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Abstract

This Master’s Thesis presents the development of a biosensing platform that
leverages the memristive properties of silicon nanowires for detecting Prostate-
Specific Antigen (PSA), a critical biomarker for early-stage prostate cancer diagnosis.
The platform integrates three key components: silicon nanowires with nickel silicide
(NiSi) pads as the core biosensors, gold electrodes for electrical measurements, and
a PDMS-based microfluidic platform, which guides the sample to the active sensing
area, optimizing reagent usage, and ensuring the necessary humidity conditions for
biological reactions.

The core of the biosensing device consists of two-terminal, vertically stacked
Schottky barrier silicon nanowire structures, fabricated through electron beam
lithography and Bosch etching processes. These nanowires are anchored between
NiSi pads, and when a potential difference is applied, exhibit memory-like be-
havior characteristic of memristors, with electrical contact established through
two Schottky barriers. This memristive behavior is essential to the platform’s
sensing capabilities, as it manifests in a hysteresis loop in the current-voltage (I-V)
characteristics. Upon surface activation and functionalization of the nanowires for
antigen-antibody interactions, antigen binding results in a measurable shift in the
voltage gap of the I-V curve, allowing for label-free detection.

The microfluidic platform, fabricated from PDMS using the SU-8 molding technique,
incorporates finely designed channels that control the delivery of reagents, such as
antibodies, antigens, and washing solutions. This approach offers several advantages
over traditional drop-casting methods, including precise reagent concentration
within the active sensing area, minimized reagents waste, and optimal humidity
control for biological reactions. Furthermore, it simplifies reagent transport and
storage. Different bonding techniques were explored and tested to ensure stable,
leak-free integrations between the microfluidic platform and silicon chip with
nanowires and electrodes.

The metal electrodes, patterned using photolithography and the lift-off method,
extend from the NiSi pads to enable reliable electrical measurements without
damaging the sensitive biosensor surfaces and pads. Additionally, the electrodes
are fundamental for integrating the microfluidic system; without them, the NiSi
pads would be covered by the PDMS structure, making it impossible to access
the nanowires for electrical measurements. Electrode characterization and perfor-
mance testing confirmed reliable conductivity and stable integration in most cases,



without introducing significant series resistance that could mask the memristive
behavior.

Design requirements and decisions are critically discussed, along with microfabrica-
tion processes carried out in the cleanroom facilities at the Center of MicroNan-
oTechnology (CMi) of École Polytechnique Fédérale de Lausanne (EPFL), which
led to the successful realization of the entire device. Comprehensive experimental
results demonstrated successful PSA detection in most cases, though challenges and
potential areas for improvements are also critically analyzed. Finally, potential fu-
ture developments are explored, particularly in enhancing multiplexing capabilities,
which would broaden the platform’s applications in biomedical diagnostics. For
instance, the integration of rotary valves could lead to more advanced fluidic control
mechanisms, optimizing the microfluidic system’s efficiency and adaptability.
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Chapter 1

Introduction

1.1 Project Overview: Objective and Motiva-
tion

The project developed in this Thesis is part of two ambitious projects carried
out at the Bio-CMOS Interface Laboratory (BCI Lab) of the École Polytechnique
Fédérale de Lausanne (EPFL), namely In-Memory Sensing and Onco-PoK. Both
projects aim to go beyond traditional technologies in the fields of computing and
biomedicine by leveraging the potential of the fourth fundamental component of
electronics: the memristor.

In-Memory Sensing, a project funded by the Swiss National Science Foundation
(SNSF), aims to overcome the bottleneck of the traditional Von Neumann computer
architecture, which has enabled the diffusion of computing power on a global scale
but presents structural limitations [1]. The Von Neumann architecture establishes
a clear physical separation between the data processing unit (Central Processing
Unit, CPU) and the memory unit. The continuous flow of data exchanged between
the two units via the BUS, coupled with the inherent slowness of memory compared
to the CPU, creates a bottleneck that limits both energy efficiency and computing
speed.
In this scenario, memristors are an optimal solution as they allow both the memory
and computing functions to be combined in a single device. Memristors can perform
computational operations directly in memory, eliminating the need to move data
between separate units. Their ability to simulate the behaviour of biological
neurons makes them ideal for applications inspired by neural networks and artificial
intelligence, where data can be processed in a more dynamic and integrated way.
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Introduction

At the same time, it is shown that memristors can also function as biosensors,
hence the project’s desire to create an architecture that implements the concept
of in-memory sensing, i.e. allowing data processing and storage to be integrated
directly into the sensors themselves, overcoming the concept of edge computing,
which involves processing close to the data source [2].

In parallel, the Onco-PoK project, supported by Innosuisse and developed in
collaboration with the CHUV Hospital (Centre Hospitalier Universitaire Vaudois) in
Lausanne, focuses on the development of an innovative point-of-care nanobiosensor
for measuring the concentration of anti-cancer molecules in the blood. Specifically,
the device uses microelectromechanical systems (MEMS) and nanotechnology for
therapeutic drug monitoring (TDM), such as monitoring the levels of imatinib
in a patient’s body, a targeted therapy drug used in certain cancer treatment [3].
Similarly, the memristive behaviour of silicon nanowires is chosen as the key element
of the biosensing platform, with the goal of succeeding in detecting increasingly
lower concentration of the target molecule.
Furthermore, developing an intuitive interface will enable clear visualisation of the
results, allowing faster and more informed clinical decisions, maximising therapeutic
efficacy and minimising side effects [3][4].

In this context, the Thesis focuses on the study of nanowires and their memristive
behaviour, as well as their potential as biosensors, as required by both projects.
To this end, an innovative biosensor platform has been developed, consisting of a
chip with silicon nanowires as biosensors and integrated metal electrodes, which are
essential to facilitate the measurement process and to create an efficient interface
between the device and the biological sample. In addition, the integration of a
microfluidic platform on the same chip was investigated to control the flow of
samples over the active sensing area, ensuring uniform distribution and improving
the sensing conditions, thereby enhancing the device efficiency. The microfluidics
plays a key role in making the system adaptable to point-of-care applications,
where the amount of sample available is often limited and the accuracy in the
handling of very small volumes is essential in order to optimise the responsiveness
and specificity of the sensor. Moreover, it helps ensure optimal conditions for
specific biochemical reactions to occur, as will be discussed in more detail in the
next chapters.
The integration of nanowires with memristive behaviour, metal electrodes and a
microfluidic platform is a technological solution that combines sophisticated sensing
capabilities with data visualisation and processing directly on the device. It is a
concrete realisation of the concept of in-memory sensing and a solution that can
also be applied to the research underlying the Onco-PoK project.

The work involved not only the design of the device and the study of its essential
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physical characteristics, but also the development of the complete manufacturing
process, carried out in the cleanroom with the fundamental support of the Centre
of MicroNanoTechnology (CMi) in Lausanne.
In this Thesis, the physics of nanowires as biosensors and their memristive behaviour
are studied, and their integration with electrodes and a microfluidic component is
described in detail. The design choices made and the associated challenges faced
and solutions proposed are critically discussed, along with all the microfabrication
processes developed in the cleanroom. The Thesis goes on to describe how the
nanowires can be functionalized for the accurate detection of target molecules,
and the experimental procedures used to evaluate the sensor performance are
illustrated. Finally, it outlines possible future developments aimed at improving
the performance of the device and integrating new functionalities.

3



Chapter 2

Memristors as Biosensors

2.1 Introduction to Memristors
The memristor is known to be the fourth fundamental element in electronics, after
the resistor, capacitor, and inductor.

Each of the elements, resistor, capacitor, and inductor, is defined in terms of
relationships between two of the four fundamental quantities in circuit theory:
electric current I, voltage V , electric charge q, and magnetic flux linkage φ. However,
among the six possible combinations of these variables, only five had been fully
defined until 1971. In that year, Professor Leon Chua postulated the existence of a
fourth circuit element, the memristor, which completed the symmetry of circuit
theory by defining a direct relationship between the magnetic flux linkage φ and
the electric charge q [5].

Chua proposed that the memristor, a fusion of the terms memory and resistor,
was a device that stored the history of the electric current passing through it in
the form of variable resistance. This behavior was not reproduced by the resistor,
capacitor, or inductor. However, for 37 years, the memristor remained a theoretical
concept until, in 2008, Stanley Williams’ team at HP Labs successfully realized a
physical memristor based on solid-state materials [6].

The memristor is a passive device that provides a functional relationship between
the magnetic flux linkage φ and the electric charge q. Formally, a memristor
is defined as a two-terminal device where the magnetic flux linkage between its
terminals is a function of the amount of charge that has passed through the device.
There are two main types of memristors:

4
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• Charge-controlled memristor: in this case, the relationship between the mag-
netic flux linkage φ and the charge q is expressed as a function of charge.

• Flux-controlled memristor: in this case, the relationship between the magnetic
flux linkage φ and the charge q is expressed as a function of the magnetic flux
linkage.

For charge-controlled memristors,

φ = f(q)

By differentiating this equation with respect to time, and considering that V (t) = dφ
dt

and I(t) = dq
dt

, the following relationship is obtained:

V (t) = M(q(t)) · I(t) (2.1)

where M(q(t)) is the memristance, a quantity that varies over time depending
on the amount of charge accumulated in the device. Memristance has the same
unit of measurement as resistance (ohm), but its variability makes it a unique and
fundamental concept in memristor theory [5].

For flux-controlled memristors, the relationship is expressed as:

q = f(φ)

By differentiating this equation with respect to time, we obtain:

I(t) = W (φ(t)) · V (t) (2.2)

where W (φ(t)) is the memductance, a concept similar to conductance, which varies
depending on the magnetic flux linkage. Again, the past history of flux and current
through the device determines the current behavior of the memristor, justifying
the term memory in the device’s name [7].

From the above explanation, it is evident that the fundamental characteristic of
the memristor is its ability to "remember" its resistive state even in the absence of
power. This property is due to the fact that the memristor’s resistance is not only
a function of instantaneous current and voltage, but also depends on the history of
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the charges that have passed through the device. This behavior is described by the
I-V curve with hysteresis: as the current and voltage cyclically pass through zero,
the area enclosed by the hysteresis loop represents the energy dissipated by the
device (Fig. 2.1). At low excitation frequencies, the hysteresis is more pronounced
because the device has time to accumulate charge and vary its resistance. When
the voltage frequency increases, the device does not have enough time to respond
to the current variation, and the hysteresis reduces until it disappears, leading the
memristor’s behavior to a linear resistance.

Figure 2.1: Example of I-V characteristic of memristor (current is measured in
ampere and voltage is measured in volt)[8]

The discovery of the memristor by Leon Chua in 1971 was not entirely unexpected.
In fact, as early as the 1960s, the concept of a resistor with memory had been
discussed in the context of some primitive devices, such as the memistor developed
by Bernard Widrow in 1960 [9]. The memistor, although having three terminals
instead of two, was a pioneering idea where the device’s resistance was controlled
by the time integral of the current on a third terminal.

Later, in 1976, Leon Chua and S.M. Kang published a paper that further expanded
the theory of memristive devices, generalizing the concept to include a wide class
of electronic devices exhibiting memristive behavior [7]. This paper, Memristive
Devices and Systems, laid the theoretical groundwork for the development of new
types of electronic systems, including future solid-state memristors.

For decades, the memristor remained a theoretical curiosity without a physical
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realization. It was not until 2008 that a research group at HP Labs, led by Stanley
Williams, succeeded in building the first physical memristor using thin films of
titanium dioxide (TiO2). This device clearly demonstrated the behavior predicted
by Chua and paved the way for a new generation of memory and non-volatile logic
systems [6].

The device developed by Williams and his team was based on an ionic drift
mechanism within the TiO2, which altered the device’s resistance depending on the
current passing through it. This discovery opened the door to the development of
resistive memories (ReRAM) and other emerging applications, such as neuromorphic
systems and reconfigurable logic circuits [10].

The memristor holds enormous potential in various areas of electronics. In particular,
its unique properties make it especially suitable for:

• Non-volatile memory: thanks to the memristor’s ability to retain its resistive
state even when the power is off, it can be used as a memory element in
ReRAM systems, which promise to replace flash and DRAM memories in
future devices [10].

• Neuromorphic systems: memristors can be used to build artificial synapses in
neuromorphic systems that mimic the functioning of the human brain. This
could revolutionize the field of artificial intelligence by improving the efficiency
of learning and memory processes [11].

• Reconfigurable logic circuits: memristors can be used in combination with
transistors to create reconfigurable logic circuits, offering new possibilities for
programmable electronics [12].

The concept of the memristor can be extended to memristive systems, which
generalize the idea to include devices whose behavior can be described in terms of
differential equations that depend on state variables. Although more complex, these
devices offer innovative possibilities in the design of advanced electronic circuits
[7]. In particular, this Thesis explores the memristive behavior of silicon nanowires,
which can be exploited in innovative biosensing applications.

2.2 Silicon Nanowires in Biosensing Applications
Silicon nanowires (SiNWs) represent one of the most promising technologies in
the field of biosensors due to their nanometric size, which offers a high surface-
to-volume ratio, and their unique electronic properties. Silicon nanowires are
one-dimensional structures with diameters ranging from a few nanometers to tens
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of nanometers and lengths that can reach several micrometers. Due to their reduced
size, SiNWs provide a larger surface area for interaction with target biomolecules,
making them particularly suitable as platforms for highly sensitive biosensors. The
biofunctionalization of the nanowire surface allows for the anchoring of specific
biological molecules, such as antibodies or aptamers, that selectively recognize and
bind to target molecules present in the sample [13][14]. These nanomaterials can be
designed to precisely and sensitively detect a wide range of biomolecules, including
DNA, proteins, and other biomarkers.

In recent years, SiNWs have been used to develop label-free biosensors, devices that
do not require the use of chemical markers for signal detection. These biosensors
offer an innovative solution for clinical diagnostics, reducing costs and analysis
times while improving detection accuracy [13][15].
Moreover, the sensitivity of SiNWs allows for the detection of very low concentra-
tions, significantly improving diagnostic precision and reliability, reaching femto-
molar levels.
In addition, SiNW-based biosensors are particularly suitable for integration into
point-of-care (PoC) devices, which enable rapid and portable diagnostics without
the need for complex equipment [16][17].

