and
therefore the result [40].

2.2.3 Electrochemical biosensors

Electromechanical transducers are mainly based on the observation of parameters such as current
or potential changes. It excludes previously described biosensors (optical and acoustic).
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These devices provide signals in the form of an electrochemical response as results of target-
analytes reactions, such as a bacteria-antigen binding [10].
Electrochemical biosensors have the ability to operate in turbid media, unlike analytical transduc-
ing systems. Moreover, they have a greater potential of miniaturisation and cheaper equipment
which does not always required skilled personnel [41].

Figure 2.8: An example of a voltametric system. Potentiostat (= data aquisition system)
(illustration from [42]).

These devices can be classified into three main categories depending on the type of signal
that is measured: current, potential or impedance.

Amperometric methods work on the ground of an existing linear relationship between
analyte concentration and current when a fixed potential is applied on the sensor. The voltage,
depending on the redox reaction involved, will oxidize or reduce the analyte which ends up
producing a current at the electrodes.
This may call for redox mediators when direct electron exchange is not permitted. Redox
mediators are "small size compounds able to reversibly exchange electrons between both the sensor
and the enzyme of choice" [6] In biosensors, they are used in combination with a redox enzyme
system that catalytically converts electrochemically non-active analytes into products that can
be oxidized or reduced at a working electrode [42]. For example, with glucose oxidase enzymes
trapped on electrodes, this type of transducers have successfully been used as glucose detector
[6, 43]. In this case, K3Fe(CN)6 (the mediator) is electrochemically detected after accepting
electron from Glucose Dehydrogenase. However, K3Fe(CN)6 can also be reduced by microbial
metabolism and this allows the quantitative determination of bacteria in 20 min [41]. It has been
tested on E.Coli with a detection range from 4.7·106 to 2.4·109 CFU/mL in cultivation medium
[44].

Potentiometric methods measure an open circuit DC voltage whereas the amperometric
system worked on a shorted current.
In this case, when a DC current is applied, electrochemical reactions happen and influence the
potential. Measuring it will therefore provide information on the ionic activity.
These methods are the least used. But they could theoretically detect extremely small changes
in concentration.
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Electrochemical impedance spectroscopy (EIS) works without using enzyme labels or
redox mediators [18]. This simplifies greatly the sensors’ preparation. It is a promising device
due to low cost and ease of miniaturisation [10].

EIS consists in the application of a small amplitude A.C. signal superimposed over a base
constant potential or current. The resulting impedance of the system then provides information
related to interfacial and bulk phenomena [18].
Studying the impedance, requires a mathematical treatment more complex because of its imag-
inary part. This is why, its magnitude and phase are more often analysed than the complete
signal.
This work being based on impedance-biosensors, this topic will be further developed in the
following sections.

Until now, the main drawback of this technique was that it had relatively poor detection
sensitivity compared to traditional methods. However, some authors succeeded in improving the
results by means of some parameters optimisation. Some have managed to improve performances
by changing the recognition element (aptamers in [45]), the sample delivering method (microflu-
idic in [46]), or even to overcome limitations due to extremely low cell numbers by increasing the
concentration of the target bacteria via electrical techniques [47].

Lazcka et al. [6] in 2007 wrote "it is not entirely unreasonable to believe that using the
appropriate electrode configuration and sample pre-treatment steps, detection limits below 103

CFU/mL could be achieved".
But at the same time, Daniels et al. [10] seemed more pessimistic and "doubt that label-free
affinity impedance biosensors will ever achieve the same sensitivity as label-based techniques
such as conventional ELISAs due to the limitations of both label-free detection (eliminating the
possibility of chemical amplification) and sensitivity of impedance readout."

Yasukawa et al.[28] presented a slightly different use of current analysis as the actual signal is
obtained by anodic stripping voltametry which is an electrochemical method for trace analyses of
metal. This amount of metal will be directly related to the presence of their target analyte. Metal
stripping voltametry is considered as "the most sensitive of all commonly used electroanalytical
techniques" [48], it is very effective to detect extremely low levels of metal and thus, minute
changes. Even if Yasukawa’s technique is more oriented towards protein detection than whole
bacteria, it has already reached promising detection limits (0.01 ng/mL).
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2.2.4 Selectivity means

Biosensors are very useful micro-systems which can have a wide range of use. However, when it
comes to organic and living element, we have to pay an extra attention to possible interactions.
In the case of a bacterium (as S. aureus), electrode surface (before and after modification)
should not affect the sample composition or integrity in any way. Gold, which is a well known
bio-compatible metal, is often used when dealing with bacteria.
The ideal biosensor must not only respond to low concentrations of analytes, but also have the
ability to discriminate among species [29]. Sometimes, this is done by using a medium in
which targets can selectively grow [15].
Most biosensors rather include bio-recognition elements. They are biological species which
are added to the system due to their ability to selectively bind the target. These can be
antibodies which can detect the whole cell, DNA strands but also aptamer and peptides. Lytic
enzymes and bacteriophages, which will fragment the cell and release inside compounds which
will become detectable, can also be used.

Integrating these bio-receptors to the micro-system can be done by different techniques.
For bacterial sensing, antibodies and enzymes are commonly grafted on the surface using either
physisorption or self-assembled monolayers (SAMs) [2, 6].
The former is easier as molecules are simply deposed on the surface. But it may results in a poor
coverage, reproducibility and robustness to wash. When the adsorption is stronger (high affinity
functional groups), protein may partly denature and thus lose structure and/or function [18].
This activity loss is usually balanced by the high number of molecules immobilised.
Using SAMs helps to control organic surfaces composition, structure and properties by using
long molecules, often alkanethiols when the substrate is covered with gold, forming ordered
molecular assemblies by adsorbing on solid surfaces. The thiol-extremity allows to develop
a stable bond with gold substrates (red dots in Figure 2.9). The other extremity presents a
functional group which can be modified to bind selected bio-molecules.

Figure 2.9: Self Assembled Monolayers formation: a) active surfactant, b) chemisorbption of
head-groups onto a substrate, c) interactions among backbone hydrocarbon chains ensure an
efficient packing of the monolayer and contribute to stabilize the structures with increasing chain
length.

Some SAMs are reversible and, using the right removal techniques allows for the re-utilization
of the substrate. Lazcka et al. [6] also offered another system more expensive but very effective:
the avidin-biotin system. In this system, biomolecules are anchored to avidin coated surfaces
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but the non-covalent nature of the bonding allows for multiple washing and therefore a possible
re-use of the same sensing device.

Ideally, detection devices should have a high sensitivity to detect bacteria directly in real
samples without pre-enrichment [41]. Real-time readout may improve the achievable detection
limit by monitoring the transient sensor response. This way, the binding signal could be separated
from the slower non-specific adsorption signal and drift in the readout electronics [10].

Instead of trapping the bacteria itself, another innovative approach consists in immobilising
samples of the bacteria directly on the electrode surface so that it would detect anti-pathogen
antibodies present in potentially infected patients [18] (a strategy similar to ELISA). However,
if the concentration is too small, signal changes might be too small as well and undetectable
by impedance biosensors. Moreover, antibodies concentration does not provide an image of the
instant concentration of pathogen. There may be a delay for their production.

Lytic enzymes as selectivity means

Another way of selectively detecting a bacteria is to trap every organic species and lyse only the tar-
get to get a differential signal. This approach involves lytic enzymes to target the desired bacteria.

Figure 2.10: Principle of the selectivity method using lytic enzymes (illustration from [2]).

Couniot et al. [2] gave us the following 5-steps method illustrated in Figure 2.10:

1. The sensor is coated with polydopamine which will bind most of the biological species.

2. The matrix sample containing target bacteria is flown over a clean sensor during 20 min.

3. The sensor is washed with low-conductive PBS 1:1000 to fully remove non-adhering species
and enable sensitive measurement of the admittance over frequency (‖ Y/ω ‖) at 1 MHz.

4. Introduction of lytic enzymes (flown during 30 min) that will selectively lyse target bacteria
if present on the sensor surface.

5. After a second wash with PBS, admittance is measured again
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If bacteria we are looking for are present on the sensor surface, they should be lysed and in-
duce a shift in the ‖ Y/ω ‖ measure. This shift is therefore a sign of our target bacteria’s presence.

Lysostaphin, an endopeptidase specific for Staphilococci cell wall peptidoglycans [2, 64, 65],
was used to selectively break them down. Couniot et al. also used E.faecium as control bacteria.

Labels or not?

Yang et al. remind us that bio-recognition elements are not necessarily immobilized directly on
the sensor’ surface [15]. Labels which are directly grafted on the surface of bacteria play an
important role as recognition elements in the biosensor system.
We can define labels as "fluorophores, magnetic beads, nanoparticles coated with desired antibodies,
active enzymes with an easily detectable product, or anything else allowing facile target conjugation
and convenient detection"[10] They will either be the detected signal, either amplify the existing
one. Labels contribute to enhance the selectivity by binding only to target cells and sensitivity
by causing drastic changes in impedance and allow a smaller quantity of cells to be detected.
The problem is that some label binding can alter the biomolecule properties. One solution is to
use indirect labelling (sandwich essays) as in ELISA.
However, due to its cost, it is mainly restricted to the research field. Labels require extra time,
expense, and sample handling. Not to mention that label-free operations enable detection of
target-probe binding in real time [10].

This is therefore a choice left to the designer.

2.3 Impedance spectroscopy
In this work, we focus on an impedance-based biosensor with interdigitated electrodes. This
section describes more precisely what is impedance spectroscopy and its underlying equations.

Whether it is suspended in the electrolyte (volume-based impedimetry) or captured on the
sensor’s surface (surface-based impedimetry), the impedance-based electrochemical biosensor will
react to the presence of the target cells between its electrodes.
Many reviews report two kinds of detection: direct and indirect detection. While the first detects
perturbations caused by the bacteria’s presence or their metabolism’s products, the indirect
technique does not measure the change in impedance itself. Instead, electrodes detect a variation
in the conductance caused by reactions with gases produced by bacterial metabolism. It can
also make use of the highly ionic cytoplasm of the cells, which is therefore highly conductive (1
S/m) [15]. By the release of the cytoplasm of E.Coli, the solution conductance increases and the
detection of 102 CFU/mL was reported [66].

In the direct technique, the resulting current is measured and compared to the incoming
voltage signal which is applied at a fixed frequency. From this impedance study, information can
be extracted and be used to determine the target cell concentration. The change in electrical
impedance might come from the bacteria itself or from a chemical product produced by bacteria
during their growth [15]. "Because of their highly insulated cell mem-brane, cells attached on an
electrode surface effectively reduce the electrode area that the current reaches and hence increase
the interface impedance" [15].
A significant asset of growth-based (direct or indirect) impedance methods is that they allow
the user to distinguish between viable and dead cell. However, the cell growth takes time and
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makes this method way more time-consuming.

Impedance spectroscopy holds promises due to its simple instrumentation, potentially low
cost, the ease of device assembly [46], its potential for miniaturisation, ability to multiplexed
lab-on-chip applications and above all, its label-free characteristic [10].
It is particularly adapted for applications for which low cost, small instrument size, and speed of
analysis are crucial, but cutting-edge accuracy and very low detection limits are not essential.
This could be a test during a clinic visit or, ideally, part of the medical routine check-up. Never-
theless, there are still some issues about selectivity. Indeed, in real-world, samples also contains
a large amount of non-target molecules.
It is important to specify that, to the best of current knowledge, only surface-based methods can
be used for selective detection of bacterial cell [2].

Studying the impedance (current-voltage ratio) requires a complex mathematical treatment
because of its imaginary part.
To extract information from the impedance signal, the easiest method consists in building a sys-
tem’s equivalent circuit in terms of electrical components, namely resistors and capacitors so
that it matches independent processes which contributes to the system behaviour. Experimental
data can then be fitted on it. Indeed, this is less tedious than solving a system of equations which
would describe all electrochemical phenomena. However information is obtained in capacitance
and resistance terms and their translation into actual physical system parameters is not always
immediate [18].

2.3.1 Impedance calculation

As mentioned above, the impedance measurement’s principle is the comparison a voltage input
with the current response in order to detect the bacterial perturbation.
First, we apply a small AC voltage of amplitude V0 with a variable frequency f ranging from 10
kHz to 100 MHz, on one electrode and we measure the generated AC current (amplitude I0 and
phase θ) at the other one [2].
"Voltage excitation is usually employed in EIS because the most troublesome parasitic impedances
are in parallel with the measured electrode-solution impedance. In most cases, the measurement
process is repeated at different frequencies, yielding Z(ω)" [10].

Figure 2.11: "Complex impedance plane diagram and relation of voltage, current, and
phase"(illustration from [67]).