One of the applications that will be explored in this Thesis involves the detection
of Prostate-Specific Antigen (PSA) using this technology.
PSA is a protein produced primarily by the prostate, and elevated levels of PSA
in the blood are often associated with prostate cancer. PSA is commonly used
as a biomarker for the diagnosis and monitoring of prostate cancer progression
[14]. Prostate cancer is one of the most common malignancies among men, and
PSA testing is one of the main tools used for early diagnosis. However, traditional
methods, such as enzyme-linked immunosorbent assays (ELISA), have some limi-
tations in terms of sensitivity and response times. For this reason, SiNW-based
biosensors offer a valid alternative, thanks to their ability to detect extremely low
concentrations of PSA, down to femtomolar levels, with greater speed and accuracy
[13][14].

In PSA detection biosensors, the surface of the nanowires is functionalized with anti-
PSA antibodies, after being treated with oxygen plasma or piranha solution [18].
These antibodies selectively bind to PSA present in biological samples, triggering a
variation in the device’s conductivity. This phenomenon allows for the monitoring of
biomolecular binding through the measurement of variations in the current-voltage
(I-V) curve, providing information on the concentration of PSA in the sample
[15][19]. Specifically, if antigen-antibody binding has occurred, it causes a change in
the surface charge distribution on the nanowire. This alters the memristance of the
biosensor, as the device’s resistance is no longer determined solely by the intrinsic
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properties of the nanowire but also by the charges induced by the biomolecular
binding.

Specifically, in non-functionalized nanowires, the current-voltage relationship shows
a pinched hysteresis loop at zero voltage, except for parasitic effects. However,
when biological substances are applied to the device surface, the hysteresis shifts
from zero to different voltage values. This shift is not uniform between the
forward and backward branches of the curve, creating an offset. In particular, after
biofunctionalization of the nanowire, a voltage gap appears in the semilogarithmic
current-voltage curve, reflecting an additional memory effect during the voltage
sweep in the memristive biosensor. The biological substances around the nanowire
generate additional charges that create an electric field around the memristive
device channel, producing an effect similar to that observed in non-functionalized
nanostructures but with a surrounding silicon gate. This all-around gate contributes
to the particular conductivity of such structures, including the voltage shift in their
electrical characteristics [20], as illustrated in Fig. 2.2.
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Figure 2.2: I-V characteristic of memristive biosensor considering 3.3fM (a) and
330 fM (b) concentration of PSA [21]

In summary, a voltage sweep is applied through probes placed on the nanowire
pads, and the I-V characteristic is measured. The results obtained before and after
biofunctionalization are compared to detect the presence of biomolecules from an
electrical measurement. This is schematized in Fig. 2.3.
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Figure 2.3: General framework for illustrating the measurement process for silicon
nanowire biosensors [22]

2.2.1 Modeling of Silicon Nanowire

The structure of silicon nanowires can be modeled as a back-to-back diode structure,
with two Schottky diodes [23], which in Fig. 2.4 are indicated as dl and dr. See
Fig. 2.5 for the I-V characteristic of a diode and the band diagram of a p-type
Schottky junction.

Figure 2.4: Structures of SiNW (back-to-back Schottky diodes) [23]
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Figure 2.5: Electrical characteristic of a single-diode and band diagram for a
p-type Schottky junction at equilibrium and in case of reverse bias [23]

From a circuital perspective, models have been developed to simulate the electrical
behavior of the memristive biosensor. In particular, the equivalent circuit shown in
Fig. 2.6 and Fig. 2.7 was developed to model the behavior of the nanowire before and
after biofunctionalization [24]. The models include the following elements:

• Memristor: the core of the model is represented by the memristor, which
reproduces the characteristic hysteresis behavior observed in silicon nanowire
biosensors.

• Schottky barriers: in silicon nanowire-based devices, the Schottky junctions
formed between the metal and the semiconductor at the ends of the nanowire
are modeled using a combination of diodes and resistances.

• Nonlinear capacitances: after biofunctionalization of the biosensor, the bio-
logical molecules bound to the surface of the nanowire introduce additional
effects, modeled through nonlinear capacitances. These capacitances repre-
sent the accumulation of charges due to the presence of biomolecules, which
generates an electric field around the nanowire. This effect leads to the forma-
tion of a voltage gap in the I-V curve, indicative of biofunctionalization and
biomolecular interaction.

• Additional resistances and capacitances: to accurately model the electrical
properties of the device, additional resistances and capacitances are included
in the equivalent circuit. These elements help describe the overall behaviour
of the biosensor, including capacitive and resistive effects due to the nanowire
structure and its interaction with the surrounding environment.
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Figure 2.6: First equivalent circuit of memristive biosensors [24]

Figure 2.7: Second equivalent circuit of memristive biosensors [24]
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Chapter 3

Microfluidic Systems for
Biosensing

This chapter explains the key concepts of microfluidics and describes its main
applications as reported in the literature. Its advantages are explored, which
motivated integrating a microfluidic platform into the biosensing device described
in this Thesis.
Finally, after introducing the physics of nanowires used as biosensors in Chapter 2
and the basics of microfluidics in this chapter, a general overview of the entire
device will be provided. Each of its components will be examined in detail in the
following chapters, looking at both designing and manufacturing aspects.

3.1 Fundamentals of Microfluidics
Microfluidics is the branch of science that deals with the study of fluids that flow
in a network of tiny channels with a width of tens to hundreds of micrometres, and
a volume ranging from femtoliters to microliters [25].
The physics of fluids at the micron scale differs from that observed at the macroscopic
scale. This section describes the fundamental characteristics of the former in order
to elucidate the differences between the two.

Two distinct types of flow can be identified:

• Hydrodynamic flow

• Electrokinetic flow

14



Microfluidic Systems for Biosensing

In the former, the fluid profile inside the microchannel is parabolic. The fluid
velocity is maximum at the centre of the channel, the point corresponding to the
vertex of the parabola, and decreases towards the edges. For hydrodynamic flow,
there is no slip at the walls, where the fluid velocity is ideally null.
In the latter, the fluid profile is almost flat, with a constant velocity along the
entire channel section, leading to the concept of "moving walls" [26].
This is illustrated in Fig. 3.1 and in Fig. 3.2

Figure 3.1: Hydrodynamic Flow [27]

Figure 3.2: Electrokinetic Flow [27]

The behavior of fluid in channels is significantly influenced by its flow regime, which
is characterized by the Reynolds number (Re) [28]. It is the dividing line between
laminar and turbulent flow.
The Reynolds number is calculated as shown in Eq. (3.1).

Re = ρUL

η
(3.1)

• ρ is the density of the fluid

• U is the velocity of the fluid

• η is the viscosity of the fluid

• L is the characteristic length of the duct, which coincides with the hydraulic
diameter, equal to Dh = 4·A

P
, where A is the cross-sectional area and P is the

wet perimeter of the duct.
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In particular,

• if Re < 2300 the flow is laminar

• if Re > 4000 turbulence (mixing) occurs

In microfluidics, given the size of the channel and the dependence of Re on L, the
Reynolds number is always close to unity, thus the flow is completely laminar [29].
This has several physical implications. For example, the presence of laminar motion
implies that two fluids injected into the same microchannel will not mix, but will
continue to flow in parallel. The only phenomenon responsible for the mixing
of the two fluids is diffusion: over time, the fluids mix due to the concentration
gradient within the channel. For this reason, microfluidic mixers are nothing more
than serpentine channels whose shape increases the length of the fluid’s path and
thus its time remaining in the channel, favouring the diffusion phenomenon. An
alternative is to introduce external perturbations, for example by injecting a fluid
from a channel perpendicular to the main one, to alter the laminar motion.

Another fundamental number in the context of microfluidics is the Péclet number
(Pe), which is a dimensionless quantity expressed by Eq. (3.2). The Péclet number
is defined as the ratio of the diffusion and convection rate of a substance within a
fluid [28] .
Microfluidics is distinguished by a relatively low value of Pe (Pe << 1), which
aligns with the prevalence of laminar motion as previously discussed. Indeed, in the
case of a substance immersed in a fluid, the phenomenon of diffusion will prevail.
This property facilitates the manipulation of minute volumes of fluid with precision
[30].

Pe = 1
2

tconvection

tdiffusion

= µ · L

D
(3.2)

• D is the diffusion coefficient of the material mixed in the fluid

• ν is the fluid velocity

• L is the characteristic length of the system

3.1.1 The Correlation Between Microfluidics and Electron-
ics

It is not uncommon to seek analogies and parallels between disparate physical
domains. The objective is to develop equivalent models of a complex system in order
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to facilitate the study of this system using a well-established set of analytical tools.
It can be demonstrated that the analogy between different physical domains is an
accurate representation of the underlying energy principles, as the fundamental laws
that govern energy in a system are often consistent across various domains. This
enables the identification of corresponding laws in disparate fields of physics, thus
facilitating the utilisation of established equations and tools, which are characteristic
of a domain that has already been subjected to investigation.

This principle also applies to microfluidics. It is feasible to correlate each microfluidic
system with an equivalent electronic circuit. Indeed, there are analogies that permit
the establishment of a parallelism between microfluidics and electronics, thereby
enabling the study of the former with equations and physical laws that are already
known, as they are specific to electronics. It is indeed possible to define fluidic
resistance, capacitance and inductance in microfluidics by analogy with the electrical
counterparts.

Fluidic resistance may be defined as the proportional constant between the pressure
difference in a microfluidic channel and its flow rate. In this context, fluidic
resistance is analogous to electrical resistance in ohmic conductors, which is the
proportional constant between voltage and current. To understand this statement,
the starting point is the Poiseulle’s Law (Eq. (3.3)), which relates the flow rate Q
to the pressure variation ∆P in a channel [31].

dV

dt
= Q = πr2∆P

8ηl
(3.3)

• V is the volume of the fluid

• t stands for time

• Q is the flow rate

• r is the "radius" of the channel

• ∆P is the pressure variation along the channel

• η is the viscosity of the fluid

• l is the length of the channel

Note that given the channel geometry and the type of fluid injected, πr2

8ηl
is a

constant. Therefore, the relationship between Q and ∆P is the one shown in
Eq. (3.4).

∆P = R · Q (3.4)
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where R is the fluidic resistance.

R = 8ηl

πr2 (3.5)

The parallel with Ohm’s law, V = R · I, where V is the voltage, R is the electrical
resistance and I is the current, is obvious.

In addition to fluidic resistance, capacitance can also be defined as the storage of
pressure by the fluid and the surrounding geometry [27]. For example, the concept
of capacitance is associated with elastic walls and membranes.

Finally, inductance can be defined as the flow inertia of the fluid and surrounding
geometry [27]. In microfluidics, inductance values are often negligible.

Once the correlation between microfluidic and electronic quantities has been estab-
lished, it is possible to construct an equivalent electronic circuit for a microchannel
system. To this end, it is sufficient to associate each channel element with a resistor
and a voltage generator where pressure differences exist.

3.2 Microfluidic Applications: State of the Art
On the foundations of the fundamental principles of physics, it is possible to
investigate the principal applications of microfluidics. Initially, microfluidics was
only exploited for proof-of-concept studies, whereas today it becomes a valuable
tool for biotechnological applications, including screening and analytical tools [25].
In particular, it is often employed for drug delivery, biosensing devices [32], biofuels
[33] and material synthesis [34].

One application often associated with microfluidics is lab-on-a-chip (LOC). These
devices arise from the desire to transfer all the workflow tasks traditionally per-
formed in an entire laboratory onto a single chip. In a LOC, for example, there may
be areas dedicated to mixing or separating multiple samples, areas where specific
reactions take place, and other zones dedicated to sensing [35][36].

Microfluidics also enables the development of point-of-care (PoC) diagnostic devices
[37], which are portable and compact tools designed to quickly analyse biological
samples without the need to send the sample to external laboratories.

Other applications that exploit microfluidics are agarose gel electrophoresis and
capillary electrophoresis. The former is aimed at separing and visualising DNA
or RNA fragments according to their size; the latter is a technique in which an
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electrophoretic separation takes place in a narrow-bore fused silica capillary. An
example is provided in [38].
Another widely used approach is droplet microfluidics [39]. This involves the
separation of fluid droplets with precise control of their volume and velocity. This
technique is used, for example, in droplet digital PCR [40].

Microfluidics is also widely adopted for cell culture and processing platforms. Ad-
vances in this field are reflected in related fields, including genomics [41], proteomics
[42], transcriptomics [43] and metabolomics [42] of individual cells. These are often
referred to as Omics [25].

In general, microfluidics is valued for its ability to optimise the amount of reagents
and samples used, whereby small volumes are channelled into the area of interest
of the instrument. This frequently leads to a reduction in costs, lower consumption
levels and shorter analysis times. This is particularly advantageous when only a
restricted quantity of reagents is available.
Moreover, by confining the sample within the active region, the risk of cross-
contamination can be mitigated.

Ultimately, microfluidics facilitates the fabrication of compact devices that can
be incorporated with other instruments as sensors, as exemplified by the device
developed in this Thesis.
Moreover, in the context of silicon nanowires as memristive sensors, the integration
of microfluidics guarantees the maintenance of optimal humidity conditions essential
for the optimal functioning of biosensors, particularly during the biofunctionalisation
and incubation phases of antigen and antibody [44].

3.3 Overview of the Final Device Design
After explaining the basic pillars of the device, such as the physical characteristics of
the nanowires used as biosensors (Chapter 2) and the fundamentals of microfluidics
(Chapter 3), the final form of the device is sketched out.

The silicon chip will comprise 24 nanowires, arranged in four arrays of six, and
fabricated in accordance with the process flow outlined in Chapter 5. Each nanowire
will be anchored to nickel silicide (NiSi) pads, from which a pair of metal electrodes
will emerge. Their function will be to preserve the integrity of the pads throughout
the measurement process and to facilitate integration with microfluidic channels,
as described in Chapter 6. The electrodes will extend to the periphery of the
chip, with their extremities remaining uncovered by the microfluidic channels.
This configuration will facilitate access to the probes utilized for the measurement
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process, which is essential for detecting device signals and analyzing the sensed
data.
The microfluidic platform will adhere to the chip, whose structure is detailed in
Chapter 7. All the nanowires that make up the active region of the device will
be covered by the microfluidic channels. They will transport the sample to the
nanowires’ surface and maintain the proper humidity conditions during the antigen
and antibody incubation phases.
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Chapter 4

Fundamentals of
Microfabrication

4.1 Introduction to Microfabrication

The term microfabrication refers to the set of processes used to create structures
and devices on a micrometer and nanometer scale. Microfabrication is a cornerstone
of modern technology, underlying the development of integrated circuits (ICs),
microelectromechanical systems (MEMS), biosensors, and a wide range of devices
used in fields such as electronics, biomedicine, and telecommunications. Its role
is crucial in enabling technological advances, as it allows for the production of
complex devices on scales that are unattainable with traditional manufacturing
methods.

Microfabrication employs a series of advanced techniques that can be classified into
two main categories:

• Top-down techniques, where a larger substrate is initially sculpted or etched
until the desired structure is achieved, such as in photolithography and etching.

• Bottom-up techniques, in which the desired structure is assembled layer by
layer, such as deposition techniques and additive manufacturing.

Microfabrication includes additive processes, where material is deposited onto the
substrate, and subtractive processes, where material is removed. Some of the
fundamental processes used are photolithography, etching, thin-film deposition, and
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doping. These processes allow for the creation of intricate patterns and functional
components on substrates, such as silicon wafers, to build micro- and nanoscale
devices.

4.1.1 Cleanroom Envriroment and Protocols
All microfabrication processes described in this Thesis were conducted inside
a cleanroom at the Center of Micro and Nanotechnology (CMi) of the École
Polytechnique Fédérale de Lausanne (EPFL), following appropriate training for
the correct use of the facilities and equipment.

The cleanroom is a controlled contamination environment where particulate concen-
trations are reduced and maintained below predefined levels, with temperature and
humidity strictly regulated. The use of a cleanroom is crucial in microfabrication
processes to prevent contamination that could compromise the quality and reliabil-
ity of the produced devices. Contamination can affect the proper functioning of
devices, reducing the yield of functional chips per wafer and increasing production
costs, thus negatively impacting profits. Furthermore, contamination can damage
equipment and, in some cases, pose a health risk.

The main types of contamination include particulate contamination, thin films, and
atomic contamination. Contaminating particles can be either organic or inorganic,
such as metallic dust, silicon, glass, quartz, as well as biological residues like skin,
hair, textile fibers, makeup, and bacteria. Contaminating thin films include solvent
residues such as acetone, isopropyl alcohol (IPA), propylene glycol monomethyl
ether acetate (PGMEA), and traces left by insufficient rinsing or water stains.
Finally, atomic contamination is the most difficult to control and is caused by the
adsorption of unwanted atoms, ions, or compounds.

To minimize contamination, operators must wear cleanroom suits, gloves, shoe
covers, face masks, head covers, and protective glasses, not only to protect them-
selves but, more importantly, to safeguard the integrity of the working environment
and the devices being produced. Humans represent one of the main sources of
contamination, as they release particles into the environment in the form of dirt
and oils carried by shoes and clothing, as well as shed skin, hair, and perfume
residues. The use of mechanical tools, such as tweezers, can also cause scratches
on wafers or chips, further increasing the risk of contamination. Other sources
of contamination include machinery in the cleanroom, materials used (chemicals,
water, gases, and targets), and the environment itself.

Contamination can lead to significant problems. For example, impurities in silicon
can act as recombination centers for electron-hole pairs, affecting the concentration
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and distribution of charge carriers. Moreover, the presence of particles on the surface
or in the reagents used during etching processes can interfere with photolithography,
causing defects such as breaks or protrusions that generate shadowing effects,
preventing the correct exposure of the underlying areas.

To reduce contamination risks, cleanrooms are equipped with HEPA and ULPA
filters that purify the air. The laminar airflow, which flows from top to bottom,
is crucial for keeping the environment particle-free. The layout of the equipment
inside the cleanroom is also optimized to reduce air turbulence, using, for instance,
perforated workbenches that promote continuous airflow.

International standards for the classification of cleanrooms has been established,
dividing them into classes based on the concentration and size of particles present.
Contamination measurements are performed using filtering and counting techniques
or instruments that exploit optical scattering. There are two main cleanroom
classification systems: the Federal Standard 209E (based on classes like 1, 10, 100,
1000, etc.) and the ISO 14644-1 standard. The Federal Standard 209E classifies
cleanrooms by the maximum number of particles per cubic foot of air, with different
particle sizes. The ISO 14644-1 standard, more widely used internationally, classifies
cleanrooms from ISO Class 1 (the cleanest) to ISO Class 9 based on the number of
particles per cubic meter of air.
At the CMi, on the BM-1 floor, there are ISO 5 zones, while ISO 6 areas are located
on the BM+1 floor, as shown in Fig. 4.1.

Figure 4.1: Cleanroom top view and classification at CMi, EPFL
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4.2 Photolithography

Photolithography is one of the main microfabrication techniques used to transfer
patterns onto a substrate through the use of light. The term photolithography
comes from the Greek words photo (light), litho (stone), and graphein (to write),
literally translating to writing with light on stone. In this context, stone refers to
the substrate being processed, which can be silicon, glass, or other semiconductor
materials [45].

Photolithography is the most widely used microfabrication technique in the process
designed for the realization of the bio-sensing device, the focus of this research
project. Therefore, this section is dedicated to explaining its key elements.

The main components needed to carry out the photolithography process are:

• Substrate: the material on which the pattern is to be transferred, typically a
silicon wafer.

• Photoresist: a light-sensitive polymer whose solubility changes after exposure
to light.

• Mask: an opaque structure with defined openings according to the desired
pattern, allowing light to selectively illuminate areas of the photoresist.

• Light source: generally an ultraviolet (UV) lamp, chosen based on the sensi-
tivity of the photoresist.

Photoresist is one of the key elements of photolithography. It is a polymer provided
in liquid solution, whose solubility changes after exposure to light of a specific
wavelength. Photoresists are made up of a matrix, a solvent, and a photoinitiator.
Photoresists are divided into two main categories:

• Positive photoresists: solubility increases in areas exposed to light, making
them easier to remove during the development phase.

• Negative photoresists: solubility decreases in areas exposed to light, creating
a pattern where only the unexposed parts are removed during development.

These properties of photoresists are exploited to transfer patterns onto the substrate,
allowing precise selection of areas to undergo further treatments and masking those
to be protected.

The photolithography process can be divided into the following main steps (see
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Fig. 4.2):

• Coating: the photoresist is uniformly applied to the substrate using techniques
like spin coating.

• Soft-baking: the photoresist is heated to evaporate the excess solvent and
consolidate the film.

• Exposure: the substrate is exposed to UV light through a mask that defines
the areas to be illuminated.

• Post-exposure baking (not always necessary): heating after exposure to stabi-
lize the chemical reaction.

• Development: the more soluble parts of the photoresist are removed with a
specific solvent.

• Hard baking (optional): additional heating to increase the chemical and
mechanical resistance of the pattern.

Figure 4.2: Main steps in a photolithographic process [46]

The first step of the process is coating the substrate with photoresist. A common
technique for doing this is spin coating. The substrate, typically a silicon wafer, is
placed on a rotating plate called a chuck. Vacuum is applied to hold the substrate
in place, and then the photoresist is poured onto it. The plate is rotated at high
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speed, distributing the photoresist evenly across the substrate through centrifugal
force. The final thickness of the film depends on various parameters such as the
viscosity of the photoresist, the rotation speed, and the duration of the process. It
is important to develop specific recipes to achieve the desired thickness.

Soft-baking is a critical phase in which the substrate is heated for a specific time
and temperature, defined by the characteristics of the photoresist. This step allows
the solvent in the photoresist to evaporate, solidifying the photoresist film and
preparing it for the subsequent exposure.

During the exposure phase, certain regions of the photoresist are illuminated
according to the desired pattern. The light source is generally a UV lamp, as most
photoresists are sensitive to this spectrum. The choice of UV wavelength affects
the resolution of the pattern: shorter wavelengths, such as those used in deep UV
(DUV) or extreme ultraviolet (EUV) lithography, allow for finer details.

To select the areas to be illuminated, a mask is used. It is an opaque structure
with openings that allow light to pass through and hit only specific regions of the
photoresist. In prototyping, to reduce the costs associated with mask fabrication, a
laser source can be used to selectively illuminate the photoresist without the need
for a physical mask.

There are various exposure methods (Fig. 4.3):

• Contact exposure: the mask is in direct contact with the substrate, ensuring
high resolution but risking damage to the mask and substrate.

• Proximity exposure: there is a small gap between the mask and the substrate,
reducing the risk of damage but introducing diffraction effects.

• Projection exposure: light is projected onto the substrate through a lens
system, avoiding direct contact between the mask and substrate and improving
resolution.
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Figure 4.3: Exposure methods in photolithography [47]

After exposure, the photoresist is developed. This step uses specific solvents to
remove the soluble parts of the photoresist. In positive photoresists, the areas
exposed to light become soluble and are removed, while in negative photoresists,
the unexposed part is removed, as shown in Fig. 4.4. The type of solvent varies
depending on the photoresist and is specified by the manufacturer.

Figure 4.4: Comparison of positive and negative photoresists [48]
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The final, optional step is hard baking. In this phase, the substrate is heated again
to higher temperatures to increase the mechanical and chemical resistance of the
photoresist pattern.
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Chapter 5

Silicon Nanowires

5.1 Methods and Processes in Silicon Nanowire
Fabrication

The physics of nanowires, along with their circuit models, is outlined in Chapter 2.
The fabrication process, which was conducted by Dr. Junrui Chen, is now presented
for detailed examination.

The aim is to produce suspended silicon-based nanowires that, after appropriate
functionalisation, will serve as memristive biosensors for molecular sensing. This
capability is achieved by forming a Schottky barrier between the nanowire and
the nickel silicide (NiSi) pads. They act as electrical contacts, as described in
Chapter 2. The main steps of the process are described below.

The substrate employed is a silicon-on-insulator (SOI) wafer, specifically a p-type
SOI-725(625)-2-0.34 <100> with a resistivity ranging from 8.5 to 11.5 Ωcm.
The first step consists in substrate preparation: the wafer is cleaned to remove
impurities and contaminants to ensure good adhesion of the materials to be
deposited.

Subsequently, ZEP 520A photoresist is deposited via spin coating. The material
is suitable for electron beam (e-beam) lithography, which is one of the principal
techniques employed in this process. After that, a soft-bake step is undertaken
with the objective of enhancing the adhesion of the resist to the substrate and
facilitating the evaporation of the solvent (see Fig. 5.1).
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Figure 5.1: Spin-coating on SOI wafer

This is followed by e-beam exposure to delineate the intended structures. As ZEP
520A is a positive photoresist, the selectively exposed areas are those that reduce
its solubility and are then removed following the development stage.
The selected developer is an amyl-acetate solution, which is used to immerse the
wafer for a period of between 1 and 2 minutes after the post-exposure bake (PEB),
with the objective of removing the areas that have been exposed to the electron
beam.

The substrate is bonded to a dummy wafer using glue, which remains stable
throughout the subsequent steps.
The following step is the etching of both the silicon and silicon oxide (SiO2) of
the substrate. It is then followed by an oxygen plasma treatment, which serves to
remove the resist and clean the structure that has been fabricated. Its cross-section
is shown in Fig. 5.2

Figure 5.2: Cross-section of fabricated structure after e-beam lithography and
etching process

150 nm of methyl methacrylate (MMA) and 150 nm of poly-metyl methacrylate
(PMMA) are spin-coated, exposed and developed (e-beam lithography). The
developer used is a solution of methyl isobutyl ketone (MiBK) and isopropyl alcohol
(IPA) in a 1:3 ratio (see Fig. 5.3).
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Figure 5.3: Second stage of e-beam lithography for silicon nanowires fabrication

At this stage, a 50 nm layer of nickel (Ni) is deposited by e-beam evaporation,
which is essential for producing the electrical contacts pads. The nickel is deposited
uniformly on the wafer (Fig. 5.4), but after lift-off with acetone it remains only
where the photoresist has been removed (Fig. 5.5).

Figure 5.4: E-beam evaporation of 50 nm of nickel

Figure 5.5: Final result after lift-off

Annealing at 400 °C for 20 min is required to form the nickel silicide, as depicted in
Fig. 5.6.

31



Silicon Nanowires

Figure 5.6: Nichel silicide formation after annealing step

In preparation for the next steps, a new oxygen plasma treatment follows for surface
dehydration and activation.

The process continues with a new spin-coating cycle, using HSQ XR1541 002 resist,
with a thickness of 50 nm. After soft-bake, e-beam exposure, and development (MF
CD 26), the Bosch process is implemented to etch the silicon and define the final
structure of the nanowires. These intermediate results are shown in Fig. 5.7 and
Fig. 5.8.

Figure 5.7: Third step of e-beam lithography for silicon nanowires fabrication
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Figure 5.8: Final result after the Bosh process

Resist is stripped, as illustrated in Fig. 5.9.

Figure 5.9: Resist stripping

Then, the negative photoresisit AZnLOF2020 is spin-coated. Following the soft-
bake, exposure and development with AZ 726 MIF (Fig. 5.10), the isolation
evaporation is performed (Fig. 5.11), which is then followed by lift-off with acetone
(Fig. 5.12).
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Figure 5.10: Fourth step of photolithography for silicon nanowires fabrication

Figure 5.11: Isolator evaporation

Figure 5.12: Final result after lift-off

Subsequently, a final cycle of photolithography is conducted, as depicted in Fig. 5.13.
In this instance, the selected photoresist is AZ10XT-60.
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Figure 5.13: Fifth step of photolithography

The entire structure is then attached to a dummy wafer, after which ion beam
etching (SiO2 etching) and resist stripping are conducted. The final result is shown
in Fig. 5.14.

Figure 5.14: Final process flow step for the fabrication of silicon nanowires

Fig. 5.15 depicts SEM (Scanning-Electron Microscope) image of silicon nanowires
anchored to NiSi pads.
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Figure 5.15: SEM image of silicon nanowires and NiSi pads
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Chapter 6

Electrode Design and
Fabrication for Memristor
Integration

6.1 Electrode Integration: Requirements and Mo-
tivation

The integration of electrodes is a crucial yet non-straightforward process. Integrating
a pair of electrodes for each nanowire is essential for several reasons.

On the one hand, considering the integration of a microfluidic platform, without
electrodes extending the pads, once the channel is created over the nanowires array,
the pads would be covered and it would no longer be possible to take measurements.
Without electrodes, the device would be unusable.

Furthermore, the addition of electrodes also presents the advantage of preserving
the pads themselves. The probe station used to apply a voltage sweep and measure
current, as described in Sec. 6.4.1, has probes that are relatively large compared to
the pads. Even when handling the instrument delicately, they tend to scratch the
surface after each measurement, which over time would damage the device.

Finally, electrode integration simplifies the connection of the chip to other sys-
tems, such as a printed circuit board (PCB), thus speeding up the measurement
process.
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However, the integration of electrodes is not straightforward. Connecting the pads
to the metal traces of the electrodes introduces a series resistance. Since the device
is based on the memristive behavior of the nanowires, it is necessary to ensure that
this added resistance does not mask the memristive behavior [49].