Signals can be defined as:{
Vtest = VDC + VACcos(ωt)
Itest = IDC + IACcos(ωt+ θ(ω)) (2.1)
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With θ(ω), the frequency related phase-shift.
The system can be considered as linear if: V0 < Ut = kbT/q ' 26 mV [68] (Ut = thermal voltage)
The cosinus signal can also be seen as the real part of a complex signal: cos(ωt+θ) = <{ej(ωt+θ)}

The impedance is defined by the following ratio:

Z(ω) , V0.e
(jωt)

I0.ej(ωt+θ(ω)) = V0
I0
.e−jθ(ω) = ‖Z‖.e−jθ(ω) (2.2)

with ω , 2πf , the angular frequency.

Most of the time, studying impedance can be done by analysing its modulus ‖Z‖ and its
phase θ(ω) whose complex representation is illustrated in Figure 2.11.

2.3.2 Electrodes

A standard Impedance Spectroscopy set-up requires the followings:

At least 2, usually 3 electrodes: two-electrode measurements are usually discouraged, except
perhaps when working with interdigitated electrodes [18].
- A Working electrode (WE) where current is measured and that can be biofunctionalized.
- A Reference electrode (RE) that maintains a fixed, reproducible electrical potential between
the metal contact and the solution.
- A Counter electrode (CE) which supplies current to the solution to maintain the desired
electrode solution voltage.

When sensors have a pathogen detection goal, a relatively large surface area and a large
surface to volume ratio is required to reach very low levels of detection [15]. "This is particularly
true in the case of small size interdigitated electrodes, IDE, where the electrode width and gap,
typically of comparable sizes, are also of a similar order of magnitude to the target pathogen."
[18] Indeed, in an IDE system, also known as InterDigitated Array (IDA), bacteria cells in the
growth medium have more opportunities to adhere to the interdigitated electrodes’ walls [15].
Depending on geometry, the inter-electrode capacitance can degrade sensitivity to changes at
the electrode-solution interface. Indeed, it was reported that 95% of the current between the
two finger electrodes in an IDA flows above the electrode surface within a distance that equals
the sum of electrode width and space. Each sensor should therefore be designed according to
the biological entity it aims to detect. For bacterial detection, micrometer IDA electrodes are
most suitable. "Generally, microelectrodes have great advantages over conventional electrodes for
analytical measurements, such as low resistance, high signal-to-noise ratio, rapid attainment of
steady state, and the use of small solution volumes" [69] from 1-2 ml to 15 ml.

2.3.3 Circuit Models

As seen previously, the easiest method to extract information from the impedance signal consists
in building a system’s equivalent circuit in terms of electrical components combined in series
or in parallel. This equivalent circuit will itself have an impedance that can be calculated and its
modulus and phase could be represented in a Bode plot. Circuits’ component can be resistors, ca-
pacitors or inductances. Details on their impedance modulus and phase can be found in Table 2.3.

The capacitance expression can be simplified as follows:

C = εrε0A

d
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with ε0 = 8.854 x 10−12 F/m which is the vacuum permittivity, εr the relative dielectric constant.
A is the surface of plates composing the capacitance or here, electrode area and d is the distance
between these plates which can be the "insulator thickness" or, when looking at electrodes, the
"gap" between them.

In order to create an equivalent circuit as representative as possible, there are some aspects of
impedance-based detection in liquid media that should be studied. Here is a list [10] of different cir-
cuit’s elements that will play an important role in the signal interpretation followed by their origin.

• Rsol and Csol the solution resistance and capacitance linked to its ions content.

• Csurf , the capacitance between the metal electrode and ions that include the capacitance
due to the surface modification (as insulating layer) and double layer capacitance. It can
often be modelled by a constant phase element (CPE) instead of a capacitance.

• Rleak, resistive path present in parallel of Csurf in nonfaradaic sensors. It is replaced by
Zw and Rct in series in faradaic sensors.

• Zw ' A
√

2√
ω

is the Warburg impedance corresponding to a delay arising from the diffusion of
the electroactive species. Phase shift: −45◦.

• Rct is the Charge transfer resistance which is due to two effects. Energy potential associated
with the oxidation or reduction event at the electrode and the energy barrier of the redox
species reaching the electrode due to electrostatic repulsion or steric hindrance.
These components can be determined separately using specific frequencies and experimental
conditions [2, 15].

Signal representation: In the case of interdigitated electrodes, the results should mainly
follow a capacitive behaviour. This means that the impedance signal, as written in Table 2.3,
can be defined as Z ≈ 1

jωC
.

To study the evolution of the signal measured across a frequency range from 100 to 106 Hz, we
focus on its modulus and phase. The Bode diagram is a log-log plot of the magnitude and phase
of an impedance, transfer function, or other frequency-dependent complex-valued quantity which
can help the interpretation of resulting responses with respect to the frequency [70]. Magnitude
and phase are respectively expressed in decibels and degrees. They are plotted using logarithmic
x-axes and the magnitude a logarithm y-axis as well.
Decibels expression of a dimensionless quantity G is obtained as follows: ‖G‖dB = 20log10(‖G‖).
It is recommended to avoid taking the logarithm of a quantity having a dimension. Ideally, the
impedance magnitude should be first normalised by dividing by a base impedance Rbase. A
common choice is Rbase = 1Ω.

The developed expression for the logarithm of the impedance modulus is log(Z) = −(log(ω) +
log(C)). Therefore we expect a straight line with a negative slope. In a bode plot, this slope
would be -20 dB/decade. In any case, the expected phase is a constant close to −90◦.

Debye’s length: A material immersed in electrolytes leads to charge redistribution. The
Debye’s length, proportional to the square root of ion concentration [10], describes an area over
which any electric field arising at the electrode will decay due to a local buildup of excess ions of
opposite charge.
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Impedance (Z) Modulus phase
Resistance R R 0◦

Capacitance 1
jωC

1
ωC

−π
2 = −90◦

Inductance jωL ωL π
2 = 90◦

Table 2.3: Equivalent circuit’s components impedance.

This effect creates a capacitance called the double layer capacitance CDL. It appears in Figure
2.12.
The double layer capacitance is voltage-dependent because, increasing the electrode voltage,
attracts the diffuse ion layer which modify the capacitance [10]. This term will be in series with
Cins, the capacitance formed by the insulator which might cover the electrode. Together, they
are sometimes referenced as Csurf .

Figure 2.12: "Schematic representation and equivalent electrical model of the solid-electrolyte
interface.(a) RCT is the charge transfer resistance, ZW the Warburg impedance, CDL the double
layer capacitance and RS the electrolyte resistance. (b) Dependence of the local charge and
potential with the distance. Ψ0 is the surface potential, ξ is the zeta potential, σs the charge of the
solid material, σ0 the charge in the Stern layer and σDL the charge within the electrical double
layer." (illustration from [2])

The Solution: In addition to the nature of the electrodes, the bulk solution also influences the
resultant signal due to the presence of ions. This solution is represented by the parallel association
of Csol and Rsol, and should not be affected by cell binding unless some of the cytoplasm, which
has a high conductivity, is released into it.

Bacteria: The cell membrane, consisting of a lipid bilayer, can be seen as a parallel combi-
nation of resistances which symbolise its ionic channels. It has highly insulating properties.
The membrane resistivity is in the range of 1 M to 100 GΩ/µm2, or a conductivity around
10−7 S/m, whereas the inside of the cell can reach 1 S/m which is quite high [15]. It contains
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membrane-covered particulates, organelles, and many dissolved charged molecules which make
the cytoplasm so conductive.
For a thickness of approximately 8 nm, the membrane capacitance is around 0.01 pF/µm2

"The study showed that the presence of intact cell membranes on the electrodes determined the
current flow and thus the sensor signal." [15] But a growing cell also influence the signal as the
occupied electrode’ surface increases as well as the interface impedance.
These different contribution must be carefully separated during the analysis.

Faradaic vs non faradaic interfaces: When electrochemical reactions between biological
species and the electrolyte medium happen, an electron transfer takes place through faradaic
electrodes. This often implies redox reactions.
For example, in [71], Fe(CN)3−/4−

6 is used as a redox probe. Electron transfer between this
redox probe and the electrode is progressively blocked by the binding of E.coli (the target cell) on
the antibody-modified surface and bio-catalysed precipitations which create a signal amplification.

If no DC current flows through the solid-electrolyte interface Rct and Zw can be discarded,
the interface simply consists in CDL in series with Rsol. This is the case in bacteria detection
which involves no redox reaction and electron exchange. Such electrodes are non-faradaic.
This is similar to the model suggested by L. Yang and R. Bashir [15] whereby the impedance
can be expressed as: | Z |=

√
R2
sol + ( 1

πfCDLD
)2

Figure 2.13: Schematic top and side view (not at scale) of a rectangular IDE (illustration from
[2]). For reason of convenience, only two electrodes are represented but sufficient to depict
components that compose the equivalent circuit.

2.3.4 Microfluidic

Conventional impedance-based method are not very effective for very small bacterial cell concen-
tration. It might take a while for the impedance to change by a measurable amount [72].
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One solution is to detect the same number of cells but in a smaller volume, the effective cell
concentration and the impedance variation being increased.
When we use microfluidic, we can get volumes as small as nanoliters (even attoliters in some
cases [73]) using channels with dimensions of one to hundreds of micrometers. Therefore, the
sample amount required is reduced. Not to mention that it makes it possible to develop compact
and portable systems [73].

When using microfluidic devices for cell biological application, poly-dimethyl siloxane
(PDMS) is widely used. This elastomer is transparent, bio-compatible, permeable to gas
and can be transformed into microfluidic devices through simple molding procedures [74].

This field is of great importance for the development of technological applications like lab-on
chips. Getting smaller also means shortened diffusion time and a better predictability of the
flows. Indeed, at this scale, forces like gravity have negligible impact, and the flow is laminar
in most cases. The liquid propagation might be driven by "electro-osmotic flow", "shear-flow" or,
pressure. The time required for the diffusion of a molecule is also reduced which enables fast
response micro-system.
However, this technique has some drawbacks which includes: a relatively slow diffusive mixing,
complication of protocols and the affinity of PDMS for small hydrophobic molecules and thus a
possible adsorption that could bias the experimental conditions [59].

2.4 Fabrication techniques
In this master thesis, we focus on the electrodes’ geometry. More accurately, we are interested in
varying electrodes’ height/thickness in such a way that bacteria would be more likely located
between two of them. Indeed, this space is where the electric field will be the most concentrated
and thus field variations can be more accurately detected.

Materials used in electrochemical biosensors are classified as follows [75]:

• Materials for the electrode and supporting substrate

• Materials for the immobilisation of biological recognition elements

• Materials for the fabrication of the outer membrane

• Biological elements, such as enzymes, antibodies, antigens, mediators and cofactors

As in a lot of microfabrication processes, we will use a silicon wafer and glass (borosilicate,
pyrex type) as support. Silicon is often employed for its favourable mechanical and electrical
properties.

In the previous design developed by Couniot et al. [2], electrodes reached a maximum
thickness of 1 µm. This can still be qualified of thin film and, therefore, aluminium deposition
by evaporation was relevant. It would not be the case in this work for reasons which will be
described in section 2.4.1.

With regard to biological element, we choose to keep the polydopamine coating used by N.
Couniot [2].
As for the packaging, which has a secondary role, we will not discuss it here. Indeed, sensors are
still at an experimental stage and will only be tested in a microfluidic circuit.

2.4.1 High aspect ratio structures

In microfabrication, High Aspect Ratio (HAR) structures are more complex to realize but
several techniques are still possible.
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Lithography, electroforming, molding (LIGA) and other photolithography-related processes
address the aspect ratio problem by employing deep resist layers.

Figure 2.14: High aspect ratio microfabrication techniques (illustration from [76]).

To be suitable for thick deposition, the resist must satisfy stringent requirements. A high
viscosity is required to reduce the lateral flow and obtain the stable thick resist films needed in
HAR patterning [77]. This is the case of polyimide, with achievable thicknesses ranging from
1 to 10 µm. With this resist, process can be performed upon substrates containing standard
CMOS circuitry [78]. Nonetheless, some problem of copper migration can occur in this polymer.
Initially, the LIGA resist was mainly PMMA (poly-methyl-methacrylate), which required 5–10
h exposure with x-rays from a synchrotron. At an energy of 3 to 10 keV, X-rays penetrate deep
resist layers without significant absorption or scattering [76], which allows for reaching resolutions
of 1-5 µm.
With the advent of the SU-8 resist, exposure time was reduced from hours to minutes. As soon
as it was realized that SU-8 resist was sensitive to UV radiation as well, the cost competitive
technique UV LIGA was created. While X-rays requires expensive gold-on-beryllium masks,
photolithography with SU-8 can be done with a conventional mask aligner and conventional,
commercially available, chrome-on-quartz masks.