When designing the electrodes, reducing the introduced resistance is essential.
Furthermore, it is important to ensure that each current path has the same
resistance. In this way, it is possible to perform operations such as calculating the
average and standard deviation of the voltage and current values obtained from
repeated measurements.

6.2 Electrode Layout and Design Specifications
Each nanowire has a pair of electrodes (source and drain). As mentioned in
Sec. 6.1, the main objective is to minimize the resistance of the electrodes, which
can be achieved by adjusting the cross-sectional area rather than the length, that
is determined by design constraints. The length of the electrodes must be sufficient
to avoid being covered by the microfluidic platform while leaving a margin from
the edge of the chip to prevent issues during fabrication, such as edge effects.

Thanks to the thickness of the pads, about 1 µm, it is possible to achieve a
sufficiently large cross-sectional area to significantly reduce the resistance. The
goal is to maximize the width of the traces to increase the cross-sectional area,
while considering space limitations.

The final design, created using KLayout, satisfies all the described requirements.
The design is illustrated in Fig. 6.1. The nanowires and their respective pads are
shown in red, while the electrodes are represented in blue. It can be seen that each
nanowire is connected to its own electrode and a reference electrode.

The electrodes have an initial section with a non-constant width, which varies
linearly, connecting to a section with a constant width. The initial section has a
width of 100 µm, and the final section width is 200 µm for the thinner electrodes
and 300 µm for the wider ones. This design allows for a practical and effective
connection between the pads and the electrodes.

The reference electrode was designed with an even larger width, 600 µm, to ensure
minimal resistance and greater signal stability, which is crucial for the proper
functioning of the device.

Finally, when choosing the width, it is important to leave a minimum spacing
between the traces, depending on the resolution of the photolithography machine
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used for exposure; otherwise, the traces may overlap.

When selecting the final width of the electrodes, it is important to balance this
with the length of the current path to achieve equal resistance. This was easily
done using the Python code mentioned in Sec. 6.2.1.

Figure 6.1: Design of electrodes (KLayout)

6.2.1 Computation of Electrical Resistance
The electrical resistance of a conductor depends on its resistivity ρ, the geometry
of the conductor, and the material it is made of. In this section, two cases
are examined: the first, where the trace width is constant along its length, and
the second, where the width varies linearly along the length of the conductor.
Specifically, the resistance will be expressed as a function of the trace width W (x)
and thickness h.

In the case of a trace with a constant cross-sectional area, the resistance can
be expressed as a function of the trace width W0 and thickness h. Since the
cross-sectional area is A0 = W0h, the resistance can be calculated as:
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R =
Ú L

0

ρ

A0
dx = ρ

W0h

Ú L

0
1 dx = ρ

W0h
· L

Thus, the resistance for a trace with a constant cross-section is:

R = ρL

W0h

In this case, the resistance R is inversely proportional to the trace width W0 and
thickness h and directly proportional to the length L. This means that increasing
the width or thickness of the trace decreases the resistance. This is intuitive because
a larger cross-sectional area allows for easier electron flow, reducing resistance.

In contrast, increasing the length L results in a linear increase in resistance, as the
electrons must travel a longer distance through the material.

In the case of a trace with a linearly varying width, the width can be expressed as
a function of position x along the conductor. If the width W (x) varies from W0 to
WL, we can write:

W (x) = W0 + (WL − W0)
L

· x

Since the cross-sectional area is A(x) = W (x)h, the resistance is given by:

R =
Ú L

0

ρ

A(x) dx =
Ú L

0

ρ

W (x)h dx

Substituting the expression for W (x):

R = ρ

h

Ú L

0

1
W0 + (WL−W0)

L
· x

dx

To simplify the integral, we define:

b = WL − W0

L
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so that W (x) = W0 + b · x, and the integral becomes:

R = ρ

hb
[ln(W0 + b · x)]L0

Substituting the integration limits x = 0 and x = L:

R = ρ

hb
(ln(W0 + b · L) − ln(W0))

Simplifying further:

R = ρ

hb
ln
A

W0 + b · L

W0

B

Since b = WL−W0
L

, substituting yields:

R = ρ

hWL−W0
L

ln
3

WL

W0

4

Finally, the resistance for a trace with a linearly varying width is:

R = ρL

h(WL − W0)
ln
3

WL

W0

4
(6.1)

In this case, the resistance R depends on the width variation along the conductor.
When WL > W0, the width increases along the conductor’s length, progressively
reducing the local resistance along x. The use of a logarithmic dependence reflects
that the effect of the width variation is not linear, but depends on the ratio between
the final width WL and the initial width W0.

As in the case of a constant cross-section, the resistance is inversely proportional
to the trace thickness h and directly proportional to the resistivity ρ and the total
length L.

These formulas are implemented in a Python code. This code significantly simplified
the design process. By inputting a table containing the dimensions of the electrodes,
the code outputs the resistance for each current path. The code’s implementation
is facilitated by the symmetry of the layout, and it can also be used to optimize
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the electrode dimensions. Given the geometric constraints and inputting a desired
resistance value with a certain tolerance, the code returns a table with the best
combination of geometric parameters to meet the set requirements.

In the design used (Fig. 6.1), the resistance for each current path does not exceed
1.7 Ω for any path, ensuring that the memristive behavior of the nanowires is not
masked [49].

6.3 Electrode Fabrication Process: Lift-Off Method

The fabrication process for the electrodes is based on the lift-off method.

The lift-off technique is widely used in micro and nano-fabrication to create metal
patterns on substrates and is particularly appreciated for its versatility and precision.
The lift-off process stands out for its simplicity and ability to avoid the use of
chemical or physical etching techniques, which can be damaging to the underlying
material or delicate structures.

The lift-off process involves several steps. First, the surface of the substrate is
coated with a photosensitive resist via spin-coating. This resist layer is then exposed
to ultraviolet (UV) light through a mask that defines the desired pattern. The
exposure alters the chemical properties of the resist, allowing selective removal of
the material in the exposed areas (for positive resist) or in the unexposed areas
(for negative resist) during the development phase. The result is a resist pattern
that acts as a "negative mold" for metal deposition.

A key feature of the lift-off process is that, once the resist has been developed, metal
is deposited across the entire surface, but only the portion directly adhering to the
substrate (and not on top of the resist) remains after the lift-off process.

One critical aspect of lift-off is managing the thickness of the resist: if the resist
is too thin relative to the thickness of the deposited metal, the solvent may not
effectively remove the resist and the metal on top, compromising the definition of
the pattern. Therefore, selecting the appropriate resist thickness and accurately
calibrating the exposure and development parameters are essential for the success
of the process.

Fig. 6.2 shows the entire process flow developed for electrode fabrication. It will be
discussed in more detail in the following sections.
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Figure 6.2: Process flow for electrodes fabrication (lift-off)

6.3.1 Mask Fabrication
Once the electrode design is finalized, a mask can be fabricated to speed up the
exposure process. This is particularly useful when working on a wafer rather than
individual chips, as the exposure phase with a maskless aligner (MLA) machine

43



Electrode Design and Fabrication for Memristor Integration

takes nearly an hour or more depending on the dose, compared to a few minutes
with a mask.

Since mask fabrication is expensive, it is advisable to create one only when the
electrode design is finalized and it is no more subjected to frequent changes and
modifications. For the mask fabrication, the process flow from the CMi portal was
followed [50], using the Heidelberg Instruments VPG200 and Hamatech HMR900
machines.

6.3.2 Photolithographic Process for Electrode Patterning
The photolithography steps required to create the electrodes are detailed be-
low.

The process begins with a substrate containing silicon nanowires and NiSi pads
(see Chapter 5), followed by a thorough cleaning to remove any traces of dirt
and residues through immersion in acetone for 3 min. This step is essential to
ensure optimal adhesion of the photoresist and to avoid contamination that could
compromise subsequent processing.

After cleaning, the negative photoresist AZnLOF2020 is uniformly applied to the
substrate to achieve a thickness of approximately 3 µm, using the Sawatec SM-200
spin coater. According to the spin-coating curve in Fig. 6.3, a recipe corresponding
to a chuck speed of 1,500 rpm is set. The resist thickness is crucial for ensuring
the correct pattern definition and electrode formation during the exposure and
development stages. This step is followed by soft-baking at a temperature of 105 °C,
which aims to remove residual solvents and stabilize the photoresist film.

The exposure is performed using a light source with a wavelength of 375 nm and a
dose of 105 mJ/cm2. These parameters have been selected based on preliminary
tests and the photoresist datasheet. The MLA150 machine was used for this step.
This method was preferred over using a mask, as most of the work was done on
individual chips rather than entire wafers.

After exposure, the post-exposure bake (PEB) is performed to complete the chemical
reactions induced by the light in the AZnLOF2020 photoresist. Since it is a negative
resist, it hardens in the exposed areas. This step improves the resolution of the
patterns and the stability of the film during development.

The photoresist is developed using the AZ 726 MIF developer, which, in combination
with deionised water, selectively removes the unexposed areas of the resist, revealing
the desired pattern. The quality of the development process is verified through
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Figure 6.3: AZnLOF spin curve [51]

optical microscope inspection to ensure that the electrodes have been correctly
formed with the required precision. The result is shown in Fig. 6.4.

Figure 6.4: Representation of the device after photolithography

Achieving the optimal parameters for this process is the result of numerous experi-
mental trials. Initially, the recommended values from material datasheets are used
and progressively adapted based on the obtained results. Indeed, factors such as the
specific machine used, the geometry of the pattern, and environmental conditions
can significantly influence the final outcome. Therefore, the optimization process
requires continuous iteration to obtain stable and reproducible results, ensuring
that the electrode patterning is performed according to design specifications.
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Photoresist Selection

Several resists were tested before selecting AZnLOF2020 as the optimal choice
for our needs. The decision to use AZnLOF2020 was the result of a thorough
evaluation based on several fundamental parameters, particularly relevant when
working on small chips.

The main parameters considered in the resist selection were:

1. Achievable thickness: The ability to achieve sufficient thickness is critical.
AZnLOF2020 was selected in part because it can provide the required thickness
without compromising other important properties, such as edge definition and
substrate adhesion.

2. Viscosity of the photoresist: Viscosity is particularly critical, especially when
working on very small chips, as in the initial prototyping phase on 8 mm x 8
mm chips. Highly viscous resists tend not to spread uniformly, creating uneven
thicknesses, particularly at the chip edges. This is a significant problem because,
in small devices, the edges represent an important area for patterning. If there are
coating irregularities, the uniformity of the exposure dose is compromised, leading to
incomplete or defective patterning. Lack of uniform coating can result in insufficient
exposure dose in certain areas and, consequently, incomplete development or damage
to the structures. AZnLOF2020, with its appropriate viscosity, demonstrated the
ability to distribute uniformly even on the edges, ensuring a regular coating.

3. Ability to achieve a quality undercut: The ability to achieve an effective
undercut is a fundamental requirement for the lift-off process, which requires that
the deposited material separates cleanly from the resist to obtain well-defined
electrodes. To achieve a good undercut, a bi-layer process is often used, with the
application of a Lift-Off Resist (LOR). LOR is a sacrificial resist applied as a lower
layer beneath the main photoresist. During development, the LOR is selectively
dissolved compared to the overlying photoresist, creating an undercut, a recess
beneath the photoresist. This space allows for the resist to be lifted off after metal
deposition, separating the metal deposited on the surface from the metal deposited
in the openings, facilitating resist removal and leaving intact electrodes.
However, in our case, the available LOR at CMi did not achieve the desired thickness
for the process. This led us to seek an alternative solution. AZnLOF2020 proved
to be an excellent choice, as it can form an adequate undercut without the need
for an additional LOR layer. This simplified the lift-off process, and improving the
quality of electrode patterning.
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6.3.3 Metal Selection and Deposition Process

Once the pattern with the photoresist is developed, metal deposition is the next
step.

The metal evaporation technique is a physical process used to deposit thin metal
films on a substrate. This method relies on the controlled vaporization of metal in a
vacuum environment, allowing the metal vapor to condense and deposit uniformly
on the surface of the substrate.

Physically, the process occurs inside a vacuum chamber, which significantly reduces
the presence of gas molecules that could interfere with the trajectory of the
evaporated metal atoms. The high vacuum ensures that the evaporated atoms can
ideally travel in a straight line from the evaporation point to the substrate without
significant collisions.

For the metal evaporation, the EVA760 machine was used. A 500 nm layer of
titanium (Ti), acting as an adhesion layer, was evaporated, followed by a 700 nm
layer of gold (Au). The resulting structure is shown in Fig. 6.5.

Figure 6.5: Graphical representation of the device after metal deposition

Among the various available conductive metals, gold was chosen due to its excellent
electrical and chemical properties. Gold has one of the lowest electrical resistivities
(about 24 nΩ·m) and outstanding chemical stability, making it virtually immune
to corrosion and oxidation, ensuring reliable long-term performance. However, if
gold were directly deposited onto the substrate, delamination or peeling of the
metal film, particularly along the edges, might occur, compromising the electrical
contact quality and device integrity. To overcome this limitation, an adhesion layer
is introduced.
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In practice, the most commonly used materials for the adhesion layer are titanium
(Ti) and chromium (Cr). Titanium, in particular, slightly oxidizes on the surface,
forming a titanium oxide layer that helps create a stable interface with the substrate,
improving mechanical adhesion. Additionally, titanium is compatible with gold,
allowing a strong bond between the two metal layers without compromising the
conductive properties of the electrode.

The decision to prefer titanium as an adhesion layer over chromium was driven
by two main factors. Firstly, previous experiments with a Cr+Au system under
silimar conditions to those used in this work had yielded less satisfactory results,
particularly showing lifting and curling of the metal film edges.

Secondly, a practical consideration influenced the choice of titanium: some of the
machines used later in the process, such as the Tepla300 for oxygen plasma surface
activation at CMi, prohibit the use of chromium. Titanium, on the other hand,
does not have these limitations, making the process simpler and more versatile
without requiring adjustments to the workflow.

6.3.4 Final Fabricated Chip with Integrated Electrodes

After the metal evaporation (Ti+Au), the chip is immersed in acetone for 4 h
or overnight, initiating the lift-off phase. The photoresist dissolves, consequently
lifting off the over-deposited metal layer (see Fig. 6.6). At this stage, the importance
of the photoresist undercut becomes evident.

Figure 6.6: Graphical representation of the device after lift-off

Fig. 6.7 shows a portion of the wafer with chips and the fabricated electrodes.
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Figure 6.7: Chips with silicon nanowires and integrated electrodes

Fig. 6.8 shows an SEM image displaying the contact between a portion of the gold
electrode and the pad of a nanowire.

Figure 6.8: SEM image of NiSi pad and gold electrode
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6.4 Electrode Characterization and Measurements
In this section, the measurement process used to characterize the electrodes is
described. After detailing the measurement setup, a review of the possible outcomes
after electrode integration is provided.

6.4.1 Measurement Setup and Instrumentation
The key elements of the measurement setup are as follows:

• Probe station

• Keithley 2602B SourceMeter

• PC with MATLAB code

The chip is placed on a probe station, which consists of a platform, called a chuck,
that securely holds the wafer, chip, or other microelectronic components. It often
includes a vacuum system to ensure that the device under test (DUT) remains
stationary during the measurement phase. The primary function of a probe station
is to allow fine manipulation of the probes, which are sharp metal contacts connected
to high-precision instruments like the Keithley 2602B SourceMeter. These can be
moved with micrometer-scale precision using micromanipulators.
The probe station is equipped with an electronic or optical microscope, allowing
the operator to visualize the exact placement of the probes on the DUT. This
visual feedback is crucial to ensure that the probes make proper contact without
damaging the delicate structures of the device.

The Keithley 2602B is designed for highly accurate electrical measurements, often
required in sensitive experiments involving low currents and voltages. For example,
in bio-sensing or nanoscale electronics, where current levels can drop into the
picoampere range, this instrument provides the precision needed for accurate data
collection. It supports various measurement modes, including both single-point
measurements and voltage sweeps. Furthermore, the SourceMeter’s ability to both
source and measure in the same device makes it particularly useful for experiments
involving devices like the one designed in this Thesis.

The measurements are performed using a MATLAB script specifically written for
this type of measurement. The MATLAB script automates the process of controlling
the Keithley 2602B to perform voltage sweeps and measure the corresponding
current.

The protocol used in the MATLAB script is based on the VISA-GPIB (Virtual
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Instrument Software Architecture-General Purpose Interface Bus) communication
standard. VISA (Virtual Instrument Software Architecture) serves as an abstrac-
tion layer that facilitates communication with instruments across multiple hardware
interfaces, including GPIB. In this case, the VISA-GPIB combination allows the
MATLAB software to issue commands to the Keithley 2602B, request data, and con-
trol the flow of measurements through a standardized communication interface. The
GPIB interface enables the MATLAB script to communicate with the SourceMeter
by sending SCPI (Standard Commands for Programmable Instruments) commands.
SCPI commands are textual instructions that allow precise control of instrument
settings, such as setting the voltage range, configuring measurement parameters,
and requesting measured data.

The script begins by defining a voltage range for the sweep (e.g., from -4V to 4V,
with a step size of 0.01V). Voltage is incrementally adjusted, and the SourceMeter
measures the current at each voltage point. This is done iteratively, with the results
stored in arrays for later use.

The script handles both forward and backward sweeps, essential for analyzing
memristive components.

Once the data is collected, it is saved in a text file in ASCII format, making it
easy to import into other software for further analysis or comparison with results
from other experiments. The current data is plotted against the voltage, with
the forward sweep shown in red and the backward sweep in blue. In addition to
linear plotting, the script generates a semi-logarithmic plot, particularly useful for
visualizing the voltage gap.

An important feature of the script is the calculation of the voltage gap (Vg), which
measures the difference in voltage between the forward and backward sweeps at
the point of minimum current. This gap is indicative of hysteresis in the device
and is crucial for characterizing the biosensor. The script calculates this voltage
gap by finding the indices of the minimum current values in both the forward and
backward sweeps and then subtracting the corresponding voltages. This gap is
displayed and saved along with the rest of the data, enabling a quantitative analysis
of the device’s hysteretic behavior. This ensures the user has a complete record of
the experiment, including both raw data and visualizations.

6.4.2 Electrode Performance Characteristics
Two distinct scenarios may arise when measuring the electrode characteristics.

The first scenario is illustrated in Fig. 6.9. In this case, the metal (in yellow)
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adheres well to the pads, creating a good contact without parasitic effects. The
resulting characteristic curve is shown in Fig. 6.10, with a voltage gap close to
0 V.

Figure 6.9: Silicon-nanowires and NiSi pads with good electrode connection

Figure 6.10: Good I-V characteristic of bare silicon-nanowire (integration of
electrodes)

Fig. 6.11 shows an I-V characteristic where a non-zero voltage gap is observed, even
though a bare nanowire was measured. This is due to parasitic effects. Evidently,
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during the evaporation phase, the metal did not fully adhere to the side of the
pad. The gap left between the NiSi surface and the gold surface forms a parasitic
capacitance.

Figure 6.11: Effect of parasitic capacitance on I-V characteristic (integration of
electrodes)
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Chapter 7

Microfluidic Platform
Development

This chapter sets out the requirements for integrating the microfluidic platform
into the device described earlier, providing a justification for each design choice.
Furthermore, it reviews the common manufacturing processes for fabricating mi-
crofluidic devices, concluding with the selection of the optimal process for this
application.

7.1 Design and Requirements of the Microfluidic
Platform

In the design of the microfluidic platform and the development of its fabrication
process, a number of requirements must be taken into account. For the design, the
following key points must be satisfied:

• The configuration of the channels must be aligned with the positioning of the
nanowires on the chip surface. It is, in fact, the function of the microfluidic
platform to concentrate the sample solution in the active area of the device,
maintain optimal humidity conditions to favour chemical or biological reactions,
and prevent evaporation after liquid samples have been incubated. Accordingly,
the arrangement and configuration of the channels must encompass the entire
active sensing zone of the device and then align with the arrangement of the
nanowires on the chip.
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• The width and length of the channels are of critical importance in the design
of the microfluidic platform. In addition to the aforementioned considerations,
two further factors require attention: the alignment procedure and the presence
of electrodes. The alignment between the channels and the chip with nanowires
and electrodes is conducted manually, facilitated by an optical microscope. It
is therefore essential to allow for a margin of a few tens of microns in the width
and length of the microfluidic channels, in comparison to the actual width
and length of the nanowire array. Furthermore, it is of paramount importance
to include a margin between the channel wall and the edge of the platform.
It is essential that the platform be sized to leave a portion of each electrode
uncovered, thereby ensuring the efficacy of the measurement process. The
requisite margin enables the bonding of the microfluidic platform to the chip,
thereby ensuring the availability of sufficient material for effective adhesion
between the two surfaces and the prevention of leakage.

• The height, length and width of the channels must also be adjusted to stay
within the volume limits. In this application, the maximum available volume
of solution is 20 µL, so the total volume of the channels must not exceed this
limit. For N straight channels with rectangular cross section, length L, width
w and thickness t, with circular inlets and outlets of radius r, the condition
can be approximated as

N · (L · w + πr2) · t < 20µL (7.1)

• An additional parameter that merits attention is the fluidic resistance, which
is dependent on the dimensions of the channel, specifically its height, width,
and length. In the case of a channel with a rectangular cross-section, the
fluidic resistance can be approximated by the Eq. (7.2) [31].

Rf = 12ηL

wt3 (7.2)

It has been demonstrated that the resistance is inversely proportional to the
cube of the channel height, t. An increase in channel thickness can result
in a notable reduction in fluidic resistance, provided that the length and
width remain constant. However, any increase in height must be balanced
against other requirements, such as the total volume of the channels and their
mechanical stability, which is influenced by their aspect ratio. Furthermore,
the maximum achievable aspect ratio is subject to the constraints of the
manufacturing process and the selected material.

In this specific instance, each chip comprises nanowires arranged in four parallel
arrays, which allows for the implementation of multiple channel designs. One of the
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most straightforward solutions is to create four parallel channels, with one dedicated
to each array of nanowires. All the channels are equipped with a separate inlet
and outlet. Alternatively, a common outlet for all channels may be designed. An
alternative methodology is to create two larger parallel channels, each encompassing
two adjacent arrays of nanowires. This design permits the creation of larger inlets
and outlets, thereby enabling the available tubes to be inserted directly, obviating
the necessity for additional needles.

In addition to the conventional straight channels, more intricate configurations
have been investigated, including the incorporation of Y or T junctions, which
facilitate the distribution of flow from a single inlet to multiple channels. However,
these solutions necessitate the use of a larger platform, introduce longer channels,
and therefore require higher fluid volumes for a given thickness. Furthermore, these
more complex configurations are associated with higher fluidic resistance, which
may compromise system efficiency.

The following points should be taken into account when selecting a manufacturing
technique:

• It is recommended that a transparent material be used for the channels,
allowing for direct observation of the interior of the channels with the naked eye,
for instance during the sample injection phase, or with an optical microscope
for subsequent analysis.

• A material that does not interact with the biological samples introduced into
the channels is recommended in order to avoid any alteration in the sensing
performance of the device.

• It is of great importance that the microfluidic platform is effectively integrated
into the silicon chip that houses the nanowires, pads and electrodes. This
implies that the material must adhere perfectly to the surface of the chip,
with no leakage either at the lateral edges or between adjacent channels. The
absence of this requirement would have an impact on the overall performance
of the device.

• For the manufacturing process, solutions that add excessive complexity to
the device should be avoided. Therefore, for the same performance and
suitability for our application, microfabrication techniques that are fast, easily
reproducible, less sensitive to process variations and cost-effective are preferred.
The ultimate goal is to minimise the risk of process failure during prototyping
and to facilitate replicability.
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For a detailed description of process selection, see Sec. 7.2 and Sec. 7.3.

7.2 Methods for Microfluidic Fabrication
A variety of fabrication methods have been explored in the literature for the
realisation of microfluidic devices. Some of the most popular techniques are listed
below [48].

• Polydimethylsiloxane (PDMS) platforms made using the SU-8 moulding tech-
nique (Soft-lithography)

• Polymethyl methacrylate (PMMA) platforms, e.g. produced by hot embossing

• Platforms with microfluidic channels in SU-8 with glass covers

• Paper-based microfluidics [52]

• Embedded SCAffold RemovinG Open Technology (ESCARGOT) method [53]

• Microfluidic platforms made by 3D printing

The aforementioned techniques were subjected to an in-depth analysis with the
objective of identifying the most suitable one in accordance with the requirements
listed in Sec. 7.1. Specific consideration was given to the SU-8 technique for the
fabrication of microchannels and the SU-8 moulding technique for the fabrication
of PDMS structures, as these techniques were identified as the most promising
for the application under study. This analysis is further explored in the following
sections (Sec. 7.2.1, Sec. 7.2.2).
Finally, SU-8 moulding has been identified as the optimal technique for the specified
purposes, with PDMS identified as the preferred material.

7.2.1 SU-8-Based Channel Fabrication
This section sets out the principal stages of the process by which microchannels
are fabricated using a particular photoresist, designated SU-8.
This process flow has been developed based on the detailed explanations and
comprehensive training provided by the staff of the Center of MicroNanoTechnology
(CMi).

SU-8 is a negative epoxy photoresist that is widely employed in microfabrication,
particularly for the fabrication of 3D structures such as microfluidic channels, due to
its exceptional mechanical and chemical properties. The main chemical composition
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of SU-8 is based on a novolac epoxy resin, specifically an oligohemer with eight
epoxy units, which is the origin of the resin’s name. This resin is combined with a
solvent, such as cyclohexanone or gamma-butyrolactone, to facilitate deposition by
techniques such as spin-coating, and a photoactive sensitiser, typically a cationic
photoinitiator [54].

Following exposure to ultraviolet (UV) radiation, the photoinitiator initiates a
photopolymerisation reaction that activates the cross-linking process of the epoxy
chains in the irradiated regions, as illustrated in Chapter 4. As a negative photore-
sist, the areas exposed to UV light become insoluble in the developer, while the
unexposed areas remain soluble and are removed during development.

One of the most distinctive features of SU-8 is its capacity to form thick films,
with a thickness ranging from a few microns up to several hundred microns, while
maintaining high resolution and vertical walls. This characteristic makes it a
photoresist suitable for applications where well-defined 3D structures, with a
thickness of tens or hundreds of microns, are required [55].

In this context, the initial stage of the process is the preparation of the substrate,
which must be cleaned in order to facilitate the adhesion of the photoresist that is
to be deposited. In the case of a chip comprising nanowires and metal electrodes,
the cleaning process may be conducted by immersing the chip in acetone for a
period of 2-3 minutes. The substrate is then prepared for the deposition of the
SU-8 photoresist, which is performed by spin-coating. A recipe is selected that
adjusts the speed of the chuck rotation in accordance with the desired thickness,
which in turn determines the height of the microfluidic channels.

After spin-coating, a soft-bake is performed to evaporate the solvent. The chip
is placed on a hot plate for a time specified by the manufacturer, depending on
the type of photoresist and the thickness achieved. In general, recommended
temperature is approximately 95 °C.

Once the exposure to the heat source has been completed, the subsequent step
is to proceed with the UV exposure. As is standard practice, the operator may
utilise a mask or alternatively, perform the exposure process utilising a laser source.
It is crucial to recall that SU-8 is a negative photoresist, which implies that the
regions subjected to exposure will retain their integrity following development.
Accordingly, the portion of the chip subjected to light exposure should be the one
that corresponds to the complementary part of the actual channel design.

Following exposure, an additional heat treatment, known as the post-exposure
bake (PEB), is performed to promote cross-linking of SU-8 in the exposed areas.
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The PEB conditions, such as time and temperature, must be set according to the
manufacturer’s recommendations.

The subsequent phase is the relaxation period, which is followed by the development
phase. This latter phase is carried out in two separate baths, one containing
propylene glycol monomethyl ether acetate (PGMEA) and the other isopropanol
(IPA). Following immersion in PGMEA, the contact between the chip and IPA
results in the formation of a whitish residue, which is indicative of the removal of
SU-8. The process continues with alternating immersion in PGMEA and IPA until
no white residue is observed, indicating that the development process is complete.
A multi-stage development process enables greater control and reduces the risk of
overdevelopment. The walls of the microfluidic channels are formed.

The channels must be sealed by the incorporation of a glass substrate, which,
through its transparency, permits observation of the internal processes occurring
within the channel. A variety of techniques may be employed to facilitate the
bonding of glass to SU-8. These include oxygen plasma treatment, which modifies
the surface of the two materials to enhance bonding, and the utilisation of silanising
agents.

Once the structure is complete, a laser is employed to create holes in the glass at
the entrance and exit points of the channels.