A better alternative is the high contrast and epoxy-based photoresist KMPR. It is designed
to coat 4 – 120 µm-thick layers in a single step thanks to its high viscosity (see microChem data
sheet [79]).
Even if SU-8 resist is currently the most widely used thick resist for electroforming masking,
KMPR has a considerable advantage: it can easily be removed after the process using commercially
available chemical removers [80].

Besides, other techniques are available for the creation of high aspect ratio structures but
they do not meet our needs.
Thin film multilayers (sometimes involving sacrificial layers) are possible and, unlike thick
resist, structures produced following this method can have vertical features. However, when using
different materials, this technique creates numerous interfaces which are a significant source of
weaknesses. Furthermore, such structures are limited in height. A cheap way to overcome this
problem and form structures such as buried micro-channels is wafer bonding.
Hot embossing also shows good results, allowing a low cost and flexible fabrication but it is
limited to polymeric microsystems [81].
Another option consist in removing material from a thick layer to create 3D microstructures:
Deep Reactive Ion etching (DRIE) can produce such structures in the wafer itself without
requiring an intermediary thick resist [76]. First, a conventional lithography step will define
features in a masking layer on the surface of the wafer. Non-protected areas will be etched.
To etch deeply enough, this form of plasma etching alternates vertical etching and sidewall
passivation steps. However, this etching technique is limited to silicon-based substrates.
Excimer laser machining, electrical discharge machining, and even ion beam milling are
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material removal methods that are becoming effective construction tools on micrometer scales,
but they lack of geometric versatility of formation and are limited by the properties of the
material to be transformed [82].

Problems related to in thick resist films [79]:

When using thick resist to define high ratio structures, there are several points that must be
considered.

BSpinning curve: To predict the thickness of the resist film, spin curve can be used. They
contain information about time and speed required to reach the targeted thickness. More viscous
resist will tend to stay thicker for a same speed but also form edge bead.

BUV exposure: A thick resist is is defined by film thickness much higher than the penetra-
tion depth of the exposure light [83]. This means more than 5 µm thick for a standard positive
resist and exposure wavelength (g-, h-, i- lines). The phenomenon which makes a complete
exposure possible is the bleaching of the resist. In fact, DNQ-based resists (including AZ
series) become UV-transparent during exposure and allows a progressive light penetration.
The consequence is that a thick resist will need a longer exposition and thus a higher dose.
Special attention should be paid to the determination of the optimum exposure dose. Indeed,
if it is too high, undesired exposure by scattering, diffraction and reflection of the resist which
should not be exposed might happen.

BSurface adhesion is very important to avoid a peeling of the resist, which could be
problematic for next steps. There are some process improvements that can increase this adhesion.
Metals such as aluminium or titanium generally induce a very good resist adhesion. An optimal
soft bake contributes to this as well as the use of adhesion promoters such as hexamethyldisilazane
(HMDS) or TI PRIME (titanium primer), which make hydrophilic surfaces hydrophobic, thus
improving the resist adhesion.

BMechanical cracks: During exposure of DNQ-based resists (such as the AZ4562), the
photo active compound diazonaphtoquinone (DNQ) is converted into indene carboxylic acid with
a nitrogen molecule (N2 ) as a side product. The N2, once trapped into the resist film, causes
strong mechanical stress expanding and cracking the resist. They also increase dark erosion, the
loss of unexposed resist film thickness.
A too long soft bake might also embrittle the resist film by reducing too much its solvent
concentration.

2.4.2 Passivation layer

In this work, our biosensors present multiple electrodes which will be in contact with the analytes’
solution. To protect these electrodes from corrosion and promote cell adhesion, the hydrophilic
nature of alumina (Al2O3) [84] and its chemical inertia are highly desirable.
Alumina is the most common species among the aluminium oxides and is often referenced as
aluminium oxide [85]. It is commonly found under a crystalline polymorphic phase and its
most common crystalline form, known as corundum, is the second hardest material after diamond.
Any exposed aluminium surface will turn into Al2O3, a passivation layer, which protects the
metal from further oxidation.
This major engineering material offers a combination of good mechanical and electrical properties.
It includes a good strength and stiffness, a popular corrosion resistance and thermal stability
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and, for electrical features, excellent dielectric properties [85]. Its non-toxicity makes it an ideal
choice for biological applications.

Hereafter we describe two deposition techniques for alumina: Anodization of an aluminium
layer and the Atomic Layer Deposition (ALD).

.Anodization : It takes advantage of the natural passivation phenomena that occurs on
aluminium surface if exposed to the right condition.
The first step will consist in depositing a layer of aluminium on the surface. It will automatically
oxidize upon contact with the air, producing a thin layer of native oxide. The anodization
properly speaking is the electrochemical process employed to increase the thickness of this native
oxide by oxidation of the underlying metal.
To meet the thickness requirement of our biosensor, we avoided aluminium electrodes. For this
reason, anodization is not suitable.

.ALD : It stands for Atomic Layer Deposition. This method relies on alternate pulsing of
the precursor gases onto the substrate surface [86], on a sequential exposure, and on self-limiting
surface reactions of chemical species to deposit thin films [84].
For example, the deposition of alumina (Al2O3) on silicon is achieved by using exposures of
trimethylaluminium (TMA, Al(CH3)3) and water [87]. Between precursor pulses (TMA), the
reactor is purged with an inert gas, hence the name of sequential exposures.
Under proper conditions, the growth of the alumina layer is stable and constant between each
deposition cycles but it remains nonetheless very slow [86]. The resulting coating is conformal
and has a highly controllable thickness.
ALD can be performed following two different methods: the conventional thermally-driven ALD
or the plasma-assisted ALD. The latter, by replacing H2O by O2 plasma, leads to a wider choice
in material properties, substrate temperature, and even processing conditions [88].

Alumina ALD on nickel is uncommon. Jeffrey R. Wank et al. [87] reported a coating of
nickel particle with Al2O3 with a ALD-Fluidized Bed Reactor however the coating thickness
never exceeded 11 nm.
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Chapter 3

Methodology

In this master thesis, we focus on one sensor type: an impedance spectroscopy detection via
interdigitated electrodes.
The reference design is inspired from those developed by Numa Couniot in his PhD thesis
[2]. They are small rectangular (illustrated in Figure 3.1a) or circular shaped sensors with
interdigitated 1 µm thick aluminium electrodes.
In his thesis, Couniot mentioned the possible gain of sensitivity by slightly increasing the electrode
thickness. Based on numerical simulations, he identified an optimum at h = 0.7 µm, however,
this only holds when considering that the number of trapped bacteria between electrodes is
independent of their thickness. It was therefore interesting to investigated the real impact of this
parameter. This is the aim of this work.

This chapter describes the methodology used for the fabrication and bacteriological tests of
these modified sensors.

(a) (b)

Figure 3.1: a) Schematic representation of a rectangular IDE sensor’s top view. b) Schematic
representation of sensors organised on a chip and the microfluidic cap position (top view).
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Figure 3.2: The mask created with CADENCE for the photolithography step. Different kind of
cells have been reproduced all over the mask. Each of them contains 12 sensors.

Figure 3.3: The mask created with CADENCE software for the definition of PDMS caps. Only
the models of the middle are used for PDMS caps.
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3.1 Design

3.1.1 Proportions optimisation

The proportions of the sensors have an important impact on the final results. We analysed how
the thickness (h), the electrode width (w) and the gaps (d) between the electrodes (illustrated in
Figure 3.4a), would influence the bacterial detection.
The more h and d increase, the more important the effective surface. This is the area on which
bacteria can adsorb and then be detected. Depending on where they adsorb (see Figure 3.4b),
bacteria will not have the same impact on the detected signal and the sensitivity ∆S.
The electric field is the strongest right between the electrodes and thus, species present in this
spot will have an impact of P = 1 whereas these on top of electrodes are in the leakage field and
have a smaller weight (P ′(< 1)).

S ∝ w ∗ P ′ + (2h+ d)P (3.1)

C = εrε0 ∗ h ∗ L
d

(3.2)

In order to get the best ∆S as possible as well as a high capacitance, a higher h is always
beneficial. However, w should be kept as small as possible whereas d is the most debatable. It
increases the effective surface but is present in the capacitance’s denominator which decreases its
value.

(a) (b)

Figure 3.4: a) Schematic IDE cross section. b) Different possible placements of a bacterium
between two finger electrodes and their respective weight on the electric effect P or P’.

As we decided to test higher electrodes, h is more important and thus compensates the larger
gap. If we decided to keep the same ratio h/d than the original one 1, which is 1/4, for an
average of 5 µm high electrodes, we could theoretically have gaps of 20 µm which is bigger than
our largest gap (8 µm).

For the tests with bacteria, we only used sensors of design ’C’2 (w = 2µm and d = 6 µm).
According to this analysis, this geometry is more than acceptable to get optimum results.

1Form Numa Couniot’s PhD thesis.
2This notation is explained the next section 3.1.2 and in Table 4.3.
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Gap d (µm) 2 4 6 8
Width w (µm)
1 / I / /
2 K A C L
4 J B D E
6 / H G F

Table 3.1: Summary of every electrode proportions tested. Each type name from ’A’ to ’L’ has a
different combination of width and space between electrodes.

3.1.2 Sensors’ types

Increasing the electrodes thickness might create difficulties. Indeed, narrow structures might col-
lapse or, at least, lose in stability. To prevent such things from happening, we chose to test various
fingers electrodes width and gaps (Figure 3.4a ) between them. The gap should not be too large
as it increases the volume in which bacteria might get diluted and, consequently, reduces the signal.

The photolithography step, explained in following sections, requires a chromium mask to
pattern the resist. We created this mask using the software CADENCE. It is illustrated in Figure
3.2. On this mask, we chose to only create rectangular sensors as the circular shape brings an
extra difficulty in the interpretation. Moreover, its benefits over a rectangular shape are not
clearly established.
Table 4.3 gathers every width - gap combinations tested. Each width - gap combination is named
with a letter from A to L.

For the microfluidic, we selected a model of cap present in N. Couniot’s thesis [2], a single
channel large enough to contain two rows of six sensors (Figure 3.3). These twelve sensors are
gathered in what we will call "cells" or, once diced, "Chips". These "Chips" are represented in
Figure 3.1b.
There is, at the end, seven different types of cells which were duplicated all over the first chromium
mask used for the photolithography step.

3.1.3 Electrode materials

Motivated by its compatibility with microelectronic processes (CMOS), the original process
included aluminium electrodes. In this work, it was no longer an option because the aluminium
layer was build up by evaporation and this process only works with thin films (around 1 µm).
Because the aim of this master thesis is to study thicker electrodes (more than 1 µm thick), this
is no longer applicable.
We have therefore changed, not only the process but also the metal used for the electrodes
fabrication.
In most applications, gold is a favoured choice for the fabrication of the electrodes. Indeed, as
platinum, this noble metal is inert and known for its bio-compatibility. It is known as well for
being used as thin adhesion layer in thiol-based SAMs. However, when thicker structures are
required, gold becomes a very expensive option.
Chromium and indium-tin oxide (ITO) are other widely used materials.

The selected technique is electroplating. We had the choice between gold, cooper and
nickel as widely plated metals [89]. Gold was excluded for price reasons. Nickel, which also have
a really good electric conductivity, is, as chromium, known for its properties of anti-oxidant and
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wear resistance. This is a clear advantage over copper which has not only antimicrobial actions
but oxidise itself really fast over two hours.

For all these reasons, we selected electroplated nickel to form the sensor’s electrodes.

3.2 Fabrication
The fabrication of thick electrodes requires thick resist films to act as a template during the
electroplating. KMPR and SU-8 have been considered for use but these resists are quite specific
and really viscous. This could cause troubles for fines structures, sometimes 1 µm large lines, we
would like to create. As our maximum desired resist thickness is about 10 µm, AZ4562 positive
resist (which has an attainable thickness up to 30 µm) is a better option. It has an optimized
adhesion for common plating process and is compatible with all common developers and strippers.
As it is a positive resist, all exposed areas of the resist will go away. This parameter must be
taken into account in the mask conception.

3.2.1 Nickel electro-deposition

The solution we selected to obtain high aspect ratio electrodes is electro-deposition. Its operating
principle is the following: from a liquid phase, a metallic salt is reduced and will coat the cathodic
surface.

Because of its high deposition rate, nickel is suitable for depositing hundreds of µm to several
millimetres coating. It is also a well studied electrolyte which is mastered and does not produce
hazardous gases when electrolysed. Nickel sulfamate is known for easy handling and is relatively
cheap.
Nickel coating is created from a simple salt solution, which produces a lot of cation because it is
almost fully dissociated and has a high cathodic optimum yield. The reduction which happens
when nickel is deposited on the substrate is the following:

Ni2+ + 2e− −→ Ni (3.3)

The total mass dropped off (m) is a function of the average current intensity I and of the
time t during which I is applied [90]:

m = I.t

F
.
M

n
(3.4)

with M the molar mass, expressed in g/mole, F the Faraday constant (F = 96,485 C.mol−1

[91]), and n the number of electron involved in the reduction.
For nickel, whose M = 58.59 g/mole and n = 2, M

nF can be considered as a constant of 1, 095 g/C.