7.2.2 SU-8 Molding for PDMS
A popular alternative in microfluidics is the use of PDMS for channel fabrication.
PDMS is a silicon-based organic polymer characterised by a chemical structure
consisting of repeating units of −Si(CH3)2 − O−, i.e. a backbone of alternating
silicon and oxygen atoms with two methyl groups attached to each silicon atom, as
shown in Fig. 7.1. Its empirical formula is C2H6OSi)n, while its fragment formula is
CH3[Si(CH3)2O]nSi(CH3)3. Depending on the number of monomer repeats, PDMS
can occur in different forms: liquid for a low n value or semi-solid for a longer
monomer chain [56].

The distinctive structure of PDMS confers a number of advantageous chemical
properties, including flexibility, thermal stability and chemical inertness. Further-
more, PDMS exhibits thermal stability, retaining its mechanical integrity even
when subjected to temperatures above 200 °C. The viscoelastic nature of PDMS is
responsible for its remarkable flexibility and elastomeric properties, enabling it to
withstand deformation and return to its original shape when released. Additionally,
PDMS is transparent within the visible range, rendering it optimal for applications
necessitating optical observation of flow or biological phenomena within channels.
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PDMS is biocompatible, rendering it an optimal selection for biological and medical
applications, including the fabrication of biochemical analysis chips and cell culture
devices [48].

Figure 7.1: The chemical structure of PDMS [56]

One of the most prevalent techniques for creating channels in PDMS is SU-8
moulding. This process entails the creation of a mould from SU-8, which is then
employed to produce replicas of the platform that contains the microchannels.
In contrast to the methodology outlined in Sec. 7.2.1, SU-8 is employed for the
fabrication of the mould, rather than the channel walls. Consequently, it will not
be present in the final structure.

The process for creating the mould in SU-8 follows that described in Sec. 7.2.1,
with the exception of two steps. In contrast to the aforementioned approach, the
chip with the nanowires is not employed as the substrate. Instead, a silicon wafer
is utilised, and the channel pattern is exposed to light instead of its complementary
part, as was done previously.

Once the mould has been manufactured, the subsequent step is to prepare the
PDMS, which is then poured over the mould. The initial stage of the process is
to prepare the surface of the mould in order to facilitate superior adhesion to the
PDMS. A layer of trimethylchlorosilane (TMCS) is deposited on the surface in
order to facilitate adhesion. The liquid PDMS, comprising a base and a cross-
linking agent in a typical ratio of 10:1, is then poured over the mould in SU-8 and
distributed evenly. Subsequently, the PDMS is degassed in a vacuum chamber to
remove any residual air bubbles that could potentially compromise the quality of
the micro-moulding. After that, the degassed PDMS is cured in an oven at 80 °C for
a minimum of 2 h. It should be noted that there is some variation in literature with
regard to the temperature and time required for curing. In certain applications,
liquid PDMS is permitted to solidify overnight at room temperature.
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Following polymerisation, the solidified PDMS is carefully removed from the SU-8
mould, resulting in a precise replication of the micrometric structures it contains.
The resulting channels have a rectangular cross-section and, in contrast to the
previous technique, are already confined on their sides and at the top. The final
step is to bond the base of the platform to a suitable substrate. Typically, glass
substrates are employed; however, in this particular application, it will be necessary
to bond the PDMS microfluidic platform to the chip containing the nanowires,
pads, and metal electrodes, taking care to correctly align the channels with the
nanowire arrays.
In order to achieve this, it is possible to modify the surface of the PDMS and the
chip, for example by means of an oxygen plasma treatment, in order to render
the two contact surfaces hydrophilic and thus ensure a bond and the creation of
functional devices without leakages.
Fig. 7.2 schematise the process described. More details on this technique are
provided in Sec. 7.3.

Figure 7.2: SU-moulding technique for PDMS [48]
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7.2.3 Reactivity Testing of SU-8 with Aminolabeled DNA

The two principal techniques that have been identified as the most promising for
the fabrication of microfluidic channels have been outlined. It is crucial to empha-
sise that one of the fundamental criteria for selecting an appropriate fabrication
technique is that the selected material should not be reactive with the injected
molecules. This is essential to prevent any alteration in the performance of the
sensor.

An experiment has been designed with the objective of evaluating the reactivity of
SU-8 with Prostate-Specific Antigen (PSA).
The SU-8 photopolymer has epoxy groups in its structure which are chemically
very reactive. Epoxy groups, typically characterised by a three-membered ring with
one oxygen and two carbon atoms, are known to react readily with nucleophiles
such as amine (−NH2) and thiol (-SH) groups, which are common in biomolecules.
In the specific case of PSA, these reactions lead to the formation of covalent bonds
with SU-8, which means that part of the PSA molecules are no longer available to
bind to the nanowires, which represent the active zone of the device. This results in
a loss of useful sample, reducing the amount of detectable PSA and compromising
the accuracy of the sensor.

In order to address this issue, an experimental approach was undertaken utilising a
technique known as amino-labelling. This involves a chemical treatment that is
specifically designed to modify the SU-8 surface. This process entails the opening of
the epoxy ring through a reaction with molecules containing amine groups, thereby
transforming the epoxy groups into primary amines or secondary amines, which
are less reactive with biomolecules such as PSA. The principle of this strategy is
based on the concept that the introduction of amine groups through amine-labelling
reduces the probability of PSA interacting with the SU-8 surface, thereby increasing
the availability of PSA for binding to the nanowires.

To test this method, a sample of DNA was modified with a fluorescent marker
(Cyanine 3), a common fluorophore for visualisation with a fluorescence microscope.
The DNA was incubated on both the amino-labelled and the untreated SU-8
surfaces. SU-8 was subjected to treatment with 100% and 5% aminoethanol.

The data demonstrate a reduction in the reaction between the sample and the
treated SU-8, though not a complete elimination. This indicates that although
amino-labelling does reduce the number of reactive epoxy groups, their initial
concentration is so high that the treatment is not sufficient to neutralise them
completely.
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The images captured by the fluorescent microscope are presented in Fig. 7.3-Fig. 7.5.
In this experiment, amino-labelled SU-8 produced around 4000 counts (Fig. 7.3 and
Fig. 7.4), while untreated SU-8 recorded around 6000 counts (Fig. 7.5). The counts
represent the number of photons detected by the fluorescence microscope, indicating
the intensity of the fluorescence emitted by the sample. This means that the
treatment reduced the interaction between the DNA and the SU-8 surface, indicating
less reactivity of the epoxy groups. However, SU-8 is still very reactive.

The confirmation of SU-8 reactivity despite the amino-labelling represents a first step
towards favouring PDMS as a material for channel construction. This conclusion is
confirmed by a second experiment performed, that is described in Sec. 7.2.4.

Figure 7.3: Fluorescence microscope analysis of the DNA sample on SU8 treated
with 5% aminoethanol.
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Figure 7.4: Fluorescence microscope analysis of the DNA sample on SU8 treated
with 100% aminoethanol.
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Figure 7.5: Fluorescence microscope analysis of the DNA sample on untreated
SU-8.

7.2.4 Piranha Solution Reactivity Testing

One of the methods used to activate the surface of nanowires as biosensors is
the use of piranha solution [57]. This is a highly corrosive and oxidising solution
composed of sulphuric acid H2SO4 and hydrogen peroxide H2O2 in a 3:1 ratio.
Once deposited on the surface of the silicon nanowires, it results in the formation
of a substantial number of hydroxyl groups (-OH), rendering the surface highly
hydrophilic and chemically active, thereby facilitating subsequent functionalisation.
It should be noted that the Piranha solution is not the only method for activating
nanowires. There are other viable alternatives, such as oxygen plasma treatment.
Nevertheless, it is useful to establish whether this technique is compatible with the
selected fabrication method.

To assess the stability of the materials used in the fabrication of the microchannels,
a sample of PDMS and a silicon chip with an SU-8 mould were subjected to a
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10-minute immersion in a Piranha solution. Furthermore, in order to guarantee the
compatibility of any prospective microfluidic instrumentation, such as syringes and
reagent injection tubes, with this treatment, these components were also subjected
to the same immersion process. The beaker was positioned on a thermal stirrer,
which provided a combined effect of stirring and high temperature throughout
the duration of the test. Upon completion of the test, the samples were retrieved
from the beaker and subjected to analysis. While the PDMS and instrumentation
exhibited no visible damage and demonstrated stability in solution over the specified
time interval, the SU-8 was found to have incurred corrosion, as illustrated in
Fig. 7.6. It can be concluded that SU-8 is incompatible with the Piranha solution,
as it will suffer degradation and loss of structural integrity. Therefore, if the Piranha
solution is to be used to activate the surface of silicon nanowires, SU-8 should be
avoided.

Figure 7.6: Effect of piranha solution on SU-8

7.2.5 Final Fabrication Method Selection

Table 7.1 summarises the main manufacturing methods and comments on their
eligibility for the designed device.
As evidenced by the analysis conducted, SU-8 moulding for PDMS is definitely the
best technique for this application.
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Method Pros and Cons
3D printing Although a valid technique, it introduces complications with

regard to bonding to the chip containing the biosensors.
Paper-based microflu-
idics

It is not a suitable option for the purposes of the project, as it
is challenging to integrate with the nanowire chip.

ESCARGOT Integration with the nanowire chip is challenging due to the
necessity of embedding the chip in the PDMS during the
channeling process.

PMMA platforms The methodology is applicable to the device under develop-
ment; however, the necessary instrumentation, such as lasers
to create the inlets and outlets of the channels, is not readily
available in our laboratory.

SU-8 channels The SU-8 reacts with the sample molecules, thereby affecting
the final performance of the device. Furthermore, it has been
demonstrated that the photoresist is not stable in the Piranha
solution. The advantage of this approach is that the channels
are constructed directly on the biosensor chip, thus simplifying
both the alignment and bonding processes.

PDMS channels (SU-8
moulding)

This technique is particularly appreciated for its ease of use
and the ability to achieve complex geometries with precision,
due to the excellent resolution offered by SU-8 as a photore-
sist. Moreover, PDMS is transparent within the visible range,
exhibits biocompatibility, and is stable in the Piranha solu-
tion. The process is optimised in that the same mould can be
employed on multiple occasions to produce PDMS platforms.
During the alignment and bonding phases, it is of the utmost
importance to exercise caution and precision.

Table 7.1: Comparison of different fabrication methods for the microfluidic
platform

7.3 Detailed PDMS Fabrication Process with SU-
8 Moulding

Once the fabrication method has been selected, a detailed description of the process
flow for the realisation of the microfluidic channels can be provided (Fig. 7.7).
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Figure 7.7: Process flow for SU-8 moulding and PDMS

The initial step of the process is to clean the silicon wafer on which the SU-8 mould
will be fabricated. This is done in order to remove any contaminants that could
potentially impede the adhesion of the photoresist to the substrate. The wafer is
subjected to a cleaning process involving the use of acetone, followed by a rinsing
stage utilising deionised water. Subsequently, the wafer is dried using a nitrogen
gun.

The photoresist is deposited by spin-coating. Two distinct types of photoresist are
selected on the basis of their respective suitability to the desired SU-8 thicknesses.
The selected photoresists are Kayaku 3050 and Kayaku 3025. The former is chosen
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to produce ticker moulds, e.g. 40 µm and 80 µm, while the latter is suitable to test
moulds with a smaller thickness, such as 20 µm.
The Sawatec LSM-200 manual spin coater is used to apply the photoresist. Once the
vacuum has been activated, the photoresist is poured directly from the bottle onto
the wafer that has been placed on the chuck. The plate is then set to spin at a speed
that has been pre-set according to the recipe that has been previously determined.
The Table 7.2, Table 7.3 and Table 7.4 show the recipes for spin-coating in the
case of Kayaku 3050 and Kayaku 3025, for the three thicknesses indicated.

Time (s) Speed (rpm)
5 500
5 500
27 3160
40 3160
1 4160
1 3160
5 3160
32 0

Table 7.2: spin-coating recipe - Kayaku 3025 for 20 µm

Time (s) Speed (rpm)
5 500
5 500
22 2680
40 2680
1 3680
1 2680
5 2680
27 0

Table 7.3: spin-coating recipe - Kayaku 3050 for 40 µm
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Time (s) Speed (rpm)
5 500
5 500
9 1400
40 1400
1 2400
1 1400
5 1400
14 0

Table 7.4: spin-coating recipe - Kayaku 3050 for 80 µm

After spin-coating, the wafer is placed on a hot plate (HP-401-Z) at 95 °C for soft-
baking over a variable time period, that increases with the thickness, as described
in the process specifications.

20 µm 40 µm 80 µm
Time (s) 600 900 2100

Table 7.5: soft-bake time - SU-8 (Kayaku)

The next step is to expose with MLA150 at a wavelength of 375 nm. The dose
set varies according to the thickness: for example, for an SU-8 layer of 80 µm the
dose used is 800 mJ/cm2, for 40 µm the dose used is 550 mJ/cm2, for 20 microm
450 mJ/cm2. It should be noted that the values indicated are merely indicative, as
they are dependent on the specific machine utilised and are the result of a series
of trials, starting from the dose recommended in the specifications. These trials
have led to the adjustment of this value in order to achieve a satisfactory result.
It can be observed that during the exposure phase, the exposed areas undergo a
cross-linking process which renders the SU-8 insoluble in the developing solvents,
thus creating the desired structure. In the process of creating a mould, the exposed
areas serve to delineate the outline of the channels that are to be produced.

The Fig. 7.8 shows an example of a file given as input to MLA150 to create
repeated channel moulds on a wafer. They are 9 mm long and range in width from
800 µm to 2,700 µm.
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Figure 7.8: .GDS file for MLA150 exposure (SU-8 mould)

Following exposure, a post-exposure bake is conducted to complete the cross-linking
process and guarantee that the exposed areas are fully cross-linked. As with soft-
bake, the HP-401-Z hot plate is used. Regardless of thickness, the wafer is heated
to 65 °C for 60 s and 95 °C for 200 s.

Following a minimum of 10 minutes of relaxation in the wafer storage box to stabilise
the photoresist, the development phase may then commence. As previously stated,
SU-8 is developed by immersing the wafer in PGMEA, followed by rinsing with
IPA until no residual whiteness is observed, indicating the complete development
of the photoresist.