Even if this formula is already a good approximation, it does not take into account the
electrode efficiency. If accurate values are required, M

nF , the proportionality constant, must be
multiplied by α, the actual electrode efficiency ratio.
For the anode, α is set to 1 because it is almost always 100 % under practical electroplating
conditions for nickel dissolution [92]. It is interesting to note that, under unusual conditions (pH
of the solution too high, chloride ion concentration too low), the nickel anode might become
passive and α, for anode dissolution, will drop close to zero [92].

Regarding the cathode, α is never 100 % due to the existence of some parasitic reactions.
Indeed, some of the coulomb supplied will be used for proton reduction. The discharge of
hydrogen ions from water, which forms bubbles of hydrogen gas at the cathode surface, will
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reduce its efficiency. Its value drops to approximately 96% in an additive-free nickel electroplating
solution.
The importance of these secondary reactions can be estimated by studying the ratio between
real metal mass deposited and its theoretical value.

α ≈ mexperimental

mtheoretic
(3.5)

α ranges from 0.90 to 0.97 for different nickel plating solutions. We can use an average
cathode efficiency of 95.5% to make estimates when precise values are not essential [92].

The parameter we would like to control is the average thickness (e). The following equation
gives e starting from the total mass dropped off [93].

m = v × ρ and e = v

S
or e = m× 100

ρ× S
(3.6)

with ρ [kg/dm3] or [g/cm3] , and v being respectively the density and the volume of deposited
metal while S is the surface covered.
In the case of nickel, the density at room temperature is ρ = 8.907 [g/cm3] .

The average speed of deposition V [µm/h] is given by Equation 3.7.

V = e

t
= M

nFρ
.
I

S
(3.7)

And the current density we need for a given thickness can be expressed by Equation 3.8.

Jlocal = nFρ

M
.
elocal
r.t

in A/dm2 (3.8)

with e in µm and the time t in hours.
A phenomenon to pay attention to is "current concentration inhomogeneities". This is especially
important on edges of resist delimited patterns. The insulating-conducting material junctions
are the most likely to cause electrical discontinuity but it also might take place on bumps of a
rough surface. These inequalities tend to increase as current concentration will lead to a larger
metal deposition [90].
Reducing the current density minimises edge-effects and resulting in a more homogeneous metal
thickness.
Other techniques like using isolating shapes to modify the current flow are also possible.

Adhesion interface

The electroplating requires a conducting surface to deposit the plated metal onto. Both substrate
we use have insulating surface, therefore, we need to add a metallic layer that will act as a
conduction layer.

Strong adhesion exists in nickel film on copper surface. However, the opposite is not true:
void will be created between Cu film and Ni substrate even if both present a crystallographic
coherency and metal-metal bonds can form at the interface [94].
Consequently, a metallisation step of copper must be planned on a titanium layer, which will
ensure copper adhesion on silicon.
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Deposition of Al2O3

To obtain conformal and well controlled passivation layers, we chose the Atomic Layer De-
position method. Alumina (Al2O3), which has often been used as non-toxic coating, seemed
appropriate for our application. Its main utility is to protect nickel electrodes from corrosion
when they are used in bacterial solutions.

We based ourselves on previous works, including Numa Couniot’s thesis, to choose the atomic
layer deposition. Nevertheless, performing ALD at room temperature is an extremely long
process and even thicknesses as small as 30 nm might take days to be achieved. Furthermore,
thermally deposited ALD layers exhibited better electrical characteristics (based on capacitance
measurements) [95] for alumina deposition with TMA, there is no advantages to choose either
thermal or plasma. Therefore we chose the standard procedure: a temperature of 150 ◦C and a
thermal ALD with an expected Growth Rate Per Cycle of 0.9 Å/cycle instead of plasma ALD.

Figure 3.5: Fabrication process of high aspect ratio nickel electrodes.

3.2.2 Process

Biosensors are manufactured on wafers with a 76.2 mm (3 inches) diameter.
We started with ten silicon wafers (330 µm-thick) and then moved to transparent fused Quartz
substrates (500± 20µm-thick)3 for a possible inverted microscope analysis.

B 1. Cleaning:
All wafers were first cleaned following a standard method.
First, a piranha bath (H202 : H2SO4, 2:5) during 10 min. One bath is enough because wafers
were all new ones.
Then, all of them were rinsed in 5 bath of DI water. Silicon substrates (but not quartz) under-
went an extra step, an immersion in a 2% solution of hydrofluoric acid (HF) to remove the thin
oxidation that the piranha created.

B 2. Oxidation (only silicon wafers): (Figure 3.5 a.)

3Reference T23004 by SIEGERT WAFER.
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Layer Deposition rate Pressure Current Power

Titanium 1 1 Å/s 1.5 ·10−7 mbar 80 mA 16.2 %
Copper 1 Å/s 2 ·10−7 mbar 29.3 mA 5.9 %
Titanium 2 1 Å/s 1.1 ·10−7 mbar 86 mA 17.4 %

Table 3.2: Metallisation parameters for the VACOTEC.

To avoid possible leakage due to the semiconductor nature of the silicon, a thin layer of oxide
is created for electric insulation. The wet oxidation of the silicon surface is performed at ∼
900 ◦C to obtain a 300 nm thick oxide layer.

B 3. Adhesion layer : (Figure 3.5 b.)

Before proceeding to the electroplating, a conductive layer is needed. Moreover, this layer
will also improve the nickel adhesion.
We chose to deposit a titanium - copper - titanium sandwich structure with standard ratio:
5 nm Ti - 100 nm Cu - 10 nm Ti.
The adhesion as such is provided by the first titanium layer and by the copper: copper adhere
with the nickel electrodes and titanium allows the copper adhesion on silicon. The second
titanium layer has a protective role for copper against oxidation and should be removed right
before the electroplating.
The metallisation of both titanium and copper are done by evaporation in a rotate mode in the
Dual E-gun evaporation system Vacotec with parameters in Table 3.2.

B 4. Photolithography: (Figure 3.5 c. d. and e.)

To define the desired electrodes pattern, a photolithography step is needed. The adapted
chromium mask has previously been designed on CADENCE software (Figure 3.2).

Two resists were selected: AZ c©6632 and AZ c©4562 from MicroChemicals.
AZ6632 is an advanced photoresist which presents a high thermal stability while AZ4562 is a
positive resist adapted to 3 µm and more deposition. They both have a high development rate.

Initial parameters were the following:

∗ AZ4562:

• Spin coating: 21 ◦C – 2000 rpm for an expected thickness of 8.77µm

• Soft bake: 100 ◦C on a hotplate during 60 seconds

• Exposition: Hard contact with K& W MA 1006 4, 46.5 seconds (UV power∼ 450 mJ/cm2)

• Development: AZ 826 MIF, about 2 minute 30 with agitation and rinsing with water

• Post bake: 115 ◦C, 50 seconds (hotplate)

∗ AZ6632:

4Photolithography machine.
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• Spin coating: @ 21 ◦C – 2000 rpm for an expected thickness of 3.7µ m

• Soft bake: @ 110 ◦C on a hotplate during 50 seconds

• Exposition: Hard contact with K& W MA 1006, 12.5 seconds (UV power ∼ 100 mJ/cm2)

• Development: AZ726 MIF, about 2 minute 30 with agitation and rinsing in water.

• Post bake: @ 125 ◦C 50 seconds (hotplate)

B 5. Electroplating of Nickel: (Figure 3.5 f.)

Before starting the electroplating, the titanium protective layer must be removed. To do so,
we use Titanium Etchant TFT 5 with an etching rate of 25 Å/sec at 20 ◦C. Therefore, for a 10
nm layer, 5 seconds of immersion is needed.

Nickel which composes the electrodes is deposited by electroplating from a nickel sulfamate
solution 6 with a nickel typical content of 10.2 oz/gal (∼7.66 g/L).
We targeted 4 different electrode thicknesses: 1 µm, 2 µm, 5 µm and 10 µm. The time and the
current applied to obtain such thicknesses e, are predicted by Equation 3.7.
In order to set the proper current, we calculated the total surface that would be plated by means
of the software CLEWIN (S = 1.318829 cm2).

To ensure a good adhesion and decrease internal stresses, we first applied a current of 2.63
mA during 2 minutes to create a very thin seed layer. Afterwards, we applied a current density
of 7 mA/cm2 which correspond to a current of 9.2318 mA.

B 6. Layers removal: (Figure 3.5 g. and h.)

To remove the resist, AZ 100 remover, DMSO or other common organic solvents can be
used. A simple acetone bath is enough but not recommended because of its high vapour pressure.
Nevertheless, as we used it, a subsequent rinse with isopropyl alcohol immediately after the
acetone step was performed in order to remove the resist contaminated acetone residual-free [96].
Before going further, the remaining "protective titanium layer" must be removed using the Ti
TFT solution.
Afterward, to suppress copper between electrodes we use: « Copper etch 49-1 » which has a
22 Å/s rate at a temperature of 30 ◦C. This gives us an approximative time of 46 s of application.
This product is said to be "nickel compatible" [97].

Then the "titanium adhesion layer" is removed as well with the same product as mentioned
earlier. 25 Å /s @ 20◦ C means about 2 seconds of application are necessary to etch the 5 nm layer.

B 7. Alumina ALD: (Figure 3.5 i.)

The wafer is covered with a desired Al2O3 thickness of 30 nm using a thermal ALD7 with
trimethylaluminium (TMA) and H2O as precursors.
The temperature was 150 ◦C and the cycle was repeated 330 times.

B 8. Connections:

To be able to reach nickel under the insulation layer of alumina, pads’ surface is scratched
with the probes right before the measurements.

5Integrated circuits and SiO2 compatible and low nickel etching.
6Sulfamate Nickel Plating SN-10 by TRANSENE.
7On the ALD system Cambridge Fiji from WinFab.
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3.2.3 Microfluidic cap

Once the sensors are fabricated, we manufactured the microfluidic part. The main component is
a thick PDMS cap that will guide fluid onto a set of sensors.
However, in order to be able to carry out a proper measurement, connections must be kept out of
the channel and protrude from the PDMS as illustrated in Figure 3.1b. This means the PMDS
must cover structures which can be up to 10 µm thick. To prevent any leakage, KMPR walls
were previously created to support the microfluidic cap using the following steps:

1. Cleaning wafers using the standard cleaning.

2. HMDS treatment.

3. Coating of KMPR 1050 at 1500 rotation per minute (rpm) and 1000 rpm/s during 60 sec.

4. Soft bake: 20 min at 100 ◦C. After, the wafer must cool down overnight.

5. Exposure during 120 s at 260 W (v 1200 mJ/cm2) through the mask in Figure 3.3.

6. Post exposure bake: 4 min at 100 ◦C.

7. Development in AZ 726 MIF Developer during 6 min.

Due to the high aspect ratio structures already present on the wafer, micro-bubbles appeared.
To reduce their number, wafers were put 10 minutes in vacuum chamber with interruptions
before the softbake step. On some wafers we have observed that the resist was uneven, especially
on the extremities. This made the photolithography step more difficult as the mask would touch
the resist surface. To reduce this phenomenon, we added a pre-soft bake step of 5 minutes at 60
◦C.
The wafer is then diced into 8 mm x 8 mm chips, each containing 12 individual sensors.

Figure 3.6: "Fabrication procedure for a single layer microfluidic device." (illustration from [74])
The same procedure was used to define our PDMS caps. On the right is a photograph of our
mould of KMPR.

The same parameters are used to achieve a thick patterned photoresist which will be used as
a mould (Figure 3.6) to define microfluidic caps. This time, the KMPR mould is covered with a
thin hexamethyldisilazane (HMDS) layer which will prevent the PDMS from sticking onto it.
Polydimethylsiloxane is a mineral-organic polymer of the siloxane family. Its preparation is done
by mixing a PDMS monomer (liquid) with a cross-linking agent (10:1 in weight) until no bubbles
are left.
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Oxygen Power Raw timea Effective exposition time
30 sccm 25 W 1 min 46 s

Table 3.3: Parameters for the oxygen plasma.
aThe raw time includes the power adjustment.

The mould is then placed inside a Petri dish and covered with the liquid PDMS before incubating
it at 60◦C overnight. The microfluidic cap are then defined by cutting them individually using a
cutter blade. An oxygen plasma (parameters in Table 3.3) is required before pressing the cap
and the chip together to ensure the bonding (Figure 3.7). Microfluidic tubes are then plugged
manually through the device. Despite this, the PDMS - KMPR bond was not strong enough to
withstand the water pressure. A transparent pressure tool (visible in Figure 3.8) has also been
used to ensure the tightness.
The PDMS cap put on top of KMPR walls forms a 1 mm-wide, 5 mm-long and 150 µm-thick
microfluidic channel.