At this point, the SU-8 mould is prepared for the next stage of the process, which is
the creation of the microfluidic channels. The Fig. 7.9 shows an electron microscope
detail of the fabricated mould.
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Figure 7.9: SU-8 mould details

Prior to the application of the PDMS, it is essential to ensure that the surface
of the mould has been properly prepared. This is done by evaporating TMCS
(chlorotrimethylsilane, 33014 from Sigma) for 20 min in a desiccator containing
the wafer. TMCS is deposited on the surface of the mould, forming a passivation
layer.

The initial stage of the process involves the mixing of PDMS with a suitable
curing agent, with a ratio of 10:1 being optimal for this purpose. This ratio is
commonly used in microfluidics and provides an optimal balance between the
elasticity and mechanical strength of the PDMS, ensuring that the material is
sufficiently malleable to facilitate handling and drilling for the creation of inlets
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and outlets, while maintaining sufficient rigidity to ensure mechanical stability and
the ability to retain the shape defined by the mould once cross-linked. To coat
the entire wafer, 4 g crosslinker (Sylgard hardener) and 40 g PDMS (Sylgard 184
silicone base) are poured into a beaker. These two components are mixed using a
mechanical mixer (THINKY Mixer) which operates a mixing phase at 2,000 rpm for
1 min and a defoaming phase at 2,200 rpm for 2 min. The mixture is then placed
in a desiccator for 10-15 min to remove any air bubbles.

Once the preparation process is complete, the PDMS is transferred to the mould
and placed within a Petri dish coated with aluminium foil. This serves to contain
the polymer over the wafer. It is possible that air bubbles may form during this
phase of the operation. These should be removed manually with a pipette or by
using a nitrogen gun. The subsequent stage of the process is to place the Petri
dish in an oven at 80 °C for at least 2 h. During this time, the PDMS undergoes a
cross-linking process: the siloxane groups (-Si-O-Si-) within the PDMS react with
the curing agent, forming a stable three-dimensional elastic network that solidifies
the material. This cross-linking process makes the PDMS flexible but rigid enough
to maintain the channels structure.

The cured PDMS is meticulously extracted from the mould using a cutting tool,
taking care to avoid damaging the microfluidic structures or the wafer with the
mould, thus ensuring its reuse. Once the individual platforms have been cut, the
holes for the inlets and outlets of each channel are created. This is achieved through
a punch pen with an appropriate diameter for the insertion of tubes or needles. In
particular, the diameter of the punch should be slightly smaller than that of the
component to be connected to the inlet and outlet, in order to prevent leakage from
the two holes and to exploit the ability of PDMS to deform slightly in order to
create an optimal seal. In this particular case, a punch of 1.2 mm has been chosen
to fit correctly into a tube of 1.6 mm diameter.
Once these steps are completed, the platform is protected with tape to prevent
dust or other contaminants from clogging the channels.

The chip with integrated nanowires and electrodes, along with the microfluidic
platform, have been fabricated and are now ready for bonding. The next step is
to join them together in order to achieve optimal integration. This step is not
straightforward and will be discussed in the next chapter (Chapter 8).

74



Chapter 8

Bonding Techniques for
Microfluidic Integration

8.1 Oxygen Plasma

Oxygen plasma treatment is a widely used technique to activate material surfaces,
enhancing their chemical reactivity and promoting adhesion between different
layers in various fabrication processes [58]. For example, this treatment is typically
applied to silicon (Si), silicon oxide (SiO2), glass, and PDMS.

Chemically, oxygen plasma is an ionized gas containing various species such as
oxygen atoms, positive ions, electrons, and free radicals.
The material to be treated is placed in a chamber where vacuum and plasma are
created. The reactive oxygen species bombard the surface of the substrate, removing
organic impurities and other contaminants present, such as solvent or photoresist
residues. The oxygen radicals oxidize these organic materials, transforming them
into volatile products like carbon dioxide (CO2) and water (H2O) [59], which are
easily evacuated from the vacuum system. This process leaves the substrate surface
clean, preparing it for subsequent deposition or bonding steps.

In addition to cleaning, plasma treatment chemically modifies the surface without
affecting bulk properties. Oxygenated functional groups, such as hydroxyl groups
(-OH), are introduced. Exposure of the material to oxygen plasma thus leads to the
formation of a more oxidized surface layer, highly hydrophilic due to the presence
of hydroxyl groups, increasing the wettability and reactivity of the surface.
These modifications are not permanent. In fact, after a certain period of time, the
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surface energy starts to decrease: on one hand, the polar groups on the polymer
surface tend to migrate toward the bulk, reducing their exposure on the surface;
on the other hand, small polymer chain segments move and relocate within the
polymer matrix [60]. For this reason, when plasma treatment is used to bond two
surfaces, it is important to bring them into contact immediately after exposure.
To maintain the modifications made by plasma treatment for a longer period, it is
recommended to keep the surface in an aqueous environment. Additionally, it has
been reported that the hydrophilicity of the treated surface lasts longer in dry air
compared to humid air [61].

8.1.1 Oxygen Plasma Bonding for PDMS
PDMS, like many polymers, is characterized by low surface energy and poor
adhesive properties. It is a hydrophobic material, with a contact angle that varies
approximately between 100 °C and 110 °C depending on its chemical composition
[62].

When PDMS is exposed to oxygen plasma, its surface undergoes a significant
transformation: the plasma breaks the Si − CH3 bonds in the PDMS structure,
replacing the methyl groups (−CH3) with hydroxyl groups (-OH), creating a surface
similar to silica (−SiO2) [63] [64]. This transformation makes the PDMS surface
hydrophilic and much more chemically reactive.

At the same time, the surface of the element to which the PDMS will be bonded
must also be treated. In this case, the PDMS platform needs to adhere to a silicon
chip.
Silicon substrate treated with oxygen plasma becomes rich in silanol groups (-Si-
OH). When the treated surfaces of silicon and PDMS are brought into contact, the
-Si-OH groups present on both materials undergo a condensation reaction, forming
strong siloxane covalent bonds (-Si-O-Si-). This chemical reaction creates a robust
and stable bond between silicon and PDMS.

The same mechanism occurs with other materials, such as glass surfaces, as illus-
trated in Fig. 8.1. During this research, a glass slide was often used as a substrate
to perform pre-tests, to avoid wasting the chips containing the biosensors.

8.1.2 Integration with Metallic Electrodes
Despite the effectiveness of oxygen plasma treatment for bonding PDMS to silicon,
silicon oxide, and glass surfaces, which has been widely tested, the integration of
PDMS with a substrate containing gold electrodes—like the designed device—is
not straightforward. Gold is an inert metal that does not activate after plasma
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Figure 8.1: O2 plasma treatment for PDMS-glass bonding [64]

treatment. Therefore, in a device like the one designed and fabricated in this thesis,
only the chip surface not covered by metal electrodes will be activated and form
bonds with PDMS. This makes the bonding process more critical because, in general,
the bond between the microfluidic platform and the chip with the biosensors will
only form in the regions where gold has not been deposited. Consequently, much
attention was paid to the bonding process, to research the best process parameters
that would result in a leak-proof device despite the challenges posed by the presence
of metal electrodes.

In [65], a study is conducted on the integration of PDMS to a substrate containing
gold electrodes, just like the case at hand. The authors studied how the width of
the gold electrodes affects the pressure leakage resistance.

As expected, the wider the electrodes, the lower the critical fluid pressure, beyond
which leaks are recorded. The trend is shown in Fig. 8.2. This result is reasonable
because, the wider the electrodes, the smaller the activated surface capable of
forming strong bonds with PDMS.

In parallel, the researchers performed finite element simulations to understand
the mechanism behind the leaks. The simulations suggested that the mechanical
deformation of PDMS under pressure creates a gap between PDMS and gold, which
increases with the electrode width. Devices with narrower gold connectors deform
the PDMS less, reducing the gap and therefore the likelihood of leaks [65].

To address this issue, on one hand, research was conducted to optimize process
parameters for traditional oxygen plasma treatment, as described in Sec. 8.1.3;
on the other hand, a new bonding technique based on GPTMS and APTMS was
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Figure 8.2: Leakage test for PDMS integrated with gold electrodes [65]

developed, as illustrated in Sec. 8.2.

8.1.3 Plasma Activation Equipment
The detailed process that allowed the use of traditional oxygen plasma treatment
to bond PDMS and the chip with nanowires, plasma, and gold electrodes, ensuring
the absence of leaks, is now illustrated.

Before proceeding with bonding between the chip with the biosensors and PDMS,
it is necessary to activate the nanowire surface with oxygen plasma. This step is
crucial because after bonding the channels to the chip, it will no longer be possible
to expose the nanowires to subsequent treatments. Surface activation is carried out
using the Tepla300 machine, following a predefined recipe with a plasma exposure
time of 10 min. With the set recipe, a plasma is generated at a power of 500 W
and a frequency of 2.45 GHz.

Immediately afterward, the PDMS is activated using the Plasma HARRICK system.
This phase requires the optimization of parameters such as plasma power, internal
chamber pressure, and exposure time to ensure a strong and durable bond. Several
tests were conducted to identify the most effective parameter combination.
After various attempts, an optimized recipe for PDMS was found, with the following
parameters:

• Plasma power: 29 W

• Internal pressure: 550 mTorr-600 mTorr

• Exposure time: 50 s-60 s
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Once both surfaces have been treated with plasma, the alignment and bonding
phase is performed immediately. This phase requires great precision because the
nanowires must be fully covered by the microfluidic channels. The alignment is
done manually with the help of an optical microscope. It is important to proceed
immediately after plasma treatment to prevent the surfaces from losing their
hydrophilicity. A light manual pressure is applied to facilitate contact between the
surfaces, without applying too much force to avoid collapsing the PDMS channels.
After bonding, the system is placed in an oven at 80 °C for about 30 min. This step
has an important chemical-physical function. Heating promotes the condensation
reaction between the hydroxyl (-OH) groups present on the activated surfaces,
leading to the formation of siloxane bonds (-Si-O-Si-), which create a stable and
durable covalent connection between the two surfaces.

8.1.4 Leakage Test Results
Fig. 8.3 shows the correct integration of the microfluidic platform with the chip
containing biosensors and electrodes. This represents a key result for the research
developed.

8.2 Silanization Bonding with GPTMS/APTMS
As mentioned earlier, another bonding method, based on silanization, was tested
in parallel.

The silanization protocol with GPTMS and APTMS is a technique used to achieve
durable and stable chemical bonds between different surfaces, especially in the field
of microfabrication, where the quality of adhesion between materials is critical for
the integrity of devices.

This method combines surface activation through oxygen plasma with subsequent
chemical silanization to strengthen the bond between silicon, glass, or polymer
surfaces, such as PDMS.

GPTMS and APTMS are bifunctional silane molecules, featuring specific functional
groups at both ends of their chemical structures. GPTMS has an epoxide group
on one end and three methoxysilane groups −Si(OCH3)3 on the other. The
methoxysilane groups are highly reactive toward surfaces rich in hydroxyl groups
(-OH), such as those activated by oxygen plasma. The epoxide group is a reactive
cyclic ring that can open to chemically react with other nucleophilic species, such
as the amine groups present in APTMS.
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Figure 8.3: Final biosensing device (silicon nanowire chip, NiSi pads, gold
electrodes, microfluidic platform). There is no leakage, as all components are
perfectly integrated.
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APTMS, on the other hand, has three methoxysilane groups similar to those of
GPTMS but contains an amine group (−NH2) at the opposite end. This amine
group is highly reactive towards electrophilic groups like the epoxide group in
GPTMS, facilitating the formation of covalent chemical bonds between the two
surfaces treated with the two silanes.

The bond that is desired to be formed is shown in Fig. 8.4.

Figure 8.4: PDMS-glass bonding

Tests were conducted with PDMS and glass to verify the effectiveness of the method
developed.
The process begins with the activation of the glass and PDMS surfaces, which are
exposed to oxygen plasma. This step induces the formation of hydroxyl groups
(-OH). The Plasma HARRICK machine is used for PDMS, while Tepla300 is used
for glass. Two PDMS samples and two glass slides are tested.

GPTMS is first applied to one of the two activated PDMS surfaces and one of
the two activated glass surfaces. The process takes place in a desiccator, where
a bottle with GPTMS and the two substrates to be tested are placed. At this
stage, the methoxysilane groups of GPTMS undergo hydrolysis, transforming the
methoxysilane groups into silanol groups (-Si-OH). They react with the hydroxyl
groups present on the plasma-activated surface, forming siloxane bonds (-Si-O-Si-)
that anchor the GPTMS molecule to the substrate surface. At this stage, the
epoxide part of the GPTMS molecule remains intact, ready to chemically interact
with the second surface treated with APTMS.

In parallel, the second glass and PDMS surfaces are treated with APTMS. Again,
the components are placed in a desiccator, which is then placed in an oven at
a temperature of about 80 °C. The methoxysilane groups of APTMS undergo
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a hydrolysis reaction, generating silanol groups that react with the hydroxyl
groups present on the activated surface, forming siloxane bonds. The fundamental
difference between GPTMS and APTMS is that in this case, the amine group of
APTMS remains free.

Once both processes are completed, the two surfaces, one with GPTMS and the
other with APTMS, are brought into contact. The amine group of APTMS reacts
with the epoxide group of GPTMS through a nucleophilic addition reaction. In
this process, the amine group attacks the epoxide group, opening the epoxide ring
and forming a covalent bond between the two surfaces.

After applying GPTMS and APTMS, the surfaces can be placed in an oven at a high
temperature, around 80 °C, for a controlled period of time. This step accelerates
the condensation process of the bonds.

The process was then repeated for four additional components, comprising two
glass and two PDMS samples. The temperature effect was also employed in the
case of GPTMS.

8.2.1 Leakage Test
After the process described in Sec. 8.2, leakage tests were performed. As shown in
Fig. 8.5, no leaks were detected in one case (Glass treated with APTMS-PDMS
treated with GPTMS), while in the other case (PDMS treated with APTMS-Glass
treated with GPTMS), leaks were observed from the channel.

Figure 8.5: Leakage test

The leakage test was also performed by injecting piranha solution. The bond
remained stable even after injecting piranha solution and leaving it in the channel
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for about 5 min, demonstrating the effectiveness of this bond. The same result
was also obtained for a PDMS platform bonded to glass via oxygen plasma alone,
thanks to the optimized parameters described in Sec. 8.1.3.
Thus, the bonding process using GPTMS and APTMS can be considered valid.

Further tests can be performed to verify its effectiveness on the chip with metal
electrodes. In this case, when bonding PDMS to the chip using only oxygen plasma,
it is demonstrated that the bond is not strong enough to withstand piranha solution.
Therefore, an additional test could be conducted to verify the effectiveness of the
new method for bonding PDMS to a chip with electrodes, and to test its strength in
the presence of piranha solution. This would provide an advantage, as the surface
of the nanowires could be activated with piranha solution instead of oxygen plasma
treatment before their functionalization. This would allow the device to be reused
even after a long time, when the plasma effect is no longer present on the nanowire
surface, and these cannot be treated again because they are already covered by the
PDMS platform.
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Chapter 9

Detection of Prostate
Specific Antigen (PSA)

9.1 Protocollo di rilevamento del PSA

The device has been evaluated for its ability to detect the Prostate-Specific Antigen
(PSA). In order to test the device’s ability to detect these molecules, even at low
concentrations, a protocol has been developed, inspired by [57].

It should be noted that prior to bonding to the microfluidic platform, the nanowires
must be activated with an oxygen plasma treatment of 10 min duration with a
power of 500 W. The machine employed is the Tepla300. It generates O2 plasma
within a quartz primary vacuum chamber at a frequency of 2.45 GHz.

Following the bonding of the PDMS component, leakage tests are conducted with
deionised (DI) water. The results confirm that the microfluidic platform is securely
attached to the chip with no leakage. Subsequently, the PSA-specific antibody is
introduced into the channels via micropipettes. The instrument is then inserted
directly into the inlet of each of the two channels on the device. A syringe is
inserted into a tube connected to the opposite end, and pressure is applied to
ensure that the fluid is evenly distributed throughout the channel, thus ensuring
interaction with all the nanowires. The aforementioned process is then repeated
for both channels within the device.

Finally, the chip is covered with Parafilm to prevent evaporation and maintain a
stable environment during the incubation period, which takes place overnight at
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room temperature. This step allows the antibody to immobilise on the surface of
the nanowires, as described in Chapter 2.

At the end of the incubation period, the device is washed to remove any unbound
antibody. The washing process consists of a sequential rinsing with phosphate
buffered saline (PBS), followed by a rinse with DI water, repeated three times. For
the washing step, two tubes are connected to the inlet and outlet of each channel
and the washing fluids are injected using a syringe with a capacity of 1 mL. The
washing procedure takes about 10 min in total, as each injection has to be carried
out carefully to avoid the pressure of the liquid damaging the nanowires or the
antibody binding.

As pointed out by [57], the use of microfluidics makes it possible not only to reduce
the duration of washing time, but also to limit the waste of solutions.

It is essential to ensure that the interior of the channels is adequately dried, as
residual DI water could potentially introduce errors in the measurements. The
presence of this layer could create a voltage gap compared to the characteristic
obtained prior to incubation. In order to facilitate the drying process, an empty
syringe is connected to the tubes inserted into the inlet and outlet of each channel.
It is crucial to ensure that the injection of air into the channel is conducted with
the utmost care and precision, in order to prevent any potential damage to the
system.

Once the device is completely dry, the I-V characteristics of nanowires can be
measured using the same procedure and measuring apparatus described in Chapter 6.
The electrical characteristics of nanowires are recorded, including the measurement
of the voltage gap between the two minima of the hysteresis curve, which is the
critical parameter for this biosensing application. This data is used as a reference
for subsequent measurements taken after antigen incubation (antigen uptake),
allowing the voltage gap to be compared to assess PSA antigen binding.

After completing the initial measurement of the nanowires with antibody, the
antigen (PSA peptide - concentration: 1 mg/mL) is incubated following a similar
procedure to that used for the antibody.
Two different incubation protocols have been tested:

• incubation overnight at room temperature

• incubation overnight in a refrigerator at 4 °C

The second method has proven to be more effective.
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Upon completion, the device is rinsed once more with PBS and DI water, with the
objective of removing any residual unbound antigen. Following the drying step, the
characteristics of individual nanowires are reassessed. It is fundamental that the
position of each biosensor be indicated in order to facilitate comparison between the
measurements taken following the incubation of the antibody and those taken after
antigen uptake. It should be noted that each nanowire may exhibit variations in
physical structure, electrical properties and surface functionalisation. Furthermore,
the inherent variability of nanowires, which can be influenced by factors such as
process variations or material characteristics, necessitates the avoidance of generic
comparisons between curves belonging to distinct biosensors.
The expected outcome of the measurement procedure is a shift in the curve, resulting
in a reduction in the measured voltage gap following the incubation of the antibody
alone. Indeed, as detailed in Chapter 2, in case of antigen binding to the biosensor,
a change in its electrical response is expected.
The outcomes of the study and the comparison between the two antigen incubation
protocols are presented in the Sec. 9.2.

Summary of Main Steps

1. The surface of the nanowires is activated through oxygen plasma treatment
for a duration of 10 min at a power of W. This is followed by bonding with
the microfluidic platform.

2. The antibody solution is then injected using micropipettes, with uniform
distribution in the channel achieved through the application of syringe-induced
pressure.

3. The samples are sealed with Parafilm and incubated overnight at room tem-
perature.

4. The channels are washed with PBS and DI water in several steps (approxi-
mately three washes with PBS and three rinses with DI water), followed by
drying.

5. The I-V characteristics of nanowires to be tested are measured in order to
establish the reference values for the voltage gap.

6. The antigen solution is injected using micropipettes, ensuring uniform distri-
bution by applying pressure induced by a syringe.

7. The samples are sealed with Parafilm and incubated overnight in a refrigerator
at 4 °C.
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8. The channels are rinsed with PBS and DI water and then dried in several
steps.

9. The I-V characteristics are measured for the same nanowires that were tested
in step 5.

10. A comparison of voltage gaps is employed to ascertain the extent of antigen
binding.

9.2 Analysis of Experimental Data
Two distinct chips were subjected to examination in accordance with the method-
ology delineated in Sec. 9.1. For each chip, a total of three to six nanowires were
subjected to testing. It is important to note that a number of the nanowires were
unsuitable for testing due to accidental damage incurred during the fabrication
process. These occurrences are common in the production of such delicate nanos-
tructures and are often the result of unavoidable factors inherent to the fabrication
techniques. Nevertheless, this does not constitute a significant issue, as the primary
goal is to assess the overall efficacy of the manufactured technology and the success
of the designed fabrication process. Testing a representative subset of nanowires
is sufficient to evaluate the success of the device and the fabrication method as a
whole, making it unnecessary to test every individual nanowire.

For each nanowire under test, two to five repeated measurements were conducted.
The mean value and standard deviation were calculated for each set of data.

The graphs in Fig. 9.1 and Fig. 9.2 illustrate the data that was processed subsequent
to the testing of the first chip, in which the overnight incubation of the antigen at
room temperature was evaluated.
It is observed that some nanowires (NW3, NW4, NW5) demonstrate the expected
behaviour, exhibiting a reduction in the voltage gap derived from the I-V char-
acteristic. In one specific instance (NW2), the value of the voltage gap remains
largely unchanged. This suggests that antigen uptake has not occurred. Finally, in
the cases represented by the nanowires NW1 and NW6, an increase in the voltage
gap is observed. It is indicative of non-specific absorption. In this case, half of
the biosensors tested functioned correctly, demonstrating the effectiveness of the
technology used and the processes implemented. The second device yielded even
more favourable results, which will be discussed below.

The graph in Fig. 9.1 presents the mean value of the voltage gap measurements
for each nanowire, along with the corresponding standard deviation. The plot in
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Fig. 9.2 shown the individual repeated measurements taken for each nanowire. It
should be noted that the measurement apparatus employed is the same as that
described in Chapter 6.

Figure 9.1: Voltage gap after antibody incubation and after antigen incubation
for six nanowires in the first device (mean value and standard deviation)

The graphs in Fig. 9.3 and Fig. 9.4 illustrate the data obtained from the second chip,
which was subjected to an overnight incubation of the antigen at a temperature of
4 °C. The graph in Fig. 9.3 shows the mean value of the voltage gap measurements
taken for each nanowire, along with the corresponding standard deviation. The
graph in Fig. 9.4 depicts the individual, repeated measurements taken for each
nanowire.

In this scenario, all three nanowires tested, which belong to the same microfluidic
channel, yielded the desired outcome. In all cases tested, the biosensors were able
to detect the presence of the PSA molecule, thereby demonstrating the effectiveness
of the technology developed for this purpose.
Moreover, it can be concluded that the incubation of the antigen at 4 °C is more
effective than incubation at room temperature. It could be proposed that the low
temperature facilitates the uptake of the antigen.

The utilisation of microfluidics facilitated the deposition of sample solutions in a
more rapid and efficacious manner, while concurrently maintaining the optimal
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Figure 9.2: Repeated measurements of the voltage gap for six nanowires in the
first device

humidity conditions throughout the incubation phase. Moreover, the integration of
gold electrodes did not affect the memristive behaviour, thanks to the low resistance
introduced. Indeed, in all nine cases tested, both devices exhibited a hysteresis
curve and a voltage gap.
Future work could focus on further optimizing the incubation process, as well as
investigating the effects of varying antigen concentrations to improve detection
sensitivity.

The following figures (Fig. 9.5-Fig. 9.13) illustrate the curves obtained for the
nine nanowires that were tested. For each nanowire, one of the I-V characteristics
obtained after incubating the antibody alone is presented, with a comparison
to one of the I-V characteristics obtained after incubating the antigen. Plots in
Fig. 9.5-Fig. 9.10 are referred to the first device under test.
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Figure 9.3: Voltage gap after antibody incubation and after antigen incubation
for three nanowires in the second device (mean value and standard deviation)

Figure 9.5: I-V characteristic of NW1 (first device) before and after antigen
incubation
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Figure 9.4: Repeated measurements of the voltage gap for three nanowires in the
second device

Figure 9.6: I-V characteristic of NW2 (first device) before and after antigen
incubation
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Figure 9.7: I-V characteristic of NW3 (first device) before and after antigen
incubation

Figure 9.8: I-V characteristic of NW4 (first device) before and after antigen
incubation
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Figure 9.9: I-V characteristic of NW5 (first device) before and after antigen
incubation

Figure 9.10: I-V characteristic of NW6 (first device) before and after antigen
incubation

Some of the curves obtained for the I-V characteristics of the three nanowires
under test are shown for the second device tested. They are shown in Fig. 9.11-
Fig. 9.13.
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Figure 9.11: I-V characteristic of NW1 (second device) before and after antigen
incubation

Figure 9.12: I-V characteristic of NW2 (second device) before and after antigen
incubation
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Figure 9.13: I-V characteristic of NW3 (second device) before and after antigen
incubation
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Chapter 10

Conclusions and Future
Perspectives

The research work presented in this Thesis has significantly contributed to the
advancement of biosensing technologies, focusing on the development of an innova-
tive platform that combines silicon nanowires with memristive properties, metallic
electrodes, and a microfluidic component. This integrated solution was specifically
designed and optimized for the detection of biomarkers such as Prostate-Specific
Antigen (PSA), a key indicator for early diagnosis of prostate cancer. However,
the platform’s potential extends far beyond this specific application, paving the
way for a wide range of biomedical applications.

One of the main achievements of this work was demonstrating that memristive
nanowires, combined with metallic electrodes designed to optimize electrical per-
formance and a microfluidic platform that effectively manages the sample, can
accurately and reliably detect biomarkers without the need for chemical labeling
(label-free). This approach exploits the change in the electrical properties of the
nanowires induced by antigenic interaction, which translates into a measurable
alteration of the current-voltage (I-V) curve. Specifically, PSA detection occurs
through a variation in the memristive behavior of the device, evidenced by a shift of
the hysteresis observed in the I-V graph. This represents a significant advancement
over traditional biosensing techniques, as the device not only detects the presence
of the biomarker but also integrates data processing directly into the system’s
memory, effectively realizing the concept of “in-memory sensing.”

The integration of the microfluidic platform represented a further advancement
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over traditional solutions based on drop-casting techniques. Microfluidics allows
for precise and controlled manipulation of fluids, minimizing reagent waste and
improving the reproducibility of measurements. This aspect is crucial for point-of-
care (PoC) applications, where efficiency and accuracy in handling small sample
volumes are critical. Thanks to the design of specific microchannels, the system
can evenly distribute the biological sample over the active sensor area, ensuring
that biochemical reactions occur under optimal humidity conditions. This could
reduce the risk of measurement errors, which is essential for a device intended for
clinical use.

From a fabrication standpoint, the developed platform required the use of advanced
technologies, such as photolithography, the lift-off technique for electrode deposition,
and SU8-moulding for the PDMS structure. Advanced bonding techniques were
also necessary for integrating the microfluidic platform with the chip containing
the nanowires and electrodes. In particular, the use of oxygen plasma ensured a
stable and leak-free integration between the PDMS platform and the silicon chip,
providing the device with enough robustness to withstand repeated operations.
A second bonding method, based on the combined action of oxygen plasma and
silanization with GPTMS and APTMS, was also tested, showing promise. Further
investigation will be necessary, including bonding tests between PDMS and the
chip, in addition to PDMS and glass, as already performed.

Another strength of this work was the in-depth study of the challenges and issues
encountered during the fabrication and integration of the platform. All fabrication
processes used were the result of many trials and studies, aiming to optimize the
process parameters for the device’s success. For each phase, it can be stated that
we now have the recipe with the parameters necessary to fabricate a functional,
leak-free device capable of detecting target molecules.

The experimental results obtained during the development of this platform demon-
strated the device’s ability to detect PSA at clinically relevant concentrations,
confirming that the proposed solution is promising for monitoring this biomarker.
Additionally, the modular design of the device suggests that it can be easily adapted
for the detection of other biomarkers, thus expanding its potential applications in
diagnostics. In the future, new tests could be conducted, varying the concentration
of molecules and testing new samples.

Despite the positive results, the work carried out in this Thesis paves the way
to further developments and optimizations. In particular, it can be improved in
terms of the device’s sensitivity and specificity, especially in clinical settings where
maximum accuracy is required to avoid false positives or negatives. A potential
future development concerns the implementation of more advanced functionalization
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strategies for the nanowires, with the aim of improving affinity and selectivity for
specific biomarkers.

Another important area of research could be the integration of a multiplexing
system that allows for the simultaneous detection of multiple biomarkers, thus
increasing the diagnostic efficacy of the device and expanding its use in different
biomedical applications. This goal could be achieved, for example, through the
integration of valves. Pneumatic valves or rotary valves show particular promise
[66].

Finally, it would be beneficial to move toward integrating the chip into a printed
circuit board (PCB) [67].
The platform developed in this thesis not only represents a promising step forward
in the field of biosensing technologies but also opens the door to innovative appli-
cations that could significantly impact diagnostics and point-of-care solutions in
the future.
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