Figure 3.7: One quartz chip bonded with its PDMS cap.

3.3 Electrical tests
The capacitive sensor consists of two interdigitated comb-like electrodes. These electrodes are
150 µm long and their width, spacing, and thickness are variable.
No reference electrode is used because electrochemical reactions are almost inexistent [2].

"The tested liquid is considered as an imperfect dielectric of finite permittivity and conductivity;
resulting in other terms in an R-C parallel dipole. The IDE device is thus represented by an
electrical model of which the equivalent impedance is represented in the frequency domain." [98]

Initial test : First, we started with an impedance measurement at a certain range of frequency
(103 to 106 Hz according to Couniot [2]) in dry environment. This allowed us to control the
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Air H2O (25◦C) Al2O3 SiO2

εr: 1 80 9.3 3.9

Table 3.4: Relative permittivity for the materials used.

electrical validity of our sensors all along the fabrication by detecting short-circuits with a classic
IV Sweep test or abnormal signals among other things.
Tests were carried out using the probe station PM8 PS 8 available in the WELCOME platform.
Then, we ran a capacitive test for which we paid attention to impedance modulus and phase
data with respect to signal frequency with an incoming AC voltage of amplitude V0 = 50 mV 9.

Circuit model

The expected impedance should have a mostly capacitive behaviour which means the logarithm
plot of its magnitude should meet the equation log(Z) = −(log(ω) + log(C)). Knowing this, and
b being the intercept of the regression log(Z) line, an experimental capacity will be deduced in
the following way: Cexpe = 10−b.

This global capacity results from a component combination. In chapter 2, we decscribed
the circuit as "a system of linear capacitors and resistors", with the most important part being
a series combination of Cins and CDL followed by a parallel association of Rsol and Csol. All
of them are in parallel with Cox that represents the substrate oxyde layer. As no DC current
flows through the solid-electrolyte interface (non-faradaic electrodes) Rct and Zw can be discarded.

Depending on conditions in which our sensor will be tested, it can sometimes be simplified
even more.

Dry environments with no insulator :

When the environment is dry, CDL does not make sense any more. Likewise, Cins remains
null as there is no insulation layer yet.
Csol is now Cair and, as it is assumed that no current can flow through the air, Rair is considered
as infinite.

The result is a simplified model which only involves Cair in parallel with Cox. Expressions of
capacitances can be simplified by the capacitance formula between two parallel plate conductors.
Relative permittivity εr of the materials involved can be found in Table 3.4.

Cair ≈
ε0 · hL · (Nfing − 1)

d
(3.9)

Cox ≈
3.9ε0 · wL · (Nfing − 1)

2d (3.10)

with h being the height of electrodes, Nfing and L respectively number and the length of the
fingers, w their width and d the distance between them.

8Low Signal probe station with Probeshield, thermal chuck (300 ◦C) for IV and CV measurements.
9Taken from Couniot’s thesis.
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If we compare these two capacitances, as in Equation 3.11, for low aspect ratio electrodes,
the dominating component appears to be Cox.

Cair
Cox

= h

3.9w = 10−6

7.8 · 10−6 ≈ 0.13 (3.11)

(h = 1 µm and w = 2 µm)

and the impedance has the following behaviour:

Z ≈ 1
jωCox

However, our electrodes also vary in height, width and gaps. Therefore we must pay a special
attention to the ratio h/w. If h ≥ 3, 9× w then Cox is no longer dominant. Our sensors affected
by this condition are these with a width of 4 µm and whose thickness is higher than 7.8 µm .

Dry environment with insulator :

In this configuration, Cins has a value.

Cins ≈
9.3 · ε0 · hL · (Nfing−1)

dins
· c1

with dins, the insulator thickness.

Liquid environment with insulator :

The complete equivalent circuit in liquid medium is illustrated in Figure 4.12a.
A minor pre-test has been performed with DI water to control the microfluidic circuit permeability
and connections. Details on improvements are available in appendices.

3.4 Measurements with Bacteria

3.4.1 Material

Liquid Culture Medium: Tryptic Soy Broth (TSB)
Solid Culture Medium: Tryptic Soy Agar (TSA)
Buffer: Phosphate Buffered Saline (PBS) (0.01 M)
Bacterial Strain: strain ATCC35984 from S.epidermidis species.

Due to a lack of time10, all sensors couldn’t be tested. To keep the maximum information,
three different electrode thicknesses were chosen: 2.73 µm (wafer 6-7), 5.65 µm (wafer 4-8) and
11.2 µm (wafer 4-9). Only one type of sensors was measured, which is type ’C’ with about 2 µm
wide electrodes and a gap of 6 µm. This choice does not come from an optimisation but results
from the fact that this type ’C’ was the most available and exploitable among the wafers.

10More information are available in appendix A.
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3.4.2 Bacteria handling

S.epidermidis ATCC 35984 was cultivated on agar plates and incubated at 37 ◦C overnight.
Then, one single colony was suspended in 50 mL of Tryptic Soy Broth (TSB) and incubated
overnight at 37 ◦C to obtain a stationary phase bacterial culture.
On the same day of the experiment, 40 mM of the bacteria suspension were put into a test tube
and centrifuged. Then bacterial cells were re-suspended in pure PBS. This was repeated twice.
The bacterial concentration was calculated the next day from surface plate counting and was
usually around 5.8 ·108 CFU/mL for a non diluted solution.

3.4.3 Surface plate counting

To evaluate the concentration of the prepared bacterial solution 11, we need to prepare 4 Petri
dishes with solid medium, labelled from "-5" to "-8", and 9 Eppendorfs labelled from "0" to "-8".
First, 1000 µL of the tested bacterial solution are transferred to the "0" Eppendorf while others
are filled with 900 µL of PBS.
Then, 100 µL of "0" are transferred into "-1". The later is vortexed and 100 µL of it are transferred
to "-2". These manipulations are repeated until "-8". This is done to obtain a ten-fold serial
dilution.
Only the four last dilutions were spread onto Petri dishes and incubated overnight at 37◦C.

3.4.4 Polydopamine

The polydopamine was prepared with 40 mg of dopamine hydrochloride diluted in 10 mL of a
Tris-Buffer at pH 9.2.
This buffer was obtained by the dilution of 50 mM Tris and 150 mM NaCl in miliQ water. The
pH was adjusted with diluted HCl.

3.4.5 Measurements

Material:

To make the measurements, we used the probe station PS5026 A connected to an impedance
analyser, the LCR 4284A (Agilent, USA) itself controlled by the software LabView.
Form the liquid flow we used a closed microfluidic system composed of small (100 ml) bottles,
1.5 mm wide pipes (internal diameter) and clamps from the laboratory MIAE. The pipes were
connected to a peristaltic pump.

Preparation steps:

A pre-assembled and autoclaved system (illustrated in Figure 3.9) was connected to the PDMS-
Chip cell using a small (1.58 mm outer diameter and 0.5 mm inner diameter) PEEK tubes (red
in Figure 3.8) and connectors to ensure the sealing of the whole circuit.
First of all, sensors where individually measured in dry environment to identify at least three of
them which were valid. An open sensor (no finger electrodes) of the same thickness was used to
perform an appropriate calibration and reduce the background noise.

Then the whole system was filled with PBS. Once it has reached the sensor chip, PBS was
flown during 5 min at 2 RPM 12 which correspond to 175 µL/min and 5 min at 1 RPM (125
µL/min) as a first rinsing at room temperature. A first measurement was made for each valid

11Expected around 108 CFU/mL.
12On the peristaltic pump.
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Figure 3.8: Measurement setup enabling electrical monitoring. The encapsulated sensor is
positioned on the probe station and contacted through electrical probes to the LCR meter.
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sensor.

The polydopamine solution was left 1 h in the dark to polymerize before being injected in the
microfluidic channel. After about 6 minutes at 2 RPM to reach the sensor chip, polydopamine
was left 30 minutes in dark environment without any flow or electric measurement to polymerize.
Afterwards, the polydopamine was washed with PBS during 5 min at 2 RPM followed by 5 min
at 1 RPM to get rid of the suspended dopamine clusters. A second electrical measurement was
then made.

Figure 3.9: Scheme of the microfluidic setup, adapted from [99].

Bacteria entry:

Bacteria were introduced in the system at 2 RPM during 10 min followed by 5 min at 1 RPM to
reach the sensor chip.
Then, speed was reduced to 0.1 RPM and measurements were performed on one sensor (identified
as the best) during the 20 minutes of incubation.
Afterwards, all valid sensors were measured during 5 min then washed at high speed (3.2 mL/min).
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Chapter 4

Experimental results and discussion

4.1 Fabrication
The first part of this master thesis consists in the manufacture of the desired sensors. As
mentioned in Chapter 3, several types of sensors with various width and gap dimensions were
build on each wafer. Therefore, it was not surprising that not all of them gave satisfying results.
The aim was to maximise their quality as a function of their electrode width and gap.

The process described in Chapter 3 was applied to two different kinds of substrate: silicon
and quartz.
We did not expect any difference between these two supports as they both were coated with the
same adhesion layer (Ti-Cu-Ti) in the earliest steps. However, we experienced some difficulties
around the electroplating that might be related to their different thermal properties. In the
following sections, we will describe our results and how we coped with unforeseen problems. If
necessary, the difference between silicon and quartz wafers will be highlighted.

Figure 4.1: Silicon and glass wafers after electroplating and removal of resist, titanium and
copper.

4.1.1 Photolithography

Both coated at 2000 rpm, AZ6632 leads to a thickness slightly thicker than 4 µm while AZ4562
reaches 10 µm in average.
After optimisation, we found the most adapted exposure time for each resist. With a voltage
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Wafer name 6-1 6-2 6-3 6-4
Resist Type AZ6632 AZ6632 AZ6632 AZ6632
Resist Thickness 3.7 µm 4.65 µm 4.7 µm 4.75 µm
Plating Time 8 min 15 min 18 min 36 min
Nickel thickness h 1.4 µm 2.3 µm 3 µm 5.1 µm

Wafer name 4-1 4-2 4-3 4-4
Resist Type AZ4562 AZ4562 AZ4562 AZ4562
Resist Thickness 10.6 µm 10.1 µm 10.5 µm 10.3 µm
Plating Time 80 min 35 min 80 min 47 min
Nickel thickness h 9.15 µm 4.7 µm 9.32 µm 6.2 µm

Table 4.1: Summary of tests for the electrode fabrication on silicon substrate.

Wafer name 6-5 6-6 6-7
Resist Type AZ6632 AZ6632 AZ6632
Resist Thickness 4.6 µm 4.53 µm 5.04 µm
Plating Time 16 min 8 min 16 min
Nickel thickness h 3.1 µm 1.57 µm 2.67 µm

Wafer name 4-5 4-6 4-7 4-8 4-9
Resist Type AZ4562 AZ4562 AZ4632 AZ4562 AZ4632
Resist Thickness 10.8 µm 10 µm 9.67 µm 9.93 µm 11.8 µm
Plating Time 40 min 80 min 80 min 40 min 80 min
Nickel thickness h 5.66 µm 9.57 µm 9.79 µm 5.65 µm 11.2 µm

Table 4.2: Summary of tests for the electrode fabrication on quartz substrate.
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set to 260 W, AZ4562 resist needs an exposure time of 48 seconds whereas the AZ6632 resist
needs 12.5 seconds to expose the resist from surface to bottom. The calibration of the K&W
light source indicated that an exposure of 4.3 second corresponded to an energy of 40 mJ/cm2

and, therefore, 48 seconds approach 460 mJ/cm2.
It is worth noting that, once developed, the resist is only present on all the surface that should
not be later covered by nickel. Therefore, future spaces between electrodes are, at this step,
narrow resist walls. It is a determining parameter. Indeed, the good resolution of these walls will
later define the quality of our sensors.

It was observed that the critical dimension corresponds to the design "A" (in Table 4.3) with
an electrode width of 2 µm and a 4 µm gap. While it developed well on a 3.7 µm thick AZ6632
resist 1, it was more variable on a 4.6 µm resist.
Design "I" (1 µm width) was never correctly defined and, with the AZ4562 resist (∼ 10 µm),
the spaces for future electrodes completely vanished.

Figure 4.2: Photolithography rendering with 2 different types of resist: thick (AZ4562) and
regular (AZ6632). Above is the design H and below is the design D with electrodes width of 6
µm and gaps of 4 µm and vice versa. Resist walls (darker on the picture), which define future
gaps, clearly are thinner in the thick resist. These are optical microscope images with a 20×
zoom.

Each wafer holds multiple sensors of various design but with one electrode thickness. In order
to to distinguish them from each other, we named the wafers after the type of resist they were
coated with. The first wafer coated with AZ6632 resist is labelled "6-1", the second "6-2", et
cetera. For AZ4562 resist, it is "4-1", "4-2", ...
Depending on the results obtained with the first set of coated wafer, we tested various con-
figurations which are detailed in Table 4.1. As for Quartz wafer, they are summarised in Table 4.2.

Thick photoresists complications:

At this stage, the most important problem is the lack of proportion homogeneity with resist
AZ4562 (the thicker one).

1Obtained by a 3000 rpm coating.
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Gap d (µm) 2 4 6 8
Width w (µm)
1 / I / /
2 K A C L
4 J B D E
6 / H G F

Table 4.3: Summary of every electrode proportions tested. Each type name from ’A’ to ’L’ has a
different combination of width and space between electrodes.

We faced a dilemma as it is almost impossible to correctly develop the resist throughout its depth
and keep the exact same proportions as the ones of the mask. Indeed, we must make sure that
no resist is left on areas to be plated with nickel. The compromise adopted leads to swollen-like
electrode shapes because resist walls are over-exposed and thus, gaps later decrease.
In Figure 4.2, we can see that design "D" and "H" do not keep their proportions (respectively
electrodes of w = 4 µm and gaps of d = 6 µm, and vice versa) in both resist type. "D" is the
most obvious as we can see that resist walls are much smaller than they should be due to the
higher exposition dose.

SEM pictures taken after electroplating confirms that electrodes are larger than expected,
when thick resist is used for photolithography. Sensors with the smallest gaps ("K", "J") never
gave good results so as those with the smallest electrode width ("I") because the resist filled
all the space. In Figure 4.3 is the example of the difference between sensors on wafer 6-6 (1.57
µm-thick) and wafer 4-8 (5.65 µm-thick). The latter experienced a systematic increase of the
electrode width (up to 50 % of its targeted dimension) compared to the expected one (see the
expected dimensions on Table 4.3).
In the end, dimensions of sensors of type "B" on wafer 6-6 are closer to that of type "C" than
that of type "B" on wafer 4-8 .

Hardbake influence:

A further complication is the fact that hardbake (or postbake) step also contributes to the
degradation of the electrode’s resolution. Figure 4.4 shows the same resist pattern (design "L",
w = 2 µm and d = 8 µm) right before and after the harbake step. It has obviously even more
repercussions on smaller features.

An attempt without hardbake was done but was not conclusive. This could be justified by
this extract of microChemicals’datasheet [100]: "If released to the electrolyte, the solvent may
impact the metal deposition chemistry with a reduced deposition rate as a consequence. In this
case, a longer softbake and/or elevated softbake temperatures are recommended. Thick resist
films will have a comparable high solvent concentration especially near the substrate even after a
prolonged softbake. In this case, a baking step after development at temperatures of approx. 10
◦C below the resist softening point would be beneficial."
The harbake is therefore retained but with a lower temperature of 110 ◦C and a duration of 30
second to avoid the "melting down".

4.1.2 Electroplating

For the first attempt, we tried a 15 minutes plating. Results were much better than planned:
2.3 µm instead of 1.6 µm expected (107.5582 nm/min x 15 min in Equation 3.7). This can be
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Figure 4.3: Pictures above are SEM images of sensors of type "B" and "C" of wafers 6-6 (1.57
µm-thick) and 4-8 (5.65 µm-thick). This highlights the difference of finale proportions whether
we used resist AZ6632 or AZ4562. The expected proportions of sensor’s type "C" and "B"
on wafer 6-6 are very close from the expected ones (available on Table 4.3) whereas sensors’
proportions of wafer 4-8 have experienced an increase of electrode width of ∼ 1 µm.

Figure 4.4: On these optical microscope (20× zoom) pictures, the same sensor design is presented
before (left) and after the harbake step (right). The resist thickness is about 10 µm for both.
After the hardbake, we can see that there is a pattern deterioration. Thin canals, which defines
where electrodes will be, are shrinking.
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explained by the fact that this rate was calculated for the complete surface but in reality, one
line was never immersed in the plating solution during the process. Consequently, in formula
e = M · α

nFρt
.
I

S
, S was smaller and the thickness e therefore more larger. If we correct the plated

surface in the equation, results make perfect sense for an efficiency coefficient α of 0.75.
For first tests on silicon, we obtained a nickel thickness of 1.4 µm (wafer 6-1), 2.3 µm (wafer
6-2), 4.7 µm (wafer 4-2) and the highest was 9.15 µm (wafer 4-1) which are close enough to
thicknesses initially targeted.
In Tables 4.1 and 4.2 you can notice that for one resulting thickness, electrodeposition times are
not always identical. This is due to the lack of control on the actual quantity of plating solution
covering the wafer. Indeed, from time to time, the evaporation, the tilting of the support, and
even the differences of temperature caused variations.
All thicknesses (resist or nickel) were characterized with the surface profiler Veeco Dektak 150 on
the same spot, an alignment pattern at the center of the wafer. Indeed, the Dektak probe was
too thick to scan between the electrodes.

Encountered defects:

On silicon substrates, remaining green spots were frequently noticed (Figure 4.5a). We found
two possible explanations. The first would be that these marks are copper which would have
remained after copper etching. It made sense knowing that, for the first two wafers plated (6-2 and
4-2), "Copper etch 49-1" should have been used at 30 ◦C. But it was used at room temperature
and copper etching was extremely slow and uneven. This might have led to remaining copper that
would cause troubles if making contact between electrodes. When the copper etchant was used
at an appropriate temperature, there were fewer marks but they did not completely vanished.
The second hypothesis is related to the use of TFT as titanium etchant. Indeed, unlike TFTN,
TFT has a non negligible etching rate regarding SiO2. The titanium layer is really thin and
might have been quickly completely etched, leaving the silicon oxide surface unprotected. A
small diminution of SiO2 thickness might be enough to produce a green colour.
Since those green marks were not found on quartz substrates, this explanation seems the most
likely.

(a) (b)

Figure 4.5: Optical microscope images: a) Green spots all over the wafer (appears bluish here)are
probably copper residues or a local diminution of the SiO2 layer (20× zoom). b) Some black
spots appear after nickel plating (10× zoom).

Black areas and Collapsing electrodes (Figure 4.6b) are two other commonly encountered
imperfections.
The first one is linked to incomplete electrodes. The black effect come from a much rougher
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(a) (b)

Figure 4.6: Problems encountered during the fabrication. a) These two sensors were made with
the same mask dimensions. After electroplating, we can clearly see that the one obtained with a
thicker resist (the bottom picture) has larger electrodes than expected. b) This picture shows
two commonly encountered imperfections: incomplete electrodes and their collapsing against
each other happening with thinner ones.

and insufficient nickel deposition. The fact that those black areas always appear on the same
location on every sensors (upward in Figure 4.5b) let us think that this could be due to air
bubbles trapped in between electrodes during the electroplating. To reduce this effect, we ensured
that wafers were properly rinsed before electroplating and paid extra attention to the solution
temperature. This successfully improves the results but they remain imperfect.
The electrode collapsing against each other clearly happened after the "layer removal" steps.
It was also noted that these electrodes were easily moved from their location, with a simple probe
pressure, without finding any copper or titanium under-layers. This makes us think that there
might have been too much under-etching to completely detach the thinnest electrodes. During
the wafer drying, weakened electrodes would move and form contact with each others, making
the whole sensor unusable.

4.1.3 Under-deposition of nickel

During the production of the quartz wafer series, a new issue has been highlighted. After the
electroplating step, a thin greyish mark appeared sometimes in between electrodes. First, we
thought it could be titanium residues but an extra immersion in titanium etchant did not change
anything. Based on the fact that those marks were conductive, we deduced that it was in fact an
under-deposition of nickel. Indeed, it is a well-known phenomenon, that happens in case of resist
peeling.

In an application note from microChemicals [100], the importance of a proper adhesion
between the resist and the wafer is detailed. Among other things, it described a thin titanium
film as the best adhesion promoter. On the other hand, the etching of this titanium layer is also
problematic. In case of too long etching, the resist film might experience an under-etching of the
metallic adhesion layer underneath.
Given that our protective titanium film should be close to 10 nm, the required etching time is
about four seconds which is extremely short. It might have been exceeded and this could be an
explanation for the lifting of thin resist walls supposed to define the electrodes gaps.

53



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION Section 4.2

Figure 4.7: Optical microscope images of the nickel under-plating present on some quartz wafers.
Both pictures were taken after the electroplating step and the removal of resist (about 5µm), Ti
and Cu.

Figure 4.8: Schematic representation of the under-etching phenomenon during titanium removal
(illustration from [101]).

Improving resist adhesion:

The resist peeling during electroplating can nevertheless be reduced by increasing the resist
adhesion. This can be done in various ways [101]. For instance, the use of HDMS pre-treatment is
recommended. An appropriate softbake will reduce the remaining solvent concentration and thus
improve the resist adhesion to the substrate. MicroChemicals application notes also recommend
a temperature of 100 ◦C on a contact hotplate for 1 min/µm and a slow cooling. The latter is
different than the instructions provided by AZ4500 serie data sheet by Clariant which mentioned
a softbake time of 50 second, independent from the resist thickness.

In the light of these information, the last sensors on quartz (wafers 6-7 , 4-7, 4-8, 4-9) were
improved.

4.1.4 ALD

After a standard atomic layer deposition with parameters mentioned in the Chapter 3, we wanted
to measure the deposited layer of alumina. Nevertheless, the ellipsometer requires information
about the different existing layers to create a model. As we did not know the exact silicon oxide
layer thickness therefore we used the targeted thickness: 300 nm. This gave us an approximation
of 22.1 nm of alumina.

4.2 Electrical tests
The impedance of the manufactured sensors was measured using the probe station PM8PS for
dry measurements and the PS5026 A connected to a LCR2 for tests in liquid environment. The
LCR is monitored by a software (LabView) which sends instructions and collects the results. In

2LCR 4284 AII
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Wafer: 6-7 4-8 4-9
Discrepancy 3.8 % 0.5% 0.3%

Table 4.4: Maximum discrepancy between the theoretical value of a capacitive impedance and
experimental measurements on sensors "C" in a dry environment for the three thicknesses of
sensors that will be used in the bacterial experiments.

both cases, we analysed the impedance magnitude and phase over frequencies ranging from 1
kHz to 1 MHz. The normalised admittance ‖ Y

ω ‖ will be used to quantify the sensors sensitivity
towards bacteria.
In order to determine frequencies which will be the most impacted by the presence of a bacteria,
an equivalent circuit simulation was made and detailed in section 4.3.3.

4.2.1 Dry environment

In dry environment, sensors have a mostly capacitive response. This means we are expecting the
phase of the impedance to be close to −90◦ and its modulus, almost a straight line with -1 as a
slope in a double logarithmic plot. On valid sensors, except for the noise presence on the phase
signal, results were consistent with this hypothesis. In Figure 4.9, we can see three impedance
measurements on sensors of type "C" (w = 2 µm and d = 6 µm) on the wafer 4-8 (h = 5.65
µm). We observed a discrepancy between the theoretical model and the experimental modulus
of less than 0.5 %.

Figure 4.9: Impedance modulus and phase of sensors "C" on wafer 4-8 (5.65µm thick). The
slope of the impedance modulus is −1[ log(Ohm)

log(Hz) ] as expected for a mostly capacitive behaviour.
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(Farad) 6-4 ’B’ 6-4 ’C’ 6-4 ’D’ 6-4 ’E’
Cox 6.47·10−14 2.16·10−14 4.31·10−14 3.24·10−14

Cair 4.15·10−14 2.77·10−14 2.77·10−14 2.07·10−14

Cexpe 1.02·10−13 1.14·10−13 1.35·10−13 1.28·10−13

(Farad) 6-4 ’F’ 6-4 ’G’ 6-4 ’H’ 6-4 ’L’
Cox 4.85·10−14 6.47·10−14 9.71·10−14 1.62·10−14

Cair 2.07·10−14 2.77·10−14 4.15·10−14 2.07·10−14

Cexpe 8.79·10−14 7.98·10−14 8.69·10−14 1.86·10−13

Table 4.5: Cox and Cair are theoretical values and Cexpe is the experimental capacitance measured
for a dry medium and without insulator on wafer 6-4 (h = 5 µm).

Width/(Gap + Width) 3/5 1/2 3/7 2/5 1/3 1/4 1/5
H B F D A C L

G E I
K J

Table 4.6: Ranking of various designs depending on their width over (width + gap) ratio.

We established earlier that the dominating component in this situation is the oxide capacitance:

Cox ≈
3.9 · ε0 · wL · (Nfing−1)

2d

with h being the thickness of electrodes, L the length of the fingers, w their width and d the
distance between them.
By observing the experimental and the theoretical value of the global capacitance of different sen-
sor’s design (see example with wafer 6-4 in Table 4.5), we can see that the measured capacitance
is always higher than the calculated one, Cox. This means that, unlike what we thought, the
parallel capacitance, Cair, is significant. The total capacity approximation is CT = Cox + Cair.
The mean ratio Cexpe

CT
from wafer 6-4 is 1.48 with a variance of 0.53 3. Both Cox and Cair feature

d, the gap between electrodes, in their denominator. Therefore, a decreasing global capacitance
with d increasing is not surprising. Sensors on quartz have capacitances mostly depending on d
(Figure 4.10b), while sensors on silicon global capacitance can be ranked in the same order than
their ratio ( w

w+d)−1 (available on Table 4.6).
Therefore, the best sensor designs on quartz are type "B"(w = 4 µm and d = 4 µm) and "A" (w
= 2 µm and d = 4 µm) with respect to the highest global capacitance. Surprisingly, the highest
capacitance on silicon is achieved by sensors of type "H" (w = 6 µm and d = 4 µm). These
dimensions are nevertheless not suitable for an optimal sensor as larger electrodes increase the
chances of bacteria depositing on top of them rather than between electrodes.

Alumina insulation layer:

All wafers were coated with alumina using the same parameters which gives approximately a 22
µm-thick layer. As illustrated in Figure 4.11, the capacitance component of this insulating layer,
Cins, is placed in series with the previous circuit. It will decrease the total capacitance. The

3Those values are obtained when ’L’-sensors are excluded.
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(a) (b)

Figure 4.10: Influence of the sensor thickness: a) the graph shows for the same type of sensor
("C", w = 2 µm and d = 6 µm), an increasing impedance modulus signal with a decreasing
electrode thickness. This also means that capacitance is increasing with this parameter. b) The
ranking of sensors’ global capacitance on wafer 4-8 (h = 5.65 µm) shows that the larger the gap
(d), the smaller the capacitance will be.

average shift calculated on a 2.73 µm thick sensor (wafer 6-7) is 0.0276 pF.

However, we did not find an explanation for the increase of Ctot for wafers 6-1 (h = 1.4 µm)
and 6-6 (h = 1.57 µm) after their coating with insulator. The mean difference was respectively
0.0748 pF and 0.0417 pF and contradicted the logic of capacitance in series. Both were sensors
with an electrode height inferior to 2 µm which might have an influence.

4.2.2 Liquid environment

When sensors are immersed in liquids, Rsol, the resistance component in parallel of Csol is no
longer infinite. Furthermore, the double layer capacitance CDL must now be taken into account.
In Figure 4.13, which compare measurements in air and in DI water, the overall impedance
modulus decreases while the phase has an inverted bell-like shape and a much weaker noise.

PBS corrosion:

In parallel to the tests with bacteria, we ran an other experiment.
A chip of wafer 4-9 (11.2 µm thick), was exposed to PBS for the same duration as a test with
bacteria cycle (about 4 hours). The aim of this test was to observe the impact of PBS on the
insulator layer (alumina). However, liquid could evaporate and distort overall results. Details
about it are given in appendix A.

4.3 Bacterial response
As mentioned in Chapter 3, only 3 thicknesses were tested under a flow of bacteria: 2.73 µm
(wafer 6-7), 5.65 µm (4-8) and 11.2 µm (4-9).
for each manipulation, measurements under dry environment were first carried out to detect at
least three valid sensors. An important thing to know before analysing the results is that, as
mentioned in section 4.1.1, sensors coming from wafers 4-8 and 4-9 were made with thick resist
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Figure 4.11: These plots gather the capacitances of each sensors type with two different thicknesses
( 2.73 µm and 5.65 µm respectively green and red). The graph below is the comparison between
a sensor of thickness 1.57 µm with (dark green bar) and without a 22 µm Al2O3 layer (light
green bar). Variances are smaller in wafer 4-8 than wafer 6-7. It also decrease with the insulator
addition.

(a) (b)

Figure 4.12: a) Equivalent impedance circuit based on finger electrodes in a solution. This
solution has a resistance Rsol and a capacitance Csol. CDL is the ionic double layer capacitance.
b) SEM top view of interdigitated electrodes of nickel covered by 22 nm of alumina on wafer 6-6
(h = 1.57 µm).
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Figure 4.13: Impedance modulus and phase of sensor ’G’ on wafer 4-5 (5.66µm thick) in dry
environment (red curve) and under tap water (blue curve).

and therefore did not preserve the expected dimensions. Their electrodes width is thus closer to
4 µm than 2 µm and their spacing smaller than 6 µm. This is illustrated in Figure 4.3.

The analysis is done by observating the impedance modulus and phase on a frequency spec-
trum. For every thickness, we did several measurements with air, PBS, PBS + PolyDopamine
and PolyDopamine + Bacterial solution. An example is given in Figure 4.14a and 4.14b for one
sensor on the wafer 4-8.

Looking at the phase (Figure 4.14b), from 1 kHz to ∼100 kHz the curve decrease to -90◦.
This divergence at the lower frequencies might be due to the measurement noise. Indeed, the
phase in a dry medium, which should be constant, is also more noisy at lower frequencies. In
liquid environment, a peak which tends to -70◦ appears at ∼ 600 kHz.

The quantification of the bacteria’s impact can be done by analysing the sensitivity S defined
as:

S =‖ |YB| − |YD|
YD

‖ (4.1)

with |YB|, the signal admittance with bacteria and dopamine and |YD| the one with dopamine only.

4.3.1 Polydopamine layer

During the coating of electrodes with a polydopamine layer, the signal undergoes a first series of
modifications. The phase is overall shifted toward higher values and global capacitance increases.
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(a) (b)

Figure 4.14: Impedance modulus (a)) and phase (b)) for one sensor of type "C" under air, PBS,
PBS + polydopamine and bacteria at 106 CFU/mL.

Wafer 6-7 4-8 4-9
Desired vs real concentration CFU/mL
108 6.6 · 108 9.2 · 108 6.6 · 108

106 12 · 106 11.9 · 106 12 · 106

104 10.8 · 104 12.3 · 104 12.3 · 104

Table 4.7: Real concentration of bacteria after plate counting.
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The modulus shift varies widely and impacts especially frequencies under 3.162 ·104 Hz.
The signals with polydopamine will then be used as "baseline signals" to detect bacteria’s presence.

4.3.2 Bacterial incubation

Bacteria were injected in the system during twenty minutes at very low speed so that they could
incubate and progressively bind to the sensor’ surface. Over this time, ‖ Y

ω ‖ was increasing on
average by 1.54 % over 20 minutes with a variance of 0.0428 % at the frequency of 105 Hz.
In [2]4, a real-time normalized admittance graph at 1 MHz is presented. For a S.epidermidis
concentration of 7 · 106 CFU/mL, the growth rate during bacterial incubation was of 5 fF/min
with AC-Electroosmosis.
In comparison, our ‖ Y

ω ‖ progression at 1 MHz and ∼ 107 CFU/mL is 0.144 pF/20min for wafer
6-7 (h = 2.73 µm), 0.297 pF/20min for wafer 4-8 (h = 5.65 µm) and 0.104 pF/20min for wafer
4-9 (h = 11.2 µm). It gives respectively, 7.2 , 14.85 and 5.2 fF/min, a greater growth, without
any bacterial attraction system.

(a) (b)

Figure 4.15: a) Progressive increase of ‖ Y
ω ‖ at 105 Hz with 0.1 pF increments and b) impedance

modulus variations between successive measurements on wafer 4-8 (h = 5.65 µm) at a bacterial
concentration of 108 CFU/mL. The noise decreases with higher frequencies to less than ∼0.5%.

On some graph, especially in Figure 4.15a (W4-85 for a bacterial concentration of 108

CFU/mL), ‖ Y
ω ‖ seems to be increasing by increments of ∼ 0.1 pF . These increments could be

the result of a progressive income of bacteria. N. Couniot evaluated, with inverted microscope
images, the impact of a single bacterium on the total signal as being about ∼ 228 aF, whether it
is bonded to the surface or not. If this value is still applicable in our experiments, the increments
could either be the result of successive income of large (about 440 bacteria each time) clusters of
bacteria, either be due to another phenomenon such as a spontaneous corrosion of alumina by
PBS. The latter could not be confirmed.

Figure 4.15b represents the admittance variation between successive measurements on the
same sensor (of wafer 4-8) at a bacterial concentration of 108 CFU/mL. The difference between
two successive signals, supposed to be the same, is exponentially decreasing with respect to the
frequency which confirms that the background noise is much more important at lower frequencies.
Maximum variations observed between successive measurements at a frequency of 1 MHz are

4[2] p.117 Figure 3.9
5W4-8 stands for wafer 4-8.
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Wafer: 6-7 4-8 4-9
Bacterial concentration
108 CFU/mL 0.148% 0.0494% 0.354%
106 CFU/mL 0.0721% 0.0458% 0.0539%
104 CFU/mL 1.241% 0.0484% 0.074%

Table 4.8: Maximum variation between successive measurements on one sensor under the same
bacterial concentration at 1 MHz.

gathered in Table 4.8. From here, we can suppose that a sensitivity under 0.2 % would not make
sense as it would be too close to the background noise.

4.3.3 Sensitivity

In order to be able to compare experimental results and interpret them, we created a simplified
model of the electrode - bacteria combination to have a look at the expected magnitude and phase
of the resulting impedance signal. Physical values used in order to compute each component
value are coming from [102] and are gathered in Table 4.9.

Figure 4.16: Equivalent circuits of a bacterium in PBS solution between two electrodes. The
bacterium is placed against one electrode wall.

As illustrated in Figure 4.16 the equivalent circuit that we used is composed of Cins (the
capacitance of the insulator layer on each side) in series with a double layer capacitance, CDL.
We represent the solution behaviour by means of two set of parallel capacitance and resistance.
One set was put in series with the bacteria (CsolB and RsolB) and the other in parallel (Csol and
Rsol). The latter will enable to take the solution all around the bacterium into account. The
total circuit was a bit too simple without it and the impedance magnitude wouldn’t fit. We
considered the bacterium to be close to one electrode wall and to have therefore no solution
between it and the electrode wall.
The bacterium itself is modelled by two consecutive parallel capacitance-resistance, one to
represent the cell membrane (highly resistive) and the other the inside (highly conductive).

The total impedance of this circuit can be written as in Equation 4.2.
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Symbols Description Values Units

ε0 Void permittivity 8.85 · 10−12 -
εox oxide relative permittivity 3.9 -
εcyt cytoplasm permittivity 70 -
εsol solution permittivity 80 -
εwall cell wall permittivity 60 -
dins insulator thickness 22 · 10−9 m
dcyt cytoplasm diameter 1.2 · 10−6 m
dbact bacteria diameter 1.2 · 10−6 m
dsol distance in solution d− dbact m
twall cell wall thickness 20 · 10−9 m
λD Debye length 24 · 10−9 m
σcyt cytoplasm conductivity 0.8 S/m
σwall cell wall conductivity 0.4 · σsol S/m
σsol solution conductivity 1.8 · 10−3 S/m

Table 4.9: Physical parameters (extracted from [102]) that are used for the equivalent electrical
model with PBS as the solution and alumina as insulator.

ZTot = 2(jωCins)−1 + [R−1
sol + jωCsol + [(jωCDL)−1 + (R−1

solB + jωCsolB)−1 +ZBact]−1]−1 (4.2)

ZBact = (R−1
wall + jωCwall)−1 + (R−1

Bact + jωCBact)−1 (4.3)

AT first, parameters values of Table 4.9 were used but the impedance magnitude was quite far
from the experimental values. Therefore, we adapted this model by modifying some components
so that experimental and simulation curves fitted at best. This adaptation can be seen in Figures
4.17 a) and b).

In Figure 4.19a, the blue curve represents the simulation of the sensitivity to one bacterium
entry, calculated with parameters in Table 4.9 (σsol = 1.8 mS/m). As we can see, the impact of
the bacterium components is the most significant in frequencies above 105 Hz with sensitivities
above 73 %. Therefore, it seems logical to use manly sensitivity value corresponding with
frequencies larger (or equal) than 105 Hz for the efficiency comparison. It can also be noted that
this sensitivity seems to saturate at about 93 % which is very high.

Then we vary slightly (1%) each resistance and capacitance of the circuit to discuss their
individual impact on the sensitivity. Table 4.10 gathers their maximum sensitivity percentage
found between 1 kHz and 10 MHz. As we can see, the most important variations originate from
Csol and Rsol, components representing the solution all around the cell. However, our hypothesis
is that this solution will not change during the experiment. Indeed, successive re-dilution of
bacteria in PBS contributes to maintain the medium properties constant between successive
flushing.
As for the bacterium related component, the most impact comes from Rwall, Cwall and Rbact.
On Table 4.10, their respective maximum value frequency are 105, 8 · 105 and 3 · 106. Based on
these information, we chose to select 105 Hz and 106 Hz as comparison points for the sensitivity
of each sensors.

At the very end of the redaction, it was noticed that the impedance magnitude given by the
model fitted much more when the σsol parameter was set to 1.8 ·10−1 S/m instead of 1.8 mS/m,
which is the value extracted from Numa Couniot’s PhD thesis and articles. Exact conductivity
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Figure 4.17: These graphs show the comparison of the impedance magnitude for the model
without bacteria (in dark blue), the model with one bacteria (continuous line) and an experimental
result on wafer 4-8 with 108 CFU/mL (dotted line). On a) is the results with values in Table 4.9,
in b) the components in the model with bacteria were adjusted in the following way: Cins = 3
times its previous value, Csol ∗5, CsolB ∗2, RsolB and Rsol ∗0.1. c) is the result of σsol = 1.8∗10−1

S/m and Cins ∗ 3.

Component + 1 % Smax (%) Freq max (Hz)

CsolB 4.18 · 10−6 107

Csol 9.352 · 10−1 107

RsolB 2.41 · 10−3 3 · 106

Rsol 8.654 · 10−1 105

CDL 2.24 · 10−5 1.5 · 103

Cbact 2.18 · 10−4 107

Rbact 8.993 · 10−3 3 · 106

Cwall 1.838 · 10−2 8 · 105

Rwall 1.094 · 10−2 105

Table 4.10: Sensitivity maxima responding to a 1% variation of components with respect to
values in Table 4.9.
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Figure 4.18: Sensitivity simulations for 1% variation of circuit’s components with values in Table
4.9.

(a) (b)

Figure 4.19: a) Simulation of the sensitivity to the entry of one bacteria with an increasing σsol.
b) Simulation of the sensitivity to the entry of one bacteria with σsol = 1.8 S/m.
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values are difficult to find if not by direct measurements. However, we did manage to find a
similar product and we were able to estimate that the actual conductivity was indeed closer to 1
S/m than to 1.8 mS/m. If so, this difference has a significant impact as the highly conductive
PBS will have a screening effect on the bacteria’s presence, which will reduce their detection.
Therefore we re-simulated the sensitivity to the entry of one bacteria with an increasing σsol. As
illustrated in Figure 4.19b, with a σsol of 1.8 S/m, the expected sensitivity at 1 MHz drops to
approximately 1 %. To get a maximum response, we should have made the frequency rising up
to 2.5 MHz but this frequency was out of the LCR limits.

In light of this, our choice of 100 kHz and 1 MHz as interest frequencies, in our opinion, stays
a good one, even if the results would probably have been much more efficient if the solution had
a lower conductivity.

4.3.4 Influence of the thickness

To be able to compare the different sensitivities and potentially designate the best sensor, we
need a metric.
Considering that the background noise is much more important at the lower frequencies (under
5 · 104 Hz) and that sensitivities at 105 and 106 Hz were the most relevant frequencies according
to our simulations, SM is therefore defined as an average between the sensitivities measured at
105 Hz and 106.
Figure 4.20a gathers results of sensitivity for the three different electrode thicknesses and three
bacterial concentrations that were tested. It is worth noting that 108, 106 and 104 CFU/mL are
the targeted concentrations. The real values after plate counting is available on Table 4.7.
The first difficulty is that most of the results have a large standard variation. The largest ones
(up to ± 1.8 %) could be due to outliers. However, there were not enough sensors tested to
dismiss some of them. It is important to mention that this variation reflects the fact that sensors
supposed to be identical do not react exactly the same.
At 108 CFU/mL, the thickest sensor seems to be the most sensitive but this trend switches
afterwards, at lower concentrations. On wafer 6-7 (h = 2.73 µm), the sensitivity even rises with
lower bacterial concentration which is quite surprising and contributes to suggest that another
phenomenon was involved. On Table 4.8, we can see that the wafer 6-7 is also that with the
most variation under steady conditions. Under a concentration of 104 CFU/mL we note that
there is a maximum variation of 1,24 % between successive measurements on the same sensor at
a frequency of 1 MHz.
Wafer 4-8 (h = 5.65 µm), on the other hand, seems to be stable and have SM of 1.47, 1.88 and
1.32 % respectively for concentrations of 108, 106 and 104 CFU/mL 6. Its variations between
successive measurements in the same environment (noise) is also the most steady, around 0.048 %.

Under the hypothesis that bacteria are the only source of variation in impedance signal,
Figure 4.20b shows that there is still a detection at ∼ 105 CFU/mL (real concentration) and
that it rises to 1.586 % for a thickness of 2.73 µm and 0.696 % for a thickness of 11.2 µm.
The electrode thickness of 5.65 µm seems to give the best results with the lowest variance (0.794).
It might be linked to the fact that it was also the sensor with the best definition.

In the absence of additional and methodical analyses of these sensors, it is difficult to draw a
conclusion out of the graph trends. The high variability of results on a same wafer shows that
even with the same production conditions, sensors still have a versatility way too high. The
sensor itself has a significant impact compared to bacteria.

6Those are the targeted values. See the Table 4.7 for real bacterial concentration values.
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(a) (b)

Figure 4.20: a) represents the sensitivity at 105 and 106 Hz for 108, 106 and 104 CFU/mL
on sensors W6-7, W4-8 and W4-9 and b) is the metric SM which is the average of the two
frequencies.

However, with an appropriate case-by-case calibration, it could be improved.

The current results also lack of indication about the limit of detection. Indeed, the lowest
concentration tested was ∼ 105 CFU/mL and, at this level, there was still a noticeable detection.
If we had identified the smallest concentration which generates a non-zero signal we would have
a confirmation of the validity of our results.

4.4 Reconsiderations: variance factors encountered
All along this master thesis, plenty of factors could have influenced the final results. Starting
with the fabrication itself which, despite the care taken in producing sensors, cannot be 100
percent reproducible.

• Measured heights, for resist as for nickel, were taken in the center of each wafer and might
very likely vary with wafer radius. Additional control points could help to have a better
idea of this variation.

• Resists AZ6632 and AZ4562 do not require the same exposition intensity. The second
one, as a thick resist, needs a longer exposition to reach its whole height. This leads to
much rougher and modified dimensions. It was observed that resist walls intended to
define future gaps between electrodes are generally thinner than their pattern on the mask.
Therefore, two sensors manufactured with the same mask will not necessarily keep the
same dimension at the end of the process. To prevent this effect, chromium masks should
have been designed in a way that anticipate the deviation.

• Imperfections can also be found in the measurement protocol itself. Between two sessions
on the same sensor, noise levels were sometimes different without any obvious reasons. This
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may be due to the internal settings that we could not control.

Among others, variance factors also include:

• Electroplating conditions

• ALD fluctuations

• Contact between the probe and the surface beneath insulator

• Actual bacterial concentration

• Environment conditions during the utilisation of bacteria

• Unknown additional species due to the lack of selectivity means

• Highly conductive PBS

All of this makes it difficult to generalize the results and objectively compare sensors with
each others. However, our observations might still be enough to suggest a tendency yet to be
confirmed. At the current stage of this study, the most promising sensor proportions were ∼ 5
µm-thick electrodes, 2 µm-large and with a gap of 4 to 6 µm. A PBS with a conductivity of
∼ 1 mS/m could increase the detection level. The next chapter, in addition to the conclusion,
gathers some of our ideas that could be implemented to gain in certitude.
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Chapter 5

Conclusion

Results
Detecting bacteria in extremely small concentration is a major challenge. Some of them, as
Staphilococcus aureus, are considered as the main cause of infectious diseases related to the
medical sector. Most virulent strains can be dangerous with less than 10 living cells.
To fight them, ever faster, smaller, more selective but above all more sensitive biosensors have been
developed over the past years. Electrochemical sensors are part of them. In this master thesis,
we placed emphasis on those based on impedance spectroscopy and more specifically on one kind
of interditated electrodes sensor which was previously studied by Numa Couniot in its PhD thesis.

The main question was: "can we improve the sensitivity of this sensor by increasing its
electrodes’ height?".

The first step consists of the fabrication of such sensors. Modifying even only one parameter
required a new process. Indeed, aluminium, which was selected for an eventual integration with
CMOS technology, could no longer be used as the main component of the sensors. We selected
nickel, which can, as copper, be electroplated onto silicon and glass substrate but has a better
bio-compatibility. To avoid corrosion due to the PBS, electrodes were covered with alumina. As
template for the electroplating, we chose resists AZ6632 and, to reach thicknesses greater than 3
µm, AZ4562.
Different electrode widths and spacings were created on the photolithography mask as we did
not know what were the geometrical limitations. Each step has been adapted until the obtention
of a satisfying result.

Thereafter, sensors were individually tested, and the impedance magnitude and phase were
analysed. These tests were first conducted under a dry environment which gave us pieces of infor-
mation about the impact of the width and gaps of electrodes on the measured global capacitance.
Valid sensors had a predictable capacitive impedance and could be ranked according to their gaps.

The last part included tests under liquid environment with the inflow of Staphylococcus
Epidermidis in PBS through a microfluidic system. This strain was selected for its proximity to
the Staphylococcus aureus without its dangerousness. To increase the adhesion of bacteria to
sensors’ wall, we use polydopamine, known as a biological glue.

Experimental results showed that the normalised admittance increased all along the incubation
period during which bacteria can be deposited on electrode walls.
We also calculated the sensitivity of each sensors as S = || |YB |−|YD|

YD
||, with YB and YD respectively

69



CHAPTER 5. CONCLUSION Section 5.0

the signal admittance with and without bacteria. For a better comprehension of the results,
simulations on a simplified equivalent circuit were conducted. The component-relative sensitivity
was computed, which allowed us to identify the frequencies at which bacteria would have the
most impact.
From the simulation and the background noise analyse, we defined a metric SM which was the
average of sensitivities calculated at 105 and 106 Hz.
We could not draw a clear conclusion from the comparison of SM obtained on sensors with three
different electrode thicknesses. Indeed, the thinnest sensors showed an increasing sensitivity,
starting from 0.8 %, with respect to a decreasing bacteria concentration. The thickest sensor
had the opposite behaviour (starting from 1.6 %) and the 5.65 µm-thick one showed sensitivity
levels around 1.4 % for all concentrations. There is therefore no clear proof that a sensor with
thicker electrodes will have a better sensitivity. However the tests with bacteria were conducted
with highly conductive PBS (∼1 S/m) unlike the work of reference. Simulation highlighted that
by diluting slightly the PBS, we could increase the theoretical impact of the bacteria.
With the current results, we have no indication on the Limit of Detection. Indeed, at a ∼ 105

CFU/mL concentration, there was still a noticeable detection. A null signal in response to an
even lower concentration could have been a confirmation of the validity of our results.

Area for improvement
In the future, if those sensors performances were once again tested, few improvements ideas
should be taken into account:

• More experiment repetition: Measurements with bacteria were done on a limited
selection of sensors. We tried to keep the same proportions with thicknesses of 2.73, 5.65
and 11.8 µm but many more were initially fabricated. A lack of time prompted us to
restrict our tests. However, increasing the number of thicknesses tested as well as the
number of identical test on one type of sensor would bring more reliable results.
In addition, running a test during several hours with only PBS in the same microfluidic
system would determine if there is a spontaneous evolution of the impedance signal only
due to the PBS.
Finally, an experiment with an even more diluted bacterial solution (102− 103 for example)
could furnish a nearly zero sensitivity that would indicate the LoD as well as confirm the
proper functioning of the sensors.

• Diluted PBS: As mentioned earlier, it is very likely that the PBS used in this work was
not the same dilution than in Numa Couniot’s thesis. However, sensitivity’ simulations to
individual components, as well as to a whole bacterium entry, in diluted PBS a theoretically
more important sensitivity.
The use of a diluted PBS (1:10 to 1:1000) could therefore increase the detection of bacteria.

• Selectivity means: For a matter of time, sensors were not tested with any selectivity
means. It would be interesting to try the same protocol with lytic enzymes, lysostaphin for
staphylococci, as a way to selectively suppress target bacteria.

• Cleaner electrodes: Despite all our efforts, we were not able to get sensors with exactly
reproducible proportions in time. This could be improved by trying other resists of taking
into account the deformation in the mask design.

• Copper electrodes: In this work, nickel was selected as the main material. However,
copper can be electroplated as well and has very interesting conducting properties. The use
of copper may give better results for the fabrication and its electrical performance could be
tested as long as it is covered by a layer to protect it from the environment.
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• Deeper analysis of optimal proportions: Initially, many different width-gap combina-
tions were created, however, only one was tested with bacteria. It would be interesting to
repeat the same experiment on various proportions to investigate the optimal one towards
bacteria.
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